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Figure 4 Correlations between percent changes of plasma CoQ10 and those of serum LDL cholesterol. LDL-C, low-density lipoprotein cholesterol.

Of 19 subjects, 13 were found to have mutations in the LDL receptor
gene.”” Exclusion criteria were a history of adverse events with a
statin and taking probucol, a potent antioxidant, whose cholesterol-
lowering effects last for more than 12 weeks, and antioxiddnts,
including CoQ10. Previous lipid-lowering therapies with atorvasta-
tin monotherapy or atorvastatin plus colestimide were acceptable
(Table 1).

Written informed consent to participate in this study was
obtained from each patient before entry into the study, and the
ethical committee of Kanazawa University Hospital had approved
the study protocol.

Study protocol. This study was conducted as an open randomized
crossover study to compare the efficacy and the safety of pitavastatin
and atorvastatin. All the patients were outpatients at the beginning
of the study. Any lipid-lowering agents had been discontinued at
least for 4 weeks before the study. Non-statin therapy was held
constant during the course of the study.

Study subjects were divided into two groups by the envelope
method. Group 1 (male/female =5/5, average age=>51.6 years)
began with 4mg/day of pitavastatin, whereas group II (male/
female = 2/7, average age=64.9 years) began with 20 mg/day of
atorvastatin. The first phase was continued for 8 weeks, and then
pitavastatin and atorvastatin were discontinued for 4 weeks.
Subsequently, each patient was switched to and maintained on the
other statin for an additional 8 weeks. This protocol permitted
3 days’ tolerance for each period.

Measurement of the laboratory data. Blood samples were obtained
after an overnight fasting before and 56 days after each statin
treatment and centrifuged at 4°C immediately. Serum cholesterol
and triglycerides were determined by an enzymatic method, and
HDL-cholesterol levels were measured by a polyamine polymer/
detergent method (Daiichi, Tokyo, Japan), as described elsewhere.**
LDL-cholesterol levels were determined by a direct method
(Daiichi).? Apolipoproteins A-I, A-II, B, C-II, C-III, and E were
determined as described previously.’® The plasma levels of
ubiquinol-10 and ubiquinone-10 were determined by an HPLC
method.!"*' Briefly, human plasma was mixed with 5 vols. of
methanol and 10 vols. of hexane. After vigorous shaking and
centrifugation, an aliquot of the hexane phase (5pl) was injected
immediately and directly onto a reverse-phase HPLC to minimize
the oxidation of ubiquinol-10 to ubiquinone-10. Total CoQ10 refers
to the sum of oxidized form (ubiquinone-10) and reduced form
(ubiquinol-10).

Lipoprotein subfraction analysis. Serum lipoproteins were sepa-
rated by two independent methods based on their densities and
size. First, serum lipoproteins were separated by ultracentrifugation
using the following densities: d < 1.006 g/mi for very LDL, d = 1.006-
1.019 g/ml for intermediate-density lipoprotein, d = 1.020-1.063 g/ml
for LDL, d=1.064-1.125¢g/ml for HDL2, and d=1.125.21 g/mi
for HDL3.

Second, the same samples were separated into 20 different
lipoprotein subclasses by newly developed HPLC (Li?oSEARCH,
Skylight Biotech, Akita, Japan), as described elsewhere.'” Briefly, 5 pl
of whole plasma samples were injected into two connected columns
of TSKgel LipopropakXL (Tosoh, Tokyo, Japan) and eluted by
TSKeluent Lp-1 (Tosoh). The effluent from the columns was
continuously monitored at 550 nm after an online enzymatic
reaction with a commercial kit, DetermineL TC (Kyowa Medix,
Tokyo, Japan). The cholesterol concentration in major lipoproteins
and their subclasses was calculated by a computer program, which
was designed to process complex chromatograms with a modified
Gaussian curve-fitting function.

Statistical analyses. Values are expressed as meant SD unless
otherwise stated. Effects of drug therapy on each variable were
compared by means of a paired t-test. The percent changes of each
variable after pitavastatin and atorvastatin treatment were compared
by Wilcoxon’s signed-rank test. All statistical analyses were
performed with the Prism 4.0a system (GraphPad Software, San
Diego, CA). A P value <0.05 was considered significant.
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Introduction

Brugada syndrome is an autosomal dominant disorder char-
acterized by ST elevation in the right precordial leads and
syncope or sudden death due to malignant ventricular ar-
rhythmias.! Brugada syndrome typically predisposes men
aged 30 to 50 years to syncope. Mutations in the gene
encoding the cardiac sodium channel a-subunit SCN5A
have been identified in 20% to 30% of Brugada syndrome
patients. The ECG signature of Brugada syndrome is dy-
namic and often concealed, and the prevalence of a Bru-
gada-type ECG in the juvenile population is very low.2 The
most common cause of syncope in young individuals is
neurally mediated syncope, a disorder of regulation of au-
tonomic tone triggered by a wide variety of stimuli, includ-
ing orthostatic and emotional stress. The prognosis of neu-
rally mediated syncope in young individuals is generally
benign. By definition, Brugada syndrome and neurally me-
diated syncope are distinct causes of syncope; however,
several case reports have suggested an association between
these conditions.>~® Furthermore, a clinical study showed
that the head-up tilt test was positive in 35% of patients with
a coved-type ST elevation.” In this report, we present the
first case of neurally mediated syncope with a subclinical
SCN35A mutation that manifested as Brugada syndrome dur-
ing adolescence. This report emphasizes the genetic and
clinical heterogeneity of Brugada syndrome and suggests
that some individuals with neurally mediated syncope man-
ifest Brugada syndrome in an age-dependent manner, pos-
sibly influenced by multiple factors, including hormonal
and genetic substrates.
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Case report

