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AD autosomal dominant inheritance

AF atrial fi brillation

aLQTS acquired long QT syndrome

AR autosomal recessive inheritance 

ARVD arrhythmogenic right ventricular dysplasia

AS Andersen’s syndrome

βAR β-adrenergic receptor

BS Brugada syndrome

CACNA1A Calcium channel, P/Q type, alpha-1A subunit (gene)

CACNA1C/CaV1.2 Calcium channel, L type, alpha-1C subunit (gene/protein)

CACNA1S Calcium channel, L type, alpha-1S subunit (gene)

cDNA complementary DNA

CLCN1, 2 CLCN chloride channel gene family member 1 and 2

CPVT1 catecholaminergic polymorphic ventricular tachycardia type 1

cRNA complementary RNA

dHPLC denaturing high performance liquid chromatography

DHPR dihydropyridine receptor

DNA deoxyribonucleic acid

ECG  electrocardiogram

FH familial hypercholesterolemia

HERG/HERG human ether a´-go-go related gene/protein

HyperPP hyperkalemic periodic paralysis

HypoPP hypokalemic periodic paralysis

ICa-L or ICa-T L- or T-type calcium current

IK1 inward potassium current

IKp potassium plateau current

IKr or IKs rapidly or slowly activated delayed rectifi er potassium current

IKur ultra rapid potassium current

INa sodium current 

INa/Ca Na+/Ca2+ exchanger

ITo 1 and 2 transient outward potassium current type 1 and 2

JLNS Jervell and Lange Nielsen syndrome
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KCNA1 KCNA potassium channel gene family member 1 

KCNE/KCNE 1, 2 or 3 KCNE potassium channel gene/protein family member 1, 2 or 3 

KCNJ 2 or 12 KCNJ potassium channel gene family member 2 or 12

KCNQ/KCNQ 1, 2, 3 or 4 KCNQ potassium channel gene/protein family member 1, 2, 3 or 4

Kir2.1 or 2 Kir2 potassium channel protein family member 1 or 2

LQTS long QT Syndrome

LQT1 to 7                    long QT syndrome type 1 to 7

ms milliseconds

mV millivolt

OMIM online mendelian inheritance in man

PCR polymerase chain reaction

PIRA primer-induced restriction assay

QTc QT interval corrected for heart rate

RNA ribonucleic acid

RR heart rate interval

RT-PCR reverse transcriptase-PCR

RWS Romano-Ward syndrome

RYR/RYR 1 and 2 ryanodine receptor type 1 and 2 (gene/protein)

SCN/SCN1, 2, 4 or 5A sodium channel alpha subunit member 1, 2, 4 or 5A (gene/protein)

SCN1B sodium channel beta subunit member 1

SSCP single-strand conformation polymorphism

SQTS short QT syndrome

wt wild-type

χ2 chi-square test

In addition, standard one-letter abbreviations are used for nucleotides and amino acids.
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Long QT syndrome (LQTS) is an inherited arrhythmic disorder manifesting as a prolonged 

QT interval on electrocardiogram (ECG), ventricular arrhythmias, and risk of sudden death, 

typically appearing during exercise or emotional stress. While the actual prevalence of LQTS 

remains unknown, an estimate of 1:10 000 has been suggested. The prevalence of LQTS 

may be higher than previously thought, because milder cases may remain undiagnosed. 

LQTS is inherited either as an autosomal dominant (Romano-Ward syndrome, RWS) or 

recessive (Jervell and Lange-Nielsen syndrome, JLNS) trait or occurs sporadically, triggered 

by extrinsic factors. Genetic studies have now identifi ed seven forms of LQTS caused by 

mutations in six voltage-gated cardiac ion channels (KCNQ1, HERG, KCNE1, KCNE2, Kir2.1 

or SCN5A) or the adaptor protein ankyrin-Β. Several mutations have been described in 

the seven LQTS genes, and typically each family carries a unique gene defect. Phenotypic 

heterogeneity occurs between individuals carrying the same mutation, suggesting other 

modifying factors infl uencing the fi nal disease outcome. 

One principal aim of this study was to defi ne the genetic spectrum of LQTS in the 

Finnish population. In total, 41 mutations in four genes were identifi ed: 14 in KCNQ1, 17 in 

HERG, eight in SCN5A and two in KCNJ2. Three of these mutations, HERG R176W, SCN5A 

A185T and R190G, were also detected in control samples with frequencies around 1%, and 

only HERG R176W showed a clear association with disease. The KCNQ1 IVS7-2A>G and 

HERG R176W mutations were detected in 7.3% and 8% of molecularly defi ned probands and 

their carriers clustered to specifi c geographic regions, thus supporting a founder mutation 

status for these two mutations. These founder mutations were associated with a somewhat 

milder phenotype than KCNQ1 and HERG mutations in general. The KCNQ1 IVS7-2A>G, 

HERG R176W and SCN5A R190G mutations were studied in vitro. The KCNQ1 IVS7-2A>G 

mutant channel was associated with complete loss-of-channel function, whereas reduced 

current density and acceleration of channel deactivation were detected for the HERG R176W 

mutant channel. By contrast, functional studies of the SCN5A R190G mutation revealed no 

signifi cant differences between the wild-type and mutant channels.

Mutations in the KCNJ2 gene cause Andersen’s syndrome (AS), an ion channel 

disease linking electrical episodes in muscle with developmental phenotypes. A prolonged 

QTc interval is a common ECG fi nding in these patients. Two novel mutations, Kir2.1 T75A 

and delFQ163-164, were detected in two LQTS families. The mutation carriers lacked overt 

manifestations of AS, but had arrhythmia phenotypes commonly seen in AS patients but 

ABSTRACT
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not LQTS patients. Additionally, over half of the T75A mutation carriers had experienced 

periodic muscle weakness. Upon performing electrophysiological studies these mutations 

caused a loss-of-function phenotype when expressed alone, however, they exerted only a 

partial dominant-negative effect when co-expressed with the wild-type channel. Altogether, 

mutations in the KCNJ2 gene are a rare cause of LQTS, at least in Finland.

Patients with two different LQTS mutations, i.e. compound heterozygotes, may 

present a more severe phenotype than patients with only one mutation. Thus compound 

heterozygosity may constitute a partial explanation for the variable phenotypic expression. 

Altogether, seven families were identifi ed as carrying the HERG R176W or SCN5A R190G 

mutation simultaneously with another KCNQ1 (IVS7-2A>G, R518X or G589D) or HERG 

(L552S) mutation. The compound carriers with the HERG R176W mutation presented with 

longer QTc intervals and were more prone to have symptoms than those with only one 

mutation. By contrast, the SCN5A R190G mutation did not bring about any additive effect to 

the phenotype and its pathophysiological relevance, if any, remained unproven. 

Furthermore, in this study the fi rst common amino acid altering polymorphism 

(K897T) in the HERG gene was identifi ed. Genotype-phenotype studies indicated that 

this polymorphism might be a modifying factor for LQTS since it seemed to infl uence QT 

interval, in females in particular. 

The results from this study provide tools for molecular diagnosis in the LQTS families 

where a disease-causing mutation has been identifi ed. Thus, non-symptomatic carriers at 

risk of getting symptoms can also be identifi ed. The KCNQ1 IVS7-2A>G and HERG R176W 

mutations together account for approximately 15% of genetically verifi ed LQTS cases in 

Finland and are presently routinely studied in all new LQTS probands. The HERG R176W 

mutation, with a frequency of 1% in the general population, might act as a modifi er gene 

infl uencing the susceptibility to arrhythmias at the population level.
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Major disturbances of the heart rhythm represent a common cause of premature cardio-

vascular death. Although rare at the population level, inherited arrhythmias account for a 

signifi cant portion of these deaths (Zipes and Wellens 1998). Long QT syndrome (LQTS) is 

the prototype for inherited arrhythmias associated with a prolonged QT interval on ECG, 

syncope and sudden death due to episodic cardiac arrhythmias, such as torsades de pointes 

ventricular tachycardia and ventricular fi brillation. Two inherited forms were initially iden-

tifi ed, an autosomal dominant and a recessive form, of which the latter is associated with 

neurosensory deafness in addition to the cardiac phenotype. However, the most common 

forms of LQTS are acquired, caused by underlying heart diseases, metabolic abnormali-

ties, QT prolonging drugs or the interplay of genetic and environmental factors (Ackerman 

1998a).

 Utilizing linkage analysis, the fi rst major genetic LQTS loci were identifi ed in the 

early 1990s (Keating et al. 1991a). Soon thereafter, positional cloning and the candidate 

gene approach allowed the identifi cation of three disease genes, KCNQ1, HERG and SCN5A 

(Sanguinetti et al. 1995; Wang et al. 1995b; Wang et al. 1996). Genetic studies have since 

revealed four additional disease genes (KCNE1, KCNE2, KCNJ2 and ankyrin-Β) (Splawski 

et al. 1997b; Abbott et al. 1999; Tristani-Firouzi et al. 2002; Mohler et al. 2003), dividing 

LQTS into seven distinct subtypes LQT1-LQT7. The fi rst six disease genes identifi ed coded 

for transmembrane cardiac ion channel subunits. Accordingly, LQTS was long considered a 

channelopathy caused by electrical instability in cardiac muscle cells. However, studies on 

ankyrin-Β, coding for a membrane adaptor protein, have somewhat blurred these insights, 

demonstrating that LQTS can be caused by mutated proteins other than cardiac ion channels 

(Mohler et al. 2003).

 The fi rst evidence of variable penetrance was provided in 1992 (Vincent et al. 1992), 

when a large range of QT values among mutation carriers and QT value overlaps between 

carriers and non-carriers was demonstrated. Thus both genetic and/or extrinsic factors might 

exert additive effects on the phenotype (Priori et al. 1999). However, the determinants of 

the variable penetrance are still largely undiscovered. 

 In addition to genotype-phenotype correlation studies, functional testing of mutated 

proteins in vitro, in vivo, and in silico have become valuable research tools for studying the 

pathophysiology of disease. The patch-clamp technique is commonly used for measuring 

ion channel currents in vitro (Sakmann and Neher 1984). Animal models have been helpful 

INTRODUCTION
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in defi ning the human LQTS phenotypes (Lee et al. 2000; Mohler et al. 2003; Charpentier 

et al. 2004). Most recently, theoretical modeling approaches using computational biology 

models have become important for studying altered ion-channel function in whole-cell elec-

trophysiology (Clancy and Rudy 1999; Viswanathan and Rudy 2000; Kobori et al. 2004).

The main aim of the present work was to defi ne the genetic spectrum of LQTS in Finland 

and to delineate genotype-phenotype fi ndings using clinical and functional approaches. 
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1. THE ELECTRICAL MOBILITY OF THE HEART MUSCLE

The heart works constantly pumping blood throughout the body, undergoing roughly three 

billion cycles during a lifetime. A single heart beat is composed of relaxation, during which 

the atria and ventricles are fi lled with blood, and contraction, during which the blood is 

pumped throughout the body. Normally, the heart beat is initiated by an electrical pulse from 

specialized pacemaker cells and is thereafter distributed throughout the heart. The electrical 

impulse is generated by the electrochemical gradient existing across the cell membrane of 

the heart muscle cell, the cardiomyocyte. The electrical fi ring of the myocyte depends on a 

fi ne-tuned balance of ions moving in and out across the cell membrane, for which ion chan-

nels are the essential operating proteins (Marban 2002). In the human genome, there are at 

least 429 ion channels (Xu et al. 2004). Of these, approximately 30 genes encode cardiac 

ion channels (Roden et al. 2002). 

1.1 THE ACTION POTENTIAL 

Depolarization, reversing of the electrochemical gradient, of the cell membrane marks the 

start for the action potential. The resting membrane potential for myocardial cells is around 

-70 mV. Upon an electrical impulse the permeability for Na+ increases causing a large and 

rapid infl ux of Na+ ions (INa ), depolarizing the membrane (phase 0, Figure 1). The cells are 

thereafter rapidly repolarized due to effl ux of K+ ions through outward K+ channels, e.g. ITo 

(phase 1, Figure 1). During phase 0 and 1 calcium inward currents (ICa-L, ICa-T ) are activated. 

These currents are essential for activating the contraction machinery of the heart cells. The 

plateau phase follows phase 1 (phase 2, Figure 1), which refl ects a balance between inward 

(ICa-L ) and outward currents (IKr and IKs ), mainly due to infl ux of Ca2+ ions through L-type 

Ca2+ channels, and effl ux of K+ ions through delayed rectifi er channels. At the plateau phase 

the slowly inactivating Na+/Ca2+ (INa/Ca ) exchanger actively transports three Na+ ions into the 

cell in exchange for each Ca2+ ion. During phase 3 (Figure 1) the Ca2+ channels are inacti-

vated and repolarization is provided solely by the delayed rectifi er channels. Finally, the IK1 

inward potassium current, which is mainly active at potentials more negative than –40mV, 

REVIEW OF THE LITERATURE 
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ends the repolarization phase and sets the resting membrane potential of approximately 

-70mV (phase 4, Figure 1). The action potential confi guration and duration vary in specifi c 

regions of the heart, as well as in specifi c areas within those regions. These physiologic het-

erogeneities refl ect variations in expression or function of ion channels and other proteins 

that contribute to cardiac ion currents (for review see Marban 2002; Roden et al. 2002).

Figure 1.
A cardiac action poten-
tial comprising phase 0 
through phase 4 (top). 
Ionic currents (left) and 
genes (right) underlying 
the cardiac action poten-
tial. Depolarizing currents 
below the line, repolarizing 
currents above the line. 

1.2 VOLTAGE-GATED ION CHANNELS IN THE HEART

Ion channels are protein complexes in the cell membrane generating the rapid fl ow of ions 

across the membrane, either depolarizing or hyperpolarizing the cell (Celesia 2001). Ion 

channels are also important components in membranes of intracellular organelles, such as 

the endoplasmic reticulum and mitochondria. At least four classes of channels exist: non-gat-

ed (e.g. sodium and potassium pumps), directly gated (e.g. voltage-gated and ligand-gated 

channels), second messenger gated channels (e.g. G-protein receptors), and store-operated 

channels (e.g. transient receptor potential channels) (Celesia 2001; Clapham 2003). 
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 Voltage-gated ion channels underlie the action potential in myocardial cells, and each 

ion channel gives rise to a specifi c ionic current which is characteristic of its ion specifi city, 

time course and gating properties (Felix 2000). The voltage-gated Na+ and K+ ion channels 

are composed of distinct α- and β-subunits. Each subunit has a specifi c function and is en-

coded by a distinct gene (Gulbis et al. 1999; Felix 2000). The general structure of the Na+ 

(e.g. SCN5A) channel is an α-subunit composed of four homologous domains DI-DIV, each 

consisting of six transmembrane segments (S1-S6), interlinking regions, and the N- and 

C-terminus on the intracellular side (Figure 2) (Gellens et al. 1992; Terlau and Stuhmer 

1998). 

 The K+ (e.g. KCNQ1 and HERG) channels consist of only one domain, which is 

structurally homologous to the four domains in the Na+ channels (Figure 2) (MacKinnon 

1991). The inwardly rectifying K+ channels (e.g. Kir2.1) structurally differ from KCNQ1 

and HERG by possessing only two membrane-spanning segments that resemble the S5 and 

S6 segments of the α-subunit (Figure 2) (MacKinnon 1991). The β-subunits are ancillary 

subunits, comprised of only one transmembrane segment (e.g. KCNE1 and KCNE2, Figure 

2) (Gulbis et al. 1999). The α-and β-subunits co-assemble to form functional channels, and 

β-subunits act as modifi ers of the α-subunits by altering their surface expression and native 

kinetic behavior (Barhanin et al. 1996; Sanguinetti et al. 1996; Felix 2000). These voltage-

gated K+ ion channel proteins assemble as tetramers (Figure 2), usually as homotetramers, 

to form a functional channel (MacKinnon 1991). However, some members of ion channel 

families form heterotetramers with each other (Po et al. 1993). 

