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ABSTRACT

Long QT syndrome (LQT) is a cardiovascular disorder that causes syncope,
seizures and sudden death. Two forms of inherited LQT have been identified, autosomal
dominant and autosomal recessive. The autosomal dominant form is the most common
form and is not associated with other known phenotypic abnormalities. Autosomal
recessive LQT is associated with congenital neural deafness. The symptoms of LQT
result from cardiac arrhythmias, specifically ventricular tachyarrhythmias, like forsade de
pointes and ventricular fibrillation.

In 1991, a gene for autosomal dominant LQT was localized to chromosome
11p15.5 (LQTI) in our laboratory. We employed linkage analyses, using PCR-based
polymorphic markers regularly spaced throughout the human genome, to identify two
new loci for autosomal dominant LQT - 7q35-36 (LQ72) and 3p21-24 (LOT3).
Positional-candidate gene approach showed that mutations in a putative potassium
channel gene, HERG, caused LQT?2 and that LQT3 was caused by mutations in SCN54,
the cardiac sodium channel gene. Positional cloning methods were used to isolate a novel
gene, KVLQTI, from the physical map encompassing the LQT1 region. Multiple
mutations in KVLQT1 were implicated in arrhythmia susceptibility and sudden death.
MinK, a potassium channel subunit, was shown to assemble with KVLQT1 to form
cardiac Ig, channels. Thus, minK became a candidate gene for LQT. We demonstrated

that mutations in minK cosegregated with the disease phenotype in two families.



Coexpression of mutant and normal minK demonstrated that mutations suppress Iy,
channel function.

KVLQTI, HERG, SCN5A and minK encode ion channel subunits involved in the
generation of the cardiac action potential. Mutations can lead to channel dysfunction and
delayed myocellular repolarization. The aberrant cardiac repolarization creates a
substrate for arrhythmia. KVLQTI and minK are also expressed in the inner ear. We
demonstrated that homozygous mutations in KVLQTI can cause deafness and the severe
cardiac phenotype associated with Jervell and Lange-Nielsen syndrome. Loss of
functional channels in the ear disrupts the production of endolymph, leading to deafness.

Finally, we defined the complete genomic structure of KVLQT!, HERG and minK
and designed primers for the amplification of each exon. This information was used to
identify 138 new LQT-associated mutations. This enables presymptomatic diagnosis of
LQT in the affected families and has implications for the prevention and treatment of this

life-threatening disorder.
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'CHAPTER 1

INTRODUCTION

Sudden death claims more than 300,000 lives in the United States each year and
ventricular arrhythmias are responsible for most of these deaths (Kannel et al., 1987,
Willich et al., 1987). Despite their importance, presymptomatic diagnosis and treatment
of life-threatening arrhythmias are difficult and in some cases medical therapy has
increased the occurrence of arrhythmia. Until recently, the molecular mechanisms of
cardiac arrhythmias were poorly understood.

Long QT syndrome (LQT) is a cardiovascular disorder characterized by an
abnormality in cardiac repolarization leading to prolonged QT interval on surface
electrocardiograms. LQT causes episodic and abrupt loss of consciousness (syncope),
seizures and sudden death, usually in young, otherwise healthy, individuals. The clinical
features of LQT result from the episodic cardiac tachyarrhythmia, forsade de pointes,
named for the characteristic undulating nature of the electrocardiogram (Moss et al.,
1991; Schwartz et al., 1975). Torsade de pointes may degenerate into ventricular
fibrillation, a particularly lethal arrhythmia. Although LQT is not a common diagnosis,

ventricular arrhythmias are very common and aberrant cardiac repolarization may be the



underlying mechanism in many cases. LQT, therefore, provides a unique opportunity to
study life-threatening cardiac arrhythmias at the molecular level.

Long QT syndrome can be inherited or acquired. Acquired LQT typically results
from treatment with antiarrhythmics (quinidine, sotalol), antidepressants (amitriptyline),
antihistamines (astemizole), antibiotics (erythromycin) and other drugs. QT prolongation
can also be induced by electrolyte abnormalities like hypomagnesemia and hypokalemia.
Various medical conditions, such as bradycardia, myocarditis, encephalitis and
intracranial bleeding can cause acquired LQT as well.

Two inherited forms of LQT exist: Jervell and Lange-Nielsen syndrome (JLN)
and Romano-Ward syndrome (RW). JLN is characterized by the presence of deafness, a
phenotypic abnormality inherited as an autosomal recessive trait. In 1957, Jervell and
Lange-Nielsen reported a Norwegian family with six children, four of whom had
congenital sensory deafness and prolonged QT interval (Jervell and Lange-Nielsen,
1957). Affected children had multiple syncopal episodes and three died suddenly at ages
4,5 and 9 years. Since 1957, other examples of long-QT syndrome associated with
deafness have been described (Fraser et al., 1964; Jervell et al., 1966; Tesson et al.,
1996). In all cases the apparent mode of inheritance was autosomal recessive. This
syndrome is rare with estimated incidence of 1.6 to 6 per million (Fraser et al., 1964).
Affected individuals are susceptible to recurrent syncope with a high incidence of sudden
death and short life expectancy.

Romano-Ward syndrome is the autosomal dominant form of LQT and is not
associated with deafness or other phenotypic abnormalities. Romano et al. in 1963 and

Ward in 1964 described the presence of prolonged QT intervals, syncopal episodes and



sudden death in members of two families (Romano et al., 1963; Ward, 1964). Multiple
reports followed describing additional families with autosomal dominant inheritance.
Once viewed as a rare disorder, Romano-Ward syndrome is now increasingly
recognized. The incidence of Romano-Ward is higher than Jervell and Lange-Nielsen
syndrome, but affected individuals generally have milder symptoms (Moss et al., 1985;
Moss et al., 1991).

In 1991, our laboratory reported tight genetic linkage between autosomal
dominant LQT and a DNA marker within the Harvey ras-1 gene on chromosome 11p15.5
(Keating et al., 1991). This finding was confirmed in six additional families bringing the
combined LOD (logarithm of odds) score to 21.69, indicating odds greater than 10! to 1
in favor of linkage (Keating et al., 1991). Phenotypically, members of families were
divided in three categories based on their QTc (QT interval corrected for heart rate) and
presence of symptoms. The categories clearly distinguished affected individuals
(QTc>0.45 sec with symptoms or QTc>0.47 sec without symptoms) from unaffected
(QTc<0.41 sec) and uncertain (0.42<QTc>0.46 without symptoms) individuals. Only
affected and unaffected individuals were used for linkage. A DNA marker linked to the
disease phenotype was then used for genotypic analysis in all members of these families.

The study showed the shortcomings of LQT diagnosis based only on QTc
interval, especially in asymptomatic individuals with QTc between 0.42 and 0.46 sec. In
the past, diagnosis of LQT was based on electrocardiographic findings of QTc greater
than 0.44 sec, presence of symptoms (syncope, seizures, and sudden death), and family
history. Many LQT gene carriers have prolonged QT intervals on electrocardiograms,

but diagnosis of LQT based solely on these criteria is difficult. Gender, age, drug



treatment, electrolytic abnormalities and presence of other disease can influence the QT
interval. Furthermore, the presence of symptoms and family history are not completely
indicative of LQT. Genetic studies show overlap between QTc in LQT carriers and
control populations. In one study, using 0.44 sec as a critical value resulted in a
misclassification rate of 11% (Vincent et al., 1992). The rate was 20% in another study

(Splawski et al., 1997), Misclassification leads to false-positive diagnosis with potential

for unnecessary treatment. Misclassification can also result in false-negatives. The latter
group (LQT carriers with QTc of 0.44 sec or less) is more important as these patients
may be at risk for tachyarrhythmias and sudden death. Additionally, young people, the
age group most often affected by arrhythmia in LQT, rarely undergo electrocardiographic
screening.

In 1993, two groups, including our laboratory, reported kindreds that were not
linked to 11p15.5, defining genetic heterogeneity for LQT (Benhorin et al., 1993; Curran
et al., 1993). This discovery initiated new linkage studies. Simultaneously, using refined
linkage mapping or direct sequencing, we excluded several chromosome 11 genes, which
had become candidates based on physiologic rationale and position of the gene.

Two physiologic models for repolarization abnormalities in LQT existed. The
first suggested that abnormally high left or abnormally low right sympathetic cardiac
innervation could cause in abnormal repolarization and predisposition to arrhythmia.

This hypothesis was supported by experiments showing induction of arrhythmia in dogs
after removal of the right stellate ganglion or stimulation of the left stellate ganglion
(Abildskov, 1991). In a few cases, left sympathectomy seemed to reduce the risk of

developing ventricular tachyarrhythmias in human subjects.



The second theoretical model proposed that cardiac repolarization abnormalities
were due to mutations in cardiac ion channels or ion channel modulators. Evidence
supporting this model came from trials demonstrating that administration of potassium
channel blockers, like quinidine and sotalol, lengthened the QT interval and induced
torsade de pointes in human and animal models. Excessive prolongation of cardiac
repolarization could result in reactivation of L-type calcium or sodium channels causing
secondary depolarizations, a likely mechanism of torsade de pointes (Antzelevitch and
Sicouri, 1994).

In 1994, we used genetic linkage analysis to map two new LQT loci (Chapter 2).
Initial linkage studies in two kindreds, not linked to chromosome 11, excluded 35% of
the genome. A marker on the long arm of chromosome 7 then showed a maximal LOD
score of 4.25 at a recombination fraction (®) of 0.001 in these two families. The
hypothesis that an LQT gene maps between markers at D7S483 and D75505 on 7q35-36
was confirmed after demonstrating that seven additional families were linked to this
locus. The combincd LOD score for the nine families at this locus (designated LQOT7?2)
was 19.41. Six families, however, remained unlinked indicating the existence of another
LQT locus. Continued genotype analyses mapped another LQT locus (LQOT3) to
chromosome 3p21-24. Three of the unlinked families showed positive LOD scores for
markers at D3S1100 (LOD score of 6.72 at © of 0.001) and D3S1298 (LOD score of 6.39
at © of 0.001). Negative LOD scores for all known loci were obtained in three families,
evidence for further genetic heterogeneity of this disorder.

In 1995, using fluorescence in situ hybridization, we mapped a putative potassium

channel gene, HERG (human ether-a-go-go related gene) to 7q35-36. Genotypic



analyses showed complete linkage between two nucleotide polymorphisms from HERG
and the disease phenotype in the chromosome 7-linked families. Moreover, HERG was
highly expressed in heart tissue. The last and most important line of evidence that HERG
is LOT2 came from single strand conformational polymorphism (SSCP) analyses which
demonstrated that mutations in HERG were associated with the LQT disease phenotype.
One of the mutations arose de novo. This work is described in detail in Chapter 3.

Shortly after the localization of LQOT2 and LQOT3, George et al. mapped SCN5A,
the cardiac sodium channel gene, to chromosome 3p21 . Based on physiologic rationale
and position this gene became an obvious candidate for LOT3 (George et al., 1995). It
encoded an ion channel involved in the action potential duration of cardiac myocytes and
mapped to the same region as LOT3. We accumulated evidence that strongly implicated
SCNS5A as the LOT3 gene (Chapter 4). We showed that there were no recombination
events between two SCN5A polymorphisms and LQT in the three unrelated families
linked to chromosome 3. Identical intragenic deletions in SCN54 were identified in two
of the families. The deletions disrupted a region known to be important for sodium
channel inactivation (West et al., 1992). Delayed inactivation of the cardiac sodium
channel would prolong action potential duration.

A fourth long QT syndrome gene was mapped in 1995 (Schott et al., 1995). DNA
markers localized LOT4 to chromosome 4q25-27 in a large French kindred with 19
affected individuals. The phenotype in this family differed from common LQT in that
affected family members also presented with bradycardia, occurrence of atrial fibrillation

and unusual T-wave morphology.



Positional cloning methods employed in the identification of the chromosome 11
LQT gene succeeded in 1996 (Chapter 5). Newly developed DNA markers genotyped in
Utah kindred 1532, the kindred used in the original linkage report, narrowed the critical
region to 700 kb. A novel gene (named KVLQT1I), showing homology to voltage-gated
potassium channels, was isolated from genomic clones covering the interval of interest.
Northern blot analyses showed high levels of KVLQT1 mRNA in heart. KVLQOTI
mutations cosegregated with the disease phenotype in six large families and were found
in ten small families or sporadic cases. Taken together, the data lead to the conclusion
that KVLQTI is LQT1I, the gene causing chromosome 11-linked LQT.

Expression studies demonstrated that HERG and KVLQTI encode potassium
channel alpha subunits. Four HERG subunits form Ik, channels which underlie the
rapidly activating delayed rectifier potassium current in the heart (Sanguinetti et al.,
1995; Trudeau et al., 1995). Four KVLQT1 subunits coassemble with minK (a beta
subunit) to form Ixs channels underlying the slowly activating delayed rectifier potassium
current (Barhanin et al., 1996; Sanguinetti et al., 1996). Coexpression of wild type and
mutant channels (affected individual are heterozygous for mutations in these genes) |
causes reduction in Ik, or Ixs by a dominant-negative mechanism or loss of function
(Chouabe et al., 1997; Sanguinetti et al., 1996; Shalaby et al., 1997; Splawski et al., 1997,
Wollnik et al., 1997). Mutations in SCN5A4, responsible for cardiac Ina, lead to gain of
function (Bennett et al., 1995; Dumaine et al., 1996). The destabilized inactivation gate
of SCN5A causes delayed channel inactivation and dispersed reopenings. The reduction
of Ix; and Igs, and the increased activity of Ina prolongs the cardiac action potential

leading to increased risk of arrhythmia.



The findings that minK coassembles with KVLQT1 to form Ik, channels and that
mutations in KVLQTI cause LQT lead us to hypothesize that mutations in minK also
cause this disorder. We identified minK mutations cosegregating with LQT in two
families. These mutations were not observed in unaffected members of families or in 200
unrelated control individuals. When mutant minK subunits were coexpressed with
normal minK (and normal KVLQT1), the biophysical properties of Ixs channels were
altered. Both mutants caused a positive shift in the voltage-dependence of channel
activation (opening) and increased the rate of channel deactivation (closure). One of the
mutants also had a dominant-negative effect. We concluded that minK mutations reduce
Ixs which leads to delayed myocellular repolarization and arrhythmia susceptibility. This
study is described in Chapter 6.

In a study presented in Chapter 7, we hypothesized that Jervell and Lange-Nielsen
syndrome (the autosomal recessive form of LQT) results from mutations affecting both
alleles of an autosomal dominant LQT gene. We ascertained and phenotypically
characterized a family in which the proband had long QT syndrome and sensory
deafness. Some family members also had LQT with an autosomal dominant pattern of
inheritance, but these patients had normal hearing. - The gene responsible for LQT in this
family was mapped to chromosome 11p15.5 using linkage analyses. Mutation analyses
revealed a single base pair insertion in KVLQT1, the potassium channel gene responsible
for chromosome 11-linked LQT syndrome. This mutation caused a premature stop
codon. All individuals with LQT, except the proband, were heterozygous for the
mutation. The proband with Jervell and Lange-Nielsen syndrome resulted from a

consanguineous marriage and was homozygous for the KVLQOT] mutation. We



concluded that homozygous mutation of KVLQT! causes Jervell and Lange-Nielsen
syndrome and that members of JLN families, even if they have normal hearing, should be
examined for long QT syndrome.

Expression of KVLQOTI and minK was demonstrated in the inner ear. (Neyroud et
al., 1997; Vetter et al., 1996) Other groups showed that homozygous or compound
heterozygous mutations not only in KVLQT! but also in minK can cause deafness and the
severe cardiac phenotype of the Jervell and Lange-Nielsen syndrome (Neyroud et al.,
1997, Schulze-Bahr et al., 1997; Tyson et al., 1997). Lack of functional channels
disrupts the production of endolymph leading to degeneration of the organ of Corti.

The identification of 4 LQT genes enabled clinicians to use linkage analysis in
determining the genetic cause underlying LQT and to diagnose all individuals in some
families. But linkage analysis, although a powerful technique, has its limitations. In
small families, the number of meiosis is insufficient to definitely implicate or eliminate a
gene. In sporadic cases the proband might be the only individual to show QTc
prolongation or symptoms in a family. Alternatively, the mutation might have arisen de
novo.

Genetic screening using mutational analysis can improve presymptomatic
diagnosis. The presence of a mutation would unequivocally distinguish affected
individuals and identify the gene causing LQT even in small families and sporadic cases.
To assist the identification of LQT-associated mutations, we determined the genomic
structure of KVLQT1, HERG and minK and designed primer pairs for the amplification of

all exons. SSCP analyses identified additional mutations in KVLQT! and HERG. The
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results of this study are presented in chapter 8. The genomic structure and primer pairs
for SCNSA were reported earlier (Wang et al., 1996).

To facilitate genetic testing and enable genotype-phenotype correlation studies in
long QT syndrome, we screened a pool of 350 unrelated individuals with inherited,
sporadic or acquired LQT for mutations in the four defined genes. Chapter 9 describes
the identification of 138 mutations associated with LQT, 89 of which are novel. Most
mutations were found in KVLQT! and HERG followed by SCN5A and minK. Multiple
mutations were detected in previously undefined regions of the genes. This investigation
has implications for effective drug therapy as well. Potassium channel openers may be
beneficial in patients with KVLQT1, HERG and minK mutations while sodium channel
blockers could be helpful in patients with SCN54 mutations. Expression of mutant
channels in model systems, on the other hand, will provide better understanding of the
mechanisms of disease and help further elucidate structure-function relationships in ion

channels.
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CHAPTER 2

TWO LONG QT SYNDROME LOCI MAP TO CHROMOSOMES 3 AND 7
WITH EVIDENCE FOR FURTHER HETEROGENEITY

The following chapter is a reprint from an article coauthored by Jiang, C.,
Atkinson, D., Towbin, J. A., Lehmann, M. H,, Li, H, Timothy, K. W., Taggart, R. T,
Schwartz, P. J., Vincent, G. M., Moss, A. J.,, Keating, M. T., and me. It was originally
published in Nature Genetics, volume 8, pages 141-147, October 1994 (Copyright Nature
America Inc.). It is reprinted here with the permission of the coauthors and Nature

America Inc.
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Two long QT syndrome loci map
to chromosomes 3 and 7 with
evidence for further heterogeneity

Changan Jiang'*?, Donald Atkinson'??, Jeffrey A. Towbin*®, Igor Splawski'??,
Michael H. Lehmann®, Hua Li*, Katherine Timothy’, R. Thomas Taggart?,
Peter J. Schwartz®, G. Michael Vincent'”, Arthur J. Moss'® & Mark T. Keating'**

Cardiac arrhythmias cause sudden death in 300,000 United States citizens every year. In
this study, we describe two new loci for an inherited cardiac arrhythmia, long QT
syndrome (LQT). In 1991 we reported linkage of LQT to chromosome 11p15.5. In this
study we demonstrate further linkage to D7S483 in nine families with a combined lod
score of 19.41 and to D3S71700 in three families with a combined score of 6.72. These
findings localize major LQT genes to chromosomes 7q35-36 and 3p21-24, respectively.
Linkage to any known locus was excluded in three families indicating that additional
heterogeneity exists. Proteins encoded by different LQT genes may interact to modulate

cardiac repolarization and arrhythmia risk.

Sudden death accounts for 11% of all natural deaths'2. In
most cases, the underlying causes are cardiac arrhythmias,
usually ventricular tachyarrhythmias. Despite their
importance, the mechanisms underlying ventricular
arrhythmias are poorly understood. Considerable effort
has been made to predict and prevent additional
ventricular tachyarrhythmias in patients who have already
experienced an episode, but the successrate islowand the
cost enormous®®, Presymptomatic diagnosis and
prevention are clearly preferable, but in most cases not
possible.

Abnormal cardiac repolarization may be an important
mechanism of ventricular tachyarrhythmias. In animal
models, ischaemia-induced ventricular fibrillation has
been associated with the onset of abnormal cardiac
repolarization®®. In humans, prolongation of the
electrocardiographic QT intervals, a temporal measure of
cardiac repolarization, predicts sudden death in patients
with coronary artery disease®. Dispersion of repolarization,
as measured by QT intervals on the 12-lead
electrocardiogram, is associated with an increased risk of
cardiac arrhythmias in patients with congestive heart
failure'°. Finally, prolongation of the QT interval and
other repolarization abnormalities have been associated
with a syndrome of episodic cardiac arrhythmias in the
long QT syndrome (LQT)". ’

LQT causes episodic and abrupt loss of consciousness
(syncope), seizures and sudden death from ventricular
tachyarrhythmias'>'%. Autosomal dominantand recessive
patternsofinheritance have been reported'+'¢. Autosomal
recessive LQT (Jervell Lange-Nielsen syndrome) hasbeen
associated with congenital neural deafness; this form of
LQTisrare™. Autosomal dominant LQT (Romano-Ward
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syndrome) is more common and has not been associated
with other phenotypic abnormalities'*'s. LQT can also be
acquired, usuallyas a resultof pharmacological therapy'>’.

The incidence of LQT and its relative importance for
sudden death are unknown. Identification of relevant
genes might provide insight into repolarization-related
arrhythmias. In 1991 we reported complete linkage
between autosomal dominant LQT and a polymorphism
at HRAS'"®. This localized an LQT gene to chromosome
11p15.5 and made presymptomatic diagnosis possible in
some families. In early experiments we found no evidence
of recombination between HRAS and LQT'*' suggesting
that HRAS might be a candidate for LQT. This hypothesis
was supported by physiologic data. Others had shown
that p21 ras proteins modulate cardiac muscarinic
potassium channels, and an abnormality of potassium
homeostasis could cause LQT?*', We eliminated HRAS
as a candidate, however, by direct DNA sequencing and
refined linkage analysis (Keating, unpublished
observations and Curran, M.E. et al,, manuscript
submitted). These studies also confined this LQT gene to
a 1 Mb region and excluded several candidate genes,
including Harvey ras- 1, two potassium channels (KCNA4,
KCNC1) and a dopamine receptor (DRD4)%-%,

The first seven families that we studied with autosomal
dominant LQT were linked to chromosome 11pl5.5
(LQT1, refs 18,19). In 1992, several groups, including our
laboratory, identified locus heterogeneity for LQT*-%.
Here we describe a genetic linkage analysis to localize two
new autosomal dominant LQT loci. Nine families were
completely linked to markers on chromosome 7q35-36
(LQT2) and three families were completely linked to
3p21-24 (LQT3). Three families failed to show linkage to
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any of the known loci, indicating thatat least a fourth LQ'I
locus exists.

Phenotypic analysis of LQT families

Toidentify new LQT loci, we studied 15 multigenerational
families with autosomal dominant LQT (Figs 1-3). These
families were not related and were North American of
varyingdescent, including Polish, Italian, English, German,
Swiss, Finnish, Norwegian and Russian. Segregation
analyses indicated an autosomal dominant pattern of
LQT gene inheritance with incomplete penetrance in all
families (data not shown). Some LQT gene carriers
appeared unaffected by the disorder. To avoid
misclassifying individuals, we used the same conservative
approach to phenotypic assignment that was successful in
previous linkage studies'®'***-!, Symptomatic individuals
with a corrected QT interval {(QTc) of 0.45 seconds or
greater and asymptomatic individuals with a QTc of 0.47
seconds or greater were classified as affected.
Asymptomatic individuals with a QTc of 0.41 seconds or
less were classified as unaffected. Asymptomatic
individuals with QTc between 0.41 and 0.47 seconds and
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symptomatic individuals with QTc 0 0.44 seconds or less
were classified as uncertain.

A second LQT locus maps to chromosome 7
We initiated linkage analysis in kindreds 1756 and 1977,
families that are not linked to chromosome 11p15.5 (ref.
27). Genotypic analyses were performed with 110 short
tandem repeat (STR) markers that span the genome®-*,
including markers mapping near genes that were
candidates for the disease based ona physiologic rationale.
Seventy markers were successfully scored and 35% of the
genome was excluded before linkage was identified.
Evidence for linkage was identified with marker D75483
(Table 1, refs 33,34). In kindred 1756, the maximum lod
score was 1.54 at a recombination fraction (8) of 0.001.
The lod score for kindred 1977 was 2.71, also at © = 0.001.
The combined lod score for both families was 4.25,
suggesting that a gene for LQT was located near D75483.
To test the hypothesis that a gene for LQT maps to the
longarm of chromosome 7, we performed linkage analysis
on 13 other families. Seven (K2544,K2547,K2548,K 2550,
K2551, K2553 and K2556) showed positive LOD scores
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Fig. 1 Pedigree structure and D75483 genotype for nine autosomal dominant LQT families linked to chromosome 7. Affected individuals
having the characteristic features of LQT are indicated by filled symbols, unaffected individuals by empty symbols. Family members who had
an equivocal phenotype or for whom no phenotypic data were available are stippled. The disease phenotype cosegregated with a D75483
allele in all families. Alleles shown in parentheses are inferred.
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Fig. 2 Pedigree structure for three
autosomal dominant LQT families

linked to chromosome 3p21-24.
Symbols are as described in Fig. 1.
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with D75483 (Table 1). Thelod score was greater than 3 in
two families (K2548 and K2553) and the maximum
combined lod score for nine families was 19.41. This score
corresponds to odds in favour of linkage of greater than
10* to 1. The maximum lod score was identified at a
recombination fraction 0of 0.001, indicating that all affected
individuals carried the disease allele. Two possible
recombinants were identified. In K2547, individual III 2
was classified as unaffected (no symptomsand QTc=0.40
seconds) but carried the disease genotype (Fig. 1,allele 1).
In K2548, individual V 1 had no symptoms and a QTc of
0.41 seconds, but also carried the disease allele (Fig. 1,
allele 3). These patients, therefore, represent incomplete
penetrance, phenotypic misclassification or
recombination events between the disease gene and
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D3S51298, D351100 and D3S1767 are
shown for each individual. Horizontal
bars indicate recombination
breakpoints and dashed bars indicate
breakpoints where phase could not be
set. The disease chromosome is
boxed on each pedigree. The LQT
phenotype is completely linked to
D351298 and D3S1100 in each family.
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D75483. Taken together, however, these data indicate
tight linkage between D75483 and an LQT disease locus,
LQT2.

A third LQT locus maps to chromosome 3

The LQT phenotype was not linked to D75483 in six
families; significant negative lod scores were identified in
K2109, K2171, K2320, K2321, K2322 and K2546 (Fig. 2,
Fig.3and Table 1). Genotypicanalyses witha neighbouring
polymorphic marker, D75505 (refs 33,34), confirmed the
negative lod scores in all six families (data not shown).
Noneofthe 15 familiesin this study demonstrated linkage
to markers on chromosome 11p15.5 (data not shown).
These data indicate that LQT is not linked to LQT1 or
LQT2in six families and thatanother LQT locusexists. To
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Fig. 3 Pedigree structure for three
unlinked LQT families. Symbols are as
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described in the legend of Fig. 1.
D3S17100 genotypes are shown for
each individual. These data indicate
that these families are not linked to
LQT3.
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Table 1 Lod scores for D75483, by family

Discussion
A first locus, designated LQTI, was

mapped near HRASon chromosome

Kindred Lod score at recombination fraction of . 991 £ 18). In thi
0001 001  0.05 010 020 030 040 !IP15.5 in 1991 (ref. 18). In this
139 120 0.87 0.50 016 report, we used genetic linkage
K1756 1.54 1.52 § ! : ’ ' analysis to map two new LQT loci.
K1977 2.71 267 247 2.21 1.66 106 045 (0% h T2 s linked
K2544 225 222 204 182 133 081 030 Wedemonstrate that LQT2is linke
K2547 1.02  1.03  1.03 0.98 0.80 054 024 toamarker onchromosome 7 while
K2548 3.07 3.06 2.97 2.79 2.28 1.61 0.80 a third locus, LQT3, is located on
K2550 255 251 2.33 2.1 1.64 114 060 chromosome 3.
K2551 1.46 1.43 1.33 1.19 0.90 059 028 LQT2 was identified with the
K2553 309 304 280 2.50 1.85 117 050 protosome 7q marker D7S483.
K2556 172 169 157 1.41 1.07 067 025 oo inked to D75505 which
Total 19.41 1915  17.92 16.23  12.40 809 359 1s linked 10 whic

Z, .,=19.41,6 = 0.001, 90% confidence limits: (0-0.035)

has been physically mapped to
chromosome 7q35-36 (ref. 36, Fig.

0.001 0.01 0.05 0.10 0.20

K2109 -2.54 -2.46 -1.88 -1.31 -0.67
K2171 -283 -1.85 -1.06 -0.69 -0.31
K2320 -480 -3.13 -1.65 -0.99 -0.40
K2321 -5.45 -3.98 -2.44 -1.65 -0.83
K2322 -490 455 -3.14 -2.00 -0.84
K2546 -365 -193 -0.67 -0.21 0.09

0.30 0.40 4). Two possible candidate genes for
035 —0.16 LQT2,achloride chafm‘el (CLCN1)*#
012 -003 and a muscarinic receptor
—0.15 -0.03 (CHRM2)”* have been mapped to
-0.39  -0.14 this region. Reduced myocellular
034 -0.10  chloride currents could prolong

0.12 0.05  action potential duration, leading to

Top panel, linked families; bottom panel, unlinked families. We assumed a
disease allele frequency of 0.001 and that female and male recombination
frequencies were equal. Lod scores have been calculated assuming autosomal
dominant inheritance with a penetrance of 0.90 for all kindreds, as indicated by
segregation analysis of these and other LQT Kindreds. When penetrance was
varied from 0.60 to 0.95, maximum positive lod scores for all linked families at 8
= 0.001 ranged from 17.81-19.32. The D75483 data were tested for locus
heterogeneity using HOMOG Ver. 3.3 (ref. 55). The null hypothesis of focus
homogeneity (that is, the same gene caused LQT in all families) was rejected

(p<0.0001).

localize a third LQT gene, we began genotypic analysis in
K2322. Significant linkage was first obtained on
chromosome 3 with a microsatellite at THRB* which
gave a maximum lod score of 2.75 (8 = 0.05). Distant
positive linkage was also seen at D3S1217 which maps
approximately 48 cM centromeric of THRB. To confirm
the linkage, markers from seven other loci (D3S1211,
D351298, D351260, D3S1100, D3S1767, D351289 and
GCT4B10) which map to the interval between THRBand
D3S1217were analysed (Table 2 and data not shown)**.
Markersat D351100and D3S1298were completelylinked,
with lod scores of 5.35 and 3.61 respectively (8 = 0.001).
The marker at D351260 was also completely linked but
poorly informative (data not shown).

To determine if additional LQT families were linked to
chromosome 3p, linkage analysis was performed in other
families. Two families,K2171and K2321 showed complete
linkage to markers at D3S1100 and D351298 (Fig. 2). The
combined pairwise lod scores of the three linked families
were 6.72 and 6.39 respectively, at 8 = 0.001 (Table 2). To
refine the position of this locus, haplotype analysis was
performed in families K2171, K2321 and K2322. Obligate
recombinants were identified at D351211 and D351767,
defining the telomeric and centromeric flanking markers
respectively (Fig. 2). The interval between these flanking
loci is estimated to be 17.6 cM.

Three families, K2109, K2320 and K2546 were also
analysed at D351298 and D3S1100 (Fig. 3). Significant
negative lod scores were obtained at both loci (Table 2).
These data indicate the existence of further locus
heterogeneity for autosomal dominant LQT.

secondary depolarization and
arrhythmia. Point mutations in
CLCN1, whichisexpressed in skeletal
and cardiac muscle, are reported to
cause Thomsen’sdisease, an inherited
myotonia**%. Myotonia was not
present in affected members of the
families described here, but we have
identified patients with both

2 — PDGFA

21

14
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2, —— EGFR

11.21
11.22

11.23 I__ ELN

21
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31.2

31.3 |/ CFTR

M D78505

3 D7S483 Lod score
7 +19.41 at © = 0.001

Fig. 4 Ideogram of chromosome 7 showing approximate
location of LQT2. The map shows sex-averaged
recombination fractions between adjacent markers drawn
to scale. The order and the distance are based on data
from Généthon®* and the Human Genome/NIH/CEPH
Collaborative Mapping Group®. PDGFA, Platelet derived
growth factor Alpha polypeptide; TCRG, T-cell receptor y-
cluster; EGFR, epidermal growth factor receptor; ELN,
elastin; GUSB, B-glucurondinase; and CFTR, cystic fibrosis
transmembrane conductance regulator.
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Table 2 Lod scores for chromosome 3 markers, by family

Marker Kindred
0.001 0.01 0.05 0.10 0.20 0.30 0.40

D3Ss1211 K2171 -0.18 -0.15 -0.08 -0.03 0.01 0.02 0.01
K2321 -0.76 -0.06 0.47 0.60 0.54 0.34 0.10
K2322 2.56 2.84 3.03 2.87 2.25 1.47 0.64
Total 1.63 2.62 3.42 3.44 2.81 1.83 0.74
Z_..=3.56, 8 = 0.07, 90% confidence limits: (0.01-0.23)

D3S1298  K2171 0.82 0.80 0.74 0.65 0.46 0.26 0.08
K2321 1.96 1.92 1.77 1.58 1.16 0.72 0.28
K2322 3.61 3.56 3.29 2.94 219 1.40 0.61
Total 6.39 6.28 5.79 5.16 3.81 2.38 0.97
Z,_.=6.39, 8 = 0.001, 90% confidence limits: (0-0.07)

D3S1100  K2171 0.82 0.80 0.74 0.65 0.46 0.26 0.08
K2321 0.55 0.54 0.49 0.42 0.30 0.19 0.09
K2322 5.35 5.26 4.88 4.38 3.33 2.20 1.04
Total 6.72 6.61 6.10 5.45 4.09 2.65 1.20
Z_,.=6.72,6 = 0.001, 90% confidence limits: (0-0.08)

D3S1767  K2171 -0.18 -0.15 -0.08 -0.03 0.01 0.02 0.01
K2321 1.29 1.27 1.15 1.01 0.71 0.41 0.15
K2322 1.99 2.66 2.96 2.80 2.16 1.37 0.56
Total 3.1 3.77 4.03 3.78 2.88 1.80 0.71
Z ,=4.14, 6 = 0.03, 90% confidence limits: (0.001-0.170)

D351298  K2109 -4.96 ~3.93 -2.56 -1.75 -0.88 -0.39 -0.12
K2320 -3.37 -3.10 -1.93 -1.25 -0.59 -0.27 -0.10
K2546 -6.49 —4.94 -2.65 ~-1.60 -0.68 -0.26 -0.06

D3S1100 K2109 —4.87 -3.98 -2.82 -1.94 -0.95 -0.42 -0.13
K2320 -3.38 -3.13 -1.99 -1.30 -0.62 -0.29 -0.10
K2546 -4.13 -3.67 -1.94 -1.16 -0.51 -0.25 -0.13

Top panel, linked families; bottom panel, unlinked families. Calculations were performed as
described in Table 1. When penetrance was varied from 0.60-0.95, maximum combined lod scores
at 8 = 0.001 ranged from 5.45-6.56 for D3S7298 and from 5.70-6.90 for D3S7700. The D3S1100
data were tested for locus heterogeneity using HOMOG Ver. 3.3 (ref. 55). The null hypothesis of

locus homogeneity was rejected (p<0.0001).

disorders, suggesting that they might have common
mechanisms (Keating, M.T., unpublished data). A
rationale for the involvement of muscarinic receptors in
LQT can also be made; CHRM2is primarily expressed in
the heart and regulates cardiac-specific ion channels,
particularly potassium channels®#'. Mutations in these
receptors might affect cardiac repolarization and increase
susceptibility to ventricular tachyarrhythmias. Refined
linkage and mutational analyses will determine if either
gene causes LQT.

A gene for polysyndactyly has been mapped to
chromosome 7q35-36 (refs42,43). Recently, weidentified
patients with LQT, malignant tachyarrhythmias and
simple syndactyly*. These patients were isolated cases, so
linkage analysis was not possible. It is possible, however,
that the association of LQT and syndactyly results from
deletion of two adjacent genes on chromosome 7. If so,
these patients will be critical for identification of both
genes.

Haplotype analysis of LQT3 has localized this gene
between D3S1211 and D3S1767, which were physically
mapped to chromosome 3p21-24 (ref. 45, Fig. 5). The
gene encoding an L-type calcium channel a-1 subunit,
CCHLI1A2, has been mapped to chromosome 3p21-23
(refs 46-49) and now becomes a candidate. A physiologic

Nature Genetics volume 8 october 1994

rationale for involvement of L-type calcium channels in
this disease exists, supporting the candidacy of this gene
(refs 50,51). Detailed linkage and mutational analyses will
determine if CCHLIA2 is an LQT gene.

The relative importance of the four or more LQT lociis
not yet known. We have mapped ten families to LQTI
(refs 18,19,28), nine families to LQT2 and threee families
to LQT3. Threefamilies are notlinked toany ofthe known
loci. Examination of additional LQT families using the
markers described in this report will help determine the
relative importance of the different LQT loci.

Identification of linked polymorphic markers for LQT1,
LQT2 and LQT3 makes determination of LQT gene-
carrier status possible in linked families. We have shown
that some LQT gene-carriers with unremarkable QTc
intervals may still be at risk of ventricular
tachyarrythmias®. Genetic markers may be useful for
presymptomatic diagnosis and therapeutic decision
making in some cases. Unfortunately, these markers will
neither be useful in unlinked families nor in very small
families or sporadic cases.

Thephenotypes of patients with different forms of LQT
aresurprisingly similar. With the benefit of these genotypic
datawe may now find subtle phenotypic difference between
the distinct forms of LQT. It seems likely, however, that
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therepolarization abnormalities underlying different form
of LQT are the same. LQT genes, therefore, may encode
elements of a common physiologic mechanism of
arrhythmia. If so, characterization of this mechanism
may simplify efforts to improve prediction, prevention
and treatment of cardiac arrhythmias.

Methodology

Family studies. Kindreds were ascertained through medical clinics
across North America. Informed consent was obtained from all
study participants or their guardians. Evidence of LQT, was obtained
via historical data and electrocardiograms from each individual,
before genotypic analysis. We evaluated the presence of syncope, the
number of syncopal episodes, the presence of seizures, the age of

Received 10 August; accepted 5 September 1994,

Fig. 5 Ideogram and genetic map of chromosome 3
showing the location of LQT3. THRB was mapped to a 10
cM interval (black bar). Physical localizations of THARB and
D3S1217 are shown by brackets. LQT3 is genetically
mapped between D3S1211 and D3S1767. The order and
the distance are based on data from Généthon®, the
Cooperative Human Linkage Center (CHLC Ver. 2.5) and
the Human Genome/NIH/CEPH Collaborative Mapping
Group®.

onset of symptoms and the occurrence of sudden death. Symptoms
such as palpitation and light-headedness were not included in this
study. We took a conservative approach to phenotypic assignment
that has been successful in our previous linkage studies'®'*". This
method errs on the side of avoiding misclassifications but may result
in reduced statistical power. All phenotypic data were interpreted
without knowledge of genotype.

Genotypic analysis. PCR typing was performed as described by
Weber and May with the following modifications®?. PCR was carried
out with 50 ng DNA in a final volume of 10 ul using a Perkin-Elmer
Cetus 9600 thermocycler. Amplification conditions were 94 °C for 5
min followed by 30 cycles of 94 °C for 10, 58 °C for 20 s and 72 °C
for 20s. Ten pl of formamide loading dye was added to each reaction,
samples were denatured at 94 °C for 10 min and held on ice. 2 pl of
each sample was separated by electrophoresis on 6% denaturing
polyacryamide gels (Sequagel, National Diagnostics) which were
dried and exposed to X-ray film overnight at—70 °C. The sequences
of completely linked markers are listed. Sequences of other primers
used in this study and PCR conditions are available from the authors.
D75483: Forward—-AGT GGT CAT TAG CCT TGG CAA AAT C;
Reverse-AAC CAG AGT TGT AAG CCA TGA AAG T. D351100:
Forward—-GGT TTC ATA TAC CAT CAA TCC CAC; Reverse-GTA
CAC CAT CAT GAG GAG TCT GG. D351298: Forward—-AGC TCT
CAG TGCCACCCC; Reverse—-GAA AAATCCCCT GTG AAG CG.

Linkage analysis. To avoid bias, all polymorphisms were scored
without knowledge of phenotypic data. The LINKAGE Ver. 5.1
software package was used to perform pairwise (MLINK) linkage
analysis®. Penetrance was setat 0.90 and the LQT genefrequency was
assumed to be equal between males and females'*'*?" Microsatellite
allele frequencies were set to equal (1/n). The approximate 90%
confidence limits were calculated using the “1 lod down” method™.
The HOMOG program (Ver. 3.3) was used to test genetic
homogeneity®.
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CHAPTER 3

A MOLECULAR BASIS FOR CARDIAC ARRHYTHMIA: HERG MUTATIONS
CAUSE LONG QT SYNDROME

The following chapter is a reprint from an article coauthored by Curran, M.,
Timothy, K. W., Vincent, G. M, Green, E., Keating, M. T., and me. It was originally
published in Cell, volume 80, pages 795-803, March 10, 1995 (Copyright Cell Press). It

is reprinted here with the permission of the coauthors and Cell Press.
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Summary

To identify genes Involved in cardiac arrhythmia, we
investigated patients with long QT syndrome (LQT),
an Inherited disorder causing sudden death from a
ventricuiar tachyarrhythmia, torsade de pointes. We
previously mapped LQT locl on chromosomes 11
(LQT1),7(LQT2), and 3 (LQT3). Here, linkage and phys-
ical mapping place LQT2 and a putative potassium
channelgene, HERG, on chromosome 7q35-36. Single
strand conformation polymorphism and DNA sequence
analyses reveal HERG mutations in six LQT familles,
including two Iintragenic deletions, one splice-donor
mutation, and three missense mutations. In one kin-
dred, the mutation arose de novo. Northern biot analy-
ses show that HERG Is strongly expressed in the heart.
These data Indicate that HERG Is LQT2 and suggest
a likely cellular mechanism for torsade de pointes.

Introduction

Long QT syndrome (LQT) is an inherited cardiac disorder
that causes syncope, seizures, and sudden death, usually
in young, otherwise healthy individuals (Ward, 1964; Ro-
mano, 1965; Schwartz et al., 1975). Most LQT gene carriers
manifest prolongation of the QT interval on electrocardio-
grams, a sign of abnormal cardiac repolarization (Vincent
et al., 1992). The clinical features of LQT result from epi-
sodic cardiac arrhythmias, specifically torsade de pointes,
named for the characteristic undulating nature of the elec-
trocardiogram in this arrhythmia. Torsade de pointes may
degenerate into ventricular fibrillation, a particularly lethal
arrhythmia. Although LQT is not a common diagnosis, ven-
tricular arrhythmias are very common; more than 300,000
Americans die suddenly every year (Kannel et al., 1987,
Willich et al., 1987), and in many cases the underlying
mechanism may be aberrant cardiac repolarization. LQT,

therefore, provides a unique opportunity to study life-
threatening cardiac arrhythmias at the molecular level.

A molecular basis for LQT was not previously known.
In 1991, we discovered tight linkage between autosomal
dominant LQT and a polymorphism at H-RAS (Keating et
al., 1991a). This discovery localized an LQT gene (LQT7)
to chromosome 11p15.5 and made genetic testing possi-
ble in some families. Autosomal dominant LQT was pre-
viously thought to be genetically homogeneous, and the
first seven families that we studied were linked to 11p15.5
(Keating et al., 1991b). In 1993, however, several labora-
tories, including our group, identified families that were
not linked to chromosome 11p15.5 (Benhorin et al., 1993;
Curran et al., 1993a; Towbin et al., 1994). In 1994, we
identified two additional LQT loci, LQT2 on chromosome
7q35-36 (nine families) and LQT3 on chromosome 3p21-24
(three families) (Jiang et al., 1994). Since three famities
in our study remained unlinked, at least one more LQT
locus exists. This degree of heterogeneity suggests that
distinct LQT genes may encode proteins that interact to
modulate cardiac repolarization and arrhythmia risk.

Since LQT is associated with abnormal cardiac repolar-
ization, genes that encode ion channels (or their modu-
lators) are reasonable candidates. H-RAS, which was lo-
calized to chromosome 11p15.5, was excluded as a
candidate for LQT7 based on direct DNA sequence analy-
ses (unpublished data) and by linkage analyses (Roy et
al., 1994). A skeletal muscle chloride channel (CLCNT;
Koch et al., 1992) and a cardiac muscarinic-acetylcholine
receptor (CHRM2; Bonner et al., 1987) became candidates
for LQT2based on their chromosome 7q35-36 location, but
subsequent linkage analyses have excluded these genes
(Wang et al., submitted).

Warmke and Ganetzky (1994) identified a novel human
cDNA, the human ether-a-go-go-related gene (HERG).
HERG was localized to human chromosome 7 by polymer-
ase chain reaction (PCR) analysis of a somatic cell hybrid
panel (Warmke and Ganetzky, 1994). The function of the
protein encoded by HERG is not known, but it has pre-
dicted amino acid sequence homology to potassium chan-
nels. HERG was isolated from a hippocampal cDNA library
by homology to the Drosophila ether-a-go-go (eag) gene,
which encodes a Ca**-modulated potassium channel
(Bruggeman etal., 1993). HERG is not the human homolog
of eag, however, their products sharing only ~50% amino
acid sequence homology.

In this study, we provide evidencs indicating that HERG
is LQT2. First, we identified and characterized new LQT
families and showed that all were linked to markers on
chromosome 7q35-36, confirming the location of LQT2.
Second, we mapped HERG to chromosome 7q35-36, mak-
ing HERG a candidate gene for LQT2. Third, we demon-
strated that HERG is strongly expressed in the heart. Fi-
nally, we identified six HERG mutations associated with
LQT; one of these mutations arose de novo.
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Figure 1. Pedigree Structure and Genotypic Analyses of Five LQT Families

Individuals showing the characteristic features of LQT, including prolongation of the QT interval and history of syncope, seizures, or aborted
sudden death, are indicated by closed circles (females) or closed squares (males). Unaffected individuals are indicated by open circles or open
squares. Individuals with an equivocal phenotype or those for whom phenotypic data are unavailable are shown as stippled. Circles or squares
with a slash denote deceased individuals. Haplotypes for polymorphic markers linked to' LQT72 are shown under each individual. These markers
include {centromere to telomere) D7S505, D7S636, HERG 5-11, HERG 3-8, and D7S483 (Gyapay et al., 1994; Wang et al., submitted). Haplotypes
cosegregating with the disease phenotype are indicated by a box.-Recombination events are indicated with. a horizontai black line. informed

- consent was obtained from all individuals or from their guardians in accordance with local institutional review board guidelines. Haplotype analyses
indicate that the LQT phenotype in these kindreds is linked to markers on chromosome 7q35-36.

Results

LQT2 Is Linked to Markers on

Chromosome 7q35-36

To determine the relative frequency of the three known
LQT loci (LQT1, LQT2, and LQT3), we performed linkage
analyses in families with this disorder. Five LQT families
were identified and phenotypically characterized (Figure
1). These families were unrelated and of varying descent,
including Mexican (Spanish), German, English, and Dan-
ish. In each case, an autosomal dominant pattern of inheri-
tance was suggested by inspection of the pedigree. Af-

fected individuals were identified by the presence of QT
prolongation on electrocardiograms and, in some cases,
a history of syncope or aborted sudden death. No patients
had signs of congenital neural hearing loss, a finding asso-
ciated with the rare autosomal recessive form of LQT, or
other phenotypic abnormalities. Genotype analyses with
polymorphic markers linked to the known LQT loci sug-
gested that the disease phenotype in these families was
linked to polymorphic markers on chromosome 7q35-36
(Figure 1). The maximum combined two-point lod score
for these five families was 5.13 at D7S636 (6 = 0.0; Table
1). When combined with our previous studies (Jiang et al.,
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Table 1. Maximum Pairwise Lod Scores, Recombination Fractions
for Linkage of LQT2 with HERG, and Polymorphic Markers on
Chromosome 7

Families from Families Studied

Present Study to Date
Locus Zoax (] Z s ]
D75505 4.40 0.0 22.91 0.009
D75636 5.13 0.0 26.14 0.00
HERG 3-8 0.1 0.0 6.34 0.00
HERG 5-11 3.55 0.0 9.64 0.00
D75483 2.48 0.0 22.42 0.00

Markers are shown in chromosomal order (centromere to telomere)
(Gyapay et al., 1994). The first column (families from present study)
indicates combined lod scores for the five families described in this
study. The second column (families studied to date) indicates com-
bined lod scores from the five families studied here, as well as the
nine families from our previous study (Jiang et al., 1994). Z. indicates
maximum lod score; 8 indicates estimated recombination fraction at
Zrax.

1994; Wang et al., submitted), the maximum combined
two-point lod score for the 14 chromosome 7-linked fami-
lies was 26.14, also at D7S636 (8 = 0.0; Table 1). Haplo-
type analyses were consistent with our previous studies,
placing LQT2 between D7S505 and D7S483 (Figure 1;
Wang et al., submitted), localizing this gene to chromo-
some 7q35-36.

HERG Maps to Chromosome 7q35-36

HERG was previously mapped to chromosome 7 (Warmke
and Ganetzky, 1994). To test the candidacy of this gene,
we refined the localization of HERG using two physical
mapping techniques. First, we mapped HERG on a set of
yeast artificial chromosome (YAC) contigs constructed for
chromosome 7 (Green et al., 1994). HERG was localized
to the same YAC as D7S505, a polymorphic marker that
was tightly linked to LQT2 (Table 1). Second, we mapped
HERG to chromosome 7q35-36 using fluorescent in situ
hybridization (FISH) with a P1 genomic clone containing
HERG (data not shown).

To determine whether HERG was genetically linked to
the LQT locus, we used single strand conformation poly-
morphism (SSCP) analyses to identify polymorphisms
within HERG and performed linkage analyses in the chro-
mosome 7-linked families. Two aberrant SSCP conform-
ers were identified in DNA samples from patients and con-
trols using primer pairs 5-77 and 3-8 (Figure 2). These
conformers were cloned and sequenced. One abnormal
conformer resulted from a C to T substitution at position
3 of codon 489 (cDNA nucleotide 1467; observed hetero-
zygosity of 0.37). The second abnormal conformer re-
sulted from an A to G substitution at position 3 of codon
564 (CDNA nucleotide 1692; observed heterozygosity of
0.44). Neither substitution affected the predicted amino
acid sequence of HERG. HERG polymorphisms were used
for genotypic analyses in chromosome 7-linked families
(see Figure 1; data not shown). No recombination events
between HERG and LQT were identified in any of these
famities. The maximum combined lod score for the 14
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Figure 2. Partial Genomic Structure of HERG and Location of PCR
Primers Used in This Study

Regions encoding predicted membrane-spanning domains (S1-S6),
the pore domain, and the nucleotide-binding domain (NBD) are indi-
cated. The DNA sequences for the intron—exon boundaries are these:
intron I, 5~AGGAGgtgggg...ccccagCTGATC-3'; intron Il, 5-TGG-
CTgtgagt...ccccagCCCTC-3'; intron [, 5-CCTGGgtatgg...ctccagG-
GAAG-3".

families was 9.64 (8 = 0.0; Table 1). These data indicate
that HERG is completely linked to LQT2.

HERG Intragenic Deletions Assoclated

with LQT in Two Famiiles

To test the hypothesis that HERG is LQT2, we used SSCP
analyses to screen for mutations in affected individuals.
Since the genomic structure of HERG was unknown, oligo-
nucleotide primer pairs were designed from published
(Warmke and Ganetzky, 1994) HERG cDNA sequences
(Figure 2; Table 2). In most cases, single products of ex-
pected size were generated. For primer pairs 7-10, 6-13,
and 75-17, however, products of greater than expected
size were obtained, suggesting the presence of intronic
sequences. To examine this possibility, we cloned and
sequenced these larger products. DNA sequence analy-
ses identified three introns at positions 1557/1558, 1945/

Table 2. HERG PCR Primers

Name Position Sequence
1L 1147-1166  GACGTGCTGCCTGAGTACAA
2L 1291-1312  TTCCTGCTGAAGGAGACGGAAG
3L 1417-1437 ACCACCTACGTCAATGCCAAC
4L Intron | TGCCCCATCAACGGAATGTGC
5L 1618-1636 GATCGCTACTCAGAGTACG
6L 1802-1823  GCCTGGGCGGCCCCTCCATCAA
7R 1446-1426 CACCTCCTCGTTGGCATTGAC
8R 1527-1503  GTCGAAGGGGATGGCGGCCACCATG
9R intron | TACACCACCTGCCTCCTTGCTGA
10R  1643-1623 GCCGCGCCGTACTCTGAGTAG
1TR  1758-1736 CAGCCAGCCGATGCGTGAGTCCA
12R  Intron Il GCCCGCCCCTGGGCACACTCA
13R  2034-2016 CAGCATCTGTGTGTGGTAG
16 R Intron Ili GGCATTTCCAGTCCAGTGC
15L 2259-2278 CCTGGCCATGAAGTTCAAGA
14L  2214-2233 GCACTGCAAACCCTTCCGAG
17R  2550-2529 GTCGGAGAACTCAGGGTACATG

All primers are shown in 5’ to 3’ direction. Sense strand oligonucleo-
tides are indicated with an L and antisense oligonucleotides are indi-
cated with an R. cDNA sequence was obtained from the GenBank
data base; nucleotide numbering begins with the initiator methionine.
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Figure 3. HERG Intragenic Deletions Associated with LQT in Two Families
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(A) Pedigree structure of K2287, results of PCR amplification using primer pair 3-9, and the effect of the deletion on the predicted structure of
HERG protein are shown. Note that an aberrant fragment of 143 bp is observed in affected members of this kindred, indicating the presence of
a disease-associated intragenic deletion. DNA sequence of normal and aberrant PCR products defines a 27 bp deletion (A1S00-F508). This mutation
causes an in-frame deletion of nine amino acids in the third membrane-spanning domain (S3). Deleted sequences are indicated.

(B) Pedigree structure of K2595 is shown. Deceased individuals are indicated by a slash. The results of SSCP analyses using primer pair 7-@ are
shown beneath each individual. Note that an aberrant SSCP conformer cosegregates with the disease in this family. DNA sequence shows a
single base pair deletion (A1261). This deletion results in a frameshift followed by a stop codon 12 amino acids downstream. The deleted nucleotide

is indicated with an arrow.

1946, and 2398/2399 of the cDNA sequence (Figure 2).
These boundaries were confirmed by direct DNA sequenc-
ing of HERG genomic clones containing HERG (data not
shown). To facilitate SSCP analyses, we designed addi-
tional primers to intronic sequences.

As indicated previously, SSCP analyses using primer
pair 3-8 identified an A to G polymorphism within HERG
(cDNA nucleotide 1692). Analysis of kindred 2287 (K2287)
using this SSCP defined a pattern of genotypes consistent
with a null allele (see Figure 1). Possible explanations for
these findings included multiple misinheritances, a possi-
bility not supported by our previous genotypic analyses,
DNA sample errors, base pair substitutions, or a deletion.
To test the hypothesis that the genotypic data were due
to a small deletion, we repeated PCR analyses of K2287
using a new primer pair (3-9) flanking the previous set of
primers. These experiments identified two products of 170
bp and 143 bp in affected members of K2287 (Figure 3A).
By contrast, only a single product of 170 bp was observed
in unaffected members of this kindred. Furthermore, only
the 170 bp band was seen in DNA samples from more
than 200 unaffected individuals (data not shown). The 143
bp and 170 bp products were cloned from affected individ-
ual lI-2. Direct sequence analyses of the aberrant PCR
product revealed the presence of a 27 bp deletion begin-

ning at position 1498 (A1500-F508). This deletion disrupts
the third membrane-spanning domain (S3) of HERG.

To test further the hypothesis that HERG is LQT2, we
continued SSCP analyses in additional kindreds. SSCP
using the primer pair 7-9 identified an aberrant conformer
in affected individuals of K2595 (Figure 3B). Analyses of
more than 200 unaffected individuals failed to show this
anomaly (data not shown). The normal and aberrant con-
formers -were cloned and sequenced, revealing a single
base deletion at position 1261 (A1261). This deletion re-
sults in a frameshift in sequences encoding the first mem-
brane-spanning domain (S1), leading to a new stop codon
within 12 amino acids. The identification of intragenic dele-
tions of HERG in two LQT families suggests that HERG
mutations can cause LQT.

Three HERG Point Mutations Assoclated with LQT

To identify additional HERG mutations in LQT2, we contin-
ued SSCP analyses in linked kindreds and sporadic cases.
Three aberrant SSCP conformers were identified in af-
fected members of K1956, K2596, and K2015 (Figure 4).
In each case, the normal and aberrant conformers were
cloned and sequenced. In K1956, a C to T substitution
at position 1682 was identified. This mutation results in
substitution of valine for a highly conserved alanine at
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Figure 4. HERG Point Mutations Identified in Three LQT Kindreds

Pedigree structure of K1956 (A), K2596 (B), and K2015 (C) are shown. Below each pedigree, the results of SSCP analyses with primer pair 5-77
(K1956), primer pair 1-9 (K2596), and primer pair 74-76 (K2015) are shown. Aberrant SSCP conformers cosegregate with the disease in each
kindred. DNA sequence analyses of the normal and aberrant conformers reveals a C to T substitution at position 1682 in K1956. This mutation
results in substitution of valine for a highly conserved alanine residue at codon 561 (A561V). Analyses of K2596 reveals an A to G substitution
at position 1408 (T to C substitution on the antisense strand is shown). This mutation results in substitution of aspartic acid for a conserved
asparagine in the second transmembrane domain (N470D). Analyses of K2015 reveals a G to C substitution (C to G substitution on the antisense
strand is shown). This mutation occurs in the splice-donor sequence of intron Hil. Coding sequences are shown in uppercase and intronic sequences
are lowercase. Note that the G to C substitution disrupts the splice-donor site (HERG, M-eag, elk [Warmke and Ganetzky, 1994]; R-eag [Ludwig

et al., 1994]).

codon 561 (A561V), altering the fifth membrane-spanning
domain (S5) of the HERG protein (Figure 4A). In K2596,
an A to G substitution was identified at position 1408. This
mutation results in substitution of aspartic acid for a con-
served asparagine at codon 470 (N470D), located in the
second membrane-spanning domain (S2) (Figure 4B). In
K2015, a G to C substitution was identified. This substitu-
tion disrupts the splice-donor sequence of intron lll, affect-
ing the cyclic nucleotide-binding domain (Figure 4C). None
of the aberrant conformers were identified in DNA samples
from more than 200 unaffected individuals (data not
shown).

De Novo Mutation of HERG in a

Sporadic Case of LQT

To substantiate that HERG mutations cause LQT, we used
SSCP analysis to screen for mutations in sporadic cases.
Primer pair 4-12 identified an aberrant conformer in af-
fected individual -1 of K2269 (Figure 5). This conformer
was not identified in either parent or in more than 200

unaffected individuals. Direct DNA sequencing of the ab-
errant conformer identified a G to A substitution at position
1882. This mutation results in substitution of serine for a
highly conserved glycine at codon 628 (G628S), altering
the pore-forming domain. Genotype analysis of this kin-
dred using nine informative short tandem repeat polymor-
phisms confirmed maternity and paternity. The identifica-
tion of a de novo mutation in a sporadic case demonstrates
that HERG is LQT2.

HERG ls Expressed in the Heart

HERG was originally identified from a hippocampal cDNA
library (Warmke and Ganetzky, 1994). To determine the
tissue distribution of HERG mRNA, we isolated partial
cDNA clones and used them in Northern blot analyses.
Northern blot analyses showed strongest hybridization to
heart mRNAs, with faint signals in brain, liver, and pan-
creas (Figure 6). Nonspecific hybridization was also seen
in lung, possibly due to genomic DNA contamination. The
size of the bands observed in cardiac mRNA was consis-

28



Cell
800

K2269

O—l—D
'4—

-
Nomal Missense
- -
= = .."-" -
- = __ g’

SVGFGNVS
<+——Pore —

K2269 SVGFBNVS
H-Erg SVGFGNVS
M-Eag SVGFGNTIA
R-Eag SVGFGNIA
Eag SVGFGNVA
Elk SVGFGNVS
Shaker TVGYGDMT

Figure 5. De Novo Mutation of HERG in a Sporadic Case of LQT

Pedigree structure of K2269 and SSCP analyses (primer pair 74-76)
showing an aberrant conformer in a sporadic case of LQT. DNA se-
quence analyses identified & G to A substitution &t position 1882 of
the cDNA sequence (C to T substitution on the antisense strand is
shown). Note that this mutation results in the substitution of a serine
for a highly conserved glycine residue at codon 628 (G628S). This
amino acid sequence is known to be critical for potassium ion selec-
tivity.

tent with the predicted size of HERG. Two bands of ~4.1
and 4.4 kb were identified, possibly due to alternative splic-
ing or the presence of a second related mRNA. These
dataindicate that HERG is strongly expressed in the heart,
consistent with its involvement in LQT.

Discussion

We conclude that mutations in HERG cause the chromo-
some 7-linked form of LQT. Several lines of evidence sup-
port this conclusion. First, we used linkage analyses to
map an LQT locus (LQT2) to chromosome 7q35-36 in 14
families. Second, we used physical and genetic mapping
to place HERG in the same chromosomal region as LQT2.
Third, we demonstrated that HERG is expressed in the
heart. Fourth, we identified intragenic deletions of HERG
associated with LQT in two families. Fifth, we identified
four HERG point mutations in LQT patients. Finally, one
of the point mutations arose de novo and occurs within a
highly conserved region encoding the potassium-selective
pore domain.

Our data suggest a likely molecular mechanism for chro-
mosome 7-linked LQT. Althouah the function of HERG is
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Figure 6. Northern Blot Analysis of HERG mRNA Showing Strong Ex-
pression in the Heart

A Northern blot (poly[A]* RNA, 2 ug/lane; Clontech) was probed using
an HERG cDNA containing nucleotides 679-2239 of the coding se-
quence. Two cardiac mRNAs of ~ 4.1 and 4.4 kb are indicated. Back-
ground in mRNA extracted from lung was high, but no specific bands
were identified.

not yet known, analyses of its predicted amino acid se-
quence indicates that it encodes a potassium channel a
subunit. Potassium channels are formed from four a sub-
units (MacKinnon, 1991), either as homo- or heterotetra-
mers (Covarrubias et al., 1991). These biophysical obser-
vations suggest that combination of normal and mutant
HERG a subunits could form abnormal HERG channels.
This raises the possibility that HERG mutations have a
dominant negative affect on potassium channel function.

The mutations that we identified are consistent with a
dominant negative mechanism (Figure 7). Two mutations
result in premature stop codons and truncated proteins
(A1261 and the splice-donor mutation). In the first case,
only the amino terminus and a portion of the first mem-
brane-spanning domain (S1) remain. In the second, the
carboxyl end of the protein is truncated, leaving all mem-
brane-spanning domains intact. HERG contains a cyclic
nucleotide-binding domain near the carboxyl terminus,
and in both mutations this domain is deleted. In another
mutation, an in-frame deletion of nine amino acids disrupts
the third membrane-spanning domain (A1500-F508). Two
missense mutations also affect membrane-spanning do-
mains, A561V in the S5 domain and N470D in S2. Both
mutations affect amino acids conserved in the eag family
of potassium channels and likely alter the secondary struc-
ture of the protein. The de novo missense mutation G628S
occurs in the pore-forming domain. This domain is highly
conserved in all potassium channel a subunits. This muta-
tion affects a conserved amino acid that is of known impor-
tance for ion selectivity. When this substitution was intro-
duced into Shaker H4, potassium ion selectivity was lost
(Heginbotham et al., 1994). As discussed above, these
mutations could induce the loss of HERG function.

Our data have implications for the mechanism of ar-
rhythmias in LQT. Two hypotheses for LQT have pre-
viously been proposed (Schwartz et al., 1995). One sug-
gests that a predominance of left autonomic innervation
causes abnormal cardiac repolarization and arrhythmias.
This hvoothesis is suinnarted hv tha findina that arrbvth.
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Figure 7. Schematic Representation of the Predicted Topology of the
Protein Encoded by HERG and the Location of LQT-Associated Muta-
tions

For simplicity, not all amino acids are shown. SSCP analyses identified
HERG mutations in 4 of the 14 chromosome 7-linked kindreds.

mias can be induced in dogs by removal of the right stellate
ganglion. In addition, anecdotal evidence suggests that
some LQT patients are effectively treated by B-adrenergic
blocking agents and by left steliate ganglionectomy
(Schwartz et al., 1995). The second hypothesis for LQT-
related arrhythmias suggests that mutations in cardiac-
specificionchannel genes (or genes that modulate cardiac
ion channels) cause delayed myocellular repolarization.
Delayed myocellular repolarization could promote reacti-
vation of L-type Ca?* channels, resulting in secondary de-
polarizations (January and Riddle, 1989). These second-
ary depolarizations are the likely cellular mechanism of
torsade de pointes arrhythmias (Surawicz, 1989). This hy-
pothesis is supported by the observation that pharmaco-
logic block of potassium channels can induce QT prolon-
gation and repolarization-related arrhythmias in human
and animal models (Antzelevitch and Sicouri, 1994). The
discovery that one form of LQT results from mutations in a
cardiac potassium channel gene supports the myocellular
hypothesis.

The presence of a cyclic nucleotide-binding domain in
HERG suggests a mechanism for the link between altered
autonomic nervous activity and arrhythmias in LQT.
B-Adrenergic receptor activation increases intracellular
cAMP and enhances L-type Ca* channel function. Cyclic
AMP may also activate HERG, thereby increasing net out-
ward current and accelerating the rate of myocellular repo-
larization. Dominant negative mutations of HERG might
interrupt the normal modulation of HERG function by
cAMP, thereby permitting a predominant effect on L-type
Ca?* channel function. The resulting imbalance would in-
crease the likelihood that enhanced sympathetic tone
could induce Ca? channel-dependent secondary depolar-
izations, the probable cellular mechanism of torsades de
pointes. B-Adrenergic blocking agents could act by inter-
rupting the effect of CAMP on L-type Ca** channels, possi-
bly explaining the beneficial effects of p blockers in some
LQT patients.

The relative frequency of the three LQT loci is not yet
known. In this study, we identified five new families with
autosomal dominant LQT, and all were linked to chromo-
some 7. This brings the total number of chromosome
7-linked families to 14. To date, we have linked seven

families to chromosome 11 (LQT7), 14 families to chromo-
some 7 (LQT2), and three families to chromosome 3
(LQT3), and three families remain unlinked (Keating et al.,
1991a, 1991b; Jiang et al., 1994). Although preliminary,
these data suggest that LQ72 is a common form of inher-
ited LQT.