 Voltage-gated ion channels can assume at least three different conformational stages: 

closed, open and inactivated. Upon membrane depolarization the channels move from a 

closed to an open state followed by transition to the inactivation state (Armstrong and Hille 

1998). Ions fl ow through the structurally conserved pore region between transmembrane 

regions S5 and S6 in the α-subunit (Figure 2). Ion selectivity of the channel is determined by 

the selectivity fi lter, which resides in the pore region (Doyle et al. 1998; Yost 1999). The S4 

transmembrane region is composed of several charged residues and functions as the voltage 

sensor of the channel (Figure 2) (Stuhmer et al. 1989; Horn 2000). 

Voltage-gated sodium channel 

The SCN5A protein (NP_932173, 2016 aa) is expressed predominantly in human heart and 

is specifi c for the large inward sodium current (INa ) at phase 0 (Figure 1), which depolarizes 

the cell membrane during the action potential (George et al. 1989; George et al. 1995). 
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Further, cardiac sodium channels contain two ancillary β-subunits, β1 and β2 (Dhar Mal-

hotra et al. 2001). The sodium channel activates and inactivates within a few milliseconds, 

and imbalance in the latter feature has been associated with genetic disease, such as LQT 

and Brugada syndromes (Catterall 2000a). This heart-specifi c sodium channel differs from 

those identifi ed in brain and skeletal muscle by its insensitivity to blockade by tetrodotoxin 

(Satin et al. 1992). 

Figure 2. 
Schematic representation of voltage-gated K+ channel α- and β-subunits (left) as well as Na+ and Ca+ 
α-subunits (right). The Na+ and Ca+ α-subunits are composed of the homologous domains DI-DIV, 
each containing the transmembrane segments S1-S6 and interlinking regions. Three different types of 
K+ channels are represented here: a potassium channel α-subunit with two transmembrane-spanning 
segments (1st from left), a potassium channel β-subunit with one transmembrane segment (2nd from 
left), and a potassium channel α-subunit with six transmembrane-spanning segments S1-S6 (3rd 
from left), which is structurally homologous to the four Na+ and Ca+ channel domains. The amino (NH

2
) 

and carboxy (COOH) termini are here marked with N and C, respectively. The voltage sensor (S4) has 
several positively charged amino acid residues. The pore-forming region (P) controls ion selectivity and 
transport. Four of these individual, discrete subunits form the K+ channels, whereas the Na+ and Ca+ 
channels are formed from domains DI-DIV (bottom). 

DI                        DII                       DIII                   DIV
N

Intra-
cellular

Extra-
cellular

Na+ and Ca2+channelsK+ channels

N
C

C
C

N
N

C
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Voltage-gated potassium channels

At least ten different potassium channel currents have been recognized in cardiac tissues in 

various species and in different parts of the heart (Roden and George 1997). The delayed 

rectifi er currents IKr and IKs (Wang et al. 1994; Liu and Antzelevitch 1995) are important in 

setting the pace of repolarization by leading K+ ions out of the cell during the plateau phase 

of the action potential (Figure 1) (Keating and Sanguinetti 2001). The HERG protein (NP_

000229 1159 aa, isoform a) has been identifi ed as a component of the IKr current, which 

is characterized by slow activation and deactivation, but rapid inactivation (Sanguinetti et 

al. 1995). The IKr current is dependent on the extracellular potassium concentration and is 

blocked by many drugs (Sanguinetti et al. 1995; Mitcheson et al. 2000). Both the KCNE1 

(NP_000210, 129 aa) and KCNE2 (NP_751951, 123 aa) β-subunits have been shown to as-

sociate with and modulate HERG in vitro (McDonald et al. 1997; Abbott et al. 1999). How-

ever, the extent to which these associations occur in the human heart remain somewhat 

uncertain (Roden et al. 2002). IKs activates and inactivates slowly upon depolarization of 

the cell membrane (Barhanin et al. 1996). The native IKs current derives from the simul-

taneous expression of the KCNQ1 (NP_000209, 676 aa, isoform 1) and KCNE1 proteins. 

(Barhanin et al. 1996; Sanguinetti et al. 1996). An increase in IKs current is seen in response 

to up-regulated adrenergic stimulation, which is mediated by β-adrenergic receptor (βAR) 

activation. βAR modulation of IKs is mediated by binding of protein kinase A and C and 

protein phosphatase 1, to KCNQ1 through the anchoring protein yotiao (Lo and Numann 

1998; Marx et al. 2002). 

 The inward rectifi er current IK1 activates very rapidly and is insensitive to inactivation 

upon changes in voltage. The Kir2.1 protein (NP_000882, 427 aa) encoded by the KCNJ2 

gene (Raab-Graham et al. 1994) is a component of the IK1 current, which is important in 

setting the resting membrane potential in many excitable cells (Jan and Jan 1997). 

Voltage-gated ion channels have an important role in distributing intracellular signals in both 

muscles and nerves. An ion channel mutation can cause an increase or decrease in chan-

nel activity and thereby disturb the electrical balance in the cell. Ion channel proteins have 

2. CHANNELOPATHIES IN NEURONAL TISSUE, SKELETAL
    MUSCLE AND CARDIAC MUSCLE
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many structures in common, such as the pore region and the S4 segment, and it is thought 

that these channels have arisen from a primitive ancestor through gene duplication or muta-

tion. Ion channel defects, channelopathies, in the brain can cause epilepsy, episodic ataxia 

and migraine (Kullmann and Hanna 2002) whereas in the heart they can produce repolari-

zation instability and fatal arrhythmias (Marban 2002). In skeletal muscle ion channel muta-

tions are known to cause both myotonic discharges and episodic paralysis (Jurkat-Rott et al. 

2002). Major common features for these channelopathies are the genetic and phenotypic 

heterogeneity, i.e. mutations in many genes can cause the same disorder (locus heterogene-

ity) while mutations in one gene can cause many different disorders (allelic heterogeneity). 

A good example of genetic heterogeneity is LQTS, which can be caused by mutations in 

several different genes, whereas both the skeletal- and heart-specifi c sodium channel genes 

SCN4A and SCN5A have been associated with a wide variety of disorders (for review see 

Barchi 1998; Lehmann-Horn and Jurkat-Rott 1999). Table 1 lists the ion channelopathies 

discussed here. 

2.1 NEURONAL CHANNELOPATHIES

Benign familial neonatal convulsions, characterized by brief and generalized seizures (Ronen 

et al. 1993), are caused by mutations in the potassium channel genes KCNQ2 and KCNQ3 

(Biervert et al. 1998; Charlier et al. 1998; Singh et al. 1998). Mutations in the KCNA1 gene 

result in episodic ataxia type 1 (Browne et al. 1994), a rare neurological disorder (Brunt and 

van Weerden 1990). Mutations in the voltage-gated sodium channel genes SCN1A (Claes et 

al. 2001; Escayg et al. 2001), SCN2A (Sugawara et al. 2001; Heron et al. 2002) and SCN1B 

(Wallace et al. 1998) as well as in the voltage-gated chloride channel gene CLCN2 (Haug 

et al. 2003) have been identifi ed in different forms of epilepsies. In additon, epilepsies are 

caused by mutations in many ligand-gated channels (Steinlein 2004). Familial hemiplegic 

migraine (Ophoff et al. 1996), episodic ataxia type 2 (Ophoff et al. 1996) and spinocerebel-

lar ataxia type 6 (Jodice et al. 1997) are allelic disorders caused by different mutations in the 

calcium channel gene CACNA1A. Mutations in the potassium channel gene KCNQ4 cause 

nonsyndromic sensorineural deafness type 2 (Kubisch et al. 1999).
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2.2 SKELETAL MUSCLE CHANNELOPATHIES

Mutations in the skeletal sodium channel gene SCN4A can result in four different allelic dis-

orders, hyperkalemic periodic paralysis (HyperPP) (Ptacek et al. 1991a; Ptacek et al. 1991b), 

hypokalemic periodic paralysis (HypoPP) (Jurkat-Rott et al. 2000), potassium-aggravated 

myotonia (Ptacek et al. 1994b) and paramyotonia congenita (Ptacek et al. 1991b). HypoPP 

is caused by loss-of-function mutations, whereas the other three syndromes are caused by 

gain-of-function mutations (Jurkat-Rott et al. 2002). The classical features of HypoPP and 

HyperPP are episodic muscle weakness accompanied by low or high potassium levels, re-

spectively. The most common cause of inherited HypoPP are mutations in the CACNA1S 

gene (see next paragraph) (Ptacek et al. 1994a), whereas mutations in the potassium chan-

nel gene KCNE3 seem to be a rare cause of HypoPP (Abbott et al. 2001). 

 The two major calcium channels expressed in human adult skeletal muscle are the 

dihydropyridine receptor (DHPR) encoded by CACNA1S (Gregg et al. 1993) and the ry-

anodine receptor encoded by RYR1 (MacKenzie et al. 1990). Malignant hyperthermia can 

be caused by mutations in either of these two genes, whereas central core disease is due to 

mutations in RYR1 (Monnier et al. 1997; Quane et al. 1993). Thomsen’s disease and Becker-

type myotonia are congenital myotonias caused by mutations in the major skeletal muscle 

chloride channel encoded by the CLCN1 gene (Koch et al. 1992). The chloride channel 

is responsible for the high resting membrane conductance in skeletal muscle cells, and an 

altered channel function causes stiffening of the muscle (Koch et al. 1992).

2.3 CARDIAC CHANNELOPATHIES

Potassium channelopathies 

Atrial fi brillation (AF) is the most common cardiac arrhythmia. The occurrence of AF in-

creases with age, with a prevalence rising from 0.5% in the general population to about 10% 

in people aged over 65 years. (Ryder and Benjamin 1999; Chugh et al. 2001; Nattel 2002). 

Recently, the fi rst mutations causing familial AF were defi ned in the potassium channel 

genes KCNQ1 and KCNE2 (Chen et al. 2003b; Yang et al. 2004). AF is considered to oc-

cur secondarily to underlying conditions such as hypertension, left ventricular dysfunction 

and hyperthyroidism, and only a minor but signifi cant group of patients have idiopathic 

AF (Gersh and Solomon 1999). AF has also been associated with structural heart disease as 

well as changes in the expression of ion channels and proteins of the sarcoplastic reticulum 
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(Brundel et al. 2002a; Brundel et al. 2002b). 

 Short QT syndrome (SQTS) is a recently described clinical entity characterized by very 

short QT interval (QTc ≤ 300 ms) detected in affected patients (Gussak et al. 2000; Gaita et 

al. 2003). Gain-of-function mutations in the HERG and KCNQ1 genes have been identifi ed 

in a few patients with this syndrome (Bellocq et al. 2004; Brugada et al. 2004). In contrast, 

loss-of-function mutations in HERG and KCNQ1 have for many years been known to cause 

LQTS (Curran et al. 1995; Wang et al. 1996a). 

 Andersen’s syndrome (AS) (Andersen et al. 1971) is characterized by periodic paraly-

sis, cardiac arrhythmias, and developmental dysmorphisms (Tawil et al. 1994; Sansone et 

al. 1997). Mutations causing AS were identifi ed in the KCNJ2 gene, coding for the inward 

rectifying potassium channel Kir2.1 (Plaster et al. 2001). The fi rst symptom is often spon-

taneously occurring or exercise-induced episodic muscle weakness (periodic paralysis). In 

mutation carriers the frequency of periodic paralysis is 64-83% (Tristani-Firouzi et al. 2002; 

Donaldson et al. 2003). Further, patients with AS show a varying degree of cardiac manifes-

tations. Prolongation of the QT interval is the most common cardiac fi nding, appearing in 

two thirds of the patients (Tristani-Firouzi et al. 2002). Other ECG fi ndings include ventricu-

lar arrhythmias, ventricular bigeminy, and a prominent U wave (Sansone et al. 1997; Plaster 

et al. 2001; Tristani-Firouzi et al. 2002). The most common dysmorphic features are micro-

gnathia, fi fth fi nger clinodactyly, low-set ears, hypertelorism and broad nasal root (Tristani-

Firouzi et al. 2002; Donaldson et al. 2003). In comparison, Kir2.1 knockout mice show a 

complete cleft of the secondary palate and no other gross abnormalities, however, they die 

soon after birth (Zaritsky et al. 2000). As for many other channelopathies, AS is diffi cult to 

diagnose due to its high variablity in expression of symptoms and severity of phenotypes 

(Donaldson et al. 2004).

Sodium channelopathies

Loss-of-function mutations in the heart-specifi c sodium channel gene SCN5A can cause Bru-

gada syndrome (BS) (Chen et al. 1998) or progressive and idiopathic cardiac conduction 

defect (Schott et al. 1999; Tan et al. 2001), whereas gain-of-function mutations cause long QT 

syndrome type 3, LQT3 (Wang et al. 1995a). To date, approximately 70 mutations in SCN5A 

have been described for BS (see the Internet database Gene connection for the heart; Priori 

et al. 2002), yet account around  for only 20% of cases (Priori et al. 2002). BS is character-

ized by ST-segment elevation in right precordial leads V1 to V3 sometimes accompanied by 

right bundle branch block on ECG, and sudden death in the absence of any structural heart 

disease (Brugada and Brugada 1992). The clinical phenotype shows a sex-related distinction 
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as up to 90% of reported cases are male (Alings and Wilde 1999). 

 One of the most common cardiac disturbances is progressive cardiac conduction de-

fect, also called Lenegre-Lev disease. This is characterized by a progressive change in cardiac 

conduction through the His-Purkinje system with right or left bundle branch block and wid-

ening of QRS complexes. Eventually this may lead to complete atrio-ventricular block and 

cause syncope and sudden death (Priori and Napolitano 2004). 

Calcium channelopathies

Ryanodine receptor 2 (Ryr2) is part of a macromolecular protein complex in the sarcoplastic 

reticulum controlling the calcium release into the cytoplasm upon stimulation by a calcium 

infl ux via the L-type calcium channel CaV1.2 (CACNA1C) (Marks et al. 2002). Mutations in 

the Ryr2 gene cause catecholaminergic polymorphic ventricular tachycardia type 1 (CPVT1) 

(Laitinen et al. 2001; Priori et al. 2001) and arrhythmogenic right ventricular dysplasia type 

2 (ARVD2) (Rampazzo et al. 1995; Tiso et al. 2001). CPVT1 is a rare arrhythmogenic disease 

characterized by adrenergic induced bi-directional and polymorphic ventricular tachycar-

dias, a structurally normal heart, and a high risk of sudden cardiac death; the mortality ap-

proaches 30-50% by the age of 30, if left untreated (Leenhardt et al. 1995; Fisher et al. 1999; 

Swan et al. 1999). ARVD is a cardiomyopathy existing in at least eight genetically distinct 

forms (Rampazzo et al. 1994; Rampazzo et al. 1995; Rampazzo et al. 1997; Ahmad et al. 

1998; Melberg et al. 1999; Li et al. 2000; Tiso et al. 2001; Rampazzo et al. 2002). In general, 

ARVD is considered to be a disease of the desmosome since mutations in several desmo-

somal proteins (plakophilin-2, plakoglobin and desmoplakin) have been identifi ed among 

patients (McKoy et al. 2000; Rampazzo et al. 2002; Gerull et al. 2004). The major clinical 

fi ndings are different types of arrhythmias, inversion of the T-wave on ECG, degeneration of 

the right ventricular myocardium and sudden cardiac death (Chauhan and More 1996). 

 Very recently, the fi rst disease-causing mutation was defi ned in the cardiac CACNA1C 

gene, encoding the cardiac L-type calcium channel CaV1.2 (Catterall 2000b; Splawski et 

al. 2004). The novel disorder caused by this mutation was named Timothy syndrome, 

and is characterized by multisystem dysfunction and developmental defects (Splawski et al. 

2004). 
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       Gene name Gene locus

                
OMIM Disease entity Mode of

inheritance
Reference

     Calcium channels

CACNA1A 19p13 141500
108500
183086

Familial hemiplegic migraine
Episodic ataxia type 2
Spinocerebellar ataxia type 6

AD
AD
AD

Ophoff et al. 1996
Ophoff et al. 1996
Jodice et al. 1997

CACNA1S 1q32 170400
145600

Hypokalemic periodic paralysis
Malignant hyperthermia

AD
AD

Ptacek et al. 1994
Monnier et al. 1997

CACNA1C 12p13.3 601005 Timothy syndrome AD Splawski et al. 2004

RYR1* 19q13.1 145600
117000

Malignant hyperthermia
Central core disease

AD
AD/AR

Quane et al. 1993
Quane et al. 1993

RYR2* 1q42-43 604772

107970

Catecholaminergic polymorphic 
ventricular tachycardia
Arrhythmogenic right ventricular 
dysplasia type 2

AD

AD

Laitinen et al. 2001

Tiso et al. 2001

     Sodium channels

SCN1A 2q24 604233

607208

Generalized epilepsy with febrile 
seizures plus
Severe myoclonic epilepsy of infancy

AD

AD

Escayg et al. 2001

Claes et al. 2001

SCN1B 19q13.1 604233 Generalized epilepsy with febrile 
seizures plus

AD Wallace et al. 1998

SCN2A 2q23-24.3 607745

604233

Seizures, benign familial neonatal-
infantile
Generalized epilepsy with febrile 
seizures plus

AD

AD

Heron et al. 2002

Sugawara et al. 2001

SCN4A 17q23 170500
170400
608390
168300

Hyperkalemic periodic paralysis
Hypokalemic periodic paralysis
Potassium-aggravated myotonia
Paramyotonia congenita

AD
AD
AD
AD

Ptacek et al. 1991
Jurkar-Rott et al. 2000
Ptacek et al. 1994
Ptacek et al. 1991

SCN5A 3p21 601144
113900

603830

Brugada syndrome
Progressive and idiopathic cardiac 
conduction defect
LQT3

AD
AD

AD

Chen et al. 1998
Schott et al. 1999

Wang et al. 1995

     Potassium channels

HERG 7q35-36 NA
152427

Short QT syndrome
LQT2

AD
AD

Brugada et al. 2004
Curran et al. 1995

KCNA1 12p13 160120 Episodic ataxia type 1 AD Browne et al. 1994

KCNE1 21q21.1-22.2 176261 LQT5/JLN2 AD/AR Splawski et al. 1997/
Tyson et al. 1997

KCNE2 21q21.1-22.2 607554
603796

Atrial fi brillation
LQT6

AD
AD

Yang et al. 2004
Abbott et al. 1999

KCNE3 170400 Hypokalemic periodic paralysis AD Abbott et al. 2001

KCNJ2 17q23 170390
600681

Andersen’s syndrome
LQT7 

AD
AD

Plaster et al. 2001
Tristani-Firouzi et al. 
2002

KCNQ1 11p15.5 607554
NA
192500

Atrial fi brillation
Short QT syndrome
LQT1/JLN1 

AD
AD
AD/AR

Chen et al. 2003
Bellocq et al. 2004
Wang et al. 1996/
Tyson et al. 1997

Table 1. 
Summary of inherited voltage-gated ion channel disorders in neuronal tissue, skeletal muscle and cardiac muscle
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KCNQ2 20q13.3 121200 Benign familial neonatal convulsions AD Singh et al. 1998

KCNQ3 8q24 121201 Benign familial neonatal convulsions AD Charlier et al. 1998

KCNQ4 1p34 600101 Nonsyndromic sensorineural deafness 
type 2

AD Kubisch et al. 1999

     Chloride channels

CLCN1 7q35 160800
255700

Thomsens’s disease
Becker-type myotonia

AD
AR

Koch et al. 1992
Koch et al. 1992

CLCN2 3q26-qter 600669 Idiopathic generalized epilepsy AD Haug et al. 2003

     
       Gene name Gene locus

                
OMIM Disease entity Mode of

inheritance
Reference

AD = autosomal dominant, AR = autosomal recessive, OMIM = Online Mendelian Inheritance in Man (see Internet 
references list for details), NA = not available, LQT1-7 = long QT syndrome types 1-7 (Romano-Ward syndrome), JLN1-
2 = Jervell-Lange Nielsen syndrome types 1-2, * genes coding for intracellular calcium-release channels. 

3. LONG QT SYNDROME 

Long QT syndrome (LQTS) is an inherited arrhythmogenic disorder causing syncope and 

sudden death as a result of severe ventricular arrhythmias in individuals with structurally 

normal hearts (Schwartz et al. 1975). LQTS can be inherited as an autosomal dominant 

(Romano-Ward syndrome, RWS) (Romano 1965) or recessive trait (Jervell-Lange Nielsen 

syndrome, JLNS) (Jervell and Lange-Nielsen 1957), of which the latter is in addition to a 

cardiac phenotype associated with congenital deafness due to disturbed maintenance of K+ 

homeostasis in the inner ear. (Vetter et al. 1996). Loss-of-function mutations in KCNQ1 and 

KCNE1 can cause both RWS and JLNS (Wang et al. 1996a; Neyroud et al. 1997; Schulze-

Bahr et al. 1997) (Table 1). The frequency of LQTS is estimated to be 1:5 000 to 1:10 000 

(Ackerman 1998b; Piippo et al. 2001b) for the dominant form whereas the recessive form 

is very rare, with estimations of 1:55 000 to 1:200 000 (Tranebjaerg et al. 1999). According 

to recent studies the classifi cation of a dominant and recessive form is not always clear. For 

example, homozygous or compound heterozygous mutations in the KCNQ1 gene do not 

invariably cause JLNS (Priori et al. 1998; Larsen et al. 1999).

3.1 CLINICAL MANIFESTATIONS

Typical clinical fi ndings among carriers are a prolonged QT interval on ECG (Figure 3), ab-

normal morphology of the T wave, ventricular tachycardias, especially torsades de pointes 

(twisting of the QRS complex around the electrical axes) (Figure 3), syncope and sudden 

cardiac death (Schwartz et al. 1975). LQTS often manifests as syncope, which is usually 
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triggered by physical or emotional stress, but can also be triggered during sleep or rest (Ro-

den et al. 1996; Schwartz et al. 2001). Two out of three gene carriers suffer from syncope 

(Vincent et al. 1992). Symptoms typically begin in early teenage years, but might appear 

much earlier (prenatal period) or later (40-50 years of age) in life (Vincent et al. 1992; 

Hofbeck et al. 1997). The QT interval is the time it takes for the ventricles to depolarize and 

repolarize, and it depends on the heart rate (Figure 3). The QTc interval is the QT interval 

corrected for heart rate and is calculated as follows: QT interval (ms) x RR1⁄2 (Bazett 1920). 

Classically, a QTc interval of ≤ 440 ms has been considered normal (Schwartz et al. 1975). 

In the study by Vincent et al. (1992) the majority of LQTS gene carriers had QTc intervals of  

> 460 ms, but occasionally had normal to borderline prolonged QTc intervals (410 to 450 

ms). Among non-carriers the QTc interval typically varied from 380 to 470 ms showing that 

there is marked overlap between carriers and non-carriers (Vincent et al. 1992). In compari-

son, in an extensive study of 328 LQTS families by Moss et al. (1991) 10% of the families had 

normal QTc intervals. Thus variable penetrance and expressivity of the phenotype exists in 

LQTS, with evidence of clinical symptoms varying even within families carrying the same 

mutation (Vincent 1995; Priori et al. 1999). 

 The severity of the phenotype correlates with the genotype. LQT3 (SCN5A) patients 

tend to have the longest and LQT1 (KCNQ1) patients the shortest mean QTc intervals (Pri-

ori et al. 2003). LQT1 and LQT2 (HERG) mutation carriers have a higher likelihood of 

experiencing cardiac events than carriers with LQT3 mutations. However, the percentage of 

fatal events is highest in the LQT3 group and lowest in the LQT1 group (Zareba et al. 1998; 

Priori et al. 2003). According to the study by Priori et al. (2003) no signifi cant difference 

between mean age at the time of the fi rst cardiac event exists between the three subgroups. 

In contrast, in another study the majority of LQT1 patients were reported to be signifi cantly 

younger than LQT2 and LQT3 patients when experiencing their fi rst symptom (Schwartz et 

al. 2001). 

 In the study by Zareba et al. (1998) the overall frequency of death in relation to LQTS 

was 3 to 4% and similar between the three groups. The majority of LQT1 patients experi-

ence their events during exercise, with swimming being a particularly frequent cause (Ack-

erman et al. 1999; Piippo et al. 2001b; Schwartz et al. 2001). Among LQT3 patients the vast 

majority of symptoms occur during sleep or rest (Schwartz et al. 2001), whereas emotional 

stress, particularly that caused by auditory stimuli, is the most common trigger for symptoms 

among LQT2 patients (Wilde et al. 1999; Schwartz et al. 2001).
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Figure 3. 
A) Schematic presentation of an ECG demonstrating the different recordings (P – T waves) and the QT interval. 
ECG strips (lead 2) showing B) normal QT interval, C) prolonged QT interval and D) torsades de pointes ventricular 
tachycardia. 

3.2 DIAGNOSIS AND CLINICAL MANAGEMENT

The strongest independent clinical factor for predicting cardiac events in family members 

of LQTS is the QTc interval, although variation for carriers and non-carriers exists (Zareba 

et al. 1995; Priori et al. 2003). For clinical evaluation, Schwartz et al. (1993) developed a 

diagnostic score that weighs different parameters (ECG, clinical and family history) accord-

ing to their contribution to the outcome of the disease. In addition, an exercise stress test for 

LQT1 patients can be a helpful diagnostic tool, since they show an impaired heart rate and 

QTc interval response during exercise (Swan et al. 1999). 

 Along with the evidence of genotype-phenotype correlation, identifi cation of the 

disease gene or genes has become an important tool for diagnostics (Priori et al. 1999; Van 

Langen et al. 2003). Gene-specifi c therapy is feasible for some subtypes of LQTS, concerning 

both pharmacological therapy and advice for lifestyle. β-blocker therapy is commonly used 

for patients with the LQT1 or LQT2 subtypes and has turned out to be especially effi cient in 

treating LQT1 patients as their symptoms are usually adrenergic-dependent (Schwartz et al. 

2001). In relation to this, LQT1 patients should not go in for competitive sports, and they 
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should limit physical stress as much as possible (Schwartz et al. 2001). LQT2 patients should 

avoid telephones and alarm clocks in the bedroom, since auditory stimuli is a high-risk fac-

tor for events in this group (Schwartz et al. 2001). In contrast, LQT3 patients may benefi t 

from pacemakers since they experience symptoms most frequently during rest or sleep due 

to slowing of the heart rate (Schwartz et al. 2001). Na+ blockers such as mexiletine have 

been used as therapeutics for the LQT3 group, but due to high mortality rates during therapy 

the long-term value of this treatment is questionable (Schwartz et al. 1995; Schwartz et al. 

2001). 

3.3 MOLECULAR GENETICS AND DISEASE MECHANISMS

Molecular pathogenesis 

To date, seven genes have been identifi ed as causing inherited LQTS, dividing the syndrome 

into subtypes LQT1-LQT7 depending on which gene is affected. The majority of these genes 

code for voltage-gated potassium (KCNQ1, HERG, KCNE1, KCNE2 and KCNJ2) or sodium 

(SCN5A) channels but recently ankyrin-B, coding for a membrane adaptor protein, was 

assigned as the disease gene underlying LQT4 (Keating and Sanguinetti 2001; Plaster et al. 

2001; Mohler et al. 2003). Altogether hundreds of mutations have been identifi ed in the 

LQTS genes and usually every family carries a private gene defect. The majority of the muta-

tions identifi ed are missense mutations, but several frameshift, nonsense and splice site mu-

tations have also been described (see the Internet database Gene Connection for the Heart). 

The functional consequence of a mutation may imply: 1) a dominant negative effect where 

incorporation of a single defective protein in the tetrameric channel alters the behavior of 

the current, thus reducing the number of functional channels to under 50%, or 2) haploin-

suffi ciency, where only half of the proteins form functional channels, reducing the current 

to 50%. Defi cient traffi cking and improper post-translation modifi cation or folding of the 

mutated protein can cause haploinsuffi ciency (Furutani et al. 1999; Kagan et al. 2000). 

 The mutations in the potassium channel genes and in ankyrin-B cause loss-of-function 

(i.e. the total current carried by the defective potassium channel complex is reduced) of the 

protein product, whereas mutations in SCN5A cause gain-of-function (i.e. persistent INa cur-

rent). The overall effect of mutations in these disease genes is a smaller pool of functional 

channels taking part in maintaining the electrical stability in the heart, leading to a so-called 
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‘reduced repolarization reserve’. This makes the myocytes more vulnerable to other cellular 

events, such as intracellular signaling during adrenergic stimulation or slowing of the heart 

rate during sleep, and therefore the risk for prolongation of the repolarization phase during 

the action potential is increased. This in turn increases the probability for early afterdepolari-

zations by activation of L-type Ca2+ channels, ventricular arrhythmias, syncope, and sudden 

death (Roden et al. 1995; Roden et al. 1996).

Disease models

To understand the pathophysiology of LQTS, further clarifi cations are still required. For this 

purpose in vitro, in vivo, and in silico models are helpful. The patch-clamp technique is used 

to measure ion channel currents in vitro (Sakmann and Neher 1984). This technique enables 

the measurement of ion currents in a single ion channel in an isolated cell, and has been 

used in numerous studies for evaluating the functional effects of a mutation on the cellular 

level (Curran et al. 1995; Chouabe et al. 1997). Technically, a pipette containing a small 

electrode is pressed against the cell membrane so that a tight seal is formed between the 

pipette and the membrane. With this technique three different measurement confi gurations 

can be obtained: whole-cell recording, outside-out patch or inside-out patch. By changing 

the intracellular and extracellular milieu different ion channels expressed in the cell can be 

measured (Sakmann and Neher 1984). 

 Several mouse models of LQTS have recapitulated the clinical phenotypes observed 

in patients (Charpentier et al. 2004). The inner ear defect observed in JLNS knockout mice 

for KCNQ1 (Lee et al. 2000; Casimiro et al. 2001) and KCNE1 (Vetter et al. 1996) has been 

useful in elucidating the role of IKs in endolymph production. Additionally, mouse models 

for the LQT3 and LQT4 subtypes have well approximated the ECG and arrhythmia pheno-

types seen in patients (Nuyens et al. 2001; Mohler et al. 2003).

 Computational biology – simulating with computers – has also become an important 

tool to examine the effects of altered ion-channel function on whole-cell electrophysiology 

and the action potential, and to date theoretical modeling approaches of disease have been 

used in several studies (Clancy and Rudy 1999; Viswanathan and Rudy 2000; Kobori et al. 

2004). In the study by Kobori et al. (2004) the effect of two mutations on the action poten-

tial duration was studied with computer simulation experiments. The study revealed that the 

incidence of early afterdepolarizations was increased in KCNQ1 plus HERG and KCNQ1 plus 

KCNJ2 mutation carriers compared to carriers of a KCNQ1 mutation only. 
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Genes and LQTS subtypes

KCNQ1 (LQT1, OMIM 192500). The fi rst linkage for LQTS was to the short arm of chro-

mosome 11 (Keating et al. 1991a; Keating et al. 1991b), and a few years later KCNQ1 at 

chromosomal region 11p15.5 was verifi ed as the LQTS gene (Wang et al. 1996a). KCNQ1 

is expressed in human kidney, lung, placenta, inner ear, and heart (Wang et al. 1996a; 

Chouabe et al. 1997; Yang et al. 1997). Loss-of-function mutations in KCNQ1 cause both the 

autosomal dominant (RWS) (Wang et al. 1996a) and recessive (JLNS) (Neyroud et al. 1997) 

forms of LQTS (Table 1). Splawski et al. (1998) identifi ed 16 exons in KCNQ1, but later stud-

ies determined that the gene contains 19 exons and spans a region of 400 kb of genomic 

DNA (Neyroud et al. 1999).

 Two major splice variants are present in human heart: isoform 1 is the full-length, 

functional isoform with an open reading frame of 676 codons, whereas isoform 2 rep-

resents a N-terminal truncated isoform with an open reading frame of 549 codons (Lee 

et al. 1997; Neyroud et al. 1999). Based on functional studies isoform 2 does not form a 

functional ion channel, but functions as a dominant-negative suppressor of the isoform 1 

channel by reducing the K+ current amplitude (Jiang et al. 1997; Demolombe et al. 1998). 