This work may have important clinical implications. Re-
cently, presymptomatic diagnosis has been possible in
large families using linkage analysis. Most cases of LQT
are sporadic, and therefore genetic testing using linkage
analysis is not feasible. Continued mutational analyses of
LQT2 will facilitate genetic testing for this form of LQT.

- Identification and characterization of genes responsible

for other forms of LQT will be necessary for the develop-
ment of generalized diagnostic tests. Improved diagnostic
capacity may enable rational therapy. For example, chro-
mosome 7-linked LQT patients may respond to potassium
channel activators, like pinacidil.

In summary, our results provide the molecular mecha-
nism of a life-threatening cardiac arrhythmia. Future ex-
periments will define the specific function of HERG and its
role in LQT. In addition, we will continue to search for LQT
genes; these genes will provide further insight into cardiac
repolarization and repolarization-related arrhythmias.

Experimental Procedures

Identification and Phenotyping of LQT Kindreds

LQT kindreds were ascertained from medical clinics throughout North
America. Phenotypic criteria were identical to those used in our previ-
ous studies (Keating et al., 1991a, 1991b; Keating, 1992; Curran et
al., 1993a; Jiang et al., 1994). Individuals were evaluated for LQT
based on the QT interval corrected for heart rate (QTc; Bazette, 1920)
and for the presence of syncope, presence of seizures, and aborted
sudden death. Informed consent was obtained from all individuals or
trom their guardians in accordance with local institutional review board
guidelines. Phenotypic data were interpreted without knowledge of
genotype.

Genotyplc and Linkage Analyses

Amplification and detection of microsatellite markers were performed
as described previously (Curran et al., 1993a; Jiang et al., 1994). Poly-
morphic markers used in this study were D75483, D75636, and
D78505 (Gyapay et al., 1994). Pairwise linkage analysis was per-
formed using the MLINK program of the LINKAGE software package
(Lathrop et al., 1985). In accordance with our previous studies, we
assumed a penetrance of 0.90 and a disease gene frequency of 0.001.
Gene frequency between males and females was assumed to be
equal.

Isolation of HERG Genomic and cDNA Clones

HERG probes were generated using the products of PCRs with human
genomic DNA and primer pairs 7-70, 6-13, and 15-17. These products
were cloned, radiolabeled to high specific activity, and used to screen
a human genomic P1 library (Sternberg, 1990). Positive clones were
purified, characterized, and used for FISH and DNA sequence analy-
ses. To isolate HERG cDNA clones, genomic probes containing HERG
coding sequences were used to probe 10° recombinants of a human
hippocampal cONA library (Stratagene). A single clone contalning
~2.2 kb of HERG coding sequence was isolated and characterized.

YAC-Based Mapping of HERG

A PCR assay specific for the 3’ untranslated region of HERG (employing
primers 5“GCTGGGCCGCTCCCCTTGGA-3' and 5-GCATCTTCAT-
TAATTATTCA-3' and yielding a 309 bp product) was used to screen
a collection of YAC clones highly enriched for human chromosome 7
(Green et al., 1995). Two positive YAC clones were identified
(yWSS2193 and yWSS1759), both contained within a larger contig that
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includes YACs positive for the genetic marker D7S505 (Green et al.,
1994).

FISH

Metaphase chromosome spreads were prepared from normal cultured
lymphocytes (46 X,Y) by standard procedures of colcimid arrest, hypo-
tonic treatment, and acetic acid-methanol fixation. HERG P1 clone
16B4 was labeled by incorporation of biotin-14-dATP (BioNick System,
GIBCO BRL), hybridized to metaphase spreads, and detected with
streptavidin-Cy3 according to standard methods (Lichter et al., 1988).
A digoxigenin-labeled centromere-specific a-satellite probe (Oncor)
was cohybridized and detected with antidigoxigenin—FITC to identify
chromosome 7. Chromosomes were counterstained with DAPI and
visualized directly on the photomicroscope.

SSCP and DNA Sequence Analyses
Genomic DNA samples were amplified by PCR and used in SSCP
analyses as described (Orita et al., 1989; Ptacek et al., 1991). Primer
pairs used for this study are shown in Table 2. Annealing temperature
was 58°C for all PCRs. Reactions (10 ul) were diluted with 40 ul of
0.1% SDS and 1 mM EDTA and with 30 ul of 95% formamide dye.
Diluted products were denatured by heating at 100°C for 5 min, and
3 ul of each sample was electrophoresed on 7.5% nondenaturing
polyacrylamide gels (49:1 polyacrylamide:bisacrylamide) at 4°C. Elec-
trophoreses was carried out at 40 W for 2-5 hr. Gels were transferred
to filter paper, dried, and exposed to X-ray film at ~80°C for 12-36 hr.
Normal and aberrant SSCP conformers were cut directly from dried
gels and eluted in 75 ul of distilled water at 37°C for 30 min. The
eluted DNA (10 ul) was used as template for a second PCR using the
original primer pair. Products were fractionated in 2% low melting
temperature agarose gels (FMC Corporation), and bands were cloned
directly into pBluescript It SK(+) (Stratagene) using the T vector
method as described (Marchuk et al., 1990). Plasmid DNA samples
were purified and sequenced as previously described (Curran et al.,
1993b).

Northern Blot Analysis

A multiple tissue Northern blot containing ~2 pg/flane of poly(A)*
mRNA was purchased from Clontech (human MTN blot 1). A high
spacific activity (>1.5 x 10° cpm/ug DNA) and radiolabeled HERG
cDNA fragment containing nucleotides 679-2239 of the coding se-
quence was prepared by random hexamer priming as described
(Feinberg and Vogelstein, 1983). Probe was added to the hybridization
solution at a final concentration of 5 x 10° cpm/ml. Hybridization was
carried out at 42°C for 24 hr in 20 ml of Quickhyb solution (Stratagene).
Final washes were carried out at 65°C for 30 min in a solution of 0.1%
SDS, 0.1x SSC.
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Summary

Long QT syndrome (LQT) is an Inherited disorder that
causes sudden death from cardlac arrhythmlas, spe-
clfically torsade de pointes and ventricular fibrillation.
We previously mapped three LQT loci: LQT? on chro-
mosome 11p15.5, LQT2 on 7q35-36, and LQT3 on
3p21-24. Here we report genetic linkage between LQT3
and polymorphisms within SCN5A, the cardiac sodlum
channel gene. Single strand conformation polymor-
phism and DNA sequence analyses reveal identical in-
tragenic deletions of SCN5A In affected members of
two unrelated LQT famllies.. The deleted sequences
reside in areglon thatis importantfor channel inactiva-
tion. These. data suggest that mutations In SCN5A
cause chromosome 3-linked LQT and indicate a likely
cellular mechanism for this disorder.

Introduction

Although sudden death from cardiac arrhythmias is thought
to account for 11% of all natural deaths, the mechanisms
underlying arrhythmias are poorly understood (Kannel et
al., 1987; Willich et al., 1987). Long QT syndrome (LQT)
is an inherited cardiac arrhythmia that causes abrupt loss
of consciousness, seizures, and sudden death from ven-
tricular tachyarrhythmias, specifically torsade de pointes
and ventricular fibrillation (Ward, 1964; Romano, 1965;
Schwartz et al., 1975; Moss et al., 1991). Autosomal domi-
nant and autosomal recessive forms of this disorder have
been reported. Autosomal recessive LQT (also known as
Jervell-Lange-Nielson syndrome) has been associated
with congenital neural deafness; this form of LQT is rare
(Jervell and Lange-Nielson, 1957). Autosomal dominant

LQT (Romano-Ward syndrome) is more common and is
not associated with other phenotypic abnormalities. A dis-
order very similar to inherited LQT can also be acquired,
usually as a result of pharmacologic therapy (Schwartz et
al., 1975; Zipes, 1987).

We have used two strategies to identify LQT genes, a
candidate gene approach and positional cloning. Posi-
tional information is now available for three LQT loci, as
we have mapped LQT7 to chromosome 11p15.5 (Keating
etal., 1991a, 1991b), LQT2to 7q35-36, and LQT3 to 3p21-
24 (Jiang et al., 1994). The candidate gene approach relies
on likely mechanistic_hypotheses based on physiology.
Although little is known about the physiology of LQT, the
disorder is associated with prolongation of the QT interval
on electrocardiograms, a sign of abnormal cardiac repolar-
ization. This association suggests that genes encoding
ion channels (or their modulators) are reasonable candi-
dates for LQT. This hypothesis is now supported by our
recent discovery that chromosome 7-linked LQT results
from mutations in the human ether-a-go-go-related gene
(HERG), a putative cardiac potassium channel gene (Cur-
ran et al., 1995 [this issue of Cell]). A neuroendocrine cal-
cium channel gene (CACNL7A2; Chin et al., 1991; Seino
et al., 1992) and a gene encoding a GTP-binding protein
that modulates potassium channels (GNA/2; Weinstein et
al., 1988; Magovcevic et al., 1992) became candidates for
LQT3 based on their chromosomal location. Subsequent
linkage analyses, however, have excluded these genes
(Q. W. and M. T. K., unpublished data).

In theory, mutations in a cardiac sodium channel gene
could cause LQT. Voltage-gated sodium channels medi-
ate rapid depolarization in ventricular myocytes and also
conduct a small current during the plateau phase of the
action potential (Attwell et al., 1979). Subtle abnormalities
of sodium channel function (e.g., delayed sodium channe!
inactivation or altered voltage dependence of channel in-
activation) could delay cardiac repolarization, leading to
QT prolongation and arrhythmias. A few years ago, Gel-
lens et al. (1992) cloned and characterized a cardiac so-
dium channel gene, SCN5A. The structure of this gene
was similar to previously characterized sodium channels,
encoding a large protein of 2016 amino acids. These chan-
nel proteins contain four homologous domains (DI-DIV),
each of which contains six putative membrane-spanning
segments (S1-S6). SCN5A was recently mapped to chro-
mosome 3p21, making it an excellent candidate gene for
LQT3 (George et al., 1995).

in this study, we provide evidence suggesting that
SCN5A is LQT3. We used genotypic analyses to show that
SCNSA was tightly linked to LQT3 in three unrelated fami-
lies. We then identified the same intragenic deletion of
SCN5A in affected members of two of these families.
These deletions disrupted sequences within a region of
known importance for sodium channel inactivation, sug-
gesting a likely cellular mechanism for chromosome
3-linked LQT.
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Eble 1. PCR Primers Used to Define SCN5A Polymorphisms and Mutations

Primer Sequence Region Amplified Exon
1L GCCTGTCTGATCTCCCTGTGTGA DII/SS6; IDIN-IV 21
2R ACCCAGCCCAGTGGGGAGCTGGT

3L CCATGCTGGGGCCTCTGAGAAC DI-IV 22
4R GGCTCTGATGGCTGGCCATGTG

5L CCCAGCGAGCACTTTCCATTTG IDHI-IV; DIV/S1-S3 23
6R GCTTCTCCGTCCAGCTGACTTGTA

7L GAGCCCAGCCGTGGGCATCCT DIV/S6 24
8R GTCCCCACTCACCATGGGCAG

All primers are shown in 5’ to 3’ direction. Sense strand oligonucieotides are indicated with an L and antisense oligonucleotides are indicated with

an R. D, domain; ID, interdomain; S, membrane-spanning segment.

Results

Genetic Linkage of SCN5A and LQT3

in 1995, SCN5A was mapped to chromosome 3p21
(George et al., 1995). To test the candidacy of SCN5A for
LQT, we used single strand conformation polymorphism
(SSCP) analyses to identify polymorphisms within this
gene and then performed linkage analyses in chromo-
some 3-linked families. Since the genomic structure of
SCN5A was unknown, we designed oligonucleotide primer
pairs from published SCN5A cDNA sequences (Gellens
et al., 1992), based on the assumption that the genomic
structure of SCN5A would be similar to the known structure
of SCN4A, the skeletal muscle sodium channel gene
(McClatchey et al., 1992a). Primer pairs that gave appro-
priately sized products from genomic DNA were used to

screen DNA samples from patients. An aberrant SSCP
conformer was identified using primer pair 7-8 (Table 1).
The normal and aberrant bands were cloned and se-
quenced. The aberrant conformer resulted fromaCto T
substitution at position 3 of codon 1819 (cDNA nucleotide
5607; Gellens et al., 1992). This substitution did not affect
the predicted amino acid sequence of the product of
SCNSA. The observed heterozygosity for this polymor-
phism was <0.50. The SCN5A polymorphism was used
for genotypic analyses in chromosome 3-linked families
(Figure 1). No recombination events between SCN5A and
LQT were identified in any of these families. The maximum
combined two-point lod score for all chromosome 3-linked
families was 2.74 at a recombination fraction of 0.0
(Table 2).

No additional SSCP anomalies were identified using

Figure 1. Genetic Linkage of SCN5A and
LQT13

oy

DIS1298
SaSA

SONSA 1-4
PI$1100

Pedigree structure and genotypic analyses of
LQT kindreds 2171, 2321, and 2322. Individu-
als with the characteristic features of LQT, in-
cluding prolongation of the QT interval on elec-
trocardiogram and a history of syncope or
aborted sudden death, are indicated by closed
circles (females) or closed squares (males). Un-
affected individuals are indicated by open sym-
bols, and individuals with an equivocal phe-
notype are shown as stippled. Deceased
individuals are indicated by a slash. The resuits
of genotypic analyses are shown below each
symbol. Genotypes for the following LQT3-
linked polymorphic markers are shown (telo-
mere to centromere): D351298, SCN5A 7-8,
SCN5A 3-4, and D3S1100. Haplotypes coseg-
regating with the disease are indicated by a
box. Recombination events are indicated by a
horizontal black line. Haplotype analyses indi-
cate that LQT3 and SCN5A are tightly linked in
all chromosome 3-linked families.
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Table 2. Pairwise Lod Scores and Recombination Fractions for Linkage of LQT3 with SCN5A

Recombination Fractions

Marker Kindred 0.001 0.01 0.05 0.10 0.20 0.30 0.40
SCN5A 3-4 K2171 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K2321 1.50 1.47 1.35 1.20 0.87 0.53 0.18
K2322 4.03 3.95 3.62 3.20 234 1.47 0.61
Total* 5.53 5.43 4.97 4.40 3.22 2.00 0.79
SCNSA 7-8 K2171 0.82 0.80 0.74 0.65 0.46 0.26 0.08
K2321 0.12 0.12 0.10 0.08 0.04 0.02 0.00
K2322 1.80 1.78 1.66 1.48 1.05 0.60 0.20
Total® 2.74 2.70 2.50 2.20 1.55 0.87 0.28

Lod scores were calculated assuming autosomal dominant inheritance with a penetrance of 0.90 for all kindreds, as indicated by segregation
analysis of these and other LQT kindreds. We assumed a disease allele frequency of 0.001 and that female and male recombination frequencies
were equal. When penetrance was varied from 70%-100%, the maximum combined two-point lod score for linkage between SCN5A 3-4 and
LQT3 ranged from 4.85 to 5.91, respectively. The results for SCN5A 7-8 varied from 2.26 (70%) to 3.01 (100%).

¢ 2 = 5.54, 8 = 0.00; Z,., indicates maximum lod score. 9 indicates estimated recombination fraction at Zme.. .. .

57 = 2.74,0 = 0.00.

cDNA sequences. To facilitate this work, we isolated and
partially characterized two genomic P1 clones. These
clones spanned the entire gene and were used to begin
determining the genomic structure of SCN5A. We hypothe-
sized that LQT-causing mutations would be subtle (e.g.,
missense mutations or small in-frame deletions) and might
affect delayed inactivation of encoded sodium channels
or alter the voltage dependence of channel inactivation.
We focused, therefore, on regions of known importance
for channel inactivation. Primers based on sequences pre-
dicted to encode the cytoplasmic region between DIl and
DIV were synthesized. This region corresponds to exons
21-23 of SCN4A and is known to be critical for channel
inactivation. These primers were used to characterize the
flanking introns by cycle sequencing. Additional primers
were designed to these intronic sequences (see Table 1).

When primer pair 3—4 was used in SSCP analyses, an

K2321
o——

i« 244bp
% we o 2350p

Figure 2. SCN5A Intragenic Deletion Cosegregates with the Disease
in Kindred 2321
The pedig tructure for kindred 2321 is shown. The results of poly-
chain ion (PCR) analyses using primer pair 3-4 and dena-
turing polyacrylamide gel electrophoresis are shown below each sym-
bol. Note that the 235 bp allele cosegregates wlth the disease in this
family, indicating the p! ofadi d intragenic dele-
tion of SCN5A. To avoid phenotyplc misclassification, the phenotypic
criteria used in this study were stringent, and many individuals were
classified as having an uncertain phenotype. lndmduals wnh a QTc

anomalous conformer was identified in DNA samples from
affected members of kindreds 2321 and 2322 (Figure 1).
By contrast, only the normal conformer was seen in DNA
samples from unaffected members of these families. The
combined two-point lod score for linkage between this
anomaly and LQT73 was 5.54 (Table 2). Again, no recombi-
nation was observed between SCN5A and LQT73, indicat-
ing that these loci are tightly linked.

Identical SCN5A Intragenic Deletions Associated
with LQT in Two Unrelated Familles

The mobility shift between the aberrant and normal SSCP
conformers identified in kindreds 2321 and 2322 was
large, suggesting the possibility of a small deletion. To
test this hypothesis, the conformers were separated by
electrophoresis on denaturing polyacrylamide gels (Fig-
ures 2 and 3). These data demonstrated the presence of
two products of 235 bp and 244 bp. The 235 bp product
was only seen in affected individuals. Furthermore, this
aberrant conformer was not observed in more than 500
control individuals (data not shown). These data indicate
that an intragenic deletion of SCN5A is the likely cause
of LQT in these families.

K2322

ﬁ%@%

«— 244 bp
- 235 bp

Figure 3. SCN5A Intragenic Deletion in Kindred 2322

The results of PCR analyses uslng primer pair 3-4 and denaturing
ylamide gel el phoresis are shown below each symbol.

of 0.47 s or greater were classified as affi

with a QTc of 0.41 s or less were considered unaffected. All other
individuals were classified as uncertain. If typical criteria were used
(individuals with a QTc of 0.44 s or greater considered affected and
Individuals with a QTc less than 0.44 s classified as normal), all affected
members of kindreds 2321 and 2322 would carry the SCN5A deletion
and all unaffected individuals would carry only the normal allele.

Note that the 235 bp allele oosegregates wnh the dlsease inthis family.
indicating the presence of a d genic deleti
The individuals represented in lanes 4 and 8 carned the deletion but
were phenotypically classified as uncertain. These individuals had a
QTc of 0.46 s and with less stringent phenotypic criteria would be
considered affected.
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Figure 4. DNA and Amino Acid Sequence of the SCN5A Intragenic
Deletion Associated with LQT

{A) DNA sequence analysis of the SCN5A intragenic deletion identified
in kindred 2322. DNA sequence of normal and aberrant PCR products
defines a 9 bp deletion. This mutation causes a deletion of three amino
acids (KPQ) in the cytoplasmic region bety 1 Dilt and DIV. Deleted
sequences are indicated.

(B) Amino acid sequence homology of the cytop! ic region betv 1
Dlll and DIV of sodium channels. Sequences were obtained from Gen-
Bank.

To determine the effect of the LQT-associated deletion
on SCN5A structure, we amplified the normal and aberrant
SSCP conformers and performed cycle sequencing. These
experiments revealed the presence of a 9 bp deletion be-
ginning at nucleotide 4661 of the cDNA (Figure 4A). We
also cloned and sequenced the aberrant and normal SSCP
conformers. These experiments confirmed the size and
location of the deletion. This deletion disrupts the coding
sequence, resulting in a deletion of three conserved amino
acids, Lys-1505-Pro-1506-Gin-1507 (KPQ), in the cyto-
plasmic linker between DIIl and DIV (Figures 4B and 5).

DNA sequence analyses of the aberrant conformer in

kindred 2321 indicated that the intragenic deletion was -

identical to that found in kindred 2322 (data not shown).
One possible explanation for the identical deletions in
these two kindreds is that they are distantly related. Both
families were North American of European descent, one
German and the other English. Examination of a geneal-
ogy data base failed to reveal a relationship between these
families for more than eight generations. Furthermore, ge-
- notypic analyses of these kindreds indicated different hap-
lotypes on the disease chromosome (see Figure 1). The
presence of identical deletions in two apparently unrelated
LQT families strongly suggests that SCN5A is LQT3.

Discussion

We conclude that mutations in the cardiac sodium channel
gene SCN5A are the likely cause of chromosome 3-linked

DI Dl Dl DIV

w

4
o
0000y

COOH

Figure 5. Schematic Representation of the Predicted Topology of the
Protein Encoded by SCN5A and of the Location of the LQT-Associated
Deletion

LQT. Several lines of evidence support this conclusion.
First, we identified genetic linkage between SCN5A and
LQT3 in three unrelated families. No recombination was
identified between these loci. Second, we identified identi-
cal intragenic deletions of SCN5A in affected members of
two LQT families. This deletion was not identified in more
than 500 control individuals. Third, SCN5A is the cardiac
sodium channel gene. Subtle mutations of this gene would
be expected to cause an LQT phenotype. Finally, the type
(an in-frame deletion of three amino acids) and location
(a region of known importance for sodium channel inacti-
vation) of the deletions support the conclusion that SCN5A
is LQT3.

Additional evidence supports a role for SCN5A in the
pathogenesis of LQT. Pharmacologic data, for example,
suggest that abnormal cardiac sodium channel! function
could cause LQT. Toxins and drugs that slow the rate
of sodium channel inactivation or that shift the voltage
dependence of channel activation or.inactivation can pro-

- long cardiac action potential duration and induce arrhyth-

mias (Honerjager, 1982). Molecular genetic studies also
support a link between sodium channel inactivation and
clinical electrophysiologic abnormalities. Studies of hyper-
kalemic periodic paralysis and paramyotonia congenita
indicate that missense mutations in the skeletal muscle
sodium channel gene (SCN4A) cause myotonia (Fontaine
et al., 1990; Ptacek et al., 1991, 1992; Rojas et al., 1991;
McClatchey et al., 1992b, 1992¢; Ebers et al., 1991; Ru-
dolph et al., 1992; Lerche et al., 1993). Physiologic data
show that these mutations affect sodium channel inactiva-
tion, leading to repetitive depolarizations, consistent with
the myotonic phenotype (Yang et al., 1994). By analogy,
similar mutations in the cardiac sodium channel gene
could cause a phenotype like LQT.

We have also demonstrated that mutations in HERG, a
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putative cardiac potassium channel gene, cause the chro-
mosome 7-linked form of LQT (Curran et al., 1995). The
mutations that we identified in HERG, along with the bio-
physics of potassium channel a subunits, suggest that
chromosome 7-linked LQT results from dominant nega-
tive mutations and a resultant reduction in functional chan-
nels. In chromosome 3-linked LQT, by contrast, the LQT-
associated deletions identified in SCN5A are likely to result
in functional cardiac sodium channels with altered proper-
ties, such as delayed inactivation or altered voltage depen-
dence of channel inactivation. Delayed sodium channel
inactivation would increase inward sodium current, depo-
larizing the membrane. This effect is similar to the altered
membrane potential expected from HERG mutations, in
which outward potassium current is decreased. It is un-
likely that more deleterious mutations of SCNSA would
cause LQT. A reduction of the total number of cardiac
sodium channels, for example, would be expected to re-
duce action potential duration, a phenotype opposite that
of LQT. The mutations described in this study cause the
deletion of three amino acids, KPQ, in the cytoplasmic
linker between DIIl and DIV. The KPQ sequence is highly
conserved, suggesting the presence of genetic pressure
for its conservation during evolution (Figure 4B). The cyto-
plasmic peptide segment that links DIll and DIV is the
region responsible for fast inactivation (West et al., 1992).
Heterologous expression of neural sodium channelsin the
form of two polypeptides lacking this DIiII-DIV linker results
in a sodium current with greatly slowed inactivation
(Stuhmer et al., 1989). Site-directed mutagenesis studies
of this region in SCN4A have focused on another amino
acid triplet, lle-1488-Phe-1489-Met-1490 (IFM). Muta-
tions of these amino acids to glutamine residues eliminate
sodium channel fast inactivation, but leave slow inactiva-
-tion intact (West et al., 1992). It will be of interest to deter-
mine whether the KPQ deletion has a similar functional
effect on cardiac sodium channel inactivation.

Our data predict a likely cellular mechanism for chromo-
some 3-linked LQT. Delayed myocellular sodium channel
inactivation would prolong action potential duration and
the QT interval. Excessive prolongation could result in re-
activation of L-type calcium or sodium channels, thereby
leading to secondary depolarizations, a likely mechanism
of torsades de pointes (Antzelevitch and Sicouri, 1994).

We have not yet identified a mutation in SCN5A in kin-
dred 2171, the third chromosome 3-linked LQT family.
Although the disease phenotype in this kindred appears
to be linked to SCN5A, SSCP analyses of sequences en-
coding the putative inactivation region failed to show a
deletion or other anomalies. Presumably, the disease in
this family results from SCN5A mutations in another region
of this approximately 35 kb gene. Mutational analyses of
hyperkalemic periodic paralysis and paramyotonia con-
genita families have demonstrated several other regions
of SCN4A that are important for channel inactivation (Fon-
taine et al., 1990; Ptacek et al., 1991, 1992; Rojas et al.,
1991; McClatchey et al., 1992b, 1992¢; Ebers et al., 1991;
Rudolph et al., 1992; Lerche et al., 1993). Once we have
determined the genomic structure of SCN5A, we will
screen for additional LQT-causing mutations.

Although LQT kindreds 2321 and 2322 appear unre-
lated, both had the same KPQ deletion. The haplotype of
the affected chromosome in each family was distinct, but
this does not exclude the possibility of a distant relation-
ship. Continued genotypic analysis of sequences near
SCN5A may help determine whether these deletions are
distinct.

Presymptomatic diagnosis of LQT has depended on
identification of QT prolongation on electrocardiograms.
Unfortunately, electrocardiograms are rarely performed in
young, healthy individuals. In addition, many LQT gene
carriers have relatively normal QT intervals, and the first
sign of disease can be a fatal cardiac arrhythmia (Vincent
etal., 1992). Now that two LQT genes have been identified,
we can begin to contemplate genetic testing for this disor-
der. This will require continued mutational analyses and
identification of additional LQT genes. With more detailed
phenotypic analyses, we may also discover phenotypic
differences among the varied forms of LQT. These differ-
ences may be useful for diagnosis and treatment.

In summary, we have identified a gene, SCN5A, that is
likely to cause LQT. Along with our finding that mutations
in HERG cause the chromosome 7-linked form of LQT,
this discovery further supports the hypothesis that LQT
results from mutations in cardiac ion channels.

Experimental Procedures

LQT Kindreds

This investigation was performed on three previously described LQT
kindreds (Jiang et al., 1994). Phenotypic criteria were identical to those
used in our previous studies (Keating et al., 1991a, 1991b; Keating,
1892). Individuals were evaluated for LQT based on the QT interval
corrected for heart rate (QTc; Bazette, 1920) and on the presence of
syncope, seizures, and aborted sudden death. Inf d consent was
obtained from individuals or their guardians,-in accordance with locat
institutional review board guidelines. Phenotypic data were interpreted
without knowledge of genotype.

Linkage Analyses
Pairwise linkage analysis was performed using MLINK in LINKAGE

version 5.1 (Lathrop et al., 1985). As in our previous studies, we as-
sumed a penetrance of 0.90 and an LQT gene frequency of 0.001
(Keating et al., 1991a, 1991b). Gene frequency was assumed to be
equal between males and females.

Isolation of SCNSA Genomic Clones and Partial

Ch rization of G ic Structure

SCNS5A probes were generated using the products of PCRs with human
genomic DNA and primer pairs based on SCN5A cDNA sequences.
One primer pair, 5-ACTTTCATCGTACTGAATAAAGGCAA-3' and
5“GAGTGAACCAGAATCTTCACAGC-3', was designed from 5'coding
sequences and yielded the predicted product of 118 bp. The second
primer pair, 5“GGACCGTGAGTCCATCGTGTGA-3' and 5-AGCCCA-
TTCACAACATATACAGTCT-3, was derived from the 3' noncoding
sequences and yielded a product of 336 bp. The third primer pair,
5“AGCAACTTCATCCCAGCTGCTGAG-3' and 5-CTCCCAGCATC-
TCAGGTCAAGTG-3', was based on 3’ noncoding sequences and
yielded a product of 207 bp. These PCR products were purified from
2% agarose gels, radiolabeled to high specific activity, and used to
screen a human genomic P1 library (Sternberg, 1990).

To characterize the genomic structure of SCNSA exons encoding
the cytop ic linker bet 1 DIII-DIV, we designed sequencing
primers based on cDNA sequences and predicted genomic structure
(McClatchey et al., 1992a; Gellens et al., 1992). The primer pair for
presumed exon 21 (based on the structure of SCN4A) was 5-TATG-
AAGAGCAGCCTCAGTGGGAA-3' and 5"CTTTTTCTTCTGTTGGTT-
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GAAGTTG-3'". Primers for presumed exon 22 were 5-TTAGGGG-
GCCAGGACATCTTC-3' and 5-CAGGGGCCGTGGGATGGGCTTC-
TGG-3". Primers for presumed exon 23 were 5-CACCATATTCAAGCA-
GATCAG-3' and 5'-CTGCGCCACTACTACTTCACC-3'". These primers
were used to determine intronic sequences from SCN5A clones as
described previously (Wang and Keating, 1994).

SSCP Analyses

Genomic DNA samples were amplified by PCR and used in SSCP
analyses as described previously (Orita et a!., 1989). Primer pairs used
for this study are shown in Table 1. Annealing temperature was 62°C
for all PCRs. Reactions (10 ul) were diluted with 50 ul of 0.1% SDS
and 1 mM EDTA and 50 ul of 95% formamide dye. Diluted products
were denatured by heating at 94°C for 10 min, and 5 pl of each sample
was separated by electrophoresis on 10% nondenaturing polyacryl-
amide gels (50:1 acrylamide:bisacrylamide) at 4°C. Electrophoresis
was carried out at 50 W for 2-5 hr. Gels were transferred to 3MM filter
paper, dried, and exposed to X-ray film at —80°C for 12 hr.

Sequence Analyses of SSCP Conformers

Normal and aberrant SSCP conformers were cut directly from dried
gels and eluted in 100 ! of distilled water at 65°C for 30 min. The
eluted DNA (10 ul) was used as template for a second PCR using the
original primer pair. Products were fractionated in 2% low melting
temperature agarose gels (FMC Corporation), and DNA fragments
were purified and sequenced directly by cycle sequencing (Wang and
Keating, 1994). Alternatively, purified PCR products were cloned into
pBIL ipt Il SK(+) (Stratagene) using the T-vector method as de-
scribed previously (Marchuk et al., 1980). Plasmid DNA samples were
purified and sequenced by the dideoxy chain termination method using
SequiTherm polymerase (Epicentre Technologies).
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CHAPTER 5

POSITIONAL CLONING OF A NOVEL POTASSIUM CHANNEL GENE:
KVLQOTI MUTATIONS CAUSE CARDIAC ARRHYTHMIAS

The following chapter is a reprint from an article coauthored by Wang, Q.,
Curran, M. E,, Bum, T. C., Millholland, J. M., VanRaay, T. J., Shen, J., Timothy, K. W.,
Vincent, G. M., de Jager, T. Schwartz, P. J., Towbin, J. A., Moss, A. J., Atkinson, D. L,
Landes, G. M. Connors, T. D., Keating, M. T. and me. It was originally published in
Nature Genetics, volume 12, pages 17-23, January 1996 (Copyright Nature America

Inc.). Itis reprinted here with the permission of the coauthors and Nature America Inc.
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Positional cloning of a novel
potassium channel gene: KVLQT1
mutations cause cardiac arrhythmias

Q. Wangh%34, M.E. Curran®*#, 1. Splawski®>*4, T.C. Burn>, .M. Millholland?,
T.J. VanRaay?, J. Shen!>34, K.W. Timothy®, G.M. Vincent>®, T. de Jager>3%7,
PJ. Schwartz8, J.A. Towbin®, A.J. Moss!?, D.L. Atkinson!2>4, G.M. Landes®,

T.D. Connors’® & M.T. Keating!-2>*

Genetic factors contribute to the risk of sudden death from cardiac arrhythmias. Here,
positional cloning methods establish KVLQTT as the chromosome 11-linked LQT7 gene
responsible for the most common inherited cardiac arrhythmia. KVLQTT is strongly
expressed in the heart and encodes a protein with structural features of a voltage-gated
potassium channel. KVLQT1 mutations are present in affected members of 16 arrhythmia
families, including one intragenic deletion and ten different missense mutations. These
data define KVLQTT as a novel cardiac potassium channel gene and show that mutations
in this gene cause susceptibility to ventricular tachyarrhythmias and sudden death.

Cardiac arrhythmias are a common cause of morbidity
and mortality, accounting for approximately 11% of all
natural deaths’ 2. In general, presymptomatic diagno-
sis and treatment of individuals with life-threatening
ventricular tachyarrhythmias is poor, and in some
cases medical management actually increases the risk
of arrhythmia and death?. These factors make early
detection of individuals at risk for cardiac arrhythmias
and arrhythmia prevention high priorities.