Furthermore, chromosomal region 11p15 harbors a large multigene imprinted domain in-

cluding the KCNQ1 gene. KCNQ1 expression is controlled by imprinting and most fetal tis-

sues show expression of only the maternal allele, but, interestingly, the heart is an exception 

with signifi cant expression of both parental alleles (Lee et al. 1997). 

 Mutations in KCNQ1 are a common cause of inherited LQTS, identifi ed in 42% to over 

50% of cases (Wang et al. 1996a; Splawski et al. 2000). Further, mutations in the C-terminal 

region of the gene have been identifi ed as more benign than mutations elsewhere in the 

gene (Larsen et al. 1999; Piippo et al. 2001b).

HERG (LQT2, OMIM 152427). The HERG (human ether-a-go-go related gene) gene was 

cloned from a hippocampal cDNA library based on homology to the Drosophila ether-a-go-

go (eag) gene (Warmke and Ganetzky 1994). In the same study HERG (also named KCNH2) 

was located to chromosome 7, and later mapped to chromosomal region 7q35-36 by fl uo-

rescence in situ hybridization (Warmke and Ganetzky 1994; Curran et al. 1995). Mutations 

in HERG were initially detected in six LQTS families, and northern blot analyses showed 

that HERG was highly expressed in the heart, but also in the brain, liver and pancreas (Cur-

ran et al. 1995). HERG consists of 15 exons (Itoh et al. 1998a) and spans 55 kb of genomic 

sequence (Curran et al. 1995). Loss-of-function mutations in HERG cause LQTS type 2, LQT2 

(Table 1) (Curran et al. 1995). Mutations in the HERG gene account for approximately 45% 
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of inherited LQTS (Splawski et al. 2000). Patients with mutations in the pore-coding region 

of HERG have been associated with an increased risk of arrhythmia-related cardiac events 

compared to patients with mutations elsewhere in the gene (Moss et al. 2002). Additionally, 

a few patients have homozygous mutations in HERG. These homozygous carriers have a se-

vere phenotype with markedly prolonged QTc intervals and severe ventricular arrhythmias 

already at a very young age (Hoorntje et al. 1999; Piippo et al. 2000, Johnson et al. 2003).

SCN5A (LQT3, OMIM 603830). In 1992, the cardiac sodium channel gene SCN5A (also 

called hH1) was cloned and characterized (Gellens et al. 1992). Two years later, Jiang et 

al. (1994) identifi ed a new locus for LQTS on chromosome 3, and soon thereafter SCN5A 

was mapped to chromosomal region 3p21 by fl uorescence in situ hybridization (George 

et al. 1995) (Table 1). In a study by Wang et al. (1995b) mutations in SCN5A were shown 

to associate with LQTS in two unrelated families. According to northern analyses SCN5A 

is expressed exclusively in the heart (Gellens et al. 1992). SCN5A consists of 28 exons and 

covers a region of approximately 80 kb (Wang et al. 1996b). SCN5A is structurally and func-

tionally highly similar to its skeletal muscle counterpart gene SCN4A, suggesting that these 

genes arose by gene duplication (Wang et al. 1996b). 

 At least two different isoforms of SCN5A are expressed in the heart in the ratio 13:7. 

These isoforms differ by the presence of a single amino acid, H1077 (Makielski et al. 2003). 

Most mutations causing LQTS are located in exons 23, 26 and 28, corresponding to the DIII, 

DIV and C-terminal parts of the protein (Splawski et al. 2000; see the Internet database Gene 

Connection for the Heart), with few mutations reported elsewhere in the gene (Schwartz et 

al. 2000; Ackerman et al. 2001; Yang et al. 2002; Wehrens et al. 2003; this study). SCN5A 

mutations cover up to 8% of inherited LQTS (Splawski et al. 2000).

Ankyrin-B (LQT4, OMIM 106410). In 1995 Schott et al. showed linkage to chromosomal 

region 4q25-27 in a single French LQTS family (Schott et al. 1995) and several years later 

ankyrin-B (also called ankyrin 2) was identifi ed as the gene causing LQTS type 4 in this 

family (Mohler et al. 2003). Loss-of-function mutations in this gene cause disrupted cellular 

organization of ion channels and transporters (Mohler et al. 2003). In addition to LQTS, 

these patients show varying degrees of cardiac dysfunction such as sinus node bradycardia, 

idiopathic ventricular fi brillation, junctional escape rhythm and catecholaminergic poly-

morphic ventricular tachycardia (Mohler et al. 2003; Mohler et al. 2004b). Ankyrin-B has 

been detected in most cell types (Mohler et al. 2002). The gene consists of 45 exons and to 

date a small number of mutations have been identifi ed in the spectrin-binding and regula-

tory domains corresponding to exons 24-36 and 37-45, respectively (Mohler et al. 2003; 

Mohler et al. 2004b). 
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KCNE1 (LQT5, OMIM 176261). The KCNE1 gene (protein also called minK for ‘minimal 

potassium ion channel’) maps to chromosomal region 21q21.1-q22.2 (Chevillard et al. 

1993). Loss-of-function mutations in this gene cause both dominant and recessive forms of 

LQTS (Schulze-Bahr et al. 1997; Splawski et al. 1997a; Tyson et al. 1997) (Table 1). KCNE1 

is a small gene with only one coding exon (Splawski et al. 1998) and is expressed in many 

tissues, including the heart and inner ear (Kaczmarek and Blumenthal 1997; Neyroud et al. 

1997). The LQT5 subtype is a rare cause of LQTS accounting for approximately 3% of inher-

ited LQTS (Splawski et al. 2000). No mutations in this gene have been described in Finnish 

LQTS patients (Piippo et al. 2001b; this study). 

KCNE2 (LQT6, OMIM 603796). Abbott et al. (1999) cloned and characterized the KCNE2 

gene (protein also named MiRP1 for minK-related peptide 1), and showed its association 

with LQTS. The KCNE2 gene is localized in chromosomal region 21q22.1 only 79 kb away 

from KCNE1, and oriented in the opposite direction (Abbott et al. 1999). The open reading 

frames of these two genes share 34% identity (Abbott et al. 1999) and like KCNE1, KCNE2 

contains only a single coding exon (Splawski et al. 1998; Abbott et al. 1999). KCNE2 muta-

tions account for approximately 2% of inherited LQTS (Splawski et al. 2000). No mutations 

in this gene have been described in Finnish LQTS patients (this study). 

KCNJ2 (LQT7, OMIM 600681). The KCNJ2 gene was cloned using a human heart cDNA 

library, and it has high expression in the heart, brain, placenta, lung, and skeletal muscle 

(Raab-Graham et al. 1994). KCNJ2 is a relatively small gene with only one coding exon 

spanning approximately 1.7 kb on chromosome 17q23 (Raab-Graham et al. 1994; Plaster et 

al. 2001). Originally KCNJ2 was assigned as the disease gene for AS (see above) (Plaster et 

al. 2001). Later, due to the fi nding that up to 71% of patients with AS show a prolonged QT 

interval on ECG, it was assigned a subtype (LQT7) for LQTS (Tristani-Firouzi et al. 2002) 

(Table 1). To date, approximately 40 mutations have been described in this gene, the major-

ity of them identifi ed in patients with AS (see the Internet database Gene Connection for 

the Heart). 
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3.4 ACQUIRED LONG QT SYNDROME 

Environmental factors (hypoglycemia, QT prolonging drugs), as well as cardiovascular and 

non-cardiovascular diseases (e.g. cardiomyopathy, cardiac failure, diabetic autonomic neu-

ropathy, liver cirrhosis) cause acquired LQTS (aLQTS). These factors and triggers may cause 

a clinical phenotype by affecting the same ion channels that are defective in idiopathic 

LQTS (Wichter et al. 2002). The aLQTS more often cause QTc interval prolongation and 

incidences of torsades de pointes than the inherited genetic forms of LQTS (Shah 2002). 

For example, almost all class III anti-arrhythmic drugs show an incidence of more than 1% 

of torsades de pointes arrhythmia (Vos and Paulussen 2004). Additionally, over 100 non-

antiarrhythmic drugs and non-cardiovascular drugs have been associated with QT interval 

prolongation and/or risk for torsades de pointes (Shah 2002; see Internet database Arizona 

Center for Education and Research on Therapeutics).

 In recent years a genetic predisposition to aLQTS has been implicated. Carriers of 

gene defects that do not demonstrate the phenotypical LQTS have been suggested as being 

especially prone to drug-induced torsades de pointes since they might be given drugs that 

put them at risk for repolarization-related arrhythmias. (Priori et al. 1999; Vos and Paulussen 

2004). In several studies mutations or polymorphisms in the LQTS genes have been associ-

ated with aLQTS triggered by a variety of drugs (Abbott et al. 1999; Napolitano et al. 2000; 

Sesti et al. 2000; Paulussen et al. 2004). These data support the idea that the prevalence 

of LQTS-related mutations is probably much higher than previously thought (Bloise et al. 

2002) and that ‘weak’ alleles might predispose to disease susceptibility (Behr and McKenna 

2003). 

3.5 MODIFIER GENES AND POLYMORPHISMS

The wide variability in phenotypic presentation associated with a particular mutation in the 

LQTS genes has resulted in a suspicion that other genetic factors (``modifi er genes´´) alter the 

expression of the mutation and thus infl uence clinical manifestations of the disease (Priori 

et al. 1999; Spooner et al. 2001a; Spooner et al. 2001b). The genes regulating the adrenergic 

responsiveness of the heart are among these candidates. Catecholamines, acting through 

cardiac β1- and β2-adrenergic receptors, have a widespread impact on cardiac contraction 

and relaxation, and may even promote arrhythmias (Brodde and Michel 1999; Lowe et al. 

2001). Several polymorphisms have been identifi ed in genes coding for adrenergic recep-

tors (Maqbool et al. 1999; Liggett 2000), and these polymorphisms have been studied in 
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relation to numerous different diseases (Leineweber 2004). However, no obvious associa-

tion between these polymorphisms and the clinical outcome of LQTS has so far been impli-

cated (Kanki et al. 2002). 

 Polymorphisms in LQTS genes have been tentatively associated with disease. Recent-

ly, Splawski et al. (2002) pointed out the S1102Y variant of the SCN5A protein as a potential 

risk factor for acquired arrhythmia in African Americans. The Y1102 allele was over-repre-

sented among arrhythmia cases, and the overall frequency of this allele was higher among 

African Americans (13.2%) than among Caucasians (10.1%) (Splawski et al. 2002). Another 

SCN5A polymorphism (H558R) is present in 20-30% of the general population (Yang et 

al. 2002). According to electrophysiological studies this polymorphism seems to act as an 

intragenic modifi er of SCN5A by altering the expression levels of the gene. This was shown 

in two studies where the gating defect of a disease-causing mutation was restored upon ex-

pression with H558R (Viswanathan et al. 2003; Ye et al. 2003).

 The HERG polymorphism K897T (T allele frequency of 14-16% in Caucasians) has 

been shown to correlate with QT interval (Pietilä et al. 2002; Bezzina et al. 2003; Paavonen 

et al. 2003; this study). Further, this polymorphism has been associated with changes in 

HERG channel activation, deactivation and inactivation kinetics (Bezzina et al. 2003; Paavo-

nen et al. 2003; Anson et al. 2004). The frequency for the KCNE1 D85N polymorphism is 1 

to 3% in Caucasians (Ackerman et al. 2003; Jongbloed et al. 2002). Recently, Westenskow et 

al. (2004) described several LQTS patients who in addition to a mutation carried the D85N 

polymorphism. These patients had a more severe phenotype than those with only the LQTS 

mutation. When expressed in vitro, this polymorphism caused reduction of the IKs current 

(Westenskow et al. 2004).

3.6 THE GENETIC WORKING ENVIRONMENT 

The Finnish gene pool

Finland has been settled since the end of last glacial period around 11 000 years ago (Norio 

2003), but the modern Finnish population probably originates from later inhabitants (Pel-

tonen et al. 1995). According to the dual-origin hypothesis the fi rst settlers arrived from the 

east around 4000 years ago, and the second group of settlers immigrated from the south 

across the Gulf of Finland around 2000 years ago (Nevanlinna 1972; Kittles et al. 1998; No-

rio 2003). For centuries, mostly the coastal areas in the south and southwest of Finland were 

populated, and the population remained small due to wars, famine, and disease (Peltonen 
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et al. 1995). Internal migration to the north and east of Finland took place during the 17th 

century creating regional subisolates. Since then, particularly during the last 300 years, the 

population has expanded from approximately 250 000 individuals to around 5 200 000 

million today (Peltonen et al. 1999).

 The Finnish population has been isolated from other populations mostly due to geo-

graphical reasons, but a distinct culture, language and religion have also had an impact on 

the isolation (Peltonen et al. 1999). This isolation is also refl ected in the Finnish gene pool. 

For example, the diversity of Y-chromosomal and mitochondrial DNA is less in Finns than 

in other European populations (Sajantila et al. 1996; Lahermo et al. 1999). Moreover, the 

genetic isolation is refl ected in the Finnish disease heritage, which comprises at least 36 dis-

orders that are present at higher frequencies in Finland than in any other population (Norio 

2003). The opposite is also true: many disorders not uncommon in other countries, includ-

ing cystic fi brosis and phenylketonuria, are almost absent in Finland (Kere et al. 1989; Norio 

2003). 

 Finland was probably inhabited by small founder populations forming internal 

subisolates throughout the relatively slow process of inhabiting the country. In addition to 

the Finnish disease heritage, this phenomenon is refl ected in many other inherited disorders 

by the existence of founder mutations, with the majority of disease alleles carrying the same 

causative mutation (Peltonen et al. 1995). One good example is familial hypercholestero-

lemia (FH), inherited in an autosomal dominant fashion. FH is worldwide a heterogeneous 

disorder, with at least 700 different mutations in the low density lipoprotein receptor gene 

(Heath et al. 2001). In Finland, however, only four mutations account for around 75% of 

FH carriers (Koivisto et al. 1995). When the present study was begun, the identifi cation of 

Finnish LQTS founder genes was also considered as a potential outcome (Piippo et al. 2000; 

Piippo et al. 2001b). 

The human genome project

The human genome project was launched in 1990 as an international collaborative project. 

The International Human Genome Consortium was composed of research laboratories in 

the United States, the United Kingdom, Germany, France, Japan, and China. The goals were 

to 1) identify all the genes in human DNA, 2) determine the sequence of all 3x109 bases 

of human DNA, 3) store the information in databases available to the public, 4) improve 

the tools for analysis of the data, 5) address ethical, legal and social issues arising from the 

project, and 6) sequence the genomes of several other species in order to gain insights into 

human disease pathogenesis, evolutionarily conserved genes, and embryonic programming 
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and development (see the Internet database Human Genome Project Information; Choud-

huri 2003).

 The working draft of the human genome was published in 2001 by the International 

Human Genome Consortium (Lander et al. 2001), and Celera Genomics, a private com-

pany founded by Craig Venter in 1998 (Venter et al. 2001). In April 2003, the International 

Human Genome Consortium announced the sequencing project completed (Collins et al. 

2003; Pennisi 2003), with nearly all the bases identifi ed in the right order (see the Inter-

net database Human Genome Project Information). According to this data the estimated 

number of protein-coding genes is around 30 000, much less than the previous estimate 

of around 100 000 genes (see the Internet database Human Genome Project Information; 

Pennisi 2003). The completion of the sequencing project, with the information stored in 

publically available databases, will have and has already had a great impact on biomedical 

research (Peltonen and McKusick 2001). 
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The aims of this study were to characterize genes and their alterations underlying human 

LQTS and to defi ne genotype-phenotype relationships in LQTS with paying particular atten-

tion to common gene defects.