Both genetic and acquired factors contribute to the

risk of developing cardiac arrhythmias. Long QT syn-

drome (LQT) is a cardiac disorder that causes abrupt
loss of consciousness (syncope), seizures and sudden
death, often in young, otherwise healthy peoplet=S.
Many individuals with LQT have prolongation of the
QT interval on electrocardiograms, an indication of
abnormal cardiac repolarization. The clinical features
of LQT result from episodic cardiac arrhythmias,
specifically repolarization-related ventricular tach-
yarrhythmias like torsade de pointes and ventricular
fibrillation’®. Both inherited and acquired forms of
LQT have been defined. Acquired LQT and secondary
arrhythmias can result from cardiac ischemia, brady-
cardia and metabolic abnormalities such as low serum
potassium or calcium concentrations®. LQT can also
result from treatment with certain medications,
including antibiotics, antihistamines, general anesthet-
ics and, most commonly, antiarrhythmic medica-
tions®. Inherited forms of LQT can result from
mutations in at least four different genes. In previous
studies, we mapped LQT loci to chromosome 11p15.5
(LQT1)!%11, 7q35-36 (LQT2), and 3p21-24 (LQT3)12.
Recently, the fourth LQT locus (LQT4) was mapped to

nature genetics volume 12 january 1996

4q25-27 (ref. 13). Of these, the most common cause of
inherited LQT is LQTI. Our data indicate that muta-
tions in this gene are responsible for more than 50% of
inherited LQT (unpublished observations).

We have used two approaches to identify genes
responsible for LQT, a candidate gene approach and
positional cloning. The candidate gene approach relies
on mechanistic hypotheses based on physiology. Since
LQT is associated with abnormal cardiac repolariza-
tion, we proposed that mutations in genes encoding
cardiac ion channels, or genes that modulate ion chan-
nel function, could cause this disorder. Using the candi-
date gene approach, we recently discovered that
mutations in a cardiac potassium channel gene (HERG)
cause chromosome 7-linked LQT and that mutations in
the cardiac sodium channel gene (SCN5A) cause the
chromosome 3-linked form of this disorder'* '8,
Despite considerable effort, however, a candidate gene
approach to chromosome 11-linked LQT has not been
successful. Two potassium channel genes (KCNA4 and
KCNCI) were mapped to the short arm of chromo-
some 11 (ref. 19), but both were excluded as candidates
for LQT1 by linkage analyses (ref. 20; this study). All
other previously characterized cardiac potassium, chlo-
ride, sodium and calcium channel genes were similarly
excluded based on their chromosomal locations. In this
study we used positional cloning and mutational analy-
ses to identify LQT1.

Refined genetic and physical localization of LQT?
To determine the precise location of LQTI, we per-
formed genotypic analyses in kindred 1532 (K1532), a
large Utah family of northern European descent (Fig.
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Fig. 1 Pedigree
structure for a por-
tion of LQT kindred
1532. Affected indi-
viduals are shown

as filled circles
(females} or
squares {males),

unaffected individu-
als as empty sym-
bols and individuals
with equivocal phe-
notypes are stip-
pled. Genotypes for
chromosome 11
markers are indi-
cated beneath each
symbol and are
shown as haplo-
types. Marker order
(top to bottom) is:
Tel-HRAS -
D11S922-TH-
D11S8S1318-
D11S454-
D115860-D11S12-
Cen. The accuracy
of haplotypes was
ensured using
genotypes from
additional chromo-
some 11p15.5
markers (data not
shown). inferred
genotypes are
shown in brackets.
Disease chromo-
somes are indicat-
ed by boxes and
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recombination -events are indicated with solid horizontal lines. Recombination events affecting disease chromosomes occur in individuals: IV-22, IV-25,
V-6, V-17, V-24, V-34, VI-13, VI-14, and VI-16. Recombination events occurring in non-disease chromosomes are not indicated. KVLQTT is an SSCP
conformer within KVLQT1 identified by primers 5 and 6; this conformer was only identified in K1532 and represents a disease-associated mutation (allele 2
is the mutant aliele). Haplotype analyses indicate that KVLQT1 is iocated between flanking markers D771S922 and D11S454.

1). This kindred was used in our initial study linking
the first LQT gene, LQTI, to chromosome 11p15.5
(refs 10, 11). Additional family members were identi-
fied and phenotyped for a total sample size of 217 indi-
viduals. We performed phenotypic determination as
previously described!®12.  Preliminary genotypic
analyses using markers at HRAS, TH, D115454, and
D11S12 included all ascertained members of K1532.
These experiments identified informative branches of
this family.  Additional genotypic analyses were per-
formed using three highly polymorphic markers from
chromosome 11p15.5: D11S922, D11S1318, and
D11S860 (ref. 21). Genotypes and pairwise lod scores
for each marker are shown in Fig. 1 and Table 1. Of
these markers, TH and D1151318 were completely
linked. Recombination was identified with all other

Table 1 Pairwise lod scores between LQT7 and 11p15.5 markers

0.0
HRAS 9.67
D11S922 10.05
TH 11.01
D11S1318  10.30
KVLQT1 14.19
D115454 11.06
D115860 5.77
D11812 1.50

Recombination fraction (8)

0001 001 005 01 02 2Z,® 6,°
994 1050 1038 962 7.57 1059 0.021
1305 1385 1359 1259 10.01 1392 0.019
1099 1082 1006 907 686 11.01 0.0
1029 1013 940 847 650 1030 0.0
1417 1394 1289 1154 868 1419 00
1105 1089 10.16 947 7.01 1106 00
692 832 914 892 746 915 0058
226 312 346 327 249 346 0047

Lod scores were computed with the assumption of 90% penetrance and gene fre-
quency of 0.001 (ref. 31).

87 max indicates maximum lod score.

"GM indicates estimated recombination fraction at Z ...

18

markers tested, including HRAS, but in each case a sta-
tistically significant positive lod score (+3 or greater)
was identified. These data indicate that LQTI is com-
pletely linked to TH and D1151318 in this kindred and
that the disease gene is located centromeric of HRAS.

To refine localization of LQTI, we performed haplo-
type analyses of K1532 (Fig. 1). Nine chromosomes
bearing informative recombination events were identi-
fied. Telomeric recombination events were observed in
unaffected individual IV-22 (between DI115922 and
TH) , affected individual [V-25 (between D115922 and
TH), unaffected individual V-6 (between HRAS and
D11§922), and affected individual V-24 (between
HRAS and DI115922). Centromeric recombination
events were identified in unaffected individual V-17
(between D115860 and D115454), affected individual
V-24 (between DI11S860 and D115454), unaffected
individual V-34 (between DI11S860 and D115454),
unaffected individual VI-13 (between D11S860 and
D115454), unaffected individual VI-14 (between D11S
454 and D11S1318), and affected individual VI-16
(between D115860 and D115454). These data indicate
that LQTI is located between D115922 and D115454.
Together with recent studies placing LQT1 centromeric
of TH?, these data place LQT1 in the interval between
TH and D11S454.

The size of the region containing LQTI was estimat-
ed using pulsed-field gel analyses with genomic probes
from chromosome 11pl5.5. Probes from TH,
D115551, and D11S454 hybridized to a 700-kb Miul
restriction fragment (Fig. 2). These data suggested that
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Fig. 2 Physical map of the LQT7 region. Ideogram of chromosome 11 indicates the
approximate location of LQT7 (11p15.5). The location of polymorphic markers and
some cosmids are indicated by vertical lines on the map. Refined genetic mapping
places LQT1 between TH and D115454. The distance between TH and D71S454 was -
estimated by pulsed field gel analyses as <700 kb. A physical map of the minimal set of
overlapping YAC and P1 clones is shown. The locations of the KVLQT7 cDNA.and
trapped exons are indicated. Dashed lines in YACs indicate chimaerism.

the region containing LQTI is less than 700 kb. Physi-
cal representation was achieved by screening yeast arti-
ficial chromosome (YAC) and P1 libraries with probes
from the region?%23, The order of these clones was
confirmed using fluorescent in situ hybridization

a

(FISH) analyses as: telomere-TH-D115551-1115679-
D115S601-D115454—centromere. The clones identified
in initial experiments were then used for identification
of adjacent, overlapping clones. The minimum set of
clones from the LQTI interval is shown in Fig. 2.

Identification and characterization of KVLQT?

To identify candidate genes for LQTI, we performed
exon amplification with clones from the physical map.
DNA sequence and database analyses revealed eight
possible exons with predicted amino acid sequence
similarity to ion channels (Fig. 2). The highest similari-
ty was obtained for a 238-bp trapped exon (4181A),
with 53% similarity to potassium channel proteins
from multiple species, including similarity to a portion
of a putative pore region. PCR analyses were used to
map 4181A to the short arm of chromosome 11 and to
two Pls from the physical map (118A10, 18B12).
These data suggested that 4181A was part of a potassi-
um channel gene on chromosome 11p15.5.

We used two different cDNA library screening meth-
ods to determine if trapped exon 4181A was part of a
gene. Traditional plaque filter- hybridization with an
adult human cardiac cDNA library led to the identifi-
cation of a single positive clone. A variation of cDNA
selection was used to screen a second cardiac cDNA
library, and twelve independent clones were recovered.
DNA sequence analyses revealed complete alignment
with the eight trapped exons described above. The
composite sequence of these cDNA clones is shown in
Fig. 3a. The longest open reading frame spans 1645 bp.
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Fig. 3 Nucleotide and deduced amino acid sequences of KVLQT?. a, The composite sequence of KVLQT? is shown. Six putative
transmembrane segments (S1 to S6) and a putative pore region (Pore) are indicated. A potertial glycosylation site (N160) is italicized
(indicated with an arrowhead). Two consensus polyadenylation signals are indicated in the 3' untranslated region in bold. Composite
cDNA sequences for KVLQT1 were obtained by end sequencing of overlapping cDNA clones and by primer walking. KVLQT1

sequences have been

assigned GenBank accession number U40990. b, Alignment of the S1-S6 region of KVLQT1 with Drosophila

Shaker potassium channel, DMSHAKE1 (SHA; 24). Identity () and similarity () are indicated.
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Fig. 4 Tissue expression pattern of
KVLQT1. Northern analyses revealed a
3.2-kb KVLQTT mRNA in human kidney,
lung, placenta, and heart, with highest

“Two consensus polyadenylation sig-
nals were identified upstream of the
poly (A)* tail in the 3" untranslated
region. The identity of the initia-
tion codon is not yet certain.

This ¢cDNA predicted a protein
with structural characteristics of
potassium channels. Hydropathy
analyses suggested a topology of six
major hydrophobic regions that
may represent membrane-span-
ning a-helices. These regions share
sequence similarity with potassium
channel transmembrane domains
S1-S6. A comparison of the pre-
dicted amino acid sequence derived

levels in the heart.

from the identified gene and the
Shaker (SHA) potassium channel?*

is shown in Fig. 3b. In the region
containing $1-S6, the amino acid sequence identity
was 30% and similarity was 59%. The sequence locat-
ed 3' of S1-56 did not have significant similarity to
any known protein. Because this gene has high simi-
larity to voltage-gated potassium channel genes and
became a strong candidate for LQTI, we named it
KVLQT1.

Northern blot analyses were used to determine the
tissue distribution of KVLQTI mRNA. KVLQTI cDNA
probes detected a 3.2-kb transcript in human heart,
kidney, lung, and placenta, but not in skeletal muscle,
liver, or brain (Fig. 4). The heart showed highest levels
of KVLQTI mRNA.
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Table 2 PCR primers used to define KVLQT{ mutations

Region
Primer  Sequence amplified

1 GAGATCGTGCTGGTGGTGTTCT S2-83

2 CTTCCTGGTCTGGAAACCTGG

3 CTCTTCCCTGGGGCCCTGGC S3-S4

4 TGCGGGGGAGCTTGTGGCACAG

5 GGGCATCCGCTTCCTGCAGA S4

6 CTGGGCCCCTACCCTAACCC

7 TCCTGGAGCCCGAACTGTGTGT S5-Pore

8 TGTCCTGCCCACTCCTCAGCCT

9 CCCCAGGACCCCAGCTGTCCAA Pore-S6
10 AGGCTGACCACTGTCCCTCT
1 GCTGGCAGTGGCCTGTGTGGA S6

AACAGTGACCAAAATGACAGTGAC

KVLQTT1 in six large families

To test the hypothesis that KVLQTI is LQT1, we used
single-strand conformational polymorphism (SSCP)
analyses to screen for functional mutations in affected
members of K1532, the largest LQT family that showed
linkage to chromosome 11. We focused our analyses
on the region between S2 and S6 since these regions
might be important for KVLQTI1 function. We

--designed oligonucleotide primers based on c¢DNA

sequences and used these primers for cycle sequencing
reactions with the KVLQT I-containing P1, 18B12 (ref.
25). These experiments defined intronic sequences
flanking exons encoding S2-S6. Additional primers
were then generated from these intronic sequences and
used for SSCP analyses (Table 2).

SSCP analyses identified an anomalous conformer
in the 70 affected members of K1532 (Fig. 5). This
aberrant conformer was not observed in the 147 unaf-
fected members of this kindred or in genomic DNA
from more than 200 unrelated control individuals
(data not shown). The two-point lod score for linkage
between this anomaly and LQT was 14.19 at a recom-
bination fraction of 0 (Table 1). No recombination was
observed between KVLQT! and LQT], indicating that
these loci are completely linked. DNA sequence analy-
ses of the normal and aberrant SSCP conformers
revealed a single base substitution, a G to A transition,
at the first nucleotide of codon Vall25 (Fig. 5; Table 3).
This mutation results in a valine to methionine substi-
tution in the predicted intracellular domain between
S4 and S5.

To further test the hypothesis that mutations in
KVLQTI cause LQT, DNA samples from affected
members of five additional large LQT kindreds were
studied. Linkage analyses with polymorphic markers
from this region had shown that the disease pheno-
type was linked to chromosome 11 in these families
(data not shown). Aberrant SSCP conformers were

Fig. 5 KVLQT1 missense mutations cosegregate with LQT in kin-
dreds K1532, K1723, K2605, and K1807. The results of SSCP
analyses with primer pair 5~6 (K1532), primer pair 9-10 (K1723,
K1807), and primer pair 11-12 (K2605) are shown below each
pedigree. Aberrant SSCP conformers (indicated by *) cosegre-
gate with LQT in each kindred. For K1532, only eight of the 217
individuals are shown; the results of SSCP analyses in additional
members of K1532 are shown in Fig. 1 (KVLQT1 allele 2).
Because aberrant SSCP conformers cosegregating with LQT in
K161 and K162 were identical to the aberrant conformer defined
in K1807, results for these kindreds are not shown. Resuilts of
DNA sequence analyses of the normal {left) and aberrant con-
formers {right) are shown below each pedigree.
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" Table 3 Summary of VLT mutatons

Nucleotide

Codon

38-39

change

ATCG

49 GCCtoCCC

60 GGG to AGG

61 CGGto CAG
125 GTGto ATG
144 CTCtoTITC
177 GGG to AGG
183 ACCto ATC
212 GCGto GAG
212 GCGto GAG
212  GCGtoGIG
212  GCGto GIG
212 GCGto GIG
212 GCGto GIG
212 GCGtoGIG
216 GGGto GAG

substitution and  deletion of a
glycine in the putative S2 domain

Coding effect Mutation Region Kindred 21;2?:(; o (Table 3).

Aberrant SSCP conformers were
Deletion F38W/G39A  S2 K13216 1 identified in affected members of
Missense A4gP §2-83 K13119 1 nine additional kindreds: K1777,
Missense G60R S2-53 k2557 3 K20925, K2557, K13119, K20926,
Missense R61Q S$2-83 K15019 2 i
Missense V125M S4-S5 K1532 70 K15019 (Fig. 6), K2050, K163, and
Missense L144F S5 K1777 2 K164 (data not shown). An aber-
mjssense _(r311ga7lﬂ gore Ilggggg ; rant SSCP conformer identified in

iIssense ore H H H

Missense AD12E 6 K1723 5 K2050 was identical to that in
Missense A212E S6 K2050 > K1723, and aberrant conformers
Missense A212V S6 K1807 6 identified in K163 and K164 were
Missense A212v S6 K161 18 identical to that observed in K1807.
Missense A212v S6 K162 18 None of the aberrant conformers
Missense A212V Sé K163 3 . . .
Missense A212V S6 K164 2 were identified in DNA samples
Missense G216E S6 K2605 11 from more than 200 control indi-

identified in affected members of K1723, K2605,
K1807 (Fig. 5), K161 and K162 (data not shown). The
SSCP anomalies identified in K161 and K162 were
identical to that observed in K1807. The aberrant
SSCP conformer was not seen in unaffected members
of these kindreds or in DNA samples from more than
200 unrelated control individuals (Fig. 5; data not
shown). The normal and aberrant conformers identi-
fied in each family were sequenced. The nucleotide
change, coding effect, and location of each mutation
are summarized in Table 3.

KVLQT1 mutations in small LQT families

To identify additional LQT-associated mutations in
KVLQTI, we continued SSCP analyses in small kin-
dreds and sporadic cases. SSCP revealed an aberrant
conformer in kindred 13216 (Fig. 6). Analyses of more
than 200 unrelated control individuals failed to show
this anomaly (data not shown). This aberrant con-
former was cloned and sequenced, revealing a three
base pair deletion encompassing codons 38 and 39.
This mutation results in a phenylalanine to tryptophan

viduals (data not shown). In each
case, the normal and aberrant conformers were
sequenced (Fig. 6; Table 3). In total, we identified
KVLQT1 mutations associated with LQT in 16 families
or sporadic cases (Fig. 7), providing strong molecular
genetic evidence that mutations in KVLQT] cause the
chromosome 11-linked form of LQT.

Discussion

In this study we used positional cloning methods to
identify a novel gene for chromosome 11-linked LQT,
KVLQT]I. The function of KVLQT]1 protein, however,
and the mechanism of chromosome-11 linked LQT,
are not yet certain. Our molecular genetic analyses
suggest that KVLQT! encodes a voltage-gated potassi-
um channel with functional importance in cardiac
repolarization. If correct, the mechanism of chromo-
some 11-linked LQT probably involves reduced repo-
larizing KVLQT1 current. Since potassium channels
with six transmembrane domains are thought to be
formed from homo- or hetero-tetramers26-28, it is pos-
sible that LQT-associated mutations of KVLQT! act
through a dominant-negative mechanism. The type

described here are consistent with

K13216
De

H
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& -
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this hypothesis. The resultant sup-
pression of potassium channel
function, in turn, would likely lead
to abnormal cardiac repolarization
and increased risk of ventricular
os0r tachyarrhythmias.

b In recent studies, we used candi-
date gene approaches to define

and location of KVLQT! mutations
557

Fig. 6 KVLQT1 intragenic deletions and
missense mutations associated with LQT
in kindreds K13216, K1777, K20925,
K2557, K13119, K20926, and K15019.
The results of SSCP analyses with primer
pair 1-2 (K13216, K2557, K13119,
K15019), primer pair 7-8 (K1777,
K20926), and primer pair 8-10 (K20925)
are shown below each pedigree. Because
aberrant SSCP conformers cosegregating
with LQT in K2050, K163, and K164 were
identical to the aberrant conformers
defined in K1723 and K1807, results for
these kindreds are not shown. Results of
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DNA sequence analyses of the normal
(teft) and abemant (right) conformers are
shown below each pedigree. Sequerces
shown are on the antisense strand.
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Fig. 7 Schematic representation of the predicted topology of
KVLQT1 protein and location of KVLQTT mutations.

two additional LQT genes. The chromosome 7-
linked form of LQT results from mutations in a car-
diac potassium channel gene, HERG!*!6, and
chromosome 3-linked LQT results from mutations in
the cardiac sodium channel gene, SCN5A17> 18, Cur-
rent data indicate that LQT1 accounts for more than
50% of inherited LQT, and that these three LQT
genes account for most inherited cardiac arrhyth-
mias. Positional cloning of KVLQTI, therefore,
forms the foundation for genetic testing and
presymptomatic diagnosis. Genetic testing and
improved mechanistic understanding of LQT pro-
vide the opportunity for prevention of life-threaten-
ing arrhythmias through rational therapies. It is
possible, for example, that potassium channel open-
ing agents will reduce the risk of arrhythmias in
patients with KVLQTI or HERG mutations; sodium
channel blocking agents, by contrast, may be a more
effective treatment for patients with mutations that
alter the function of SCN5A?. Finally, these studies
may provide insight into mechanisms underlying
common arrhythmias, as these arrhythmias are often
associated with abnormal cardiac repolarization and
may result from a combination of inherited and
acquired factors.

In summary, we have discovered a novel gene,
KVLQTI, and conclude that mutations in this gene
cause chromosome 11-linked LQT. The data support-
ing this conclusion are: i) LQTI maps to a 700-kb
interval of chromosome 11p15.5 between flanking
genetic markers TH and D115454; ii) KVLQTI was
cloned from physical reagents that map between these
flanking markers; iii) a polymorphism within KVLQT!
is completely linked to LQT in a large family; iv) muta-
tions of KVLQTI cosegregate with the disease in six
large families and are associated with LQT in ten small
families or sporadic cases; v} KVLQT] is expressed at a
high level in the heart; and vi) KVLQT1 encodes a pro-
tein with sequence similarity to potassium channels.
The function of KVLQT1 protein, and the conse-
quences of LQT-associated mutations, are not yet
known, but these mutations likely cause abnormal
ventricular repolarization and susceptibility to
arrhythmias. Thus, these data indicate that KVLQT1 is
LQT1. Together with our previous discoveries impli-
cating HERG and SCN5A in the pathogenesis of LQT,
our work establishes that mutations in cardiac ion
channel genes contribute to the risk of developing life-
threatening cardiac arrhythmias.

Methods

Identifying and phenotyping LQT patients. LQT patients
were identified from medical clinics throughout North Ameri-
ca and Europe. Informed consent was obtained from all partici-
pants or their guardians, in accordance with standards
established by local institutional review boards. Two factors
were considered for phenotyping: 1) historical data (the pres-
ence of syncope, the number of syncopal episodes, the presence
of seizures, the age of onset of symptoms, and the occurrence
of sudden death); and 2) the QT interval on electrocardio-
grams corrected for heart rate (QTc). To avoid misclassifying
individuals, we took the same conservative approach to pheno-
typic assignment that was successful in our previous stud-
ies'®12. Individuals without symptoms and with a QTc of 0.41
s or less were classified as unaffected. Symptomatic individuals
with QTc of 0.45 s or greater and asymptomatic individuals
with a QTc of 0.47 s or greater were considered affected. Symp-
tomatic individuals with QTc of 0.44 s or less and asympto-
matic individuals with QTc between 0.4]1 and 0.47 s were
classified as uncertain.

Genotyping and linkage analyses. Genomic DNA was pre-
pared from peripheral blood lymphocytes or cell lines derived
from Epstein-Barr virus transformed lymphocytes using stan-
dard procedures®. For genotypic analyses, we used four small
tandem repeat (STR) polymorphisms that were previously
mapped to chromosome 11p15.5: D115S922, TH, D11S1318,
and D115860 (ref. 21). Amplification of each STR was carried
out as previously described'2. Genotyping of RFLP markers
(HRASI, D115454, and D11512) was performed as previously
described!?.

Pairwise linkage analyses was performed using MLINK in
LINKAGE v5.1 (ref. 31). As in our previous studies, penetrance
was set at 0.90 and the LQTI gene frequency of 0.001 was
assumed to be equal between males and females'®!2. STR
allele frequencies were set at 1/n.

Physical mapping. Primers were designed based on sequences
from TH-INS-IGFII and D115454 loci and used to identify
and isolate clones from CEPH YAC libraries using the PCR
based technique32 33, YAC terminal sequences were determined
by inverse PCR as described and used as STSs.

P1 clones were isolated using single copy probes from previ-
ously identified cosmids cosQW22 (this study), cCI11-469
(D115679), <Cl11-385 (D11S8551), <Cl11-565 (D11S601),
¢Cl11-237 (D115454)2%2% 35, Newly isolated P1s were mapped
to chromosome 11p15 by FISH or Southern analyses. End-spe-
cific riboprobes were generated from newly isolated P1s and
used to identify additional adjacent clones (Riboprobe Gemini
Core System Kit; Promega). DNA for P1 and cosmid clones
was prepared using alkaline lysis plasmid isolation and purified
by equilibrium centrifugation in CsCl-ethidium bromide gra-
dients as described3®. P1 insert end sequences were determined
by cycle sequencing as described?’. STSs were generated based
on these insert end sequences. Overlap between P1s and cos-
mids was calculated by summing the restriction fragments in
common.

Exon trapping. Exon trapping was performed using pSPL3B
(ref. 37) on genomic P1 clones as previously described*® *. A
minimum of 128 trapped exons from each P1 clone were ini-
tially characterized by sizing the PCR products. From these,
400 clones were further analysed by dideoxy sequencing using
an A.L.F. automated sequencer (Pharmacia).

Isolation and characterization of KVLQT1 clones. An adult
human cardiac ¢cDNA library (Stratagene) was plated, and 1 x
108 plaques were screened using trapped exon 4181A as the
probe. Sequences of trapped exon 4181A were used to design
oligonucleotide probes for cDNA library screening. The
GENETRAPPER™ cDNA Positive Selection System was used to
screen 1 x 10! clones from a human heart cDNA library (Life
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Technologies, Inc.). The sequence of the capture and repair
oligonucleotides were 5'-CAGATCCTGAGGATGCT-3', and
5'-GTACCTGGCTGAGAAGG-3'.

Composite cDNA sequences for KVLQTT were obtained by
end-sequencing of overlapping ¢cDNA clones and by primer
walking. Sequencing was performed either automatically, using
Pharmacia A.L.F. automated sequencers, or manually, using a
Sequenase Version 2.0 DNA Sequencing Kit (United States Bio-
chemical, Inc.). Database analyses and sequence analyses were
carried out using the GCG software package, IG software pack-
age, and the BLAST network service from the National Center
for Biotechnology Information.

The partial genomic structure (from transmembrane
domain S2 to S6) of KVLQT! was determined by cycle
sequencing of P1 18B12 as described?®. Primers were designed
based on KVLQTI ¢DNA sequence and used for cycle
sequencing.

Mutation analyses. SSCP was carried out as previously
described'” ', Normal and aberrant SSCP products were iso-
lated sequenced directly as described?® or subcloned into
pBluescript (SK+; Stratagene) using the T-vector method*’.
When the latter method was used, several clones were
sequenced by the dideoxy chain termination method using
Sequenase™ Version 2.0 (United States Biochemicals, Inc.).
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Northern analyses. A multiple tissue northern filter (Human
MTN blot 1, Clontech) was probed with Ap-labelled KVLQT!
cDNA probes as previously described ™.
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CHAPTER 6

MUTATIONS IN THE HMINK GENE CAUSE LONG QT SYNDROME AND
SUPPRESS Ixs FUNCTION
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Mutations in the hminK gene cause long QT syndrome

and suppress |l function

Igor Splawski', Martin Tristani-Firouzi?, Michael H. Lehmann®, Michael C. Sanguinetti** & Mark T. Keating!-4>

lon-channel B-subunits are ancillary proteins that co-assemble
with a-subunits to modulate the gating kinetics and enhance
stability of multimeric channel complexes'2. Despite their
functional importance, dysfunction of potassium-channel
B-subunits has not been associated with disease. Recent
physiological studies suggest that KCNET encodes B-subunits
(hminK) that co-assemble with KvLQT1 o-subunits to form the
slowly activating delayed rectifier K* (I¢,) channel?4. Because
KVLQT1 mutations cause arrhythmia susceptibility in the long
QT syndrome (LQT)>7, we hypothesized that mutations in
KCNET also cause this disorder. Here, we define KCNET missense
mutations in affected members of two LQT families. Both
mutations (S74L, D76N) reduced Iy, by shifting the voltage
dependence of activation and accelerating channel deactivation.
D76N hminK also had a strong dominant-negative effect. The
functional consequences of these mutations would be delayed
cardiac repolarization and an increased risk of arrhythmia. This is
the first description of KCNET as an LQT gene and confirms that
hminK is an integral protein of the Iy, channel.

We ascertained and phenotypically characterized individuals
with LQT®?. Single-strand conformation polymorphism (SSCP)
analyses using primers that span KCNEI led to the identification
of an anomalous conformer in affected members of kindred
1789 (Fig. 1a). This conformer was not observed in unaffected
family members or in 200 unrelated control individuals (400
chromosomes). DNA sequence analysis revealed a G—A transi-
tion at the first nucleotide of codon 76, causing an Asp—Asn
substitution (D76N, Fig. 1¢).

Further SSCP analyses defined a second anomaly that co-seg-
regated with the disease in kindred 1754 (Fig. 1b). This anomaly
was not observed in unaffected members of the family or in 200

a
K1789 K1754
N76
638
s38
Normal CAC TCG AAC GAC CCA TTC AAC

H s N (D P F N L E

Mutant CAC TCG AAC AAC CCA TTC AAC
H s N N P F N L B

Normal CTG GAG CAC TCG AAC GAC CCA

Mutant CTG GAG CAC TTG AAC GAC CCA

controls. DNA sequence analysis revealed a C—T transition in
the second nucleotide of codon 74, leading to substitution of Ser
for Leu (574L, Fig. 1c). Analyses of DNA samples obtained from
280 unrelated individuals with LQT failed to reveal additional
KCNEI mutations.

To determine the functional consequences of these KCNEI
mutations, we expressed mutant and wild-type proteins in
Xenopus oocytes. Because the stoichiometry of KvLQT! and
minK interaction is not known, varying amounts of KCNEI
cRNA (0.01-2.5 ng/oocyte) were co-injected with a fixed quan-
tity of KVLQTI cRNA (6 ng/oocyte) and the resultant currents
recorded. Iy, amplitude increased as a function of injected
KCNEI, and saturated at KCNEI cRNA levels of at least
0.6 ng/oocyte (Fig. 2). Subsequent co-expression experiments
were performed with 1.2 ng/oocyte KCNEI and 6 ng/oocyte
KVLQTI cRNA, to ensure that KCNEI was not a limiting factor
for expression of heteromultimeric channels.

Co-injection of D76N KCNEI and KVLQTI cRNA failed to
induce detectable K* currents (n= 13, data not shown). Because
LQT is inherited as an autosomal-dominant trait, affected indi-
viduals possess one normal and one mutant KCNEI allele.
Therefore, we co-injected mutant KCNEI cRNA with wild-type
KCNEI and KVLQTI cRNA. The current (Ig, psen) induced by
co-injection of D76N KCNEI (0.6 ng/oocyte), wild-type KCNEI
(0.6 ng/oocyte) and KVLQTI cRNA (6 ng/oocyte) was 91%
smaller than the current (Ig, 1) induced by wild-type KCNEI
(1.2 ng/oocyte) and KVLQTI (6 ng/oocyte) cRNA at +40 mV
(Fig. 3a,b). These data indicate that D76N hminK subunits form
heteromultimeric channels with wild-type hminK and KvLQT1,
and reduce [y, by a strong dominant-negative mechanism.

To compare the biophysical properties of wild-type and mutant

Extracellular

H 8 N D P

H L N D P

Fig. 1 KCNET mutations associated with LQT. Pedigree structure for LQT kindreds 1789 (a) and 1754 (b). Affected individuals are indicated by filled circles

Is. Deceased individ!

{females) or squares (males). Unaffected individuals are indicated by open sy

effect of mutations on hminK protein sequence is indicated. ¢ Schematic representation of hminK protein showing the location of LQT-associated mutations.

Is are identified by a slash. Aberrant SSCP conformers that
co-segregate with the disease are shown below each pedigree. A common polymorphism (G385) that is not related to LQT is also detected by these primers. The
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Fig. 2 Magnitude of Iy, varies as a function
of injected KCNET cRNA. a, Representative
current tracings elicited by 7.5-s pulses to
+40 mV following injection of oocytes with
6 ng/oocyte KVLQTT and a variable amount
of KCNET cRNA, as indicated. Note the pres-
ence of KvLQT1 current and the absence of
Iy, with 0.01 ng KCNE1/oocyte. b, Current
amplitude following a 7.5-s pulse to +40 mv
was normalized to peak current obtained by
injection of 1.2 ng KCNE1. Values represent
mean z 5.E.M. N=8 oocytes/group.
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channels, we characterized the voltage dependence of activation
and the kinetics of deactivation for Iy, p7gn and Ig,.wr. The mag-
nitude of I, does not reach steady state even when elicited with
pulses of 100 seconds’ duration!®. Therefore, tail current ampli-
tude following 7.5-second test pulses was used as an empirical
measure of the voltage dependence of Iy,. Iy p7n tail currents
were half maximal at +28 mV, a +16 mV shift relative to Iy, wt
(Fig. 3¢). A shift in channel gating was confirmed by the voltage
dependence of current deactivation. The rate of Iy, 7y channel
closure (deactivation) was faster than Ig, v at voltages of at least
—~80 mV (Fig. 3d). The voltage dependence of the time constants
of deactivation were shifted by approximately +30 mV. Thus,
D76N hminK reduces Iy, by three mechanisms: a dominant-neg-
ative suppression of channel function, an increased rate of channel
deactivation and a positive shift in the voltage dependence of
channel activation. These effects would reduce outward current
during the repolarization phase and lengthen the duration of a
cardiac action potential.