In specifi c terms the aims were to:

  • identify gene mutations causing LQTS in Finland 

  • characterize genotype-phenotype relationships in LQTS 

  • identify common variants of the LQTS genes, with potential phenotypic effects

AIMS OF THE STUDY
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1. PATIENTS AND CONTROLS (I-IV)

In Study I 39 Finnish LQTS probands were examined for mutations in the HERG gene. The 

patients included in this study fulfi lled at least two of the following criteria: 1) prolonged 

QTc interval (> 440 ms), 2) presence of syncopal spells or documented torsades de pointes 

tachycardia, or sudden death, and 3) a family history of LQTS or sudden death. In this study 

170 LQTS patients carrying the KCNQ1-Fin G589D (Piippo et al. 2001b) mutation and 81 

healthy controls were also genotyped for the K897T polymorphism in the HERG gene. All 

subjects in these studies were of Finnish origin.

 In Studies II and III 188 Finnish idiopathic long QT syndrome probands were exam-

ined for mutations in the potassium channel genes KCNQ1, HERG, KCNE1, KCNE2, and 

KCNJ2. The inclusion criteria were as follows: QTc (QT interval adjusted for heart rate) 

> 470 ms and/or QT interval prolongation during recovery upon exercise stress test (Swan 

et al. 1999) and/or family history of LQTS (n = 161), a documented torsades de pointes 

-tachycardia (n = 7), unexplained submersion (n = 3), frequent ventricular premature com-

plexes in resting ECG or upon exercise test (n = 15), or drug-induced QT interval prolon-

gation (n = 2). When selecting the probands for SCN5A mutation screening, 73 of the 188 

LQTS probands were replaced by a similar number (n = 73) of additional probands (Study 

II). The inclusion criteria of these 73 probands were: repeated episodes of syncopal spells of 

unknown etiology, syncopal spell upon auditory stimulus, or sudden unexplained death. 

 In Study IV a total of 700 LQTS probands were examined. Of these, 261 (188 + 73) 

were included in Study II. The clinical indications for DNA studies were as follows: suspect-

ed QT interval prolongation (with or without QT prolonging drug) according to ECG data, 

syncopal spell of unknown etiology, aborted cardiac arrest, documented torsades de pointes 

or sudden death. All DNA samples were screened for the occurrence of fi ve common muta-

tions, including KCNQ1 G589D (FinA), KCNQ1 IVS7-2A>G (FinB), HERG L552S (FinA), 

HERG R176W (FinB) and SCN5A R190G. 

 Upon identifying a mutation in the proband, all available family members and an ap-

propriate number of control DNA samples were also studied for occurrence of the mutation. 

The cohort of population samples comprised over 300 adult Finnish blood donors from the 

Helsinki area, with a gender ratio of 1:1. Additionally, if the molecular background for LQTS 

PATIENTS AND METHODS
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was established in the proband, clinical data and blood samples, when available, were col-

lected for family members. The Ethics Review Committee of the Department of Medicine, 

University of Helsinki, approved this study and written informed consent was received from 

all study subjects.

2. MOLECULAR GENETIC STUDIES (I-IV)

2.1 DNA EXTRACTION (I-IV)

Genomic DNA was extracted from peripheral blood lymphocytes by a standard phenol 

extraction method (Blin and Stafford, 1976), or by a salting-out method with the PureGene 

DNA Purifi cation Kit (Gentra, Minneapolis, MN).

2.2 POLYMERASE CHAIN REACTION (I-IV)

Polymerase chain reaction (PCR) (Mullis et al. 1986) was used to amplify exons from ge-

nomic DNA in the search for and identifi cation of mutations in the disease genes. PCR was 

carried out under varying conditions, as described in more detail in Studies I-IV. Intronic 

primers were designed whenever possible to permit analysis of the whole coding sequence 

and the exon-intron boundaries. 

2.3 DENATURING HIGH PERFORMANCE LIQUID CHROMATOGRAPHIC ANALYSIS (II, III)

Denaturing high performance liquid chromatography (dHPLC) analysis (Wave Nucleic Acid 

Fragment Analysis System HSM 3500, Transgenomic, Omaha, NE) was used in the search 

for mutations and polymorphisms in the principal genes causing LQTS in Studies II and 

III. Prior to dHPLC analysis the PCR fragments were denatured of 95°C for 3 min and re-

annealed to 50°C over 30 min. The temperature of the column was set according to the 

temperature calculated by the Wavemaker 4.1 software (Transgenomic). PCR amplicons 

showing a divergent chromatogram profi le, indicating the presence of a mutation or poly-

morphism, were subsequently sequenced to identify which type of nucleotide sequence 

alteration was present. 
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2.4 SINGLE-STRAND CONFORMATION POLYMORPHISM ANALYSIS (I)

Single-strand conformation polymorphism (SSCP) analysis was partly used as the muta-

tion screening method in Study I. The SSCP technique was applied essentially according 

to Orita et al. (1989). Each sample showing a divergent conformation in an SSCP gel was 

sequenced.

2.5 DNA SEQUENCING (I-IV)

The PCR products were purifi ed enzymatically with shrimp alkaline phosphatase I and exo-

nuclease I. Thereafter the products were sequenced with the BigDye Terminator (Applied 

Biosystems, Foster City, CA) chemistry. The method is based on the incorporation of di-de-

oxynucleotides, which terminate the elongation reaction (Sanger et al. 1977). The fragments 

were analyzed with an automated sequencer (ABI 377 or 3730, Applied Biosystems). 

2.6 SPECIFIC MUTATION DETECTION (I-IV)

Upon identifi cation of a mutant allele, an appropriate detection method was set up (Table 

2), and used to screen of family members and at least 200 healthy Finnish blood donors. 

Many of the missense mutations and polymorphisms altered a natural restriction site, and 

an assay based on restriction enzyme digestion was used for their detection. The missense 

mutations KCNQ1 R561G, HERG T613M and SCN5A Q1153H were analyzed with direct 

sequencing, whereas the KCNQ1 S277L mutation was detected with dHPLC analysis. For 

the detection of the HERG K897T polymorphism primer-induced restriction analysis (PIRA) 

was used (Kumar and Dunn, 1989).

 The majority of the deletion and insertion mutations were screened for with het-

eroduplex analysis (White et al. 1992), or sequencing, with the exception of the Kir2.1 

ΔFO163-164 mutation, which was simply detected by running the PCR product on a 12% 

polyacrylamide gel where two fragments (89 and 83 bp) were observed in heterozygote 

carriers and one (89 bp) in non-carriers. In Study IV the SCN5A missense mutations A185T 

and R190G were analyzed with solid-phase minisequencing (Syvänen et al. 1990). 

2.7 BIOCOMPUTING (I-IV)

Internet search tools, sequence databases and commercial computer programs were of cru-

cial help during this study (see Internet reference list for details). The majority of the PCR 
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primers were designed with the Primer3 Program. In setting up the restriction enzyme-

based detection methods the programs Webcutter 2.0 and RestrictionMapper were utilized. 

Clustal W, which is suitable for multiple sequence alignments of divergent DNA and protein 

sequences, was used when comparing amino acid sequences for conservation between 

different species of the disease genes. To evaluate the possible functional consequences of 

the KCNQ1 IVS7-2A>G and HERG IVS13+1G>A splice site mutations the Neural Network 

program was used.

Gene/Protein Variant Detection method

KCNQ1/KCNQ1 Mutation D202H BseGI 

R231C BamHI 

W248C PstI 

G269S MspI

S277L dHPLC

277delS heteroduplex analysis

A341V Hin6I 

1032G>A Cfr421 

R366W Cfr10I 

IVS7-2A>G (FinB) DdeI 

R518X TaqI 

S547L HpyCH4V 

R561G sequencing

1685delAG+1delG heteroduplex analysis
HERG/HERG Mutation C39X Hin6I

453delC sequencing

R176W (FinB) SmaI

859insGCCGACG heteroduplex analysis

R273X Eco88I

P451L AluI

1382delA sequencing

W497X BspLI

1631delAG heteroduplex analysis

Y569H RsaI

G572S MspI

G584S AluI

G601S Sfi I

T613M sequencing

N629S SatI

Table 2. Specifi c detection methods for mutations and polymorphisms identifi ed in Studies I-III.
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IVS13+1G>A HphI

3160insA GsuI

Polymorphism K897T BstUI (PIRA1)

L1045F GsuI

R1047L Hin6I

KCNJ2/Kir2.1 Mutation T75A BsaAI

ΔFQ163-164 PCR product on 12% poly-
acrylamide gel electrophoresis

SCN5A/SCN5A Mutation A185T TaiI/minisequencing

R190G Hpy188III/minisequencing

I239V TaaI

R340Q BspLI

A691T HphI

Q1153H sequencing

E1784K Eco24I

V1951L HpYCH4 IV

Polymorphism A572D SduI

Gene/Protein Variant Detection method

3. FUNCTIONAL STUDIES (III, IV)

3.1 REVERSE TRANSCRIPTASE-PCR (IV)

The KCNQ1 splice site mutation IVS7-2A>G was studied by reverse transcriptase-PCR (RT-

PCR). RNA was isolated from lymphocytes of patient and control samples with the RNeasy 

kit (Qiagen Inc.,Valencia, CA), essentially according to the suppliers protocol. Complemen-

tary DNA (cDNA) was prepared using Oligo (dT) primers (Superscript First-Strand synthesis 

system, Invitrogen Carlsbad, CA) followed by amplifi cation with KCNQ1 gene-specifi c prim-

ers. The amplicons of the wild-type and mutant alleles were separated on a 1.5% agarose gel. 

Thereafter the amplicons were subcloned with a PCR cloning kit (Qiagen Inc ), and several 

clones were sequenced to identify the mutant allele. 

1primer-induced restriction enzyme analysis (PIRA).
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3.2 MUTAGENESIS OF NOVEL MUTATIONS (III, IV) 

The impact of the KCNQ1 IVS7-2A>G, HERG R176W, Kir2.1 T75A and ΔFQ163-164, and 

SCN5A R190G mutations on channel function was studied in vitro. Wild-type human 

KCNQ1 (NM_000218, isoform 1) in the pIRES-CD8 expression vector was a kind gift from 

Dr. Jacques Barhanin, HERG (NM_000238) in pcDNA3 was provided by Dr. Gail Robertson, 

KCNJ2 (AF153819) in pGEMHE was a gift from Dr. Carol Vandenberg, and SCN5A (NM_

198056; hH1C-Q1077; the 2016aa transcript variant 1) in pcDNA3.1 was given by Dr. J. Mak-

ielski. To generate the KCNQ1 IVS7-2A>G mutation a fragment of 160 bp containing the 30 

bp insert was cloned into KCNQ1 cDNA with the restriction enzymes BsgI and BspEI (New 

England Biolabs, Beverly, MA). Mutagenesis for the Kir2.1 mutations T75A and ΔFQ163-164 

was performed with the Transformer site-directed kit (Clontech laboratories, East Meadow 

Circle, CA), whereas mutagenesis for the HERG R176W and SCN5A R190G mutations was 

performed using the QuickChange site-directed kit (Stratagene, CA). 

3.3 TRANSFECTION AND IN VITRO EXPRESSION STUDIES (III, IV)

Healthy stage V and VI Xenopus oocytes were injected with 10 ng of cRNAs encoding wild-

type and mutated (T75A and delFQ163-164) human Kir2.1. Electrophysiological experiments 

were performed 24 h after injection utilizing the two-electrode-voltage clamp technique. In 

this technique two glass microelectrodes, a membrane potential recording electrode and a 

current delivering electrode, is impaled into the oocyte (Wagner et al. 2000). This allows the 

control of membrane potential and enables measurement of ion channel currents (Wagner 

et al. 2000).

To elucidate the functional consequences of the KCNQ1 IVS7-2A>G, HERG R176W and 

SCN5A R190G mutations they were studied in vitro in COS-7 (KCNQ1 IVS7-2A>G, HERG 

R176W) or HEK293 (SCN5A R190G) cells (Study IV). COS-7 cells were transfected with the 

mutant and/or wild-type constructs using the DEAE-dextran precipitation method. Current 

recordings were taken 48 h after transfection with the patch-clamp whole-cell confi guration 

technique utilizing the EPC-10 amplifi er (HEKA Instruments Inc.), and as described previ-

ously (Chen et al. 2003b). For acquisition and analysis of the data the Pulse, Pulsefi t (HEKA 

Electronic, Germany) and IgorPro (WaveMetrics Inc., OR) softwares were utilized. HEK293 

cells were transiently transfected with the mutant/and or wild-type constructs using calcium 

phosphate. These transfections also included the hβ1 subunit (pIRES-hβ1-CD8) and the 

reporter CD8 antigen. Transfected cells were identifi ed with anti-CD8 beads (Dynal) and 

measurements taken 48 h after transfection.
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3.4 WESTERN BLOT AND IMMUNOFLUORESCENT EXPERIMENTS (III)

To compare the expression level of Kir2.1 wild-type versus mutants (T75A and ΔFQ163-164) 

in Xenopus oocytes Western blot experiments were performed using a specifi c anti-human 

Kir2.1 primary antibody (Alomone Labs, Jerusalem). To evaluate whether the Kir2.1 mutant 

channels were functionally impaired due to a traffi cking problem we performed immun-

ofl uorescent studies in Xenopus oocytes to detect Kir2.1 at the cell surface. Cryosections of 

the Cy3-fl uorescing oocytes were studied by epifl uorescence with a Polyvar microscope 

(Reichert-Jung, Vienna).

4. STATISTICAL ANALYSES (I-IV)

In Study I analysis of variance (ANOVA) and generalized estimating equations (GEE) were 

used to compare the QTc intervals and different genotypes of the K897T polymorphism 

among KCNQ1 G589D (KCNQ1-FinA) carriers and healthy controls. In the cluster-ANOVA 

analysis relatedness between family members was taken into account. Age and gender were 

additionally adjusted in the ANOVA and GEE analyses. ANOVA analysis was used to com-

pare electrophysiological recordings between wild-type and mutant channels in Study IV. 

The frequencies of some variants were compared between LQTS probands and carriers 

using the χ2 test. Two-sample t-tests were used to compare mean QTc intervals between 

groups. A p-value of < 0.05 was considered statistically signifi cant.
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1. MUTATIONS IDENTIFIED IN FINNISH LQTS FAMILIES

1.1 RARE MUTATIONS IDENTIFIED IN THE HERG, KCNQ1 AND SCN5A GENES (I, II, UNPUBLISHED)

In Study I 39 LQTS probands were screened for mutations in the HERG gene by SSCP and 

direct sequencing. A mutation was identifi ed in 20.5% (8/39) of the probands. Six of these 

mutations were novel. Either restriction enzyme or heteroduplex analyses were used for 

detection of these mutations in relatives and healthy controls. None of these mutations 

were detected in 120 healthy Finnish control samples. However, when an extended control 

population of 317 healthy controls was examined for the HERG R176W mutation, it was 

detected in 0.9% (3/317) of the controls (Study IV).

 In Study II 261 probands were screened for mutations in the KCNQ1, HERG, KCNE1, 

KCNE2, and SCN5A genes by dHPLC. All exons and exon-intron boundaries of these fi ve 

genes were analyzed, except for exons 1 and 11 of HERG and exon 1a of KCNQ1, which 

were not analyzed due to technical problems in their amplifi cation by PCR. This study 

revealed 22 novel and 12 previously reported mutations, of which three (HERG 453delC, 

R176W, and 1631delAG) were also documented in Study I (Figure 4, Table 3). No mutations 

were detected in KCNE1 or KCNE2. Specifi c mutation detection assays were set up for each 

mutation to study relatives, other LQTS probands, and healthy controls. None of these muta-

tions was identifi ed in control samples from 200 or more unrelated healthy Finnish blood 

donors, except for the SCN5A A185T and R190G mutations, which were detected in 1.3% 

(4/308) and 0.6% (2/308) of controls, respectively. 

 The majority (25/39 or 64%) of the mutations identifi ed in these studies were mis-

sense mutations. Deletion/insertion mutations represented 18% (7/39), nonsense mutations 

10% (4/39), and splice site mutations 8% (3/39) of all mutations described (Table 3). The 

mutations identifi ed in the HERG gene resided all over the protein, with enrichment of 

mutations to the N-terminus, the pore region, and the extracellular linker between the S5 

domain and the pore region (Figure 4). Though the mutations in the KCNQ1 gene were 

likewise localized to different parts of the protein, many were situated in the intracellular C-

terminus (Figure 4). The mutations identifi ed in the SCN5A gene resided in the intracellular 

loops of protein domains DI, DII and DIV, with exception of the R340Q mutation (Figure 4). 