Unlike D76N hminK, $74L hminK formed Iy, channels when
co-expressed with KvLQT1, albeit with altered function. Current
induced by injection with S74L KCNEI (1.2 ng/oocyte) and
KVLQT1 (6.0 ng/oocyte) cRNA had a threshold for activation that
was approximately 40 mV higher than I, . The resultant cur-
rent was 66% smaller than Ig, 7 after 7.5-second pulses to
+60 mV (n=15, data not shown). When S74L KCNE!
(0.6 ng/oocyte) and wild-type KCNE! (0.6 ng/oocyte) were co-
injected with KVLQT! (6.0 ng/oocyte) cRNA, the resultant current
(Iks.s741) Was reduced by approximately 33% at +60 mV compared

2 \kswT

Fig. 3 Functional effects of D76N KCNET mutation.
a, Iy, was elicited by depolarizations of 7.5-s dura-
tion from a holding potential of -80 mV to test
potentials of —40 to +40 mV. Deactivating tail cur-
rents were elicited by returning membrane poten-
tial to -50 mV. b, Isochronous current-voltage
relation of Igowr (N=14) and Iy pren (N=14),
demonstrating dominant negative suppression of
Igs by D76N (P < 0.0001). ¢, The voltage dependence
of Iysp7en activation, using a 7.5-s test pulse, is
shifted by +16mV compared to Iy, yy. Smooth
curves are best fits of normalized tail currents to a
Boltzmann function (V,,=10.8 z 0.8 mV, slope fac-
tor=12.1 £ 0.3 mV for Iy, wr; for Iy, p7en Vip=25.7 2
1.0 mV [P < 0.0001, compared to I, wyl, slope fac-
tor=12.0 £ 0.2 mV; n=14). d, Iy, g7y deactivates
faster than Iy, . Ix; Was activated by a 5-s pulse to
+20 mV, and tail currents were measured at the
indicated potentials. Tail currents were fitted to a
single exponential function. Inset shows normal-
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to Iy, wr (Fig. 4a,b). This reduction was due primarily to a positive
shift in the voltage dependence of current activation (Fig. 4c). The
voltage dependence of deactivation was shifted approximately
+40 mV (Fig. 4d). This shift caused a marked increase in the rate of
Igs.s74r deactivation. Thus, S74L hminK subunits form heteromul-
timeric channels with wild-type hminK and KvLQT]1, and reduce
Igs by a shift in the voltage dependence of channel activation and
increased rate of channel deactivation. Because Iy, 74 did not
equal Iy, y at +60 mV (as expected for a simple shift in gating), it
is possible that S74L mutant subunits also reduce the number of
functional Iy, channels and/or single-channel conductance:

The observation that LQT-associated mutations of KCNE]
alter gating kinetics provides compelling evidence that hminK
forms an integral part of the I, channel rather than simply serv-
ing as a chaperone. Earlier studies of minK, performed before the
discovery of KVLQT1, also support this conclusion!!-!4, In one of
these studies, a mutant rat minK subunit (D77N), analogous to
D76N hminK, co-assembled with wild-type minK and abolished
Ig, function, a dominant-lethal effect!3.

We conclude that mutations in KCNEI , the gene that encodes
B-subunits of Iy, channels, cause arrhythmia susceptibility by
reducing Iy, and thereby delaying myocellular repolarization.
Because regional heterogeneity in I, exists within the
myocardium?!3, mutations in KCNEI would cause abnormal
regional disparity in action potential duration, creating a sub-
strate for arrhythmia. The discovery of LQT-associated muta-
tions in KCNEI will facilitate presymptomatic diagnosis of this
disorder and may have implications for therapy.
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ized deactivating tail currents at -50 mV, after a
voltage step to +20 mV.
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Fig. 4 Functional effects of S74L KCNE! mutation
a, Igs.wr and Iy ¢74 recorded during 7.5-s depolarizations
to ~40, -20, 0, +20 and +40 mV. Note the faster rate of
deactivating Iy 74 tail currents compared to lg wr.
b, Isochronous current-voltage relation for Iy, \wy and Iy,
5740 (n=15). ¢, Voltage dependence of Iy,.q74 activation is
shifted by +19 mV relative to Iy, wy Smooth curves are
best fits of normalized tail currents to a Boltzmann func-
tion (V,,=13.7 £ 0.6 mV, slope factor=16.0 + 0.3 mV for
Ikswr for lIgssza. Vy2=33.6 £ 0.8 mV, slope factor=
13.320.3 mV [both P < 0.0001 relative to Ig wrl).
d, I,.574. deactivates faster than Iy, wr.

40 20 0 20 40 60
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pair. Products were separated on 1% low-melting-point
d 20 agarose gels (FMC), phenol-chloroform extracted and
¢ 10 ethanol precipitated. DNA was sequenced in both
08 g s directions by the dideoxy chain termination method on

= B amodel 373A DNA sequencer (Applied Biosystems).

g os S €

3 s 2 10 Functional expression. KCNEI cDNA expression con-
1 04 -E 5 structs were amplified by PCR from total human DNA
& 02 &Y o5 ° and cloned in pSP64 transcription vector (Promega)
¢ A o o—o—0—%" with the following primers: MINKF 5-CAGTGG-
00 N 00 . AAGCTTAATGCCCAGGATGATC~3° and MINKR
40 -20 0 20 40 60 <120 100 60 -60 -40 5'-CAGGAGGATCCAGTTTAGCCAGTGGTGGG-
mv . GGTTCA-3". Nucleotides in bold denote the changes

Methods

Phenotypic analyses. Individuals were phenotypically characterized on the
basis of the QT interval corrected for heart rate. Individuals were character-
ized as affected if QTc £0.46 s. Individuals were assigned as unaffected if
QTc¢ 0.42 5. Informed consent was obtained from all individuals or their
guardians in accordance with local institutional review board guidelines.
Phenotypic data were interpreted without knowledge of genotype.

Mutation analyses. Genomic samples were amplified by PCR with the fol-
lowing primer pairs: MINKIF 5~CTGCAGCAGTGGAACCTTAATG-3"
and MINKIR 5-GTTCGAGTGCTCCAGCTTCTTG-3"; MINK2F 5-
AGGGCATCATGCTGAGCTACAT-3" and MINK2R 5'-TTTAGCCAG-
TGGTGGGGTTCA-3"; MINK3F 5'-GTTCAGCAGGGTGGCAACAT and
MINK3R 5-GCCAGATGGTTTTCAACGACA-3". PCR products were
used in SSCP analysis as described®. PCR was completed with 75 ng DNA
in a volume of 10 pl using a Perkin Elmer/Cetus 9600 thermocycler.
Amplification conditions were 94 °C for 3 min, followed by 30 cycles of
94 °C for 10’5, 58 °C for 20 s, 72 °C for 20 s and a 5-min extension at 72 °C.
Reactions were diluted with 40 pl of 0.1% SDS/10 mM EDTA and with
30 pl of 95% formamide load dye. The mixture was denatured at 94 °C for
5 min and placed on ice. Three microlitres of each sample was separated on
5% and 10% non-denaturing polyacrylamide gels (acrylamide:bisacryl-
amide 49:1) at 4 °C and on 0.5x and 1x mutation detection enhancement
(MDE) gels (FMC) at room temperature. Electrophoreses on the 5% and
10% gels were completed at 40 W for 3-5 h; electrophoreses on 0.5% and
1x MDE gels were completed overnight, respectively, at 350 V and 600 V.
Gels were dried on 3MM filter paper and exposed for 18 h at 70 °C.

SSCP bands were cut out of the gel and eluted in 100 ul ddH,0 at 65 °C
for 30 min. Eluted DNA (10 pl) was re-amplified with the original primer
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made to create HindIll and BamHI restriction sites
(underlined). A full-length KVLQT1 cDNA clone (identical to that re-
ported by Yang et al.'6) was isolated from a human cardiac cDNA library
and subcloned into the pSP64 plasmid expression vector. All constructs
were confirmed by DNA sequence analyses. Complementary RNAs were
synthesized with the mCAP RNA capping kit (Stratagene).

Isolation of Xenopus laevis oocytes and cRNA injection were performed
as described!”. Voltage clamp data were acquired and analysed with
PCLAMP v6.0 software (Axon Instruments). Isochronous (7.5 s) rather
than steady-state measurements were used to estimate the voltage depen-
dence of I activation. The voltage dependence of Iy activation was deter-
mined by fitting peak tail currents to a Boltzmann function. V,;,, the
voltage at which the current was half activated with this pulse protocol, and
the slope factor were calculated from these data. Activating current was fit-
ted to a bi-exponential function to obtain slow and fast time constants of
activation. Deactivation time constants were obtained by fitting decaying
tail currents at various test potentials to a single exponential function.

All data are mean+S.E.M. Statistical analyses were performed with
repeated measures analysis of variance, with the Fisher’s Least Significance
post hoc test and the unpaired Student’s ¢-test. A Pvalue <0.05 was required
for significance.
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syndrome of congenital sensory deafness associ-
ated with a prolonged QT interval in four chil-
dren of a Norwegian family.! The affected children
had multiple syncopal episodes, and three died sud-
denly at the ages of four, five, and nine years. Since
1957, other examples of the long-QT syndrome as-
sociated with deafness (the Jervell and Lange-Niel-
sen syndrome) have been described.>+ In all cases,
the apparent mode of inheritance was autosomal re-
cessive. This syndrome is rare (estimated incidence,
1.6 to 6 cases per million).2 Affected persons are sus-
ceptible to recurrent syncope, and they have a high
incidence of sudden death and short life expectancy.
Syncope results from torsade de pointes ventricular
tachycardia and ventricular fibrillation.5¢
The Romano-Ward syndrome is an autosomal
dominant form of the long-QT syndrome and is not
associated with deafness or other phenotypic abnor-
malities.”8 The incidence of the Romano-Ward syn-
drome is higher than that of the Jervell and Lange-
Nielsen syndrome, but affected persons generally have
milder symptoms.910
In previous studies, we mapped the genes for the
autosomal dominant long-QT syndrome to chromo-
somes 11p15.5 (LQT1), 7q35-36 (LQT2), and 3p21-
24 (LQT3).1113 A fourth gene (LQT4) was mapped to
chromosome 4q25-271¢ We subsequently identified
genes for LQTI (KVLQTI), LQT2 (HERG), and
LQT3 (SCN5A).1518 These genes encode cardiac ion
channels and support the hypothesis that the long-
QT syndrome results from delayed myocellular re-
polarization. Functional expression of KVLQTI in
xenopus oocytes and mammalian cells induces a po-
tassium current unlike any known cardiac current. In

IN 1957, Jervell and Lange-Nielsen reported a
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recent experiments, we and others demonstrated
that the KVLQT]1 protein joins with another protein
known as minimal potassium-channel subunit (minK)
to form a cardiac potassium channel expressing the
cardiac slow delayed rectifier potassium current (I,),
a channel that contributes to myocellular repolar-
ization.!9:20

In this study, we hypothesized that the Jervell and
Lange-Nielsen syndrome results from mutations that
affect both alleles of an autosomal dominant gene for
the long-QT syndrome. We discovered that a patient
with the Jervell and Lange-Nielsen syndrome had a
homozygous mutation of KVLQTI. Other family
members also had prolongation of the QT interval
corrected for heart rate (QTc) with an autosomal
dominant pattern of inheritance, but they had nor-
mal hearing and were heterozygotes. These data in-
dicate that homozygous mutation of KVLQTI causes
the Jervell and Lange-Nielsen syndrome.

METHODS

Ascertainment and Phenotyping of the Kindred

A patient with the Jervell and Lange-Nielsen syndrome was re-
ferred to us. A team of researchers attended a large family gath-
ering organized by the patient’s paternal aunt and grandmother.
Information on the pedigree and the patient’s history was collect-
ed at the gathering, and electrocardiograms and blood samples
were obtained.

The members of the family ranged in age from 13 months to
82 years. Each subject was characterized phenotypically on the
basis of the QTc and the presence of symptoms as described.1h13.2!
Subjects were classified as phenotypically affected by the long-QT
syndrome if they had symptoms (syncope, seizures, or aborted
sudden death) and QT intervals of 0.45 sec'2 or more or were
asymptomatic with QTc intervals of 0.47 sec'’? or more. Subjects
were classified as unaffected if they were asymptomatic and had
QTk intervals of 0.41 sec'2 or less. The status of asymptomatic
persons with QTc intervals of between 0.42 and 0.46 sec”? and
symptomatic persons with QTc intervals of less than 0.45 sec':
was classified as uncertain. The criteria for the assignment of phe-
notypes were not age-dependent. Informed consent was obtained
from all the subjects or their guardians. The rescarch protocol was
reviewed and approved by the appropriate institutional review
boards. Phenotypic data were interpreted by investigators who
did not know the patients’ genotypes.

Linkage Analysis

Linkage analysis is a technique that can be used to determine
whether a gene responsible for a phenotype is located on the same
chromosomal segment as a genetic marker. With this technique,
an investigator examines a family to determine whether a pheno-
type is inherited with a specific DNA-sequence variant (allele) of
known chromosomal location. Genes or segments of DNA that
have two or more forms are known as polymorphic markers and
can be detected with the polymerase chain reaction (PCR).22

In this study, we used linkage analysis to determine whether the
phenotype of the long-QT syndrome was inherited with the pol-
ymorphic markers TH and D11S1318, which are located near
KVLQT1Y7 Small, synthetic DNA primers (oligonucleotides) were
used to amplify DNA from each subject by PCR. The reactions
were completed with 75 ng of DNA in a final volume of 10 ul
with a thermocycler (model 9600, Perkin—Elmer Cetus). The am-
plification conditions were as follows: 94°C for 3 minutes, fol-
lowed by 30 cycles of 94°C for 10 seconds, 58°C for 20 seconds,
and 72°C for 20 seconds. Ten microliters of 95 percent forma-
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ide loading dye was added to cach reaction, and the samples were
natured at 94°C for 5 minutes and placed on ice. Three micro-
ers of each sample was separated on 6 percent denaturing poly-
rylamide gels. The gels were dried on 3MM filter paper (What-
an, Clifton, N.J.) and exposed to film for 12 hours at —70°C.
he pattern of the alleles in each subject (the genotype), which ap-
zars as bands of variable size on the film, was determined by in-
rection,

The genotypes were scored without knowledge of the pheno-
rpic data and were entered into a computerized relational data
ase. The likelihood of odds (lod score) for linkage was determined
Ath the Linkage version 5.1 software package.?? Penetrance was as-
amed to be 95 percent, and the frequency of the gene for the
ng-QT syndrome (0.001) was assumed to be the same in male
nd female subjects. The allelic frequencies were set to 1/n, where

equals the number of alleles for each marker in this family (TH,
alleles; KVLQTI, 2 alleles; D1181318, 10 alleles).

Autation Analysis

Single-strand conformation polymorphism (SSCP) analysis was
1sed to screen for mutations in KVLQT1.15 With this technique a
mall (approximately 200-bp) section of a patient’s genomic DNA
s amplified by PCR. If the patient has a mutation, both the nor-
nal and the mutant alleles are amplified. The two products can then
se separated on nondenaturing gels and distinguished. The princi-
sle underlying SSCP analysis is that a single strand of DNA migrates
hrough a nondenaturing gel at a rate dependent on the size and
he specific sequence of the strand.?* Another strand identical in
size that contains a substitution of a single nucleotide will travel
through the same gel at a slightly different rate. The difference in
mobility results from an altered conformation in the DNA molecule
that has the nucleotide substitution, and an abnormal SSCP band
is produced.

PCR was completed with 75 ng of DNA in a volume of 10 ul
with a thermocycler (model 9600, Perkin—Elmer Cetus). The am-
plification conditions were as follows: 94°C for 3 minutes, followed
by 5 cycles of 94°C for 10 seconds, 64°C for 20 seconds, and 72°C
for 20 seconds and 30 cycles of 94°C for 10 seconds, 60°C for 20
seconds, and 72°C for 20 seconds. The reaction mixtures were di-
luted with 40 ul of 0.1 percent sodium dodecyl sulfate and 10 mM
EDTA and with 30 ul of 95 percent formamide loading dye. The
mixture was denatured at 94°C for 5 minutes and placed on ice.
Three microliters of each sample was separated on 5 percent and
10 percent nondenaturing polyacrylamide gels (acrylamide:bis-
acrylamide, 49:1) at 4°C and on 0.5X and 1 X Mutation Detection
Enhancement gels (MDE, FMC BioProducts, Rockland, Me.) at
room temperature. Electrophoresis of the 5 percent and 10 percent
gels was completed at 40 W for three to five hours; electrophoresis
of the 0.5X and 1X MDE gels was completed overnight at 350 V
and 600 V, respectively. The gels were dried on 3MM filter paper
and exposed to film for 18 hours at —70°C.

DNA-Sequence Analysis

SSCP bands were cut out of the gel and eluted in 100 ul of
double-distilled water at 65°C for 30 minutes. Ten microliters of
eluted DNA was used as a template in a second PCR reaction with
the original primer pair. The products were separated on 1 percent
low-melting-temperature agarose gels (FMC BioProducts), extract-
ed with phenol—chloroform, and precipitated in ethanol. DNA was
sequenced in both directions by the dideoxy chain-termination
method with a DNA sequencer (model 373A, Applied Biosys-
tems).

RESULTS

Phenotypic Characteristics

We studied a family of Scottish descent in which
one child had the Jervell and Lange-Nielsen syn-
drome. This female infant (Patient V-5, Fig. 1) was
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born to a consanguineous marriage of second cous-
ins. At 35 weeks’ gestation, the obstetrician in-
formed the 25-year-old mother that the fetal heart
rate had dropped to 70 to 80 beats per minute. An
ultrasound study showed normal growth and devel-
opment, with a heart rate of 80 and a regular rhythm.
At 38 weeks the heart rate continued to be slow. A
second ultrasound study confirmed normal develop-
ment, bradycardia, and regular rhythm. The infant
was born without complications by normal vaginal
delivery.

The slow heart rate persisted after birth. One
hour after delivery, at the time of the first bottle
feeding, the infant had cyanosis and hypotonia. She
was rushed to the pediatric intensive care unit. Her
serum electrolytes and a hematologic evaluation were
normal. Blood cultures, urinalysis, urine cultures,
and a chest film were negative. An electrocardio-
gram showed sinus bradycardia with a rate of 82
beats per minute and prolongation of the QT inter-
val, with a QTc of 0.61 sec2. On the third hospital
day, a pediatric cardiologist made the diagnosis of
the long-QT syndrome and treatment with propran-
olol was started. On the eighth day, audiograms in-
dicated bilateral sensory deafness. A neurologic eval-
uation was otherwise unremarkable, and no evidence
of brain-stem dysfunction was found. There was no
evidence of dysmorphology.

On day 10, the infant was sent home with an ap-
nea monitor. At the age of four weeks, serial audio-
grams revealed no responses to auditory stimuli in a
soundproof room or through earphones. Trials with
battery-powered behind-the-ear hearing aids also in-
dicated no responses. There was no evidence of in-
fection, meningitis, or temporal bone fractures and
no history of treatment with ototoxic drugs. At 26
months the proband continued to be treated with
propranolol and had no documented syncope, sei-
zures, or tachyarrhythmia.

The family members were not evaluated further.
Seven months after the delivery of the proband, her
mother had a cardiac arrest and died when her alarm
clock sounded. She was exhausted and extremely anx-
ious at the time.

After the mother’s death, the family was referred
to our laboratory for genetic evaluation. Phenotyp-
ic analysis revealed that 14 family members had pro-
longed QT intervals ranging from 0.47 to 0.53 sec?
(Fig. 1). Thirty-two family members had borderline
QTk intervals, ranging from 0.42 to 0.46 sec'2. Six
family members reported a history of syncope. Three
had had one syncopal episode each: Subject II-13
(QTk, 0.46 sec'2; precipitating cause of syncope un-
known), Subject 1129 (QTc, 0.49 sec"?; syncope
while smoking marijuana), and Subject IV-4 (QTk,
0.51 sec2; syncope while exercising). Three other
family members had multiple episodes of syncope:
Subject I11-27 (QTc, 0.53 sec'2; syncope while exer-
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cising), Subject I11-33 (QTc, 0.46 sec'’?; precipitating
cause of syncope unknown), and Subject IV-14 (QTk,
0.41 sec"; syncope while exercising or at rest). None
of the family members reported hearing deficits. For-
mal audiometric analyses of Subjects IV-4, V-1, and
V-3 showed normal hearing.

On the basis of this inspection, it is apparent that

The New England Journal of Mcedicine

TABLE 1. PAIRWISE LOD SCORES FOR THE KINDRED STUDIED,
RELATING THE PHENOTYPE OF THE LONG-QT SYNDROME
TO MARKERS AT CHROMOSOME 11p15.5, INCLUDING THE

KVLQTI MUTATION.*

MaximaL
MARKER RecomBiNATION FRACTION Lop Scoret
0.00 0001 0.01 0.05 0.1 0.2
TH 470 470 463 431 3389 298 4.70
KVLQT! 508 5.07 498 4.60 4.09 3.03 5.08
D1181318 546 545 537 499 450 344 5.46

*Markers at chromosome 11p15.5 were completely linked to the discase
phenotype. Lod scores were computed with the ption of 95 percent
penetrance, a frequency of 0.001 for the discase allele, and equal recombi-
nation frequencies in both sexes. When penetrance was varied from 60 per-
cent to 100 percent, the maximal lod scores ranged from 4.09 to 4.81 for
TH, from 4.38 to 5.19 for the KVLQTI mutation, and from 4.77 to 5.57

for D1151318.

1The cstimated recombination fraction at the maximal lod score for cach
marker was 0.00.

the phenotype of the long-QT syndrome is inherit-
ed as an autosomal dominant trait in this kindred
(Fig. 1). This pattern of inheritance is characterized
by transmission of the disease phenotype from par-
ent to child, the presence of the phenotype in each
generation, and the involvement of both sexes. Fa-
ther-to-son transmission is observed in this family, a
fact that rules out X-linked inheritance.

Linkage Analysis

We used linkage analysis to determine whether the
gene responsible for the long-QT syndrome in this
kindred was located on the same chromosome as
one of the known autosomal dominant genes for the
long-QT syndrome. The polymorphic markers TH
and D1181318, which map to the KVLQTI region
of chromosome 11, were completely linked to the
long-QT syndrome phenotype.l” The lod scores for
linkage were 4.70 and 5.46 at a recombination frac-
tion of 0.00 for TH and D11S1318, respectively
(P<0.001 for both markers) (Table 1). These data
indicate that KVLQT1 is an excellent candidate for
the gene that causes the long-QT syndrome in this
family.

Mutation Analysis

We screened DNA samples from affected subjects
for functional mutations in KVLQT1, using SSCP to
detect mutations. An abnormal band was observed

1564

May 29, 1997
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in affected members of the family, but not unaffect-
ed ones (Fig. 1 and 2). The proband with the Jervell
and Lange-Nielsen syndrome (Patient V-5) had two
copies of the abnormal SSCP band. Linkage analysis
indicated that the abnormal band was completely
linked to the long-QT syndrome phenotype in this
family, with a lod score of 5.08 at a recombination
fraction of 0.00 (Table 1). This indicates odds of
more than 100,000 to 1 in favor of linkage and cor-
responds to P<0.001. The abnormal SSCP band
was not observed in DNA samples from 200 unre-
lated control subjects (a total of 400 chromosomes).

DNA-sequence analysis revealed that the abnor-
mal SSCP band contained the insertion of a single
nucleotide (G) after nucleotide 282 of the KVLQTI
sequence (numbering started at the A nucleotide in
the ATG initiation codon; GenBank accession num-
ber U89364). This insertion causes a frame shift,
disrupting the coding sequence after the second pu-
tative membrane-spanning domain of the KVLQT1
protein and leading to a premature stop codon at
nucleotide 564.

We next assessed the range of QTc intervals in this
genotypically defined population. For the proband,
who had a homozygous mutation of KVLQTI, the
mean (*SD) QTc as calculated on the basis of eight
electrocardiograms was 0.54%0.05 sec2. By con-
trast, the mean QTc in 24 persons with one mutant
KVLQT1 allele (who were tested with one electro-

cardiogram each) was 0.47+0.04 sec2 In the 28
family members with no KVLQTI mutations, the
mean QTc was 0.43+0.02 sec*2. Although no formal
statistical analysis could be performed because there
was only one homozygote in the family, the QTc
interval of the proband (0.54 sec2) was markedly
higher than the mean value in the heterozygotes
(0.47 sec'?). This suggests that patients with two
copies of a mutant KVLQTI gene may have longer
QTc intervals than those with a single mutant copy.

DISCUSSION

We have described a family with an autosomal
dominant long-QT syndrome resulting from a mu-
tation of KVLQTI. Family members with one mu-
tant KVLQT allele had the long-QT syndrome but
had normal hearing. One family member had the
typical features of the Jervell and Lange-Nielsen syn-
drome: marked QTc prolongation and congenital
sensory deafness.24 This person presented with
bradycardia in utero. She was the offspring of a con-
sanguineous marriage and had two copies of the
mutant KVLQTI allele. We conclude that homozy-
gous mutation of KVLQTI causes the Jervell and
Lange-Nielsen syndrome.

Recent genetic and physiologic data support the
conclusion that homozygous KVLQTI mutations
cause deafness. We and others recently discovered
that KVLQT1 protein joins with minK protein to

Figure 1. Genotypic Analysis of the Kindred of the

O Normal Long QT —f— Deafness
@ Uncertain  Subjectno. 18
@ Affected 41 TH
12 282-283insG
8 10 D11S1318
R QT. 046
N Agelyr) 8

Proband with the Jervell and Lange-Nielsen Syn-
drome, Showing the Linkage between KVLQAT?
and the Phenotype of the Long-QT Syndrome.

Circles indicate female family members, squares
male family members, and slashes deceased fam-
ily members. The left side of each symbol indicates

whether the subject had the phenotype of the

£ aaa
o oan

OH 5 a3l

1

@

sli]44

1l2p1 32 )11
1oligl 8 9

042 041 048 041
23 14, 12

long-QT syndrome; the right side denotes the sub-
ject's hearing status. Black denotes affected sta-

3% tus, gray uncertain status, and white unaffected
11 status. The proband (Patient V-5) is indicated by
0.40 the solid circle representing both the long-QT syn-
58 drome and deafness. The genotypes of the poly-

morphic markers TH and D1151318 and the KVLQT1
mutation (282-283insG) are shown beneath each
symbol, with inferred genotypes given in paren-
theses and hyphens indicating unknown alleles.
For KVLQT1, the normal allele is designated by
1 and the mutant allele by 2. Genotypes associat-
ed with the long-QT syndrome are shown in box-
es. The subjects’ QTc intervals are given immedi-
ately below the genotypes, with their ages (in
years) below the QTc intervals. NA denotes not
available. The KVLQTT mutant allele cosegregates
with the phenotype of the long-QT syndrome in
this family, and the proband with the Jervell and
Lange-Nielsen syndrome is homozygous for the
mutation.
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Figure 2. Cosegregation of the Abnormal SSCP Band with the Phenotype of the Long-QT Syndrome in the Kindred of the Proband
with the Jervell and Lange-Nielsen Syndrome, with the DNA Sequence of the KVLQT 1 Mutation.

The top panel shows a subgroup of the kindred. The symbols are as described in the legend and key to Figure 1. Small symbols
denote family members for whom no bands are shown but who are included to clarify the family relationships. The abnormal
SSCP band cosegregates with the phenotype of the long-QT syndrome. The bottom panel shows the DNA and protein sequences
of the normal and mutant KVLQTT1 alleles. The mutant allele contains an insertion of a single nucleotide (G) after nucieotide 282.
This insertion causes a frame shift that leads to a premature stop codon.

TABLE 2. MOLECULAR GERETICS OF THE
LoNG-QT SYNDROME.

SYNDROME,
TYPE OF INHERITANCE,
AND Locus CHROMOSOME  GENE

Romano-Ward syndrome (long QT)
Autosomal dominant

LQTI 11pl5.5  KVIQT!
LQT2 7935-36  HERG
LQT3 3p21-24  SCN5A
LQT4 4925-27 2
LQTS ; :

Jervell and Lange-Nielsen syndrome
(long QT and deafness)
Autosomal recessive

LQT! 11pl5.5  KVLQTI

1566 - May 29, 1997

form cardiac I, potassium channels.'*20 Although
most studies have focused on the function of minK
in the heart, the gene that encodes it is also ex-
pressed in the inner ear. MinK knockout mice are deaf
and have inner-ear disease similar to that of patients
with the Jervell and Lange-Nielsen syndrome.252¢ The
loss of functional minK protein apparently disrupts
the production of endolymph, leading to deafness.
Recently, Neyroud and colleagues showed that
KVLQT1 is expressed in the stria vascularis of the in-
ner ear in mice.?? Other known genes located near
KVLQTI (p57%2, HI19, and the genes for insulin-
like growth factor 11, insulin, and tyrosine hydroxy-
lase) are not likely to contribute to the disease ob-
served in the Jervell and Lange-Nielsen syndrome.
These data are consistent with the finding that ho-
mozygous mutations of KVLQT1 cause deafness in
humans.

The KVLQTI mutation described here causes a
frame shift, disrupting the coding sequence and lead-
ing to a premature stop codon. The resulting trun-
cated protein would lack a pore region and could not
function as an ion channel. Thus, the proband repre-
sents a case of functional knockout of KVLQTI. The
result is prolonged myocellular repolarization, lack of
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homogencity of cardiac repolarization, increased risk
of torsade de pointes arrhythmias, and deafness.

It is not yet clear whether KVLQT1 is the only gene
responsible for the Jervell and Lange-Nielsen syn-
drome. Genetic heterogeneity has been identified in
the autosomal dominant long-QT syndrome (Table
2),1517 and Jeffrey and colleagues described a family
with the Jervell and Lange-Nielsen syndrome in
which the phenotype was not linked to a chromo-
some 11p15.5 marker.2® In findings consistent with
ours, Neyroud and colleagues recently reported ho-
mozygous KVLQTI] mutations associated with the
Jervell and Lange-Nielsen syndrome in two kin-
dreds.?” Because minK joins with KVLQT]1 protein
to form Iy, channels, minK is another excellent can-
didate gene for this disorder.19:2¢

Previous reports describing the clinical character-
istics of patients with the Jervell and Lange-Nielsen
syndrome have focused on the dramatic features ob-
served, which generally include marked prolonga-
tion of the QTt interval, frequent tachyarrhythmias,
and deafness. Some studies have documented mod-
erate prolongation of QTc in family members with
normal hearing, but the Romano-Ward long-QT
syndrome was not diagnosed.23 The family described
in our study came to our attention because the
proband’s mother died suddenly, presumably of a car-
diac arrhythmia. Phenotypic evaluation of the extend-
ed family revealed autosomal dominant inheritance of
the long-QT syndrome in other family members.
Deafness, however, was found only in the proband,
who was homozygous for the KVLQT! mutation.
Thus, one feature of the phenotype of the Jervell
and Lange-Nielsen syndrome, deafness, is inherited
as an autosomal recessive trait. QTc prolongation,
by contrast, is inherited as a dominant trait, but
that phenotype may be more severe if both alleles
are mutant. It is important to note that the parents
(and possibly other family members) of patients
with the Jervell and Lange-Nielsen syndrome are
obligate heterozygotes for long-QT-associated mu-
tations and are at increased risk for arrhythmia. The
untimely death of the proband’s mother points to
the importance of electrocardiographic and genetic
screening of families with the Jervell and Lange-
Nielsen syndrome.
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CHAPTER 8

GENOMIC STRUCTURE OF THREE LONG QT SYNDROME GENES: KVLQT1,
HERG AND KCNE
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Long QT syndrome (LQT) is a cardiac disorder
causing syncope and sudden death from arrhyth-
mias. LQT is characterized by prolongation of the
QT interval on electrocardiogram, an indication
of abnormal cardiac repolarization. Mutations in
KVLQTI1, HERG, SCN5A, and KCNE]1, genes encoding
cardiac ion channels, cause LQT. Here, we define the
complete genomic structure of three LQT genes
and use this information to identify disease-associ-
ated mutations. KVLQTI is composed of 16 exons
and encompasses approximately 400 kb. HERG con-
sists of 16 exons and spans 55 kb. Three exons make
up KCNEI1. Each intron of these genes contains the
invariant GT and AG at the donor and acceptor
splice sites, respectively. Intron sequences were
used to design primer pairs for the amplification of
all exons. Familial and sporadic cases affected by
mutations in KVLQT1, HERG, and KCNE1 can now
be genetically screened to identify individuals at
risk of developing this disorder. This work has clin-
ical implications for presymptomatic diagnosis and
therapy. © 1998 Academic Press

INTRODUCTION

Long QT (LQT) syndrome is a cardiac disorder that
causes syncope, seizures, and sudden death, usually
in young, otherwise healthy individuals. Affected in-
dividuals manifest prolongation of the QT interval
on electrocardiograms, a sign of abnormal cardiac
repolarization (Vincent et al., 1992). The clinical fea-
tures of LQT result from episodic cardiac arrhyth-
mias, such as torsade de pointes and ventricular
fibrillation. Two inherited forms of LQT exist. The
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more common form, Romano-Ward syndrome, is not
associated with other phenotypic abnormalities and
is inherited as an autosomal dominant trait (Romano
et al., 1963; Ward, 1964). Jervell and Lange-Nielsen
syndrome (JLN) is characterized by the presence of
deafness (Jervell and Lange-Nielsen, 1957), a pheno-
typic abnormality inherited as an autosomal reces-
sive trait.