RESULTS
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Figure 4. 
Mutations (circles) in the HERG, KCNQ1, SCN5A and KCNJ2 genes detected in Finnish LQTS probands in Study I, 
II and III. The HERG K897T polymorphism identifi ed in Study I is marked with a square.

Phenotypic expression of the mutants 

Of the mutations identifi ed in Study I and II, 59% (23/39) were associated with a mean QTc 

interval > 440 ms, and 44% (17/39) with a mean QTc > 460 ms. The percentage of symp-

tomatic carriers in these two groups was 29% and 28%, respectively (Table 3). The mean 

QTc intervals of patients with KCNQ1 G269S (430 ± 29 ms), HERG P451L (422 ± 14 ms), 

SCN5A A185T (431 ± 39 ms), R190G (419 ± 19 ms), Q1153H (397 ± 19 ms), and V1951L 

(403 ± 25 ms) mutations seemed to be normal or borderline prolonged and therefore their 

assignment as true LQTS mutations remained questionable. Unfortunately, little clinical data 

was available for patients with the remaining 10 (26%) mutations, since they were repre-

sented by only one or two mutation carriers each. However, according to the sparse data 

available all 10 mutations were associated with a prolonged QTc interval (Table 3). 
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Gene

 
Mutation   Carriers

  (n)
Non-carriers 

(n)
Mean QTc (ms)

 carriers        non-carriers
Number of 

symptomatic (%)

 
KCNQ1

 D202H1 3 6 483 ± 23            426 ± 28 0

 R231C2 3 6 457 ± 25 435 ± 19 0

W248C2 10 8 454 ± 31 437 ± 38 0

G269S3 10 17 430 ± 29 404 ± 28 3 (30)

S277L4 2 0 500 1 (50)

277delS1 7 6 474 ± 32 407 ± 59 1 (14)

A341V1 7 21 489 ± 32 390 ± 25 3 (43)

1032G>A1 4 12 495 ± 51 409 ± 26 2 (50)

R366W1 19 11 464 ± 39 418 ± 20 5 (26)

IVS7-2A>G (FinB)1, 5 75 71 466 ± 32 414 ± 23 19 (25)

R518X1, 5 18 19 461 ± 18 430 ± 30 5 (28)

S547L1 5 3 475 ± 33 427 ± 33 0

R561G1 8 6 482 ± 46 413 ± 14 3 (38)

1685delAG, +1delG1 4 4 511 ± 19 430 ± 21 3 (75)

HERG

C39X1 3 4 472 ± 42 419 ± 12 2 (67)

453delC1 39 42 470 ± 39 420 ± 21 10 (26)

R176W2, 5 92 96 445 ± 30 418 ± 25 30 (38)

859insGCCGACG44 1 0 504 0

R273X4 2 1 537 ± 38 442 1 (50)

P451L3 5 11 422 ± 14 429 ± 35 2 (40)

1382delA4 1 2 461 410 ± 12 1 (100)

W497X4 1 0 493 1 (100)

1631delAG1 8 2 497 ± 52 461 4 (50)

Y569H4 1 4 512 423 ± 14 1 (100)

G572S4 2 7 461 431 ± 22 2 (100)

G584S2 16 20 450 ± 26 422 ± 30 6 (38)

G601S1 3 12 531 ± 45 421 ± 27 1 (33)

T613M4 1 12 536 413 ± 21 1 (100)

N629S1 4 4 470 ± 21 441 ± 34 2 (50)

IVS13+1G>A1 5 12 494 ± 18 425 ± 27 2 (40)

3160insA4 1 6 481 433 ± 33 1 (100)

Table 3.
KCNQ1, HERG and SCN5A mutation carriers identifi ed in Studies I, II, and IV. The carrier numbers for some mutations 
have increased since the original publications due to availability of more family samples. 
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SCN5A

A185T3 20 12 431 ± 39 424 ± 28 11 (55)

R190G3, 5 24 37 419 ± 19 427 ± 24 4 (31)

1239V2 5 12 455 ± 14 392 ± 25 2 (40)

R340Q4 1 0 458 1 (100)

A691T2 4 3 453 ± 27 430 ± 22 2 (50)

Q1153H3 3 2 397 ± 19 411 1 (33)

E1784K1 10 20 472 ± 49 413 ± 25 1 (10)

V1951L3 9 5 403 ± 25 417 ± 11 6 (67)

 
Gene

 
Mutation   Carriers

  (n)
Non-carriers 

(n)
Mean QTc (ms)

 carriers        non-carriers
Number of 

symptomatic (%)

All carriers for each mutation are included. QTc = QT interval corrected for heart rate, 1mutations associated with a mean 
QTc > 460 ms among carriers, 2mutations associated with a mean QTc > 440 ms among carriers, 3mutations associated 
with a normal or borderline prolonged QTc interval, 4mutations associated with a prolonged QTc interval, but carried only by 
one or two patients, 5the QTc intervals and percentage of symptomatic carriers for these mutations are for single mutation 
carriers only (compound heterozygotes excluded).

1.2 COMMON LQTS MUTATIONS KCNQ1 IVS7-2A>G AND HERG R176W (I, II, IV)

The HERG R176W mutation was originally described in a single LQTS family (Study I). In 

Study II the KCNQ1 IVS7-2A>G and HERG R176W mutations were identifi ed in 11 and 12 

LQTS families, respectively. Upon extending the studied population to 700 probands in 

Study IV, with less strict inclusion criteria, the numbers of families carrying KCNQ1 IVS7-

2A>G and HERG R176W increased to 13 and 15, respectively. Restriction enzyme-based 

assays were set up to study these mutations in family members, other LQTS probands, and 

healthy controls. The KCNQ1 IVS7-2A>G mutation was not identifi ed in 200 controls. This 

mutation abolishes the splice acceptor site between exons 7 and 8 in the C-terminal part of 

the KCNQ1 protein (Figure 4). The HERG R176W mutation was identifi ed in 0.9% (3/317) 

of controls. This mutation, residing in exon 4, substitutes tryptophan for a conserved ar-

ginine in the N-terminal part of HERG (Figure 4). 

 The KCNQ1 IVS7-2A>G and HERG R176W mutations were assigned as plausible 

founder mutations, and therefore named KCNQ1-FinB and HERG-FinB. This presump-

tion was based on the prevalence of these mutations: KCNQ1-FinB was identifi ed in 7.3% 

(11/150), and HERG-FinB in 8% (12/150) of 150 mutation-carrying families. Additionally, 

upon comparing the birthplaces of obligate mutation carriers born between 1890 and 1925, 

the carriers of the KCNQ1-FinB and HERG-FinB mutations seemed to cluster in the south-

east part of Finland (Figure 5, as of 3/2005), which supported the theory of founder muta-

tions. However, haplotype analysis in families with these mutations is needed to verify the 

founder mutation status.
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Figure 5. 
Geographic distribution of the carriers of two Finnish founder mutations identifi ed in Study I and II. Each spot 
represents the place of birth of an affected ancestor born between 1890 and 1925 (latest data received 3/2005). 
A) KCNQ1 IVS7-2A>G (FinB) and B) HERG R176W (FinB). 

Phenotypic expression of the mutants

The KCNQ1 IVS7-2A>G mutation was identifi ed in 75 carriers in a total of 13 families. The 

mean QTc interval among all the carriers was 466 ± 32 ms (excluding one compound 

heterozygous carrier), and was signifi cantly longer than the mean QTc interval of 414 ± 23 

ms in 71 non-carriers (p < 0.0001, Table 3). The mean QTc interval among non-medicated 

subjects was also signifi cantly longer in carriers (464 ± 32 ms, n = 50) versus non-carriers 

(411 ± 20, n = 38, p < 0.0001). Approximately 25% of all carriers, 14 females and 5 males, 

were symptomatic. The QTc interval was not signifi cantly longer in the symptomatic (476 ± 

27 ms, n = 19) versus the non-symptomatic (462 ± 33 ms, n = 56) mutation carriers.

 The HERG R176W mutation was detected in 15 LQTS families and a total of 92 carri-

ers. The mean QTc interval among these carriers was borderline prolonged, 445 ± 30 ms 

(excluding six compound heterozygous carriers), but signifi cantly longer than the mean 
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QTc interval of 418 ± 25 ms in 96 non-carriers (p < 0.0001, Table 3). Among non-medicated 

subjects the mean QTc interval was also signifi cantly longer in carriers (448 ± 30 ms, n = 

62) versus non-carriers (416 ± 26, n = 65, p < 0.0001). Altogether 35%, 23 females and 9 

males, of all mutation carriers were symptomatic but the mean QTc interval in the sympto-

matic (443 ± 35 ms, n = 32) versus non-symptomatic carriers (447 ± 27 ms, n = 55) was not 

signifi cantly different. The HERG R176W mutation was detected in 0.9% (3/317) of healthy 

controls (Study IV), implying a milder phenotype, which is also refl ected by a borderline 

prolonged mean QTc interval in the carriers.

1.3 KCNJ2 MUTATIONS IN SINGLE LQTS FAMILIES (III)

A total of 188 LQTS probands were studied for mutations in the KCNJ2 gene. The study 

revealed two novel mutations, T75A and delFQ163-164, in one family each. A restriction 

enzyme and a PCR-based assay were designed to identify these mutations in relatives and 

healthy controls. The Kir2.1 T75A mutation was identifi ed in six of 16 relatives. The muta-

tion carriers were symptomatic, except for one carrier. In the family carrying the Kir2.1 

delFQ163-164 mutation only the proband and her daughter were mutation carriers. Neither 

the T75A nor the delFQ163-163 mutations were present in 231 unrelated healthy controls. 

These mutations lie in highly conserved regions: the T75A mutation substitutes alanine for 

threonine in the N-terminus of the Kir2.1 protein, whereas the delFQ163-164 causes an in-

frame deletion of phenylalanine and glutamine in the M2 transmembrane region (Figure 

4). 

Phenotypic expression of the mutants

The mean QTc interval in the T75A carriers was borderline prolonged (444 ± 24 ms, n = 

6), and only slightly longer than in non-carriers (437 ± 34 ms, n = 10). In total, 71% (5/7) 

of the carriers had experienced ventricular extrasystoles, bigeminy, or tachycardias. All six 

mutation carriers presented distinct U waves on the ECG. In addition to the proband, three 

carriers showed evidence of past or present periodic muscle weakness, with one male car-

rier presenting permanent muscle weakness. The Kir2.1 delFQ163-164 mutation carriers 

presented with a slightly prolonged QTc interval: 461 ms in the proband and 450 ms in 

her daughter. Additionally, ECG records showed ventricular bigeminy, extrasystoles and a 

prominent U wave in these two carriers. 
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2. IDENTIFICATION OF COMPOUND HETEROZYGOTE CARRIERS          
    (IV)

A total of fi ve common LQTS mutations (KCNQ1 G589D, KCNQ1 IVS7-2A>G, HERG R176W, 

HERG L552S and SCN5A R190G) were identifi ed in this and previous studies among Finn-

ish LQTS patients (Piippo et al. 2000; Piippo et al. 2001b, Studies I and II). In Study IV a sys-

tematic screening of these fi ve common mutations was undertaken in an extended cohort 

of 700 suspected or DNA-verifi ed LQTS probands. In total, seven families and 17 subjects 

were identifi ed as carrying HERG R176W (n = 4 families) or SCN5A R190G (n = 3 families) 

in combination with another LQTS mutation (Figure 6). 

Altogether, fi ve different mutation combinations were detected in these seven compound 

families: KCNQ1 G589D + HERG R176W in three families, and KCNQ1 G589D + SCN5A 

R190G, KCNQ1 IVS7-2A>G + HERG R176W, KCNQ1 R518X + SCN5A R190G, and HERG 

L552S + SCN5A R190G in one family each (Figure 6). Additionally, of the 700 probands, 

KCNQ1 G589D was identifi ed in 66, KCNQ1 IVS7-2A>G in 12, HERG R176W in 11, HERG 

L552S in 13, and SCN5A R190G in three families as the sole mutation. 

2.1 PHENOTYPIC EXPRESSION OF THE MUTANTS

The HERG R176W mutation was present in fi ve KCNQ1 G589D carriers and in one KCNQ1 

IVS7-2A>G carrier (Figure 6). These compound carriers had mean QTc intervals of 473 ± 30 

and 486 ms, respectively, and four of six were symptomatic. The corresponding QTc inter-

vals of non-medicated patients solely carrying the KCNQ1 G589D or IVS7-2A>G mutation 

were 457 ± 33 (n = 371) and 464 ± 32 ms (n = 50), respectively, and less than half of these 

carriers had symptoms. These data suggest that the HERG R176W mutation might add to the 

severity of the LQTS disease phenotype in KCNQ1 mutation carriers. 

The SCN5A R190G mutation was present in two KCNQ1 G589D, fi ve KCNQ1 R518X and 

four HERG L552S carriers (Figure 6). The SCN5A R190G mutation alone doesn’t prolong 

the QTc interval (421 ± 20 ms, n = 12), and thus doesn’t seem to bring about any additional 

QT prolonging effect in the patients simultaneously carrying a KCNQ1 or HERG mutation. 

Three of 11 (27%) of these compound heterozygotes were symptomatic.
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Figure 6. 
Pedigrees of compound heterozygote families. Probands are indicated by arrows. The QTc interval (ms), if 
available, is indicated below each individual. The individuals in family 041 marked with HZ are homozygous 
carriers of the HERG L552S mutation. 
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3. AMINO-ACID ALTERING POLYMORPHISMS IN THE LQTS   
    GENES (I, II)

Upon screening 39 probands for mutations in HERG in Study I, a nucleotide transition at 

2690A>C was detected which was predicted to substitute threonine for a conserved lysine 

at codon 897 in the C-terminal part of the protein (Figure 4). This novel amino acid substitu-

tion (K897T) turned out to be a polymorphism since it was detected in fi ve of the probands, 

and in 58 of 201 healthy control samples. The heterozygosity for A2690C was 0.25, and the 

allele frequencies were 0.84 (A) and 0.16 (C). 

 To investigate the possible impact of the K897T polymorphism on LQTS phenotype, 

the association between the length of the QTc interval and K897K, K897T and T897T geno-

types was studied. For this purpose, 170 LQTS patients from 28 families, all carrying the 

KCNQ1 G589D (FinA) (Piippo et al. 2001b) mutation, and 81 unrelated clinically healthy 

subjects from Finnish LQTS families were screened for this polymorphism. The T897T geno-

type was signifi cantly associated with a slightly lower QTc value (450 ± 20 ms) among 

KCNQ1-FinA carriers than for the other genotypes (478 ± 25 ms for K897T and 473 ± 34 

ms for K897K); however, this difference was identifi ed in females only. When taking family 

relatedness into account, this difference was no longer present, and no association of this 

polymorphism and QTc values was detected in the healthy control group.

 Several amino acid altering polymorphisms were detected in the LQTS-related genes 

in Study II. In addition to the K897T polymorphism, one novel L1045F and one previously 

reported R1047L polymorphism (Larsen et al. 2001) were identifi ed in HERG. These poly-

morphisms reside in the C-terminal part of the protein. The rare allele 1045F was present in 

1.6% of LQTS patients (n = 188) and 1.7% of controls (n = 178). The functional or clinical 

impact of this polymorphism is not known, and it remains to be seen whether its occurrence 

is restricted to Finns. The R1047L polymorphism has previously been reported, and no func-

tional changes or association with disease has been implied (Larsen et al. 2001; Anson et al. 

2004). R1047L was present in 6% of LQTS probands (n = 188) and 7% of healthy controls 

(n = 184) in this study.