In previous studies, we mapped genes for Romano-
Ward syndrome to chromosomes 11p15.5 (LQT1),
7q35-q36 (LQT2), and 3p21-p24 (LQT3) (Keating
et al., 1991a,b; Jiang et al., 1994). A fourth locus
(LQT4) was mapped to chromosome 4q25-q27
(Schott et al., 1995). We subsequently identified the
genes for LQT1 (KVLQT1), LQT2 (HERG), and LQT3
(SCN5A) and the gene for another LQT locus, LQT5
(KCNE1), on chromosome 21q22.1-22.2 (Wang et
al., 1995, 1996; Curran et al., 1995; Warmke and
Ganetzky, 1994; Gellens et al., 1992; Splawski et al.,
1997b; Murai et al., 1989). These genes encode ion
channels involved in generation of the cardiac action
potential (Sanguinetti et al., 1995, 1996b; Barhanin
et al.,, 1996; Trudeau et al., 1995; Gellens et al.,
1992). Mutations can lead to channel dysfunction
and delayed myocellular repolarization. Because of
regional heterogeneity of channel expression within
the myocardium, the aberrant cardiac repolarization
creates a substrate for arrhythmia. KVLQTI and
KCNE]1 are also expressed in the inner ear (Neyroud
et al., 1997; Vetter et al., 1996). We and others dem-
onstrated that homozygous or compound heterozy-
gous mutations in each of these genes can cause
deafness and the severe cardiac phenotype of the
Jervell and Lange-Nielsen syndrome (Neyroud et al.,
1997; Splawski, et al.,, 1997b; Schulze-Bahr et al.,
1997; Tyson et al., 1997; Duggal et al., 1998). Loss of
functional channels in the ear apparently disrupts
the production of endolymph, leading to deafness.

Additional mutation and expression studies have

contributed to and expanded our understanding of
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FIG. 1. Physical map and exon organization of KVLQT1. The genomic region of KVLQTI encompasses approximately 400 kb. Physical
map of the minimal contig of overlapping P1 clones and of the cosmid containing exon 1 is shown. The location of KVLQT exons relative to
genomic clones is indicated. Sizes of exons and distances are not drawn to scale.

the molecular mechanisms of LQT (Donger et al.,
1997; Saarinen et al., 1998; Tanaka et al., 1997;
Russell et al., 1996; Schulze-Bahr et al., 1995;
Shalaby et al., 1997; Wollnik et al., 1997; Chouabe et
al., 1997; Sanguinetti et al., 1996a; Bennett et al.,
1995; Dumaine et al., 1996; Makita et al., 1998;
Kambouris et al., 1998). Presymptomatic diagnosis
of LQT is currently based on prolongation of the QT
interval on electrocardiograms. QTc (QT interval
corrected for heart rate) greater than 0.44 s has
traditionally classified an individual as affected.
Most LQT patients, however, are young, otherwise
healthy individuals, who do not have electrocardio-
grams. Moreover, genetic studies have shown that
QTec is neither sensitive nor specific (Vincent et al.,
1992). The spectrum of QTc intervals for gene carri-
ers and noncarriers overlaps, leading to misclassifi-
cations. Noncarriers can have prolonged QTc inter-
vals and be diagnosed as affected. Conversely, some
LQT gene carriers have QTc intervals of =0.44 s but
are still at increased risk for arrhythmia.

Genetic screening using mutational analysis can
improve presymptomatic diagnosis. The presence
of a mutation would unequivocally distinguish af-
fected individuals and identify the gene underlying
LQT even in small families and sporadic cases. To
facilitate the identification of LQT-associated muta-
tions, we defined the genomic structure of three LQT
genes (KVLQT1, HERG, and KCNE1) and designed
primer pairs for the amplification of each exon. Sin-
gle-strand conformational polymorphism (SSCP)
analyses identified additional mutations in KVLQT1
and HERG.

MATERIALS AND METHODS

Isolation of ¢cDNA clones. (1) A ¢cDNA probe containing exons 3
through 6 was used to isolate three full-length KVLQTI ¢cDNA clones
from an adult heart ¢cDNA library prepared in the laboratory using
SuperScript Choice system (Gibco BRL), (2) PCR products amplified
from total human DNA containing HERG coding sequence were used as
probes to screen the adult heart cDNA library and a hippocampal cDNA
library (Stratagene). Isolated cDNA clones were used in subsequent
rounds of screening, (3) KCNE 1 ¢cDNA clones were isolated by screening
the adult heart cDNA library with a PCR product amplified from total
human DNA and containing the entire coding sequence.

Isolation of genomic clones. (1) KVLQTI P1 clones were iso-
lated as described (Wang et al., 1996). The cosmid containing exon
1 was isolated by screening a human genomic cosmid library
(Stratagene) with a cDNA probe from exon 1, (2) PCR products
containing HERG intronic sequences and amplified from total
human DNA were used as probes to isolate HERG cosmid clones,
(3) Full-length KCNE1 ¢cDNA was used as a probe to isolate two
KCNE1 cosmid clones.

Exon-intron boundary determination. All genomic clones were
sequenced using primers designed to the cDNA sequences. The
KVLQT1 P1 clones were cycle sequenced using ThermoSequenase
(Amersham Life Science). The KVLQT1, HERG, and KCNE1 cos-
mids were sequenced by the dideoxy chain termination method
on an Applied Biosystems Model 373A DNA sequencer. The
exact exon—intron boundaries were determined by comparison of
¢DNA, genomic sequences, and known splice site consensus se-
quences.

Design of PCR primers and PCR conditions. Primers to amplify
exons of the three genes were designed empirically or using OLIGO
4.0 (NBI). Amplification conditions were as follows:

(1) 94°C for 3 min followed by 30 cycles of 94°C for 10 s, 58°C for
20 s, and 72°C for 20 s, and a 5-min extension at 72°C.

(2) The same conditions as above were used but reactions had a
final concentration of 10% glycerol and 4% formamide and were
overlaid with mineral oil.

FIG. 2. Genomic organization of KVLQTI coding and 5'- and 3'- untranslated regions. Positions of the introns are indicated with
arrowheads, and exons are numbered. The six putative transmembrane segments (S1 to S6) and the putative pore region (Pore) are

underlined. The stop codon is denoted by an asterisk.
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CTGCCCCCTCCGGCCCCGCCCCGAGCGCCCGGGCTGGGCCGGCAGCGGCCCCCCGCGGCGGGGCTGGCAGCAGTGGCTGCC-81
CGCACTGCGCCCGGGCGCTCGCCTTCGCTGCAGCTCCCGGTGCCGCCGCTCGGGCCGGCCCCCCGGCAGGCCCTCCTCGTT-162
ATGGCCGCGGCCTCCTCCCCGCCCAGGGCCGAGAGGRAGCGCTGGGGTTGGGGCCGCCTGCCAGGCGCCCGGCGGGGCAGC-243
M A A A S S PP RAEURI KU RMWSGWG G RIULUPGAUZRT RTG s -27
GCGGGCCTGGCCAAGAAGTGCCCCTTCTCGCTGGAGCTGGCGGAGGGCGGCCCGGCGRGCGGCGCGCTCTACGCGCCCATC-324
A G L A KK CUPVF SL ELAETGG GU?PA AGG G ATLYAUZPTI -54
GCGCCCGGCGCCCCAGGTCCCGLCGCCCCCTGCGTCCCCGGCCGCGCCCGCCGCGCCCCCAGTTGCCTCCGACCTTGGCCCG-405
A P GA PGP AUPUPASUPAAPA AAZPUZPUV A S DULG P -81
CGGCCGCCGGTGAGCCTAGACCCGCGCGTCTCCATCTACAGCACGCGCCGCCCGGTGTTGGCGCGCACCCACGTCCAGGGC-486
R P PV SLDUPI RV SI Y STI RIU RUPUVILARTHUV Q G -108
exon 1 V¥ exon 2
CGCGTCTACAACTTCCTCGAGCGTCCCACCGGCTGGAAATGCTTCGTTTACCACTTCGCCGTCTTCCTCATCGTCCTGGTC-567
R VYNV FULERUPTGWIKCVF VY HF A V F L I V L V -135
s1 ¥V exon 3
TGCCTCATCTTCAGCGTGCTGTCCACCATCGAGCAGTATGCCGCCCTGGCCACGGGGACTCTCTTCTGGATGGAGATCGTG-648
¢ L I F S VvV L S T I E Q Y A AL A T G T L F W M E I Vv -162
s2
CTGGTGGTGTTCTTCGGGACGGAGTACGTGGTCCGCCTCTGGTCCGCCGGCTGCCGCAGCAAGTACGTGGGCCTCTGGGGG-729
L VvV VFF GTE

Y VV RL WS AGCU RS K Y V G L W G -189
V¥ exon 4
CGGCTGCGCTTTGCCCGGAAGCCCATTTCCATCATCGACCTCATCGTGGTCGTGGCCTCCATGGTGGTCCTCTGCGTGGGC-810
R L R F A RK P I S I I DL I VV V A 8 M V V L C V G -216
V¥ exon 5 S3
TCCAAGGGGCAGGTGTTTGCCACGTCGGCCATCAGGGGCATCCGCTTCCTGCAGATCCTGAGGATGC TACACGTCGACCGC-891
S K 6 Q ¥ F A T S A I R G I R F L O I L R M L HV D R -243
s4 ¥ exon 6
CAGGGAGGCACCTGGAGGCTCCTGGGCTCCGTGGTCTTCATCCACCGCCAGGAGCTGATAACCACCCTGTACATCGGCTTC-972
Q GG T WU RULULG SV V F I HRUGQETLT]ITTTL Y I G F -270

CTGGGCCTCATCTTCTCCTCCTACTTTGTGTACCTGGCTGAGAAGGACGCGGTGAACGAGTCAGGCCGCGTGGAGTTCGGC-1053
L G L I F S S X F VYL AEI KDA AVNESGRVEF G -297
S5 V¥V exon 7
AGCTACGCAGATGCGCTGTGCTGGGEGGTGGCTCACAGTCACCACCATCGGCTATGGGGACAAGGTGCCCCAGACGTGGGTC-1134
S Y A D AL W W GV V T V T T I G Y 6 D KV P QTW V -324
Pore V¥V exon 8

GGGAAGACCATCGCCTCCTGCTTCTCTGTCTTTGCCATCTCCTTCTTTGCGCTCCCAGCGGGGATTC TTGGCTCGGGGTTT-1215
¢ K T I A S CF S V F A I S F F A L P A G I L G S G F -351

s6 ¥ exon 9
GCCCTGAAGGTGCAGCAGAAGCAGAGGCAGAAGCACTTCAACCGGCAGATCCCGGCGGCAGCCTCACTCATTCAGACCGCA-1296
A_L XK V 0 Q K ¢Q RQ KHVFNU RO QTIUPAAASTLTIO QT A -378

TGGAGGTGCTATGCTGCCGAGAACCCCGACTCCTCCACCTGGAAGATCTACATCCGGAAGGCCCCCCGGAGCCACACTCTG-1377
W R C Y A A ENUPUD S S TWI K I UYTIIRIEKAPIURGSHTL -405
¥ exon 10
CTGTCACCCAGCCCCAAACCCAAGAAGTCTGTGGTGGTAAAGAAAAAAAAGTTCAAGCTGGACAAAGACAATGGGGTGACT-1458
L S P S P K P K K S V VYV KKK KT FI KULUDI KUDN NGV T -432

CCTGGAGAGAAGATGCTCACAGTCCCCCATATCACGTGCGACCCCCCAGAAGAGCGGCGGCTGGACCACTTCTCTGTCGAC-1539
P G E XKML TV PHTITU CTDU®PU®PETEIZRU RLUDUHTF S V D -459
V¥V exon 11
GGCTATGACAGTTCTGTAAGGAAGAGCCCAACACTGCTGGAAGTGAGCATGCCCCATTTCATGAGAACCAACAGCTTCGCC-1620
G Y DS S VRIKSUPTULULEVSMPHT FMU®BRTNSF A -486
V¥ exon 12
GAGGACCTGGACCTGGAAGGGGAGACTCTGCTGACACCCATCACCCACATCTCACAGCTGCGGGAACACCATCGGGCCACC-1701
E DL DL EGETULULTUPTITHTISOQLUREUHUHT RA AT =513
V¥  exon 13
ATTAAGGTCATTCGACGCATGCAGTACTTTCTGGCCAAGAAGAAATTCCAGCAAGCGCGGAAGCCTTACGATGCTGCGGGAC-1782
I K VI R R M QY F V A KU KIKUTF Q QA ARIKUPYDUV R D -540
¥ exon 14
GTCATTGAGCAGTACTCGCAGGGCCACCTCAACCTCATGGTGCGCATCAAGGAGCTGCAGAGGAGGCTGGACCAGTCCATT-1863
v I E Q ¥ $S ¢ G HL NL MUV RTIIKUETLUGQIRIRILDUGQS I -567
¥ exon 15
GGGAAGCCCTCACTGTTCATCTCCGTCTCAGAAAAGAGCAAGGATCGCGGCAGCAACACGATCGGCGCCCGCCTGAACCGA-1944
G K P S L FI S V S EZ K S KDIRUGSNTTIUGA ARTLNR -94
¥ exon 16

GTAGAAGACAAGGTGACGCAGCTGGACCAGAGGCTGGCACTCATCACCGACATGCTTCACCAGCTGCTCTCCTTGCACGGT-2025
vV ED K V T™ QL DQ RL AL ITUDMTLUHOQLIULSTULH G -621
GGCAGCACCCCCGGCAGCGGCGGCCCCCCCAGAGAGGGCGGGGCCCACATCACCCAGCCCTGCGGCAGTGGCGGCTCCGTC-2106
G S TP G S GG PP REGG G AHTITA GQZPU CGS G G S V -648
GACCCTGAGCTCTTCCTGCCCAGCAACACCCTGCCCACCTACGAGCAGCTGACCGTGCCCAGGAGGGGCCCCGATGAGGGG-2187
p P EL FLPSNTULUZPTYEU GQLTUVZPRIRGUPUDE G -675
TCCTGAGGAGGGGATGGGGC TGGGGCATGGGCCTGAGTGAGAGCGGGAGGCCAAGAGTGGCCCCACCTGGCCCTCTCTGAAG-2268

* ~-676
(SEAGGCCAC CTCCTAAAAGGCCCAGAGAGAAGA! 'CACTCTCAGAGGCCCCAATACCCCATGGACCATGCTGTCTGGCAC-2349

CTGGC!

CGGCAATAAAAGCCCAGGAGCCCATTTGGAGGGCCTGGGCCTGGCTCCCTCACTCTCAGGAAATGCTGACCCATGGGCAGG- 2754
AGACTGTGGAGACTGCTCCTGAGCCCCCAGCTTCCAGCAGGAGGGACAGTCTCACCATTTCCCCAGGGCACGTGGTTGAGT-2835
GGGGGGAACGCCCACTTCCCTGAGTTAGACTGCCAGCTCTTCCTAGCTGGAGAGGAGCCCTGCCTCTCCGCCCCTGAGCCC-2916

ACTGTGCCTGGGGCTCCCGCCTCCAACCCCTCGCCCAGTCCCAGCAGCCAGCCAAACACACAGAAGGGGACTGCCACCTCC-2997
CCTTGCCAGCTGCTGAGCCGCAGAGAAGTGACGGTTCCTACACAGGACAGGGGTTCCTTCTGGGCATTACATCGCATAGAA-3078
ATCAATAATTTGTGGTGATTTGGATCTGTGT I TTAATGAGTTTCACAGTGTGATTTTGATTATTAATTGTGCAAGCTTTTC-3159
CTAATARACGTGGAGAATCAC (A)n -3180
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TABLE 1
Intron-Exon Boundaries in KVLQT1

64

Exon Intron Exon Intron
1 ..5'~UTR. . . ATGGCCGCGG (386+) ACTTCGCCGTgtgagtatcg
2 tgtcttgcagCTTCCTCATC {91) CTTCTGGATGgtacgtagca
3 gtccctgecagGAGATCGTGC (127) TCCATCATCGgtgagtcatg
4 cactccacagACCTCATCGT (79) GGGCCATCAGgtgcgtctgt
5 tcecttcgcagGGGCATCCGC (97) CCACCGCCAGgtgggtggcc
6 tctggcctagGAGCTGATAA (141) GTGGGGGGTGgtaagtcgga
7 ctccctgcagGTCACAGTCA (111) GCTCCCAGCGgtaggtgccc
8 tccttceccagGGGATTCTTG (96) ACTCATTCAGgtgcggtgcec
9 cccacctcagACCGCATGGA (123) GTCTGTGGTGgtgagtagcc
10 ttttttttagGTAAAGAAAA (142) GACAGTTCTGgtgagaaccc
11 ttctcctcagTAAGGAAGAG (121) ACATCTCACAgtgagtgcct
12 tccactgcagGCTGCGGGAA (76) GAAATTCCAGgtaagccctg
13 tgtcccgcagCAAGCGCGGA (95) TGCAGAGGAGgtgggcacgg
14 ttctctccagGCTGGACCAG (47) TCCGTCTCAGgtgggtttct
15 tcccccatagAAAAGAGCAA (62) AGAAGACAAGgtaggctcac
16 gtccccgcagGTGACGCAGC (237+) GGGGTCCTGAT. . .3'-UTR
TABLE 2
Primers Used to Amplify KVLQT1 Exons
Exon Forward primer Reverse primer Size (cr
1 CTCGCCTTCGCTGCAGCTC GCGCGGGTCTAGGCTCACC 334 (2)
1 CGCCGCGCCCCCAGTTGC * CAGAGCTCCCCCACACCAG 224 (2)
2 ATGGGCAGAGGCCGTGATGCTGAC ATCCAGCCATGCCCTCAGATGC 165 (3)
3 GTTCAAACAGGTTGCAGGGTCTGA CTTCCTGGTCTGGAAACCTGG 256 (3)
4 CTCTTCCCTGGGGCCCTGGC TGCGGGGGAGCTTGTGGCACAG 170 (3)
5 TCAGCCCCACACCATCTCCTTC CTGGGCCCCTACCCTAACCC 154 (3)
6 TCCTGGAGCCCGACACTGTGTGT TGTCCTGCCCACTCCTCAGCCT 238 (2)
7 TGGCTGACCACTGTCCCTCT CCCCAGGACCCCAGCTGTCCAA 195 (3)
8 GCTGGCAGTGGCCTGTGTGGA AACAGTGACCAAAATGACAGTGAC 191 (3)
9 TGGCTCAGCAGGTGACAGC TGGTGGCAGGTGGGCTACT 185 (1)
10 GCCTGGCAGACGATGTCCA CAACTGCCTGAGGGGTTCT 216 (1)
11 CTGTCCCCACACTTTCTCCT TGAGCTCCAGTCCCCTCCAG 195 (1)
12 TGGCCACTCACAATCTCCT GCCTTGACACCCTCCACTA 222 (1)
13 GGCACAGGGAGGAGAAGTG CGGCACCGCTGATCATGCA 216 (1)
14 CCAGGGCCAGGTGTGACTG TGGGCCCAGAGTAACTGACA 119 (2)
15 GGCCCTGATTTGGGTGTTTTA GGACGCTAACCAGAACCAC 135 (2)
16 CACCACTGACTCTCTCGTCT CCATCCCCCAGCCCCATC 297 (2)
2 Conditions of PCR (details under Materials and Methods).
chromosome 7
L ~55 kb o
I~ |
cos6
cos5 genomic clones
e mmn s TEm S S O e S S e e HERG €X0NS
1 2 3 4 5 ib 6 7 8 9 10 11 12 13 14 15

FIG. 3. Physical map and exon organization of HERG. The genomic region of HERG encompasses approximately 55 kb. The overlapping
cosmid clones containing the entire HERG transcript sequence are shown. The location of HERG exons relative to genomic clones is indicated.

Sizes of exons and distances are not drawn to scale.
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A

AGCCTAGTGCTGGGCCGGGCCGGGCCGGGGTGGGTGGGGGCCCGCCCGGCCGCCCATGGGCTCAGGATGCCGGTGCGGAGG-81

M P V R R -5

exon 1 V¥ exon 2
GGCCACGTCGCGCCGCAGAACACCTTCCTGGACACCATCATCCGCAAGTTTGAGCGCCAGAGCCGTAAGTTCATCATCGCC-162
G HVAPQNTT FULUDTTITIRIEKTFESGA QST RIE KT FTITI A -32
AACGCTCGGGTGGAGAACTGCGCCGTCATCTACTGCAACGACGGCTTCTGCGAGCTGTGCGGCTACTCGCGGGCCGAGGTG-243
N A RV ENUCAUV I Y CNUDSGT FTCETLT GCGY S RAE V -59
ATGCAGCGACCCTGCACCTGCGACTTCCTGCACGGGCCGCGCACGCAGCGCCGCGCTGCCGCGCAGATCGCGCAGGCACTG-324
M Q R P CTCUDV FULHUGU?PIRT O QU RI R AAARAOGQTI AOQGQA AL -86
V¥V  exon 3
CTGGGCGCCGAGGAGCGCAAAGTGCGAAATCGCCTTCTACCGGARAGATGGGAGCTGCTTCCTATGTC TGGTGGATGTGGTG-405
L GA EERI KUV ETIA ATFYURIEKUDGSU CT FIULTCLUVDUV V -113
CCCGTGAAGAACGAGGATGGGGCTGTCATCATGTTCATCCTCAATTTCGAGGTGGTGATGGAGAAGGACATGGTGGGGTCC-486
P V KNEDGAV I MV FTIULNTFEUVVMEIKTDM VG S -140
V¥V  exon 4
CCGGCTCATGACACCAACCACCGGGGCCCCCCCACCAGCTGGCTGGCCCCAGGCCGCGCCAAGACCTTCCGCCTGAAGCTG-567
P A HDTWNU HURGUPUPTSWULAUPGIR RAIKTT FRIULIKL -167
CCCGCGCTGCTGGCGCTGACGGCCCGGGAGTCGTCGGTGCGGTCGGGCGGCGCGGGCGGCGCGGGCGCCCCGGEGGCCGTG~648
P A LLAILTA AWRE S S VU RSGGA AGSGA AG AZPGA AUV -194
GTGGTGGACGTGGACCTGACGCCCGCGGCACCCAGCAGCGAGTCGCTGGCCCTGGACGAAGTGACAGCCATGGACAACCAC-729
vVvVvoDVDLTU?PAAUPS SESLALUDEV VT AMTUDNH -221
GTGGCAGGGCTCGGGCCCGCGGAGGAGCGGCGTGCGCTGETEGGTCCCGGCTCTCCGCCCCGCAGCGCGCCCGGCCAGCTC-810
VA GL GPAEEURURALUVGU®PG S P PR S A PG QL -248"
CCATCGCCCCGGGCGCACAGCCTCAACCCCGACGCCTCGGGCTCCAGCTGCAGCCTGGCCCGGACGCGCTCCCGAGAAAGC-891
P S PR AHSLNUPUDA ASGS SCSLARTW RS RE S -275
TGCGCCAGCGTGCGCCGCGCCTCGTCGGCCGACGACATCGAGGCCATGCGCGCCGGGETGCTGCCCCCGCCACCGCGCCAC-972
C A S VRRAS S ADUDTIEA AMZBRAGUVL P PP PR H =302
V¥ exon S
GCCAGCACCGGGGCCATGCACCCACTGCGCAGCGECTTGCTCAACTCCACCTCGGACTCCGACCTCGTGCGCTACCGCACC-1053
A S T GAMHUZPULURSGLULNSTSD S DULVRYR T -329
ATTAGCAAGATTCCCCAAATCACCCTCAACTTTGTGGACCTCAAGGGCGACCCCTTCTTGGCTTCGCCCACCAGTGACCGT-1134
I §s K I P Q I TLNVFVDULIKSGDU®PVFIULASUPT S D R -356
) V¥V exon 6

GAGATCATAGCACCTAAGATAAAGGAGCGAACCCACAATGTCACTGAGAAGGTCACCCAGGTCCTGTCCCTGGGCGCCGAC-1215
E I I A P K I KERTHNVTEIZ KU VTIQVILSLGA D -383
GTGCTGCCTGAGTACAAGCTGCAGGCACCGCGCATCCACCGCTGGACCATCCTGCATTACAGCCCCTTCAAGGCCGTGTGG~1296
VL PEY KULQAUPRTIMHKUZRMWTT I L HY S P F K A V W -410

GACTGGCTCATCCTGCTGCTGGTCATCTACACGGCTGTCTTCACACCCTACTCGGCTGCCTTCCTGCTGAAGGAGACGGAA-1377
D W L I L L L V I Y TAVVF FTU®PYSAATFTULTLIKET E -437
S1
GAAGGCCCGCCTGCTACCGAGTGTGGCTACGCCTGCCAGCCGCTGGCTGTGGTGGACCTCATCGTGGACATCATGTTCATT-1458
E G P P A TEC G Y A COQ P L AV V DL IV DI MF I -464
s2
GTGGACATCCTCATCAACTTCCGCACCACCTACGTCAATGCCAACGAGGAGGTGETCAGCCACCCCGGCCGCATCGCCGTC-1539

Yy D I L I NF R TTYVNANEEUVV S HZPGR RTIA AUV -491

CACTACTTCAAGGGCTGGTTCCTCATCGACATCGTGGCCGCCATCCCCTTCGACCTGCTCATCTTCGGCTCTGGCTCTGAG-1620
H Y F K G W F L I D MV A A I P F DL L I F G S G S E =518
V¥ exon 7 s3
GAGCTGATCGGGCTGCTGAAGACTGCGCGGCTGCTGCGGCTGETGCGCETGGCGCGGAAGCTGGATCGCTACTCAGAGTAC-1701
E L I G L L KT A RILLRTILVYV RVYARIKXTLUDURYSEY -545
sS4
GGCGCGGCCCTGCTCTTCTTGCTCATGTGCACCTTTGCGCTCATCGCGCACTGGCTAGCCTGCATCTGGTACGCCATCGGC-1782
G A A Y L F L L M C T F A2 L I A H W L A C I W Y A I G -572
S5
AACATGGAGCAGCCACACATGGACTCACGCATCGGCTGGCTGCACAACCTGGGCGACCAGATAGGCAAACCCTACAACAGC-1863
N M E Q P HMD SR IGWULHNILGUDU GQTIGI KUPYN S -599
AGCGGCCTGGGCGGCCCCTCCATCAAGGACAAGTATGTGACGGCGCTCTACTTCACCTTCAGCAGCCTCACCAGTGTGGGC-1944
S G L GG P S I K DIK YV T A L ¥ FTF 8 S L T S V G -626
Pore V¥ exon 8
TTCGGCAACGTCTCTCCCAACACCAACTCAGAGAAGATCTTCTCCATCTGCGTCATGCTCATTGGCTCCCTCATGTATGCT-2025

F. G N V S PN TN S E K I F S I ¢ VvV M L I 6 S L M Y A -653
3

FIG. 4, Genomic organization of HERG coding and 5’- and 3'- untranslated sequences. Positions of introns are indicated with
arrowheads, and exons are numbered. The six putative membrane-spanning segments (S1 to S6) and the putative pore (Pore) and cyclic
nucleotide-binding (¢cNBD) regions are underlined. The asterisks mark stop codons. (A) HERG splice form A. (B) Partial sequence of
putative HERG splice form B. Exon 1b is spliced to exon 6 of HERG splice form A. The sequence of exon 1b is derived from genomic
sequence.

(3) 94°C for 3 min followed by 5 cycles of 94°C for 10 s, 64°C for Mutation analyses. PCR samples were used in mutation detec-
20 s, and 72°C for 20 s, and 30 cycles of 94°C for 10 s, 62°C for 20 s, tion and sequencing experiments as previously described (Splawski
and 72°C for 20 s, and a 5-min extension at 72°C. et al., 1997Db).

In the nested PCR for exons 1 and 11 of HERG, a 2-pl aliquot from Phenotypic characterization. Phenotypic criteria were identical
the initial reaction was used in the second reaction. to those used in our previous studies (Splawski et al., 1997a).
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A

AGCATCTTCGGCAACGTGTCGGCCATCATCCAGCGGCTGTACTCGGGCACAGCCCGCTACCACACACAGATGCTGCGGGTG-2106
S GT A R Y HT Q ML R V -680

CGGGAGTTCATCCGCTTCCACCAGATCCCCAATCCCCTGCGCCAGCGCCTCGAGGAGTACTTCCAGCACGCCTGGTCCTAC-2187
R E F I R F HQ I P NPULZRUGQRIULEEYVFQH AW S Y -707
V¥  exon 9
ACCAACGGCATCGACATGAACGCGGTGCTGAAGGGCTTCCCTGAGTGCCTGCAGGCTGACATCTGCCTGCACCTGAACCGC-2268
T NG I DMNAVL KGV FUPET CLOQADTITCTLHTLN'R -734
TCACTGCTGCAGCACTGCAAACCCTTCCGAGGGGCCACCAAGGGCTGCCTTCGGGCCCTGGCCATGAAGTTCAAGACCACA-2349
S L L Q HCK P F  RGAT KU GT CULU RALM AMMIEKT FI KT T -761
CATGCACCGCCAGGGGACACACTGGTGCATGCTGGGGACCTGCTCACCGCCCTGTACTTCATCTCCCGGGGCTCCATCGAG-2430
H A p P G D T L V H A G D L L T A L Y F I S R G S I E -788
V¥ exon 10
ATCCTGCGGGGCGACGTCGTCGTGGCCATCCTGCGGAAGAATGACATCTTTGGGGAGCCTCTGAACCTGTATGCAAGGCCT-2511
I L R 6 D V Vv Vv A I L G K N D I F GG E P L N L Y A R P -815
cNBD
GGCAAGTCGAACGGGGATGTGCGGGCCCTCACCTACTGTGACCTACACAAGATCCATCGGGACGACCTGCTGGAGGTGCTG-2592
G K S N G D VvV R A L T Y ¢ D L H K I HRDDULTULE V L -842
¥  exon 11
GACATGTACCCTGAGTTCTCCGACCACTTCTGGTCCAGCCTGGAGATCACCTTCAACCTGCGAGATACCAACATGATCCCG~2673
DM Y P EVF S DHVFW S SL ETITUVFNILIZRDTWNMMTIUP -869
GGCTCCCCCGGCAGTACGGAGTTAGAGGGTGGCTTCAGTCGGCAACGCAAGCGCAAGTTGTCCTTCCGCAGGCGCACGGAC-2754
G 8§ P G S T EULEG GG GT F S RQRIKI RIKTLSVFR®RI RTD -896
V¥V  exon 12
AAGGACACGGAGCAGCCAGGGGAGGTGTCGGCCTTGGGGCCCGGCCEEGCGGEGEGCAGGGCCGAGTAGCCGGGGCCGGCCG-2835
K DT EQ?PGEV S ALGPGIRAGAGU?®PS S RGUR P -923
GGGGGGCCGTCGGGGGAGAGCCCGTCCAGTGGCCCCTCCAGCCCTGAGAGCAGTGAGGATGAGGGCCCAGGCCGCAGCTCC-2916
G G P WG E S P S s G P S s P E S S EDETGUPGR S8 s -950
AGCCCCCTCCGCCTGGTGCCCTTCTCCAGCCCCAGGCCCCCCGGAGAGCCGCCGGGTGGGGAGCCCCTGATGGAGGACTGC~2997
S P L RL VP F S S PRZPUPGEUPUZPGGEUZPULMMETDC -977
V¥V exon 13
GAGAAGAGCAGCGACACTTGCAACCCCCTGTCAGGCGCCTTCTCAGGAGTGTCCAACATTTTCAGCTTCTGGGGGGACAGT-3078
E K S s DT CWNUPLSGATF S GV S NTITFSTF WG D s -1004
CGGGGCCGCCAGTACCAGGAGCTCCCTCGATGCCCCGCCCCCACCCCCAGCCTCCTCAACATCCCCCTCTCCAGCCCGGGT-3159
R GR Q Y Q EL P RCUPAUPTU?PSTULILNTIUZPLS S P G -1031
V¥V  exon 14
CGGCGGCCCCGEGGCGACGTGGAGAGCAGGCTCGATGCCCTCCAGCGCCAGCTCAACAGGCTGGAGACCCGGCTGAGTGCA-3240
R R PR GDV E S RULDA AL QRUOQULNAI RTLETRTIL S A -1058
GACATGGCCACTGTCCTGCAGCTGCTACAGAGGCAGATGACGCTGCTCCCGCCCGCCTACAGTGCTGTGACCACCCCGGGG-3321
b MATVL QLUL QRQMTULVUPPAY S AV TTTUP G -1085
V¥ exon 15
CCTGGCCCCACTTCCACATCCCCGCTGTTGCCCGTCAGCCCCCTCCCCACCCTCACCTTGGACTCGCTTTCTCAGGTTTCC-3402
P G P TS T S PLULUPV S PLPTULTULWDSUL S Q V s -1112
CAGTTCATGGCCTGTGAGGAGCTGCCCCCGGGGGCCCCAGAGCTTCCCCAAGAAGGCCCCACACGACGCCTCTCCCTACCG-3483
Q FMACEETLUPUZPGAUPUELUPUOQEGUPT RU RILSTL P -1139
GGCCAGCTGGGGGCCCTCACCTCCCAGCCCCTGCACAGACACGGCTCGGACCCGEGCAGTTAGTGGGGCTGCCCAGTGTGG-3564
G Q L G AL TS Q PL HRUHGSUDUPG S * -1159
ACACGTGGCTCACCCAGGGATCAAGGCGCTGCTGEGCOGCTCCCCTTGGAGGCCCTGCTCAGGAGGCCCTGACCCTGGAAG-3645

GGGCAGGGGCAGGGCCGGCAGTAGGTGGGGCCTGTGETCCCCCCACTGCCCTGAGGGCATTAGCTGGTCTAACTGCCCGGA-3807

GGCACCCGGCCCTGEGCCTTAGCGCACCTCAAGGACTTTTCTGCTATTTACTGCTCTTATTGTTAAGGATAATAATTAAGGA -3888
TCATATGAATAATTAATGAAGATGCTGATGACTATGAATAATAAATAATTATCCTGAGGAG (A)n -3949

GAGGTTCCGAGTGCGCCGCTGCTGGGCTEECCGGCGGGCAGAGCACGGCACCCTGGCAGCAGGGCCCACGCCACGGGGCCA-81
TGGGCAGCTCGAGCCAGGCAGGCTGCTGCCCACGCTTACTGCCAGGGTGACCCCAGCCCTGGGGCCCAGCCACAACCACCC-162
*

TGGCTTCATGCCAGGGGCTGCTCTGETTGCCAGTCGGCCAGCCTCGGGGGTGCAGCCTGGGCTGGGACTGC TGCTGGGGTG-243
CAGGTGAGGCAGTGGCCGGGCCCTCAGGCCCCAGGGCAGGCAGGCTGCAGGGAGCCAAGTCCTCCATGGCGGCCCCAGCCG-324
M A A P A G-6
GGAAGGCGAGCAGGACAGGGGCTCTGCGGCCCAGGGCCCAGAAAGGCCGGGTGAGGCGGGCCGTGCGCATCTCCAGCCTCG-405
K A S R T G AL R UPURA AQI KGR RVI RRAVI RIS S L V-33
exonlb v exoné
TGGCCCAGGAGGTCCTGTCCCTGGGCGCCGACGTGCTGCCTGAGTACAAGCTGCAGGCACCGCGCATCCACCGCTGGACCA-486
A Q E VL S L GA DV L PEYXULOQAZPU RTIUHIZ RW T I-60

s1
FIG. 4—Continued
RESULTS erated from one of these clones was used to isolate
KVLQTI Genomic Structure and Primer Sets cosl, a genomic cosmid clone containing exon 1.