 The SCN5A A572D polymorphism was detected in Study II. This polymorphism had 

previously been detected in one Dutch LQTS family (Paulussen et al. 2003), but it did not 

co-segregate with the LQTS phenotype. SCN5A A572D is relatively common in the Finnish 

population, occurring in 6% of LQTS probands (n = 188) and 4% of controls (n = 190). The 

previously described polymorphisms SCN5A H558R, KCNE2 T8A, and KCNE1 S38G and 

D85N were also identifi ed among Finnish LQTS probands. The allele frequencies of these 

were not systematically studied in the probands or healthy controls in this study.
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4. FUNCTIONAL STUDIES ON NOVEL MUTATIONS 

4.1 REVERSE TRANSCRIPTASE-PCR ANALYSIS OF THE KCNQ1 IVS7-2A>G MUTATION (IV)

In order to study the potential effect of the KCNQ1 IVS7-2A>G mutation on mRNA splicing, 

RT-PCR followed by PCR with gene-specifi c primers was performed for two carrier and three 

control samples. Upon running the PCR products on a 1.5% agarose gel a 482 bp fragment 

was detectable in all samples, corresponding to the wild-type allele. Furthermore, a longer 

fragment was seen in patient samples only, representing the mutant allele. Several clones of 

the subcloned PCR product were sequenced in order to identify the fragments detected on 

the gel. The longer fragment revealed a common 30 bp (identifi ed in 12 clones) and rare 

33 bp (identifi ed in one clone) insertion corresponding to the sequence at the end of intron 

7. These insertions are predicted to cause the in-frame addition of 10 or 11 amino acids, 

respectively. For electrophysiological studies the 10 amino acid longer KCNQ1 protein was 

chosen. 

4.2 FUNCTIONAL EXPRESSION OF MUTANT AND WILD-TYPE CHANNELS (III, IV)

In order to characterize the functional consequence of the KCNQ1 IVS7-2A>G, HERG R176W, 

SCN5A R190G, Kir2.1 T75A and delFQ163-164 mutants in vitro the mutations were intro-

duced into the corresponding wild-type cDNA by mutagenesis techniques. The wild-type 

and mutant constructs were expressed in COS-7 cells (KCNQ1 IVS7-2A>G, HERG R176W), 

HEK293 cells (SCN5A R190G) or Xenopus oocytes (Kir2.1 T75A and delFQ163-164), and 

electrophysiological measurements were performed with the whole-cell patch clamp or 

two-electrode-voltage clamp technique.

 The KCNQ1 IVS7-2A>G mutation induced a complete loss-of-function phenotype both 

in the presence and absence of KCNE1. Upon co-expressing with the wild-type subunit the 

mutant channel exerted a clear dominant-negative effect on the whole channel complex. As 

an example, at +40 mV, the current density for KCNQ-wt and KCNE1 was 26.7 ± 5.5 pA/pF 

compared to 7.44 ± 2.2 pA/pF for KCNQ1-wt, KCNQ1 IVS7-2A>G and KCNE1. 

 The HERG R176W mutant expressed alone produced a current that was only around 

25% of the wild-type channel current. Additionally, the deactivation kinetics for both the fast 

and slow components were slightly accelerated in the mutant channel. In general, however, 

the main properties of the HERG R176W mutant and HERG-wt currents were similar. Upon 

co-expression, the HERG R176W did not display a dominant-negative effect, rather it formed 

functional channel complexes with the HERG-wt subunit and was normally transported to 
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the cell membrane. The HERG R176W + HERG-wt channel complexes were fully active, but 

with a slight acceleration of the deactivation kinetics. 

 None of the SCN5A R190G sodium current electrophysiological properties tested (ac-

tivation, inactivation, INa peak currents and persistent sodium currents) were signifi cantly 

different compared to the SCN5A-wt. These fi ndings suggests that the SCN5A R190G muta-

tion has no functional impact on SCN5A channel function in vitro. 

 The Kir2.1-wt normally expresses a large inward potassium current (IK1) at negative 

holding potentials. Upon expression of the Kir2.1 T75A and delFQ163-164 mutants no 

inward IK1 was detectable, indicating a complete loss of channel function. Co-expressing 

Kir2.1-wt and mutants in different ratios caused a decrease of IK1, but did not cause total loss 

of channel function. With the ratio 1:3 (mutant:wt) IK1 decreased by 39% (T75A) and 32% 

(delFQ163-164); with the ratio 1:1 IK1 decreased by 28% (T75A) and 50% (delFQ163-164). 

In summary, these mutations do not exert a clear dominant-negative effect on the wild-type 

channel. 

4.3 WESTERN BLOT AND IMMUNOFLUORESCENT STUDIES OF THE Kir2.1 T75A AND delFQ163-164 MUTANTS  
       (III)

 

Western blot analysis was performed on Xenopus oocytes in order to assess whether the 

wild-type and mutant Kir2.1 proteins were correctly synthesized. The Kir2.1-wt, T75A and 

delFQ163-164 mutant proteins were equally expressed: a band between 60 and 70 kDa, cor-

responding to the Kir2.1 protein, was revealed both in the wt and mutants. Upon expressing 

solely the Kir2.1 T75A or delFQ163-164 mutant, no inward IK1 potassium current was meas-

urable, indicating that they were loss-of-function mutations. Furthermore, to distinguish 

whether altered ion permeation or impaired channel traffi cking caused the loss-of-function 

phenotype immunofl uorescent experiments in Xenopus oocytes were performed to detect 

Kir2.1 at the cell surface. In total, 9/13 oocytes expressing Kir2.1-wt, 8/10 expressing T75A, 

8/13 expressing delFQ163-164, but no non-injected cells showed a clear immunostaining at 

the oocyte cell surface. This surface labeling was equal in intensity in the oocytes expressing 

the wt, T75A or delFQ163-164 proteins. Accordingly, these mutations do not signifi cantly 

impair targeting of Kir2.1 at the cell surface of Xenopus oocytes, and therefore the loss-of-

function phenotypes are due to some other mechanism. 
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1. SPECTRUM OF LQTS MUTATIONS IN FINLAND (I-IV, UNPUB- 
    LISHED)

Thus far 47 mutations have been identifi ed among Finnish LQTS patients (Table 4). In total, 

14 mutations in KCNQ1, 17 in HERG, two in KCNJ2 and eight in SCN5A were identifi ed in 

Studies I, II, III and some of them are unpublished (Table 4). Additionally, six mutations 

in KCNQ1, HERG and SCN5A were described earlier in the Finnish population (Saarinen 

et al. 1998; Piippo et al. 2000; Piippo et al. 2001a; Piippo et al. 2001b) (Table 4). Of these 

six mutations, KCNQ1-FinA (G589D) and HERG-FinA (L552S) were identifi ed as apparent 

founder mutations (Piippo et al. 2000; Piippo et al. 2001b), and have thus far been described 

in 72 and 14 Finnish LQTS families, respectively. In this study two further founder muta-

tions KCNQ1-FinB (KCNQ1 IVS7-2A>G) and HERG-FinB (HERG R176W) were identifi ed. 

KCNQ1-FinA is the most common cause of LQTS in Finland, accounting for 49% (565/1147) 

of all patients with a documented LQTS allele (Figure 7). The corresponding frequencies 

of the other founder mutations were as follows: 6.5% for KCNQ1-FinB (75/1147), 8.0% for 

HERG-FinB (92/1147) and 8.2% for HERG-FinA (94/1147). Currently (as of 2/2005), these 

founder mutations together account for 72% of the established genetic spectrum of LQTS in 

Finland (Figure 7). 

 Upon studies of approximately 700 index patients referred to genetic examination be-

cause of suspected LQTS, we identifi ed a mutation in the KCNQ1, HERG, SCN5A, or KCNJ2 

gene in 25% (175/700). All in all, 1147 LQTS mutation carriers (as of 2/2005) have thus far 

been identifi ed in Finland, suggesting an LQTS prevalence of at least 1:4500. This frequency 

is higher than frequency estimates of 1:10 000 in other populations (Ackerman 1998b; Vin-

cent 1998). 

 Mutations in the KCNQ1 gene cause 67%, HERG 24%, SCN5A 8% and KCNJ2 1% 

of inherited LQTS in Finland (Figure 7). In comparison, the corresponding percentages 

of KCNQ1, HERG and SCN5A mutations in a survey by Splawski et al. (2000) were: 42%, 

45% and 8% in a North American/European population. According to the same study, the 

percentage of mutations in the KCNE1 and KCNE2 genes were 3% and 2%, respectively; 

however, no mutations in these genes have been identifi ed in Finnish patients (Piippo et 

DISCUSSION
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al. 2001b; Study II). The majority of the mutations identifi ed in Finnish LQTS patients 53% 

(25/47), reside in intracellular domains whereas 30% (14/47) reside in transmembrane, 

8.5% (4/47) in pore, and 8.5% (4/47) in extracellular domains. A similar distribution of 

mutations among the different domains was described by Splawski et al. (2000).

 Gene Mutation Type of 
mutation

Channel 
region

Number 
of 

families1
Reference

KCNQ1 Y171X1 nonsense 2 S2-S3 1 Piippo et al. 2001.

D202H missense 2 S3 1 II

R231C missense 4 S4 1 II

W248C missense 4 S4-S5 1 II

G269S missense 5 S5 1 II, Ackerman et al. 1999 

S277L missense 5 S5 1 II, Liu et al. 2002

277delS aa deletion 5 S5 1 II

T311I missense 6 pore 1 Saarinen et al. 1998

D317N missense 6 pore 1 Saarinen et al. 1998

A341V missense 6 S6 1 II, Wang et al. 1996

1032G>A splice site 6 S6 1 II, Kanters et al. 1998

R366W missense 7 C-terminus 2 II, Splawski et al. 1998

IVS7-2A>G splice site 72 C-terminus 13 II

R518X nonsense 11 C-terminus 4 II, Wei et al. 2000

S547L missense 12 C-terminus 1 II

R561G missense 12 C-terminus 1 unpublished

1685delAG, +1delG deletion 122 C-terminus 1 II

G589D1 missense 14 C-terminus 72 Piippo et al. 2001b

All KCNQ1 mutations 105

HERG C39X nonsense 2 N-terminus 1 II

453delC frameshift 3 N-terminus 2 I, II

R176W missense 4 N-terminus 15 I, II

859insGCCGACG frameshift 4 N-terminus 1 unpublished

R273X nonsense 4 N-terminus 1 II

P451L missense 6 S2 1 I

1382delA frameshift 6 S2 1 II

W497X nonsense 6 S3 1 II

1631delAG frameshift 7 S4-S5 2 I, II

L552S missense 7 S5 14 Piippo et al. 2000

Y569H missense 7 S5 1 I

G572S missense 7 S5-pore 1 II

Table 4. Occurrence of LQTS mutations in the KCNQ1, HERG, KCNJ2 and SCN5A genes in Finland.

Exon
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G584S missense 7 S5-pore 1 I

G601S missense 7 S5-pore 1 I, Akimoto et al. 1998

T613M missense 7 pore 1 I

N629S missense 7 pore-S6 1 II, Satler et al. 1998

IVS13+1G>A splice site 132 C-terminus 1 II

3160insA frameshift 14 C-terminus 1 II

All HERG mutations 47

KCNJ2 T75A missense 1 N-terminus 1 III

del163-164 aa deletion 1 M2 1 III
All KCNJ2 mutations 2

SCN5A A185T missense 5 DI S2-S3 8 II

R190G missense 5 DI S2-S3 6 II

1239V missense 7 DI S4-S5 1 II

R340Q missense 9 DI pore 1 II

A691T missense 14 DI-DII 1 II

Q1153H missense 19 DII-DIII 1 unpublished

V1667I missense 28 DIV S5 1 Piippo et al. 2001a

E1784K missense 28 C-terminus 1 II, Wei et al. 1999

V1951L missense 28 C-terminus 1 II, Iwasa et al. 2000

All SCN5A mutations 21

All 
four 
genes

47 different mutations 175

1The situation as of 2/2005. 
2Mutation resides in the intronic donor or acceptor splice site next to the exon. 

 Gene Mutation Type of 
mutation

Channel 
region

Number 
of 

families1
ReferenceExon

Figure 7. 
Relative frequencies of LQTS mutation 
carriers according to gene (KCNQ1, HERG, 
SCN5A, KCNJ2) or specifi c mutation 
(KCNQ1 G589D, KCNQ1 IVS7-2A>G, 
HERG R176W, HERG L552S) in Finland (as 
of 2/2005). 
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2. GENOTYPE - PHENOTYPE CORRELATIONS IN LQTS 

2.1 VARIABLE PHENOTYPES AMONG KCNQ1-FinB (IVS7-2A>G) AND HERG-FinB (R176W) CARRIERS (I, II, IV)

The phenotypic characteristics of the KCNQ1-FinB and HERG-FinB carriers were similar 

to those in patients carrying the two previously characterized Finnish founder mutations 

KCNQ1-FinA and HERG-FinA (Piippo et al. 2000; Piippo et al. 2001b), but somewhat milder 

than reported for KCNQ1 and HERG mutation carriers in general. Thus the mean QTc values 

for KCNQ1-FinB (466 ± 32 ms ) and HERG-FinB (445 ± 30 ms) carriers were shorter than 

the values of KCNQ1 (490 ± 43 ms) and HERG (495 ± 43 ms) mutation carriers reported 

in a previous study (Zareba et al. 1998). Likewise, 25% of the KCNQ1-FinB and 35% of the 

HERG-FinB carriers were symptomatic, which is lower than the frequencies for the KCNQ1 

(63%) and HERG (46%) mutation carriers in the study by Zareba et al. (1998). Furthermore, 

16 (21%) of the 75 KCNQ1-FinB and 31 (34%) of the 92 HERG-FinB carriers did not have 

a prolonged QTc interval (≤ 440 ms), which are higher percentages than those estimated 

for KCNQ1 (12%) and HERG (17%) mutation carriers (Vincent et al. 2002). Although the 

phenotypes for KCNQ1-FinB and HERG-FinB were mild they varied between patients. The 

range of QTc values was wide and symptoms had occurred also in those with a normal QTc. 

Among KCNQ1-FinB carriers with QTc < 440 ms 12.5% were symptomatic, suggesting that 

patients with a QTc interval within the normal range are also at risk of having symptoms.

 According to recent studies, it is critical to distinguish channel polymorphisms, with 

no functional relevance, from mutations pathogenic for LQTS. To accomplish this it is im-

portant to use ethnically matched controls in the genotypic analysis, as well as to function-

ally characterize the variant (Ackerman et al. 2003; Sharma et al. 2004). The HERG R176W 

mutation was identifi ed in 0.9% of control samples in this study, as well as in 0.5% of appar-

ently healthy white subjects but not in other ethnic groups in the study by Ackerman et al. 

(2003). Therefore this mutation may represent a milder form of LQTS that might infl uence 

the susceptibility to arrhythmias in the general population. 

2.2 FUNCTIONAL EFFECTS OF KCNQ1 IVS7-2A>G (FinB) AND HERG-R176W (FinB) MUTANT CHANNELS

The KCNQ1 IVS7-2A>G mutation abolished an acceptor site between exons 7 and 8, which 

resulted in an in-frame addition of 30 bases (10 amino acids), corresponding to the sequence 

at the end of intron 7. According to in vitro electrophysiological studies the mutant channel 

expressed alone caused complete loss of channel function and upon co-expression with the 

wild-type exerted a dominant-negative effect. The mutation at codon 344, altering the last 
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base (number 1032) of exon 6 in KCNQ1 and affecting splicing, has been identifi ed in sev-

eral studies (Itoh et al. 1998b; Kanters et al. 1998; Murray et al. 1999; Study II). According to 

RT-PCR studies this mutation causes exon skipping in the mutant allele (Murray et al. 1999). 

Additional mutations affecting mRNA splicing of the KCNQ1 gene have been described, but 

no RT-PCR or functional data are available for these (Donger et al. 1997; Neyroud et al. 1997; 

Li et al. 1998; Splawski et al. 2000).

 The HERG R176W mutation resides in close vicinity to the highly conserved PAS 

(Per-Arnt-Sim) domain, corresponding to the fi rst 135 amino acids of the HERG N-terminus 

(Morais Cabral et al. 1998; Paulussen et al. 2002). Deactivation of HERG is normally very 

slow and observed as a large inward tail K+ current in voltage-clamp studies (Sanguinetti et 

al. 1995). Mutations described in the PAS domain commonly cause altered channel gating 

by accelerating channel deactivation (Chen et al. 1999; Paulussen et al. 2002). Likewise, the 

HERG R176W mutation resulted in accelerated channel deactivation both expressed alone 

and co-expressed with the wild-type. Therefore, it is likely that the QTc interval prolonga-

tion observed in the HERG R176W carriers is caused by the altered gating of deactivation, 

which results in reduced outward current during the action potential repolarization phase. 

Furthermore, the R176W channel expressed alone reduced current density, which was cor-

rected upon co-expression with the wild-type channel. Therefore, the reduced current den-

sity is less unlikely to impair channel function in heterozygote HERG R176W carriers. 

 The KCNE1 D85N polymorphism reduces the IKs current and causes a more severe 

phenotype in patients simultaneously carrying this polymorphism and an LQTS mutation 

(Westenskow et al. 2004). The HERG K897T polymorphism has in several independent 

studies been shown to correlate with the QT interval (Pietilä et al. 2002; Bezzina et al. 2003; 

Paavonen et al. 2003; this study), and to functionally alter HERG channel properties in vitro 

(Bezzina et al. 2003; Paavonen et al. 2003; Anson et al. 2004). The SCN5A S1102Y polymor-

phism, a common variant in African Americans, was identifi ed as a risk factor for acquired 

arrhythmias (Splawski et al. 2002). Further, this polymorphism alters SCN5A channel func-

tion by accelerating of channel activation. (Splawski et al. 2002). Therefore relatively rare 

variants, such as KCNE1 D85N (Westenskow et al. 2004), HERG K897T (Pietilä et al. 2002; 

this study), SCN5A S1102Y (Splawski et al. 2002), as well as HERG R176W may cause forme 

fruste-types of LQTS that could be unmasked by extrinsic factors, such as drugs that decrease 

the repolarization strength.
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2.3 PHENOTYPIC EXPRESSION OF KCNQ1, HERG AND SCN5A MUTATIONS (I, II, IV)

In the study by Splawski et al. (2000), screening 262 probands for mutations in the LQTS 

genes, 78% of the mutations identifi ed were family-specifi c. Consistent with these fi nd-

ings, of the 39 mutations identifi ed in Finnish LQTS families in this study 31 (79%) were 

family-specifi c (Table 4). The rest of the mutations were described in two or more families 

(Table 4). According to the phenotypic data available the vast majority of the mutations 

identifi ed were associated with a prolonged (> 440 ms) QTc interval (Table 3). Further, in 

vitro functional data available for some of these (KCNQ1 R518X, HERG G601S and T613M, 

and SCN5A E1784K) mutations revealed functional alterations of the mutant channels, thus 

supporting the pathophysiological roles of these mutations (Furutani et al. 1999; Wei et al. 

1999; Huang et al. 2001a; Huang et al. 2001b). 

 The KCNQ1 G269S, HERG P451L and SCN5A A185T, R190G, Q1153H and V1951L 

mutations were associated with normal QTc values (Table 3). However, a relatively large 

proportion of individuals carrying these mutations were symptomatic (30 – 67%). This 

might partly be explained by the fact that syncopal spells are relatively common in adults, 

and 19% of adult non-carriers in Study II had experienced at least one syncopal spell during 

their lifetime. The seemingly benign nature of the KCNQ1 G269S mutation identifi ed in this 

study is somewhat surprising, since this mutation has been associated with a prolonged QTc 

interval and syncope in carriers in other studies (Ackerman et al. 1999; Chen et al. 2003a).

 With the exception of SCN5A A185T and R190G, none of the SCN5A mutations were 

present in control DNA samples. The A185T and R190G mutations were identifi ed in 1.3 

and 0.6% of controls, respectively, and were associated with normal QTc values (Table 3). 

Upon characterizing SCN5A R190G in vitro no functional changes compared to the wild-

type channel were observed. This mutation did not seem to exert any additional phenotypic 

effect when present together with a KCNQ1 or HERG mutation (Study IV). The A185T and 

R190G mutations reside in domain I in the linker between transmembrane regions S2 and 

S3 (Figure 4). No distinct function for this region has been implied (Herfst et al. 2004) 

and no other LQTS-associated mutations have been described to reside there. However, it 

is possible that alterations in this region might have physiological relevance that result in 

subclinical phenotypes and subtle functional alterations. Therefore, although not shown in 

this study, the A185T and R190G amino acid substitutions might represent LQTS mutations 

with subtle phenotypic effects, that, for example, cause a phenotype upon extrinsic stimuli. 

On the other hand, they can simply be benign polymorphisms with no pathophysiological 

relevance. 
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 The SCN5A V1951L mutation was identifi ed in one LQTS family in this study (Table 

4), but not in over 200 controls. It was not associated with a prolonged QTc value in its carri-

ers. This mutation has been detected in at least two other populations (Iwasa et al. 2000; Pri-

ori et al. 2002). The population described by Iwasa et al. (2000) consisted of 100 apparently 

healthy subjects, and the V1951L mutation was detected in 1%. Priori et al. (2002) screened 

200 patients with Brugada syndrome for mutations in the SCN5A gene and detected the 

V1951L mutation in one of the patients. Thus, according to these studies the SCN5A V1951L 

mutation may cause Brugada or LQT syndrome, with or without overt clinical manifesta-

tions, or have a phenotype with features overlapping these syndromes. At present there is 

no functional data for this mutation, that could be helpful in exploring these theories. 

2.4 COMPOUND HETEROZYGOTE CARRIERS (IV)

There is considerable variation in the clinical presentation of LQTS even between individu-

als carrying the same mutation (Priori et al. 1999). A second mutation in some individuals 

may be a partial explanation for this clinical variability, but few systematic studies have 

been done to search for another mutation explaining the variable penetrance. Compound 

heterozygotes carrying the KCNQ1 G589D or KCNQ1 IVS7-2A>G mutation simultaneously 

with HERG R176W were identifi ed in Study IV. These carriers had longer QTc intervals and 

presented more often with symptoms than those carrying these mutations alone. In a recent 

extensive study of 252 LQTS probands (Westenskow et al. 2004) 7.9% of the probands were 

found to be compound mutation carriers. These compound carriers had longer QTc inter-

vals and a higher risk for syncope and cardiac arrest than patients with only one mutation. 

Other studies (Berthet et al. 1999; Schwartz et al. 2003; Yamaguchi et al. 2005) describe 

similar fi ndings when clinical parameters between compound heterozygote and single mu-

tation carriers are compared. Taken together, mutations in two LQTS genes commonly cause 

a more severe phenotype than a mutation in only one gene. Likewise, individuals carrying 

two mutant alleles of the same gene, e.g. Jervell-Lange Nielsen syndrome, usually have a 

malignant disease outcome already in early childhood if left untreated (Splawski et al.1997a; 

Piippo et al.2001b)
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3. NEW DISEASE GENES AND MODIFIERS IN LQTS

3.1 KCNJ2 MUTATIONS - A RARE CAUSE OF LQTS (III)

Recently, two new genes, ankyrin-Β (LQT4) and KCNJ2 (LQT7), were established as disease 

genes for LQTS (Tristani-Firouzi et al. 2002; Mohler et al. 2003). Ankyrin-Β has a divergent 

role in the cell compared to the function of the other known LQTS genes, which all code 

for proteins operating as voltage-gated ion channels. Ankyrin-Β is required for the coor-

dinated assembly of several membrane proteins including ion channels, calcium-release 

channels and cell adhesion molecules (Mohler et al. 2002; Mohler et al. 2003). Patients with 

ankyrin-Β mutations display many atypical features compared to the classical LQT syn-

dromes, including sinus bradycardia, atrial fi brillation and only moderate QTc prolongation 

(Mohler et al. 2003). Therefore, the LQT4 subtype clearly represents a clinical entity distinct 

from classic LQT syndromes. The ankyrin-Β gene has not been studied for mutations in the 

Finnish LQTS population.

 Soon after the initial identifi cation of KCNJ2 mutations in Andersen’s syndrome pa-

tients (Plaster et al. 2001), it was noticed that a prolonged QT interval was their most com-

mon ECG fi nding, present in around two out of three patients (Tristani-Firouzi et al. 2002). 

Thus KCNJ2 was tentatively assigned as the 7th LQTS gene. In the present work two novel 

KCNJ2 mutations, T75A and delFQ163-164, were described in two of 188 probands (1.1%), 

thus suggesting KCNJ2 to be a rare cause of LQTS in Finland. Although these two probands 

had been diagnosed as suspected LQTS probands and lacked overt manifestations of AS, 

they along with their mutation-positive relatives had some phenotypic characteristics com-

monly seen in AS patients and not in LQTS patients. These characteristics included a promi-

nent U wave and a high propensity to ventricular ectopy at relatively low physical loads and 

during increments of heart rate. Further, 57% of the T75A carriers had experienced periodic 

muscle weakness. Collectively, these fi ndings suggest that the electrical instability seen in 

LQT7 patients differs from other forms of LQTS. 

 The majority of the KCNJ2 mutations described to date cause a dominant-negative 

effect upon co-expression with the wild-type channel (Plaster et al. 2001; Tristani-Firouzi 

et al. 2002). However, neither of the two KCNJ2 mutations identifi ed in this study exerted 

a clear dominant-negative effect on the mutant/wt channel complex. This could be one 

explanation for the mild characteristics identifi ed in the patients compared to typical AS pa-

tients described in other studies. In accordance with this fi nding, the Kir2.1 T192A mutation 

identifi ed in a Japanese family exerted a minimal dominant-negative effect, and the carriers 
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presented periodic paralysis, ventricular arrhythmias and QT prolongation, but no dysmor-

phic features (Ai et al. 2002).

3.2 HERG K897T - A NOVEL POLYMORPHISM WITH MILD PHENOTYPIC EFFECTS (I)

The K897T polymorphism in the HERG gene was a novel fi nding upon screening 39 LQTS 

probands for mutations in Study I. This polymorphism has now been described in other 

populations as well, and it shows higher frequencies for the minor allele (T) among Cau-

casians (14-24%) (Ackerman et al. 2003; Anson et al. 2004; Study I) than among African-

American (4%) (Ackerman et al. 2003; Anson et al. 2004) and Asian (2%) (Ackerman et al. 

2003; Iwasa et al. 2000) populations.

 Women carrying KCNQ1 G589D simultaneously with the HERG T897T genotype 

had subtle, but signifi cantly shorter QTc intervals than those carrying the K897K or K897T 

genotype (Study IV). Upon screening 1382 healthy Caucasian (German) samples, Bezzina et 

al. (2003) published a similar result showing correlation between the T897T genotype and 

a shorter QTc interval in female carriers. Paavonen et al. (2003) screened KCNQ1 G589D 

carriers with prolonged QT intervals for the HERG polymorphism. The study revealed no 

difference in resting QTc intervals between K897K (n = 22) and K897T or T897T (n = 17) 

carriers, however, during exercise the latter patient group had longer QTc intervals. In the 

study by Pietilä et al. (2002), female (n = 187), but not male (n = 226), carriers of K897T in 

a random middle-aged population were associated with longer maximal QTc intervals and 

increased dispersion of ventricular repolarization. 

 According to in vitro studies the K897T polymorphism alters HERG channel activa-

tion, deactivation and inactivation (Bezzina et al. 2003; Paavonen et al. 2003; Anson et 

al. 2004). However, similar to the in vivo studies, the results from these functional studies 

provide confl icting data, which makes it hard to draw any fi nal conclusions concerning the 

impact of the K897T polymorphism in vitro. Further, the HERG K897T polymorphism does 

not show any heightened risk for blockade by drug or drug-induced LQTS (Scherer et al. 

2002; Yang et al. 2002; Anson et al. 2004). 

 In summary, the results from the in vivo and in vitro studies of the HERG K897T 

polymorphism do not permit defi nitive conclusions on the functional importance of this 

polymorphism. These studies, however, imply that this polymorphism might act to modify 

the phenotype in LQTS. 
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4. MOLECULAR GENETIC DIAGNOSIS OF LQTS AND IDENTIFI- 
    CATION OF NEW DISEASE GENES

Identifi cation of the causative LQTS gene is important for identifying subjects at risk of dis-

ease, for treatment decisions and for enabling screening of family members (Van Langen et 

al. 2003). Up to 12-32% of mutation carriers do not have a prolonged QT interval, but are 

at risk of developing symptoms (Vincent et al. 1999; Priori, 2004). Thus, identifi cation of 

a mutation allows a diagnosis to be made independently from the ECG and other clinical 

fi ndings (Priori 2004). The major obstacles for genotyping LQTS patients are the extensive 

genetic and allelic heterogeneity (Priori et al. 1999; Splawski et al. 2000; Van Langen et al. 

2003). In Finland the situation is more favorable for molecular diagnostics since four com-

mon founder mutations account for a large proportion of LQTS patients (Piippo et al. 2000; 

Piippo et al. 2001b; this study), and these mutations can be detected by utilizing simple 

PCR-based methods.

 Upon screening the established LQTS disease genes, around 30-50% of patients ap-

parently lack a mutation in any of these genes (Priori et al. 1999; Splawski et al. 2000; Van 

Langen et al. 2003), suggesting there are LQTS genes as yet unidentifi ed or other disease 

mechanisms as yet unknown. Mutations in introns, except for the exon-intron fl anking re-

gions, have been sparsely studied. Thus far only one disease-associated intronic mutation, 

not affecting a donor or acceptor splice site, has been detected (Zhang et al. 2004). Addition-

ally, most mutation screening studies of the classical LQTS genes have been conducted using 

conventional methods such as SSCP, dHPLC and direct-sequencing, which do not permit 

detection of mid-size deletions or insertions of a single gene or part of a gene. In order to 

detect these types of mutations, other types of methods, such as southern blotting or quan-

titative PCR, should be used (Sellner and Taylor 2004). 

 Additional candidate genes for LQTS could be other voltage-gated ion channels ex-

pressed in the heart, such as KCNJ12 (Preisig-Muller et al. 2002; Zitron et al. 2004) and 

KCNE5 (Hofman-Bang et al. 2004), as well as ankyrin-G, which was recently shown to in-

teract with the SCN5A channel (Mohler et al. 2004a). KCNJ12 codes for the Kir2.2 protein, 

which together with Kir2.1 is considered to be the most important channel contributing to 

the native inward rectifi er current IK1 in humans (Schram et al. 2003). Kir2.2 knockout mice 

show a 50% inhibition of IK1 current (Zaritsky et al. 2001). Thus far KCNJ12 has not been 

linked to disease in humans. The KCNE5 protein, a member of the KCNE family, affects the 

activation kinetics of the KCNQ1 channel in the heart (Angelo et al. 2002). Accordingly, 

KCNE5 is potentially a good candidate gene for LQTS, although no disease-associated varia-

tions have yet been identifi ed in this gene (Hofman-Bang et al. 2004). 
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CONCLUSIONS

In total, 28 novel and 11 previously described mutations were identifi ed in the KCNQ1, 

HERG and SCN5A genes. Combined with earlier data, four founder mutations account for 

72% of established LQTS cases in Finland. 

 The common HERG R176W mutation, present in approximately 1% of the general 

population, might represent a population-prevalent variant predisposing to LQTS. When 

present simultaneously with another LQTS-causing mutation, HERG R176W may exert an 

additional in vivo phenotypic effect. In vitro this mutation caused reduced current density 

and slight acceleration of the deactivation kinetics.

 Mutations in the KCNJ2 gene are a rare cause of LQTS in Finland. Two novel muta-

tions, T75A and ΔFQ163-164, were identifi ed in the KCNJ2 gene in one family each. The 

mutant proteins were correctly synthesized and localized at the cell surface, but when ex-

pressed in vitro caused loss of channel function. 

 The impact of the novel HERG K897T amino acid polymorphism on the QT interval 

was studied in KCNQ1 G589D carriers and healthy subjects. The results indicated that this 

polymorphism might be a modifying factor for LQTS phenotype, but further studies are 

needed to verify these results.

 Identifi cation of the causative mutation in the probands in this study has enabled 

molecular diagnosis of their relatives. For future studies, the unique genetic homogeneity of 

LQTS in Finland provides an excellent opportunity to examine how genetic and nongenetic 

factors modify the phenotype.
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