P1 genomic clones encompassing the rest of the
Three full-length ¢cDNA clones were isolated from KVLQT1 ¢cDNA were previously isolated (Wang
an adult heart cDNA library. A 5'-cDNA probe gen- et al,, 1996). These genomic clones span approxi-
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TABLE 3

Intron-Exon Boundaries in HERG

Exon Intron Exon Intron
1 ..5'UTR. . .ATGCCGGTGC (76+) GAGGGCCAGAgtgagtgggg
2 gcccccctagGCCGTAAGTT (231) CGGAAAGATGgtaggagcgg
3 cactctgcagGGAGCTGCTT (165) CTGGCCCCAGgtaagtgtac
4 tctcececgcagGCCGCGCCAA (444) GCCAGCACCGgtgagggcgc
5 ctccacctagGGGCCATGCA (212) GGTCACCCAGgtaggcgcec
1b ..5'UTR. . .ATGGCGGCCC (108+) GGCCCAGGAGgtaggtgaca
6 ccgggtgcagGTCCTGTCCC (429) CTCTGAGGAGgtggggtcag
7 tgtccecccagCTGATCGGGC (388) CTCATTGGCTgtgagtgtgc
8 acgcccccagCCCTCATGTA (200) CATGAACGCGgtgaggccac
9 ctgcccccagGTGCTGAAGG (253) GCCATCCTGGgtatggggtg
10 tggcctccagGGAAGAATGA (194) CCTGCGAGATgtgagttggce
11 ttggttccagACCAACATGA (100) ACGGACAAGGgtgaggcggg
12 tttcccacagACACGGAGCA (273) CCCCTGTCAGgtatccecggg
13 ctggctgcagGCGCCTTCTC (187) AGCTCAACAGgtgagggagt
14 cctgccccagGCTGGAGACC (178) GCTTTCTCAGgtaagctcca
15 tgtattgcagGTTTCCCAGT (150+) GGGCAGTTAG. . . 3'UTR

mately 400 kb on chromosome 11p15.5 (Fig. 1). To
determine the exon structure and exon-intron
boundaries, cosl and P1 clones 118A10, 112E3,
46F10, and 49E5 were sequenced using primers de-
signed to the cDNA. Comparison of the genomic and
c¢DNA sequences of KVLQT revealed the presence of
16 exons (Figs. 1 and 2 and Table 1). Exon size
ranged from 47 bp (exon 14) to 1122 bp (exon 16). All
intronic sequences contained the invariant GT and
AG at the donor and acceptor splice sites, respec-
tively (Table 1). One pair of PCR primers was de-
signed to intron sequences flanking exons 2 through
16, and two pairs of primers with overlapping prod-

ucts were designed to exon 1 due to its large size
(Table 2). These primers can be used to screen all
KVLQT1 exons.

HERG Genomic Structure and Primer Sets

Two full-length cDNA clones for splice form A were
isolated by screening adult heart and hippocampal
c¢DNA libraries. Neither splice form B nor other
splice forms were found in 14 clones of different
lengths isolated from the two libraries. Screening
of a human cosmid library yielded two cosmids
spanning approximately 55 kb and encompassing

TABLE 4
Primers Used to Amplify HERG Exons

Exon Forward primer Reverse primer Size ()
lo* GGGCCACCCGAAGCCTAGT CCGTCCCCTCGCCAAAGC 298 (2)
1i° CCGCCCATGGGCTCAGG CATCCACACTCGGAAGAGCT 162 (2)
2 GGTCCCGTCACGCGCACTCT TTGACCCCGCCCCTGGTCGT 312 (2)
3 GGGCTATGTCCTCCCACTCT AGCCTGCCCTAAAGCAAGTACA 213 (2)
4 CTCCGGGGCTGCTCGGGAT CACCAGCGCACGCCGCTCCT 284 (2)
4 GCCATGGACAACCACGTGGCA CCCAGAATGCAGCAAGCCTG 339 (2)
5 GGCCTGACCACGCTGCCTCT CCCTCTCCAAGCTCCTCCAA 293 (2)
1b GGTGCAGGTGAGGCAGTGG CGGCCCCAGAAAGAAGAGGAA 216 (2)
6 CAGAGATGTCATCGCTCCTG CAGGCGTAGCCACACTCGGTAG 295 (1)
6 TTCCTGCTGAAGGAGACGGAAG TACACCACCTGCCTCCTTGCTGA 296 (1)
7 TGCCCCATCAACGGAATGTGC GAAGTAGAGCGCCGTCACATAC 333 (1)
7 GCCTGGGCGGCCCCTCCATCAA AGTTTCCTCCAACTTGGGTTC 210 (1)
8 GCAGAGGCTGACGGCCCCA ACTTGTTTGCTGTGCCAAGAG 321 (2)
9 ATGGTGGAGTGGAGTGTGGGTT AGAAGGCTCGCACCTCTTGAG 390 (2)

10 GAGAGGTGCCTGCTGCCTGG ACAGCTGGAAGCAGGAGGATG 307 (2)

110* GGGCCCTGATACTGATTTTG GCCCTGTGAAGTCCAAAAAGC 372 (2)

11i° CCCTGATACTGATTTTGGTT CACCCCGCCTTCCAGCTCC 193 (2)
12 TGAGGCCCATTCTCTGTTTCC GTAGACGCACCACCGCTGCCA 358 (2)
13 CTCACCCAGCTCTGCTCTCTG CACCAGGACCTGGACCAGACT 273 (2)
14 GTGGAGGCTGTCACTGGTGT GAGGAAGCAGGGCTGGAGCTT 258 (2)
15 TGCCCATGCTCTGTGTGTATTG CGGCCCAGCAGCGCCTTGATC 232 (2}

= Nested PCR was used to amplify exons 1 and 11 due to repetitive DNA sequences (o denotes outer and i denotes inner pair of primers).
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chromosome 21
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FIG. 5. Physical map and exon organization of KCNE1. The two cosmid clones spanning the entire KCNE! transcript are shown.
Cosmid 1 does not extend to the end of exon 3, and cosmid 2 does not include exons 1 and 2. Sizes of the exons and distances are not
drawn to scale.

all exons (Fig. 3). Exon-intron boundaries were
determined by sequencing these cosmids with prim-
ers designed to the cDNA. Sequencing revealed
the presence of 16 exons (Figs. 3 and 4 and Table 3)
with sizes ranging from 100 bp (exon 11) to 553 bp
(exon 15). Exon 1b sequence of putative HERG
splice form B was derived from cos5 using primers
designed to the published partial human sequence
(Lees-Miller et al., 1997). The 5'-end of exon 1b (Fig.
4B) was determined based on the mouse cDNA for

this splice form (Lees-Miller et al., 1997). Intron
donor and acceptor splice sites did not diverge from
the invariant GT and AG. A single pair of primers
was designed for most exons, and two pairs with
overlapping products were designed for exons 4
through 7 (Table 4). Due to repetitive DNA se-
quences in flanking introns, nested PCR was used to
amplify exons 1 and 11. This set of primers can be
used to screen the entire coding sequence of HERG
for mutations.

exon 1 V¥ exon 2
ACACCCGGCTCTCTCGGCATCTCAGACCCGGGAAAAATCCCTCTGCTTTCTC TGGCCAGTTTCACACAATCATCAGGTGAG-81
exon 3

CCGAGGATCCATTGGAGGAAGGCATTATCTGTATCCAGAGGAAATAGCCAAGGATATTCAGAGGTGTGCCTGGGAAGTTTG-162
AGCTGCAGCAGTGGAACCTTAATGCCCAGGATGATCCTGTCTAACACCACAGCGGTGACGCCCTTTCTGACCAAGCTGTGG-243

M I L S NT T AV TP FUL T KL W -17
CAGGAGACAGTTCAGCAGGGTGGCAACATGTCGGGCCTGGCCCGCAGGTCCCCCCGCAGCGGTGACGGCAAGCTCGAGGCC~324
Q ETV Q Q G GNMSGULA ARIERSUPR RS GDGI KTLE A_-44
CTCTACGTCCTCATGGTACTGGGATTCTTCGGCTTCTTCACCCTGGGCATCATGCTGAGCTACATCCGCTCCAAGAAGCTG-405
L YV L MV L 6 F F ¢ F F T L 6 I M L S Y I R S KK L -71
GAGCACTCGAACGACCCATTCAACGTCTACATCGAGTCCGATGCCTGGCAAGAGAAGGACAAGGCCTATGTCCAGGCCCGG-486
E H S N D P F NV Y I E S DA AW E K D K A Y V Q A R -98
GTCCTGGAGAGCTACAGGTCGTGCTATGTCGTTGAAAACCATCTGGCCATAGAACAACCCAACACACACCTTCCTGAGACG-567
vV L E S YR S CYVVENU HILA ATIZEU QPNTHTLUPE T -125
AAGCCTTCCCCATGAACCCCACCACTGGCTAAACTGGACACCTCCTGCTGGNNNNNAGATTTTCTAATCACATTCCTCTCA-648
K P 8§ P *
TACTCTTTATTGTGATGGATACCACTGGATTTCTTTTTGGCTGTTGTAANGGGTGAGGGGTGGATTAATGACACTGTTTCA-729
CTGTTTCTCTAAAATCACGTTCTTTTGTGATAGACTGTCAGTGGTTCCCCCATATCTGTCCCTGCCTTGCTAAATTTAGCA-810
GAATCCCTGAGGACATGGCCTCTGAGAATAGCAGCTGCATTTCCCAGACTCCCTTGCAGCTAGCAAGGTTGTGTGACTAAG-891
CCCTGGCCAGTAGGCATGGAAGTGAAGACTGTAATGTCCAAGTAATCCTTGGAAAGAAAAGAACGTGCCCTTAACTAACTT-972
TGTCCTGCTTCCCAGTGGCTGGATGTGGAGGAGGTGGAGAGCAGTTATGAGACTGGGAAAGTTCGGGGCACTCAAAGAGCC-1053
ACACACATCTGGGCCTGGGCGACGTGGATCCTCCTTACCACCCACCAGGCCAGATTTACAGGAGAGAGAAATCCACTCCAC-1134
TCTTCCTTAAGCCACTGTTATTCTGATCTCTGTTAAGGTCGCAGAATCAATGCCCTTACTGATACACCTACCTTATAGGAC-1215
TGAACCTAAAGGCATGACATTTCCATACTTGTCACAAGCACACACTGATTCTGCCCTTGTCACTTCTGTGCTCACTCTTGT-1296
GGCTCTATCCTCCTCCTGCCCTTCCGCCTTCCACTCCTCCCTTGCACCCATCCTGCACACATCTCCCTGAAAACACACAGG-1377
CACATACACTCATATACATAGACACACATACACACCTCAATCTAGAAAGAACTTGCTTTGTACAGGGCTGAGATGGAGGAG-1458
AAAAAAATGCCCCCTTCAGAATGCATACCAAGGGGAAGGTGCTCGGTCACTGTGGGAGCAGGGAAAGGTGCCCCCACTCCC-1539
CGAGAGCCAGGGGAAGGAGTGGCTCTGGCGCAGAGAGGGACACATAGCACTGGGGTGGCAGGTCCTTTTGAGGTGATGGGCC-1620
GGTTTTGTGAGATGAATTGTATCCCCCAAAAAGACAGGTACCTTCAATGTGACCTAATTGGGAAATAGAGTCTTIGCAGAT-1701
G(A)n -1702

FIG. 6. Genomic organization of the KCNE! coding and 5'- and 3'- untranslated regions. Positions of the introns are indicated with
arrowheads, and exons are numbered. The putative transmembrane segment is underlined. Note that both introns are within the
5'-untranslated region. The asterisk indicates the stop codon.
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TABLE 5
Intron-Exon Boundaries in KCNE1

Exon Intron Exon Intron
1 ..5'UTR....CCACACCCG (33) TCAGACCCGGgtgagttagg
2 caatcaccagGAAAAATCCC (111) GGATATTCAGgtaggacctg
3 ttcctttaagAGGT. . .ATG (437+) TTCCCCATGA. ..3'UTR
TABLE 6
Primers Used to Amplify KCNE1 Coding Sequence
Exon Forward primer Reverse primer Size (c)
3 CTGCAGCAGTGGAACCTTAATG GTTCGAGTGCTCCAGCTTCTTG 264 (1)
3 GGGCATCATGCTGAGCTACAT TTTAGCCAGTGGTGGGGTTCA 231 (1)
3 GTTCAGCAGGGTGGCAACAT GCCAGATGGTTTTCAACGACA 281 (1)

KCNE]1 Genomic Structure and Primer Sets

An adult heart cDNA library was screened to isolate
two identical 1.7-kb KCNE1 clones. Two overlapping
cosmid clones encompassing the entire KCNEI cDNA
were also isolated (Fig. 5). The cosmids were sequenced
to define the genomic structure of the KCNE1 gene.
Three exons comprise KCNE1 cDNA (Figs. 5 and 6 and
Table 5). The two introns were located in the 5'-UTR.
The donor and acceptor splice sites for both introns
were GT and AG, respectively. Three pairs of primers

K2625

were designed for screening KCNE (Table 6). The first
and second pairs overlap and cover the entire coding
sequence. The third pair amplifies part of the coding
region including the putative transmembrane domain
and some of the flanking sequences.

Mutational Analyses of KVLQT1, HERG, and KCNE1

Using SSCP analyses, we screened 35 unrelated LQT
patients. Eight mutations were identified in KVLQ7'1
(Fig. 7 and Table 7). Three of the mutations were in

K2673

Glyl68Arg

K19187 K22709
o) oe
“ - "

— -

Glyl68Arg

uﬁé—é‘é@ o DOITmEgobméi.

Gly3l4Ser Tyr315Cys

i

Glyl68Arg
K2762 K3401 K2824
Oom oe [ o]
— } X
‘! —’“ —»'”
o -a

Lys318Asn Leu3S53Pro Arg366Trp

FIG. 7. - KVLQT1 missense mutations associated with LQT. Affected individuals are indicated by filled circles (females) and squares
(males). Unaffected individuals are indicated with open symbols, and uncertain individuals are gray. Results from SSCP analyses and the
mutation effect on amino acid sequence are shown below each pedigree. Note that aberrant SSCP conformers (indicated by an arrow)
cosegregate with the disease phenotype. Mutation information is summarized in Table 7.
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TABLE 7
Summary of KVLQT1 and HERG Mutations

Kindred Nucleotide Coding Region of

Gene number change effect gene
KVLQTI1 2625 G502A Gly168Arg S2
KVLQTI 2673 G502A Glyl68Arg  S2
KVLQT1 3698 G502A Glyl68Arg  S2
KVLQT1 19187 G940A Gly314Ser Pore
KVLQTI 22709 A944G Tyr315Cys Pore
KVLQT1 2762 G954C Lys318Asn  Pore
KVLQT1 3401 T1058C Leu353Pro S6
KVLQT1 2824 C1096T Arg366Trp C-terminus
HERG 1663 G1714T Gly572Cys S5
HERG 2548 A1762G Asn588Asp  S5/Pore
HERG 2554 C1841T Ala614Val Pore
HERG* 1697 C1841T Ala614Val Pore
HERG* 1789 T1889C Val630Ala Pore

“ Mutations arose de novo.

familial cases and five were in sporadic cases. An abnor-
mal band was observed in kindreds 2625, 2673, and 3698.
The abnormal band was not observed in unaffected mem-
bers of the three kindreds or in more than 200 control
individuals. Sequencing revealed a nucleotide change
causing an amino acid substitution (Table 7).

S eune
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K1663 K1697
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Gly572Cys Ala6l4val
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Further analysis identified abnormal conformers in five
sporadic cases (Fig. 7). The abnormal conformers were
not observed in more than 200 control individuals. Se-
quencing of the anomalous bands revealed point muta-
tions leading to amino acid substitutions in all five indi-
viduals. The nucleotide changes, their coding effect, and
their location in KVLQT'1 are summarized in Table 7.

SSCP analyses of HERG identified anomalous bands
in affected individuals of five kindreds (Fig. 8 and
Table 7). The anomalous conformers were absent in
unaffected members of the families and in more than
200 controls. Sequencing revealed point mutations
causing amino acid changes in all cases (Table 7). Two
of the HERG mutations (K1697 and K1789) arose de
novo. Highly polymorphic short tandem repeats were
used to confirm maternity and paternity in both cases
(data not shown).

No additional mutations were identified in KCNE].
This form of LQT is rare as we identified only two
mutations in 280 unrelated individuals with LQT
(Splawski et al., 1997b).

DISCUSSION

In this study we determined the genomic structure of
three LQT genes, KVLQTI, HERG and KCNE1. Using
intronic sequences, we designed PCR primers for the

K2554
?ﬁﬁﬁ%;: oo
- e T
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FIG. 8. HERG missense mutations associated with LQT. Results from SSCP analyses and the mutation effect on amino acid sequence
are shown below each pedigree. Note that aberrant SSCP conformers (indicated by an arrow) cosegregate with the disease phenotype.

Mutation information is summarized in Table 7.
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amplification of newly defined exons. The entire coding
sequence and the adjacent splice sites for KVLQTI,
HERG and KCNE1 can now be genetically screened for
LQT-causing mutations. Mutation identification will
improve presymptomatic diagnosis and therapy of this
disorder.

Historically, diagnosis of LQT has been based on
electrocardiographic findings of QTc greater than
0.44 s, presence of symptoms (syncope, seizures, and
sudden death), and family history. Many LQT gene
carriers have a prolonged QT interval on electrocar-
diograms, but diagnosis of LQT based solely on these
criteria is difficult. The QT interval varies with gen-
der, age, drug treatment, electrolytic abnormalities,
and presence of other disease. Furthermore, the
presence of symptoms and family history are not
completely indicative of LQT. Genetic studies have
shown overlap between QTc¢ in LQT carriers and a
control population. In one of our studies, using 0.44 s
as a critical value resulted in misclassification rate of
11% (Vincent et al., 1992). The rate was 20% in
another study (Splawski et al., 1997a). Misclassifica-
tion leads to false-positive diagnosis with potential
for unnecessary treatment. Misclassification can also
result in false-negatives. The latter group (LQT car-
riers with QTc of 0.44 s or less) is more important as
these patients may be at risk for tachyarrhythmias
and sudden death. Another problem is that young
people, the age group most often affected by arrhyth-

mia in LQT, rarely undergo electrocardiographic’

screening.

The identification of mutations has implica-
tions for ion channel studies as well. The expres-
sion of mutant channels in Xenopus oocytes or mam-
malian cells can reveal how structural changes
influence the behavior of the channel. These stud-
ies improve our understanding of channel func-
tion and provide insights into mechanisms of dis-
ease.

ACKNOWLEDGMENTS

We are indebted to the family members for their participation, to
Dr. G. Vasudevan for referring patients, and to S. Odelberg and T.
Olson for critically reading the manuscript. This work was supported
by NHLBI RO1 HL48074, P50-HL52338-02, PHS Grant MO1
. RR00064, the Technology Access Section of the Utah Genome Cen-
ter, and an award from Bristol-Myers Squibb.

REFERENCES

Barhanin, J., Lesage, F., Guillemare, E., Fink, M., Lazdunski, M.,
and Romey, G. (1996). KvLQT1 and IsK (minK) proteins associate
to form the IKs cardiac potassium current. Nature 384: 78-80.

Bennett, P. B., Yazawa, K., Makita, N., and George, A. L. (1995).
Molecular mechanism for an inherited cardiac arrhythmia. Nature
876: 683-685.

Chouabe, C., Neyroud, N., Guicheney, P., Lazdunski, M., Romey, G.,
and Barhanin, J. (1997). Properties of KvLQT1 K* channel muta-
tions in Romano-Ward and Jervell and Lange-Nielsen inherited
cardiac arrhythmias. EMBO J. 16: 5472-5479.

Curran, M. E., Splawski, 1., Timothy, K. W, Vincent, G. M., Green,
E. D, and Keating, M. T. (1995). A molecular basis for cardiac
arrhythmia: HERG mutations cause long QT syndrome. Cell 80:
795-803.

Donger, C., Denjoy, 1., Berthet, M., Neyroud, N., Cruaud, C., Ben-
naceur, M., Chivoret, G., Schwartz, K., Coumel, P., and Guicheney,
P. (1997). KVLQT1 C-terminal missense mutation causes a forme
fruste long-QT syndrome. Circulation 96: 2778-2781.

Duggal, P., Vesely, M. R., Wattanasirichaigoon, D., Villafane, J.,
Kaushik, V., and Beggs, A. H. (1998). Mutation of the gene for IsK
associated with both Jervell and Lange-Nielsen and Romano-Ward
forms of Long-QT syndrome. Circulation 97: 142-146.

Dumaine, R., Wang, Q. Keating, M. T., Hartmann, H. A., Schwartz,
P.J., Brown, A. M., and Kirsch, G. E. (1996). Multiple mechanisms
of sodium channel-linked long QT syndrome. Circ. Res. 78: 916—
924.

Gellens, M., George, A, Chen, L., Chahine, M., Horn, R., Barchi, R.,
and Kallen, R. (1992). Primary structure and functional expression
of the human cardiac tetrodotoxin-insensitive voltage-dependent
sodium channel. Proc. Natl. Acad. Sci. USA 89: 554 -558.

Jervell, A., and Lange-Nielsen, F. (1957). Congenital deaf-mutism,
functional heart disease with prolongation of the QT interval, and
sudden death. Am. Heart J. 54: 59-68.

Jiang, C., Atkinson, D., Towbin, J., Splawski, I., Lehmann, M., Li,
H., Timothy, K., Taggart, R., Schwartz, P., Vincent, G., Moss, A.,
and Keating, M. (1994). Two long QT syndrome loci map to chro-
mosome 3 and 7 with evidence for further heterogeneity. Nat.
Genet. 8: 141-147.

Kambouris, N. G., Nuss, H. B., Johns, D. C., Tomaselli, G. F., Mar-
ban, E., and Balser, J. R. (1998). Phenotypic characterization of a
novel long-QT syndrome mutation (R1623Q) in the cardiac sodium
channel. Circulation 97: 640-644.

Keating, M., Atkinson, D., Dunn, C., Timothy, K., Vincent, G. M.,
and Leppert, M. (1991a). Linkage of a cardiac arrhythmia, the long
QT syndrome, and the Harvey ras-1 gene. Science 252: 704-706.

Keating, M., Dunn, C., Atkinson, D., Timothy, K., Vincent, G. M.,
and Leppert, M. (1991b). Consistent linkage of the long QT syn-
drome to the Harvey ras-1 locus on chromosome 11. Am. . Hum.
Genet. 49: 1335-1339.

Lees-Miller, J. P., Kondo, C., Wang, L., and Duff, H. J. (1997).
Electrophysiological characterization of an alternatively processed
ERG K* Channel in Mouse and Human Hearts. Circ. Res. 81:
719-726.

Makita, N., Shirai, N., Nagashima, N., Matsuoka, R., Yamada, Y.,
Tohse, N., and Kitabatake, A. (1998). A de novoe missense mutation
of human cardiac Na* channel exhibiting novel molecular mech-
anisms of long QT syndrome. FEBS Lett. 423: 5-9.

Murai, T., Kakizuka, A., Takumi, T., Ohkubo, H., and Nakanishi, S.
(1989). Molecular cloning and sequence analysis of human
genomic DNA encoding a novel membrane protein which exhibits
a slowly activating potassium channel activity. Biochem. Biophys.
Res. Commun. 161: 176-181.

Neyroud, N., Tesson, F., Denjoy, I., Leibovici, M., Donger, C., Bar-
hanin, J., Faure, S, Gary, F., Coumel, P., Petit, C., Schwartz, K.,
and Guicheney, P. (1997). A novel mutation in the potassium
channel gene KVLQTI causes the Jervell and Lange-Nielsen car-
dioauditory syndrome. Nat. Genet. 15: 186-189.

Romano, C., Gemme, G., and Pongiglione, R. (1963). Artimie cardi-
ach rare dell’eta pediatrica. II. Accessi sincopali per fibrillazione
ventricolare parossitica. Clin. Pediatr. 45: 656 —683.

Russell, M. W,, Dick, M., Collins, F. S., and Brody, L. C. (1996).
KVLQT1 mutations in three families with familial or sporadic long
QT syndrome. Hum. Mol. Genet. 5: 1319-1324.

Saarinen, K., Swan, H., Kainulainen, K., Toivonen, L., Viitasalo, M.,
and Kontula, K. (1998). Molecular genetics of the long QT syn-
drome: Two novel mutations of the KVLQT1 gene and phenotypic
expression of the mutant gene in a large kindred. Hum. Mutat. 11:
158-165.



72

GENOMIC STRUCTURE OF KVLQTI1, HERG, AND KCNEI1 97

Sanguinetti, M. C., Curran, M. E, Spector, P. 8., and Keating, M. T.
(1996a). Spectrum of HERG K* channel dysfunction in an inher-
ited cardiac arrhythmia. Proc. Natl. Acad. Sci. USA 93: 2208-
2212,

Sanguinetti, M. C., Curran, M. E., Zou, A., Shen, J., Spector, P. S.,
Atkinson, D. L., and Keating, M. T. (1996b). Coassembly of Kv-
LQT1 and minK (IsK) proteins to form cardiac IKs potassium
channel. Nature 384: 80-83.

Sanguinetti, M. C., Jiang, C., Curran, M. E., and Keating, M. T.
(1995). A mechanistic link between an inherited and an acquired
cardiac arrhythmia: HERG encodes the IKr potassium channel.
Cell 81: 299-3017.

Schott, J., Charpentier, F., Peltier, S., Foley, P., Drouin, E., Bouhour,
J., Donnelly, P., Vergnaud, G., Bachner, L., Moisan, J., Le Marec,
H., and Pascal, O. (1995). Mapping of a gene for long QT syndrome
to chromosome 4q25-27. Am. J. Hum. Genet. 57: 1114-1122.

Schulze-Bahr, E., Haverkamp, W., and Funke, W. (1995). The
long-QT syndrome. N. Engl. J. Med. 383: 1783-1784.

Schulze-Bahr, E., Wang, Q., Wedekind, H., Haverkamp, W., Chen,
Q., Sun, Y., Rubie, C., Hordt, M., Towbin, J., Borggrefe, M., Ass-
mann, G., Qu, X., Somberg, J. C., Breithardt, G., Oberti, C., and
Funke, H. (1997). KCNEI mutations cause Jervell and Lange-
Nielsen syndrome. Nat. Genet. 17: 267-268.

Shalaby, F. Y., Levesque, P. C,, Yang, W. P, Little, W. A., Conder,
M. L., Jenkins-West, T., and Blanar, M. A. (1997). Dominant-
negative KvLQT1 mutations underlie the LQT1 form of long QT
syndrome. Circulation 96: 1733-1736.

Splawski, I., Timothy, K. W., Vincent, G. M., Atkinson, D. L., and
Keating, M. T. (1997a). Molecular basis of the long-QT syndrome
associated with deafness. N. Engl. J. Med. 336: 1562-15617.

Splawski, 1., Tristani-Firouzi, M., Lehmann, M. H., Sanguinetti,
M. C., and Keating, M. T. (1997b). Mutations in the hminK gene
cause long QT syndrome and suppress I, function. Nat. Genet. 17:
338-340.

Tanaka, T., Nagai, R., Tomoike, H., Takata, S., Yano, K., Yabuta, K.,
Haneda, N., Nakano, O., Shibata, A., Sawayama, T., Kasai, H.,
Yazaki, Y., and Nakamura, Y. (1997). Four novel KVLQT1 and
four novel HERG mutations in familial long-QT syndrome. Circu-
lation 95: 565-567.

Trudeau, M. C., Warmke, J. W., Ganetzky, B., and Robertson, G. A.
(1995). HERG, a human inward rectifier in the voltage-gated po-
tassium channel family. Science 269: 92-95.

Tyson, J., Tranebjaerg, L., Bellman, S., Wren, C., Taylor, J. F. N,
Bathen, J., Aslaksen, B., Sorland, S. J., Lund, O., Malcolm, S.,
Pembrey, M., Bhattacharya, S., and Bitner-Glindzicz, M. (1997).
IsK and KvLQT1: Mutation in either of the two subunits of the
slow component of the delayed rectifier potassium channel can
cause Jervell and Lange-Nielsen syndrome. Hum. Mol. Genet. 6:
2179-2185.

Vetter, D. E., Mann, J. R.,, Wangemann, P., Liu, J., McLaughlin,
K. J., Lesage, F., Marcus, D. C., Lazdunski, M., Heinemann, S. F.,
and Barhanin, J. (1996). Inner ear defects induced by null muta-
tion of the isk gene. Neuron 17: 1251-1264.

Vincent, G. M., Timothy, K., Leppert, M., and Keating, M. (1992).
The spectrum of symptoms and QT intervals in carriers of the gene
for the long QT syndrome. N. Engl. J. Med. 327: 846—-852.

Wang, Q., Curran, M. E., Splawski, I., Burn, T. C., Millholland,
J. M., VanRaay, T. J., Shen, J., Timothy, K. W_, Vincent, G. M.,
de Jager, T., Schwartz, P. J., Towbin, J. A, Moss, A. J., Atkin-
son, D. L, Landes, G. M., Conners, T. D., and Keating, M. T.
(1996). Positional cloning of a novel potassium channel gene:
KVLQT1 mutations cause cardiac arrhythmias. Nat. Genet. 12:
17-23.

Wang, Q., Shen, J., Splawski, 1., Atkinson, D., Zhizhong, L., Robin-
son, J., Moss, A, Towbin, J., and Keating, M. (1995). SCN5A
mutations associated with an inherited cardiac arrhythmia, long
QT syndrome. Cell 80: 805-811.

Ward, O. (1964). A new familial cardiac syndrome in children. J. Ir.
Med. Assoc. 54: 103-106.

Warmke, J., and Ganetzky, B. (1994). A family of potassium channel
genes related to eag in Drosophila and mammals. Proc. Natl. Acad.
Sci. USA 91: 3438-3442.

Wollnik, B., Schroeder, B. C., Kubisch, C., Esperer, H. D.,
Wieacker, P., and Jentsch, T. J. (1997). Pathophysiological
mechanisms of dominant and recessive KVLQT1 K* channel
mutations found in inherited cardiac arrhythmias. Hum. Mol.
Genet. 6: 1943-1949.



CHAPTER 9

NOVEL MUTATIONS IN LONG QT SYNDROME GENES:
KVLQTI, HERG, SCN5A AND MINK

Introduction

More than 300, 000 thousand people in the United States die suddenly each year,
ventricular arrthythmias being responsible for most of these (Kannel et al., 1987; Willich et
al., 1987). Despite their importance, presymptomatic diagnosis and treatment of life-
threatening arrhythmias are difficult and in some cases medical therapy has increased the
occurrence of arrhythmia. Until recently, the molecular mechanisms of cardiac
arrhythmias were poorly understood.

Long QT is a cardiovascular disorder, characterized by an abnormality in cardiac
repolarization, leading to prolonged QT interval on surface electrocardiograms. LQT
causes episodic and abrupt loss of consciousness (syncope), seizures and sudden death,
usually in young, otherwise healthy individuals (Jervell and Lange-Nielsen, 1957; Romano
et al., 1963; Ward, 1964). The clinical features of LQT result from episodic ventricular
tachyarrhythmias, such as forsade de pointes and ventricular fibrillation (Moss et al.,
1991; Schwartz et al., 1975). Two inherited forms of LQT exist. The more common

form, Romano-Ward syndrome, is not associated with other phenotypic abnormalities
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and is inherited as an autosomal dominant trait (Romano et al., 1963; Ward, 1964). Jervell
and Lange-Nielsen syndrome (JLN) is characterized by the presence of deafness, a
phenotypic abnormality inherited as an autosomal recessive trait (Jervell and Lange-
Nielsen, 1957).

In previous studies, we mapped LQT loci to chromosomes 11p15.5 (LQOT1),
7q35-36 (LQT2), and LOT3 to 3p21-24 (Jiang et al., 1994; Keating et al., 1991). A
fourth locus (LOT4) was mapped to 4q25-27 (Schott et al., 1995). Our molecular genetic
studies identified the genes responsible for the first three loci, KVLOT1 (LQTI), HERG
(LOT2), SCN5A (LQT3) and the gene for another LQT locus, minK (LQT5) at 21q22.1-
22.2 (Curran et al., 1995; Splawski et al., 1997, Wang et al., 1996; Wang et al., 1995).
These genes encode ion channels involved in the generation of the cardiac action potential,
supporting the hypothesis that LQT results from delayed myocellular repolarization.
KVLQTI and minK are also expressed in the inner ear (Neyroud et al., 1997; Vetter et al ,
1996). We and others demonstrated that homozygous or compound heterozygous
mutations in each of these genes can cause deafness and the severe cardiac phenotype of
the Jervell and Lange-Nielsen syndrome (Duggal et al., 1998; Neyroud et al., 1997,
Splawski et al., 1997; Tyson et al., 1997). The production of endolymph is apparently
disrupted by the lack of functional channels in the ear, leading to deafness.

Presymptomatic diagnosis of LQT is currently based on prolongation of the QT
interval on electrocardiograms. Genetic studies, however, have shown that diagnosis
based solely on electrocardiogram reading is neither sensitive nor specific (Vincent et al.,
1992). Genetic screening using mutational analysis can improve presymptomatic

diagnosis. The presence of a mutation would unequivocally distinguish affected
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individuals and identify the gene underlying LQT even in small families and sporadic
cases. To improve genetic testing and enable genotype-phenotype correlation studies, we

screened a pool of 350 unrelated individuals for mutations in the four defined genes.

Methods

Ascertainment and Phenotyping

Phenotypic criteria were identical to those used in our previous studies (Curran et
al.,, 1995; Keating et al., 1991; Splawski et al., 1997). Individuals were evaluated for LQT
based on QTc (the QT interval corrected for heart rate) and for the presence of syncope,
seizures, and aborted sudden death. Individuals without any symptoms and a QTc of
0.41 seconds or less were classified as unaffected. Symptomatic individuals with QTc of
0.44 seconds or less and asymptomatic individuals with QTc between 0.41 seconds and
0.47 seconds were classified as uncertain. Symptomatic individuals with QTc of 0.45
seconds or greater and asymptomatic individuals with QTc of 0.47 seconds or greater
were considered affected. Informed consent was obtained from all individuals or from
their guardians in accordance with local institutional review board guidelines. Phenotypic

data were interpreted without knowledge of genotype.

SSCP Analysis

Genomic samples were amplified by PCR and used in SSCP analysis as

previously described (Splawski et al., 1997). PCR was carried out with 75 ng DNA in a

final volume of 10 pl using a Perkin-Elmer Cetus 9600 thermocycler. Primer pairs for

each exon and amplification conditions were the same as in Splawski et al., 1998.
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Reactions were diluted with 40 pl of 0.1% SDS/10mM EDTA and with 30 pl of 95%
formamide loading dye. The mixture was denatured at 94 °C for 5-10 min. and
immediately placed on ice. Three il of each sample was electrophoresed on 5%
polyacrylamide gel (acrylamide:bisacrylamide 49:1) at 4°C and on 0.5X Mutation
Detection Enhancement gel (MDE, FMC Bioproducts) at room temperature.
Electrophoreses on the 5% gels were carried out at 40W for 3-5 hours and electrophoreses

on 0.5X gels were run overnight at 350V. Gels were dried on 3MM filter paper and

exposed to film for 18 hours at -70 °C.

DNA Sequencing

Aberrant and normal SSCP bands were excised from the gel and eluted in 100 pl
ddH20 at 65°C for 30 min. Ten pl of the eluted DNA was used as a template in a second
100 ul PCR reaction using the original primer pair. Products were washed 3X with 400
ul ddH20 in Microcon 100 microconcentrators (Amicon). DNA was directly sequenced

in both directions by the dideoxy chain termination method, using the original primers, on

an Applied Biosystems model 373A DNA sequencer (Applied Biosystems).

Results

KVLQTI Mutations Associated with LOT in 59 Cases

SSCP analysis was used to screen 350 unrelated individuals with inherited,
sporadic or acquired LQT for mutations in KVLQT! (chromosome 11p15.5, LQT1).

Seventeen primer pairs were used to amplify the 16 exons of KVLOT (Splawski et al.,
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1998). PCR products were subjected to electrophoresis under two different conditions.
Abnormal bands were sequenced and the cause of the mobility shift determined.
KVLQTI mutations associated with LQT were identified in 59 individuals (bringing the
total number of KVL(OTI mutations that we have identified to 79, Figure 9.1, Tables 9.1
and 9.2). Twenty-seven had not been described before.

Most KVLQTI mutations associated with LQT were missense mutations. Forty
five abnormal bands revealed single nucleotide changes leading to amino acid substitutions.
Six nucleotide changes found in samples from unrelated individuals resulted in termination
signals. These alleles would lead to the production of truncated KVLQT1 proteins.
Seven abnormal conformers harbored single nucleotide changes in conserved splice
junction sequences. These changes would impair intron excision leading to aberrant
mRNAs. We also found a three base pair deletion leading to an in-frame deletion of a

single amino acid.

HERG Mutations Associated with LOT in 70 Cases

Samples from the same group of 350 LQT patients were next screened for
mutations in HERG (chromosome 7q36-36, LO72). Twenty-one primer pairs were used
to amplify the 16 exons of HERG (Splawski et al., 1998) and PCR products were
subjected to electrophoresis under two conditions. HERG mutations were identified in
members of 70 LQT families or sporadic cases (total number of HERG mutations that we
have identified is 81; Figure 9.2, Tables 9.2 and 9.3). Fifty-seven of these mutations were
novel. Most of them were missense or frameshift mutations. Sequencing of 44 aberrant

SSCP conformers revealed single nucleotide changes resulting in amino acid substitutions.
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Figure 9.1 Schematic representation of the predicted topology of KVLQT1 and
locations of LQT-associated mutations.

KVLQT]1 consists of six putative transmembrane segments (S1 to S6) and a pore
(Pore) region. The approximate location and type of LQT-associated mutations are
shown with colored circles. Missense mutations are shown as black circles, red circles
denote splice site mutations, pink circles - amino acid deletions, green circles - frameshift
mutations, blue circles - nonsense mutations and orange circles illustrate common
polymorphisms. The coding effect of each mutation is shown in the respective color.
The number of mutations at each site is in parenthesis following the coding effect.

Mutation information is summarized in Tables 9.1 and 9.2.
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Table 9.1

Summmary of KVLQTI mutations
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gene nucleotide  coding position  exon kindred study

change effect
KVLQOTI  A332G Tyrl111Cys* N-term. 1 2994  This study
KVLQOTI  G477+1A splice* S2 2 1789  This study
KVLOTI  G478A Glul60Lys* S2 3 1789  This study
KVLQTI  A500-502 F167TW/AG168 S2 3 1789 Wang et al.(96)
KVLQTI  G502A Gly168Arg S2 3 1757  This study
KVLQOTI  G502A Gly168Arg S2 3 2625  Splawski et al.(98)
KVIOTI  G502A Glyl68Arg  S2 3 2673 Splawski et al (98)
KVLQTI  GS502A Gly168Arg S2 3 2717  This study
KVLQTI  G502A Gly168Arg S2 3 2721 This study
KVLQTI  G502A Gly168Arg S2 3 3698  Splawski et al.(98)
KVLQTI  G521A Argl74His* S2/S3 3 FamC This study
KVLQOTI  G532C Alal78Pro S2/S3 3 1789 Wang et al.(96)
KVLQTI  G535A Gly179Ser* S2/S3 3 1796  This study
KVLQTI  A551C Tyr184Ser* S2/83 3 3476  This study
KVLQTI  G565A Gly189Arg S2/83 3 2557 Wang et al.(96)
KVLQTI iG567-568  Gly189fs S2/S3 3 2948  Splawski et al.(97b)
KVLQOTI  G569A Arg190Gln S2/S3 3 1789 Wang et al.(96)
KVLQT!I  G580C Alal94Pro* S2/S3 3 3433  This study
KVLQTI  C674T Ser225Leu* S4 4 3732  This study



81
Table 9.1 Continued
gene nucleotide coding position  exon kindred study
change effect
KVLOT!I  C727T Arg243Cys*  S4/S5 5 2836  This study
KVLQTI C727T Arg243Cys*  S4/S5 5 3547  This study
KVLQT!I  T742C Trp248Arg* S4/S5 5 2911  This study
KVLOTI  GT760A Val254Met S4/S5 5 1532 Wang et al.(96)
KVLOTI  G760A Val254Met S4/85 5 1789  This study
KVLOTI  GT760A Val254Met S4/85 5  Fam] This sﬁdy
KVLOTI  T797C Leu266Pro* S5 6 3642 This study
KVLQOTI  G806A Gly269Asp S5 | 6 1789  This study
KVLOTI  G806A Gly269Asp S5 6 2719 This study
KVLQTI  C817T Leu273Phe S5 6 1777 Wang et al.(96)
KVLQTI  C817T Leu273Phe SS 6 2804 This study
KVLQOT!I  G921+1T splice* Pore 6 2762 This study
KVLOTI  A922-2C splice* Pore 7 1789  This study
KVLQTI G916A Gly306Arg Pore 7 1789 Wang et al.(96)
KVLQTI  G928A Val310Ile* Pore 7 3327 This study
KVLQTI C935T Thr312Ile Pore 7 1789 Wang et al.(96)
KVLQOTI C935T Thr3121Ile Pore 7 3546  This study
KVLQTI G940A Gly314Ser Pore 7 1789  Splawski et al.(98)
KVLQOTI  A9%44G Tyr315Cys Pore 7 1789  Splawski et al.(98)
KVLQTI G955C Lys318Asn Pore 7 2762  Splawski et al.(98)
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Table 9.1 Continued
gene nucleotide  coding position  exon kindred study
change effect

KVLQTI G973A Gly325Arg S6 7 2050  This study
KVLQTI  G973A Gly325Arg S6 7 2546  This study
KVLOTI  A1017-1019 AF340* S6 7 2628 This study
KVLQTI  C1022A Ala341Glu S6 7 1723  Wang et al.(96)
KVLOTI  C1022A Ala341Glu S6 7 1805  This study
KVLQTI  C1022A Ala341Glu S6 7 2931 This study
KVLQTI  C1022A Ala341Glu S6 7 3430 This study
KVLQTI  C1022T Ala341Val S6 7 1807 Wang et al.(96)
KVLQTI  C1022T Ala341Val S6 7 2737 This study
KVLQTI  C1022T Ala341Val S6 7 2807 This study
KVLOQTI  C1022T Ala341Val S6 7 2819 This study
KVLQTI  G1032A splice S6 7 2613  This study
KVLOTI  Gl1032A splice S6 7 2815 This study
KVLQTI  G1032A splice S6 7 2950 This study
KVLQOTI  G1032A splice S6 7 3770  This study
KVLQOTI  G1034A Gly345Glu S6 8 2605 Wang et al.(96)
KVLQTI  C1046G Ser349Trp* S6 8 2924  This study
KVLQOTI  T1058C Leu353Pro S6 8 3401 Splawski et al.(98)
KVLQTI  C1066T GIn356Stop C-term. 8 2917  This study
KVLQTI  C1096T Arg366Trp C-term. 8 2824  Splawski et al.(98)



Table 9.1 Continued

83

gene nucleotide  coding position  exon kindred study
change effect

KVLOTI  GIl097A Arg366GIn*  C-term. 8 2813  This study
KVLQTI  C1172T Thr390Ile* C-term. 9 4021  This study
KVLQTI C1343G Pro448Arg* C-term. 10 1789  This study
KVLQOTI C1343G Pro448Arg* C-term. 10 3335 This study
KVLQT!I  C1370T Ser457Phe* C-term. 10  KTim This study
KVLQT!I  C1552T Arg518Stop*  C-term. 12 1795 This study
KVLQTI  C1552T Arg518Stop*  C-term. 12 2620 This study
KVLQOTI  C1552T Arg518Stop*  C-term. 12 2671 This study
KVLQOT]I  C1588T GIn530Stop*  C-term. 12 2229  This study
KVLQTI C1588T GIn530Stop*  C-term. 12 4021 This study
KvLor:  C1697T Ser566Phe* C-term. 14 1789  This study
KVLQTI C1697T Ser566Phe* C-term. 14 2728 This study
KVLOTI  C1697T Ser566Phe* C-term. 14 4026 This study
KVLQTI  Cl1747T Arg583Cys*  C-term. 15 3798  This study
KVLQOTI  A1757G Asn586Ser* C-term. 15 KTim This study
KVLQT!I  Gl1781A Arg594GIn*  C-term. 15 1789 This study
KVLQTI G1781A Arg594Gln* C-term. 15 2020 This study
KVLOTI  GI781A Arg594GIln*  C-term. 15 3327  This study
KVLQOTI  G1942A Val648lIle* C-term. 16 2577 This study



Table 9.1 Continued

gene nucleotide  coding position  exon kindred study
change effect

KVLQTI G1942A Val648lle* C-term. 16 2795  This study

* _ denotes novel mutation
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Table 9.2

Mutations identified in our laboratory

Locus LOTI LOT2 LOT3 LOTS All
Gene KVLQT! HERG SCN5A4 minK genes
Location 11p15.5  7q35-36  3p2l 21q22 total
Mutations found in 59(37)*  70(61) 8(7) 1(1) 138(106)
this study

Novel mutations 37(27) 63(57) 4(4) 1(1) 105(89)
Total mutations found  79(49)  81(69)  14(8) 3(3) 177(129)

*Number in parenthesis denotes how many of the mutations were distinct
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Figure 9.2 Schematic representation of the predicted topology of HERG and locations of
LQT-associated mutations.

HERG consists of six putative transmembrane segments (S1 to S6) and a pore
(Pore) region. Symbols describing the mutations are the same as in Figure 9.1. Mutation

information is summarized in Tables 9.2 and 9.3.
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Table 9.3

Summary of HERG Mutations

88

gene nucleot. coding position  exon kindred study
change effect

HERG C87A Phe29Leu* N-term. 2 2228  This study
HERG A98C Asn33Thr* N-term. 2 2254  This study
HERG A98C Asn33Thr* N-term. 2 3378  This study
HERG CI132A Cys44Stop* N-term. 2 2751  This study
HERG G140T Gly47Val* N-term. 2 2544  This study
HERG G157C Gly53Arg* N-term. 2 1789  This study
HERG G167A Arg56GIn* N-term. 2 2553  This study
HERG T196G Cys66Gly* N-term. 2 2755  This study
HERG A209G His70Arg* N-term. 2 2796  This study
HERG A209G His70Arg* N-term. 2 2971 This study
HERG C215A Pro72GIn* N-term. 2 2551  This study
HERG C215A Pro72GIn* N-term. 2 2822  This study
HERG D221-251 Arg73fs* N-term. 2 2840  This study
HERG G232C Ala78Pro* N-term. 2 2920  This study
HERG dupl234-250 Ala83fs* N-term. 2 1778  This study
HERG C241T Gln81Stop* N-term. 2 2711 This study
HERG T257G Leu86Arg* N-term. 2 1756  This study
HERG 1C422-423 Prol41fs* N-term. 3 1740  This study
HERG iC453-454  Prol51fs* N-term. 3 2988  This study



Table 9.3 Continued

89

gene nucleot. coding position  exon kindred study

change effect
HERG iC724-725  Pro241fs* N-term. 4 2172 This study
HERG AGB885 Val295fs* N-term 4 2547 This study
HERG C934T Arg312Cys*  N-term. 5 2622  This study
HERG C1039T Pro347Ser* N-term 5 2796  This study
HERG G1128A splice* N-term 5 3332  This study
HERG A1129-2G  splice* N-term. 6 2941  This study
HERG AA1261 Tyr420fs S1 6 2595 Curran et al.(95)
HERG A1408G Asn470Asp S2 6 2596 Curran et al.(95)
HERG A1498-1524 AS500-508 S3 6 2287  Curran et al.(95)
HERG G1592A Arg531GIn*  S4 7 1697 This study
HERG T1655C Leu552Ser* S5 7 1816  This study
HERG G1681A Ala561Thr S5 7 2985  This study
HERG Gl681A Ala561Thr S5 7 3414  This study
HERG G1681A Ala561Thr S5 7 3985  This study
HERG C1682T Ala561Val S5 7 1956  Curran et al.(95)
HERG C1682T Ala561Val S5 7 3439  This study
HERG G1714T Gly572Cys S5 7 1663  Splawski et al.(98)
HERG G1750A Gly584Ser* S5/Pore 7 3651  This study
HERG G1755T Trp585Cys* S5/Pore 7 1789  This study
HERG A1762G Asn588Asp S5/Pore 7 2548  Splawski et al.(98)



Table 9.3 Continued

90

gene nucleot. coding position  exon kindred study
change effect
HERG T1778C 11e593Thr* S5/Pore 7 3851 This study
HERG G1810A Gly604Ser* S5/Pore 7 2750  This study
HERG G1825A Asp609Asn*  S5/Pore 7 1761  This study
HERG C1838T Thr613Met*  Pore 7 1789  This study
HERG C1838T Thr613Met*  Pore 7 1789  This study
HERG C1838T Thr613Met*  Pore 7 1989  This study
HERG C1841T Ala614Val Pore 7 1697  Splawski et al.(98)
HERG C1841T Ala614Val Pore 7 2554  Splawski et al.(98)
HERG C1843G Leu615Val Pore 7 FamT This study
HERG G1876A Gly626Ser* Pore 7 2672 This study
HERG C1881G Phe627Leu*  Pore 7 2925 This study
HERG G1882A Gly628Ser Pore 7 2011  This study *
HERG G1882A Gly628Ser Pore 7 2269 Curranetal.
HERG T1889C Val630Ala Pore 7 1789  Splawski et al.(98)
HERG C1894T Pro632Ser* Pore 7 2740  This study
HERG Al1912G Lys638Glu* S6 7 2814 This study
HERG D1913-5 DLys638* S6 7 3459  This study
HERG A1933T Met645Leu*  S6 7 3376 This study
HERG G2044T Glu682Stop*  S6/cNBD 8 1758  This study
HERG iT2218-2219 His739fs* S6/cNBD 9 2602  This study



Table 9.3 Continued

91

gene nucleot. coding position  exon kindred study
change effect

HERG C2254T Arg752Trp* S6/cNBD 9 2974  This study
HERG AC2395 [le798fs* cNBD 9 2961 This study
HERG G2398+1C  splice cNBD 9 2015  Curran et al.(95)
HERG G2398+1C  splice cNBD 9 2027  This study
HERG T2414C Phe805Ser* cNBD 10 3354 This study
HERG T2414G Phe805Cys*  c¢cNBD 10 1977 This study
HERG C2467T Arg823Trp*  cNBD 10 2103  This study
HERG C2467T Arg823Trp*  c¢cNBD 10 2723  This study
HERG A2582T Asn8611Ile* C-term. 10 1815 This study
HERG G2592+1A  splice* C-term. 10 1805 This study
HERG AG2660 Lys886fs* C-term. 11 3351 This study
HERG C2750T Pro917Leu* C-term. 12 1789  This study
HERG AG2762 Arg920fs* C-term. 12 3452  This study
HERG C2764T Arg922Trp*  C-term. 12 1754  This study
HERG 1G2775-2776 Gly925fs* C-term. 12 2913  This study
HERG AG2906 Pro968fs* C-term. 12 2627 This study
HERG A2959-2960 Pro986fs* C-term. 12 2997 This study
HERG G3003A Trpl001Stop* C-term. 13 2808  This study
HERG AC309%4 Gly1031fs* C-term. 13 2600 This study
HERG C3040T Argl014Stop* C-term. 13 2662 This study
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Table 9.3 Continued

gene nucleot. coding position  exon kindred study
change effect

HERG C3040T Argl014Stop* C-term. 13 2754  This study

HERG 1C3303-3304 Prol101fs* C-term. 14 1789  This study

* . denotes novel mutation
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Thirteen single base pair deletions or insertions, one 31 bp deletion and a 17 bp
duplication caused a frameshift and premature termination. Six nucleotide changes lead to

nonsense mutations. Splice site sequences were mutated in four of the samples.

SCN5A Mutations Associated with LOT in Eight Cases

The cardiac sodium channel gene SCN5A4 (chromosome 3p21, LQT3) was screened
for all 28 exons. Thirty-three primer pairs were used in SSCP analysis (Wang et al.,
1996). SCN5A4 mutations were identified in the members of eight families or sporadic
cases (total number of mutations found in our population is 14). Five of the aberrant
conformers were observed in unrelated individuals and showed nucleotide changes that
lead to amino acid substitutions (Figure 9.3, Tables 9.2 and 9.4). Two individuals had an
in-frame deletion of nine base pairs leading to deletion of three amino acids in the
DIII/DIV linker. Another in-frame deletion of three nucleotides caused the deletion of a
single amino acid. Four of these mutations have not been described before. Another
conformer was observed in multiple samples and in normal controls. It contained a
nucleotide change resulting in the substitution of His588 for Arg in the DI/DII linker. The

allele frequency of Arg588 is 25% and the heterozygosity 29%.

MinK Mutation Associated with LQT in One Case

Three primer pairs were used to screen the entire minK gene (LQ7T5) on
chromosome 21q22.1-22.2 (Splawski et al., 1998). The sequence of an abnormal SSCP
band identified in one sample revealed an A to G transition. The change caused an

Arg32His substitution in the N-terminal region of the gene (Figure 9.4, Tables 9.2 and
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Figure 9.3 Schematic representation of the predicted topology of SCNS5A and locations
of LQT-associated mutations.

SCNSA consists of four domains (DI to DIV), each of which has six putative
transmembrane segments (S1 to S6) and a pore (Pore) region. Symbols describing the
mutations are the same as in Figure 9.1. Mutation information is summarized in Tables

9.2 and 94.
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Table 9.4
Summary of SCN54 mutations
gene nucleot. coding position  exon kindred study
change effect

SCN5A A1673G HisS88Arg DI/DII 12 many This study
SCN5A A3974G Asnl325Ser  DIII/S4/S5 23 2028 Wang et al.(95b)
SCN5A C4501G Leul501Val* DII/DIV 26 3347 This study
SCN35A A4511-4519 A1505-1507 DII/DIV 26 1792 Wang et al.(95b)
SCN354 A4511-4519 A1505-1507 DII/DIV 26 2220 Wang et al.(95b)
SCN35A4 A4511-_—4519 A1505-1507 DII/DIV 26 2321 Wang et al.(95a)
SCN35A4 A4511-4519 A1505-1507 DII/DIV 26 2322 Wang et al.(95a)
SCN5A A4511-4519 A1505-1507 DII/DIV 26 3922  This study
SCN54 A4850-4852 APhel617* DIV/S3/S4 28 2943  This study
SCN5A G4868A Argl623Gln DIV/S4 28 2970 This study
SCN54 G4868T Argl623Leu* DIV/S4 28 3454  This study
SCN54 G4931A Argl644His  DIV/S4 28 1775 Wangetal.(95b)
SCN5A4 G4931A Argl644His DIV/S4 28 2521 This study
SCN54 G5360A Ser1787Asn* C-term. 28 1789  This study

* _ denotes novel mutation
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Figure 9.4 Schematic representation of the predicted topology of minK and locations of
LQT-associated mutations.

MinK consists of one putative transmembrane domain (S1). Symbols describing
the mutations are the same as in Figure 9.1. Rare polymorphisms not segregating with
the disease or found in control individuals are presented in purple. Each LQT-associated
mutation or rare polymorphism was found only in one family or single individual.

Mutation information is summarized in Tables 9.2 and 9.5.
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Table 9.5

Summary of minK mutations
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gene nucleot. coding position  exon kindred study
change effect

minkK C83G Ser28Leu N-term. 3 1789  This study

minK G95A Arg32His* N-term. 3 2521  This study

minK Gl112A Gly38Ser N-term. 3 many This study

minkK C221T Ser74Leu C-term. 3 1754  Splawski et al.(97a)
minkK G226A Asp76Asn C-term. 3 1789  Splawski et al.(97a)
mink G253A Asp85Asn C-term. 3 many This study

minK C292T Arg98Trp C-term. 3 2016  This study

minkK C379G Prol27Ala C-term. 3 2016  This study

minkK C379A Pro127Thr C-term. 3 2819  This study

* _ denotes novel mutation
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9.5). This abnormal SSCP conformer was not observed in 200 control individuals. The
analyses demonstrated six other conformers. Two of them were common polymorhisms -
Gly38Ser and Asp85Asn. The allele frequency of Ser38 is 32% and the heterozygosity is
46%. The frequency of Asn85 is 2.5% and the heterozygosity is 5%. Both
polymorphisms had the same frequency among affected and control individuals. Two
amino acid changes, Ser28Leu and Pro127Thr, found in affected individuals did not
segregate with the disease phenotype and did not have a functional effect when expressed
in Xenopus oocytes (Dr. M. Sanguinetti, personal communication). Arg98Trp and

Prol27Ala substitutions were identified in single control individuals.

Discussion

KVLQTI, HERG and minK encode potassium channel subunits. Four KVLQT1
subunits coassemble with minK (stoichiometry is unknown) to form Ix, channels
underlying the slowly activating delayed rectifier potassium current in the heart (Barhanin
et al., 1996; Sanguinetti et al., 1996). Four HERG subunits form Ig, channels which
underlie the rapidly activating delayed rectifier potassium current (Sanguinetti et al., 1995;
Trudeau et al., 1995). It has been shown that, in most cases, expression of homomeric
mutant KVLQT1 (with minK), HERG or minK (with KVLQT1) in Xenopus oocytes fails
to produce functional channels (Chouabe et al., 1997; Sanguinetti et al., 1996; Shalaby et
al., 1997, Splawski et al., 1997; Wollnik et al., 1997). Coexpression of mutant and normal
subunits leads to reduction of Ik, or I, by a dominant-negative mechanism or loss of
function. In a few of the cases, heteromeric channels show modified biophysical

properties. SCN5A encodes the cardiac sodium channel which is responsible for I,, the
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sodium current in the heart (Gellens et al., 1992). LQT-associated mutations in SCN5A4
resulted in gain of function (Bennett et al., 1995; Dumaine et al., 1996). The inactivation
gate of mutant SCN5A is destabilized resulting in repetitive channel opening. In the
heart, the reduced activity of Ig, and Ix, channels and the increased activity of Iy,
channels will lead to prolongation of the cardiac action potential, lengthening of the QT
interval on an electrocardiogram and increased risk of arrhythmia.

Since the initial identification of KVLQTI, HERG, SCN5A4 and minK as LQT
genes, 67 different disease causing mutations have been reported (Akimoto et al., 1998;
Benson et al., 1996; Curran et al., 1995; Dausse et al., 1996; Donger et al., 1997; Duggal et
al., 1998; Kambouris et al., 1998; Li and al., 1998; Makita et al., 1998; Neyroud et al.,
1997; Russell et al., 1996; Saarinen et al., 1998; Satler et al., 1998; Satler et al., 1996;
Schulze-Babhr et al., 1995; Schulze-Bahr et al., 1997; Splawski et al., 1998; Splawski et al.,
1997; Splawski et al., 1997; Tanaka et al., 1997, Tyson et al., 1997; van den Berg et al.,
1997, Wang et al., 1996; Wang etal., 1995; Wang et al., 1995; Wollnik et al., 1997). Most
of them are found in KVLQTI (39) and HERG (20), and fewer in SCN54 (4) and minK
(4). These mutations were identified in regions of the genes for which the intron/exon
structure was known, primarily the transmembrane segments and the pore domain. In
this study, utilizing the complete genomic structure of the LQT genes, we screened for
mutations in the entire coding regions of each gene. Samples from 350 unrelated
individuals with inherited, sporadic or acquired LQT were used. We identified a total of
138 new mutations (59 in KVLQT1, 70 in HERG, 8 in SCN5A and 1 in minK (Figures 9.1-

9.4 and Tables 9.1-9.5 show a summary of the newly discovered mutations and the
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mutations reported in our pervious papers). There were 89 different mutations that had
not been published before.

KVLQTI mutations associated with LQT were identified in 59 individuals.
Twenty-seven were new and had not been described before. Missense mutations were
most common, but we also found nonsense, splice, and deletion mutations (Figure 9.1,
Tables 9.1 and 9.2). Most mutations in KVLQOT were found in the S2/S3 and S4/S5
linkers, the P region, transmembrane segment S6, and the C-terminus. Few or single
mutations were identified in the N-terminus, S2, S4, S5 and no mutations were found in
S1, S3 and the S5/Pore linker. HERG mutations were identified in the members of 70
LQT families or sporadic cases (Figure 9.2, Tables 9.2 and 9.3). Sixty-one were novel and
had not been described before. Most of them were missense or frameshift mutations.
The frameshifts resulted from one to several nucleotide insertions or deletions. We also
detected splice and nonsense mutations, and an amino acid deletion. The majority of the
mutations were found in the N-terminus, the S5/P linker, the P region and the C-terminus.
Few mutations were identified in the transmembrane segments. There were no mutations
in the S2/S3 and S4/S5 linkers.

The P region of potassium channels forms the outer pore and contains the
selectivity filter. Transmembrane segment S6 (the inner helix) forms the inner 2/3 of the
pore (Déyle et al., 1998). This structure of potassium channels is conserved from
prokaryotes to higher eukaryotes (MacKinnon et al., 1998). Mutations in these regions
will likely disrupt potassium transport. Indeed, multiple mutations common for HERG
and KVLQT1 were found in the pore and S6, and also in the C-terminus. Mutations in

the C-terminus of HERG most likely lead to anomalies in tetramerization as it has been



103

proposed that the C-terminus of eag (related to HERG) is involved in this process
(Ludwig et al., 1994). Currently, we are investigating the effects of mutations in the C-
terminal region of KVLQT! to better understand its role in Iy, channel function.

Multiple mutations were identified in other regions that were different for HERG
and KVLQTI. More than 20 mutations were detected in the N-terminus of HERG. The
N-terminus of HERG is thought to be involved in deactivation (Spector, 1996). HERG
channels lacking this region deactivate faster and mutations in the region might have a
similar effect. We are now testing this hypothesis. Multiple mutations in KVLOT!, were
found in the S2/S3 and S4/SS linkers. Coexpression of four S2/S3 mutants with WT
KVLQT!1 in Xenopus oocytes reduced I, by simple loss of function or dominant-
negative effect without significantly changing the biophysical properties of the channel
(Chouabe et al., 1997; Shalaby et al., 1997, Wang et al., 1998). On the other hand,
heteromultimeric channels formed by an S4/S5 mutant and WT KVLQT1 activated much
faster and inactivated more effectively (Wang et al., 1998). This is suggestive of a role for
the S4/S5 linker of KVLQT1 in channel activation and inactivation gating. The functional
consequences of additional mutations in this region are now being studied.

Four of the SCN54 mutations (Figure 9.3 and Tables 9.2 and 9.4), identified in the
members of eight families or sporadic cases, and the minK mutation (Figure 9.4 and
Tables 9.2 and 9.5), detected in one individual, are novel. The mutations in the sodium
channel most likely will be gain of function mutations, with effects similar to the
previously described mutations. The Arg to His substitution in minK might alter the
channel activity in response to changes in extracellular pH. We are now in the process of

assessing the effects of SCN5A and minK mutations on channel function.
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The catalogue of mutations will facilitate genotype-phenotype correlation
analyses. It also has clinical implications for presymptomatic diagnosis and in some cases
for effective drug therapy. Patients with mutations in KVLQTI, HERG and minK, for
example, may benefit from potassium channel opener drugs. Sodium channel blockers, on
the other hand, might be helpful in patients with SCN54 mutations. The identification of
mutations is of importance for ion channel studies as well. The expression of mutant
channels in Xenopus oocytes or mammalian cells can reveal how structural changes
influence the behavior of the channel. These studies improve our understanding of
channel function and provide insights into mechanisms of disease. Mutation
identification will also contribute to future efforts in developing sensitive and effective
screening tests.

In summary, we screened the entire coding sequence of the potassium channel
subunit genes KVLQOT1, HERG and minK, and the sodium channel gene SCN54. We
report the identification of 138 mutations associated with LQT, 89 of which are novel.
The total number of mutations detected in the four genes in our population of 350 LQT
patients is now 177. The sensitivity of the SSCP technique for mutation detection,
however, is less than 100%. Mutations in KVLOT1, HERG, SCN5A and minK | therefore,
would represent more than half of all LQT mutations. In our studies, KVLQT1 (45%)
and HERG (45%) accounted for 90% of the identified mutations, while SCN54 (8%) and

minK (2%) accounted for the other 10%.
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