A 17-year-old male patient was referred for evaluation of
recurrent syncope. Medical examination performed when
the patient was 8 years old revealed nonspecific intraven-
tricular conduction delay and first-degree AV block (Figure
1A). Physical examination, chest x-ray film, echocardiog-
raphy, and treadmill exercise testing were normal, and no
ST elevation or arrhythmias were observed at that time. Six
months later, he experienced the first episode of syncope
during prolonged standing. Because the syncopal attacks
typically occurred while the patient was in an upright pos-
ture or was under emotional stress, his condition was diag-
nosed as neurally mediated syncope, although it was not
proved at that time. At age 11 years, saddleback ST eleva-
tion became apparent in leads V,~V, (Figure 1B). At age 17
years, a coved-type ST elevation was recorded from the
third intercostal space (Figure 1C).

Upon admission, a provocation test using intravenous ad-
ministration of the sodium channel blocker pilsicainide 50 mg
was performed to test for conversion of saddleback ST eleva-
tion to coved-type elevation in the standard right precordial
leads. Pilsicainide significantly augmented the J wave and ST
elevation in lead V, (0.2 mV) but did not convert the ECG to
coved-type (Figure 2A). Signal-averaged ECG was positive
for late potentials. The patient experienced an 8.3-second ep-
isode of sinus arrest during venipuncture before electrophysi-
ologic study (EPS). EPS showed sinus nodal dysfunction (cor-
rected sinus node recovery time = 833 ms, sinoatrial
conduction time measured by Narula method = 473.5 ms) and
AV nodal dysfunction (Figure 2B). Ventricular fibrillation was
induced by double extrastimuli from the right ventricular apex
(Figure 2C). Head-up tilt test provoked hypotension followed
by 12 seconds of sinus arrest, indicating a mixed type I neu-
rally mediated syncope.

The patient had no family history of sudden cardiac
death, but his mother had sick sinus syndrome with first-
degree AV block, and his asymptomatic brother had first-
degree AV block and nonspecific intraventricular conduc-
tion delay (Figure 3A). Genetic screening revealed a novel
SCN5A mutation at exon 2 resulting in a premature Stop

doi:10.1016/j.hrthm.2006.10.028
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' i RIS
Figure 1  Age-dependent ECG changes in the proband. A: ECG re-
corded at age 8 years showed nonspecific intraventricular conduction delay
without ST elevation. B: Saddleback ST elevation was evident in leads
V,~-Vy at age 11 years. C: Coved-type ST elevation was observed in leads
V,~V; recorded from the third intercostal space at age 17 years.

codon (Q55X) in the proband, his mother, and his brother
(Figures 3A and 3B). This mutation is predicted to prema-
turely truncate the N-terminal of the sodium channel (Figure
3C). The heterologously expressed mutant Q55X channel
showed no observable sodium current (Figure 3D).

An implantable cardioverter-defibrillator was recom-
mended to the proband, but the patient declined. He has
been treated with cilostazol, a phosphodiesterase inhibi-
tor, to prevent severe bradycardia® and possible arrhyth-
mias due to Brugada syndrome.® The proband’s mother
and brother did not agree to undergo EPS or pharmaco-
logic testing.

Discussion

In the present case, the mode of syncope and the results of
clinical examination, which included head-up tilt test, strongly

favored the diagnosis of neurally mediated syncope before age
11 years. However, the clinical manifestation gradually
changed to Brugada syndrome during adolescence. In this
case, spontaneous coved-type ST elevation, inducible VF, and
loss-of-function SCN5A mutation all are consistent with the
diagnosis of Brugada syndrome that potentially could give rise
to lethal arrhythmias. Some patients with Brugada syndrome,
like the present case, exhibit only a coved-type ST elevation
when the ECG is recorded from a higher intercostal space in
the presence or absence of sodium channel blockers.'®!!
Therefore, the proband suffered from two apparently distinct
condittons: neurally mediated syncope and Brugada syndrome.
The autonomic nervous system has been implicated in both
diseases,'*'® and several case reports have described patients
exhibiting clinical phenotypes of both neurally mediated syn-
cope and Brugada syndrome.> Furthermore, a study demon-
strated that 12 (35%) of 34 patients with a coved-type ST
elevation showed a vasovagal response to head-up tilt test.”
These observations suggest an association between neurally
mediated syncope and Brugada syndrome rather than a simple
coincidence. Identification of the causes of syncope in such
patients often is difficult, therefore, treatment of these patients
remains a therapeutic challenge.” Our report provides for the
first time a genetic and biophysical basis that supports an
association between neurally mediated syncope and Brugada
syndrome.

The ECG signature of Brugada syndrome is dynamic and
often concealed. The age-dependent manifestation of Bru-
gada syndrome correlates well with previous observations
that the ECG penetrance in mutation carriers of Brugada
syndrome is considerably lower in children than in adults
(17% vs 100%, respec[ively).m In a large family with over-
lapping phenotypes of Brugada syndrome and long QT
syndrome due to the SCN5A mutation 1795insD, QT pro-
longation was recognized from birth onward, whereas ST
elevation became apparent only after 5 years.'> We specu-
late that at least some episodes of syncope that occurred
before age 11 years in the present case were caused by
arrhythmias due to the concealed Brugada syndrome sub-
strate. Autonomic and hormonal influences, including tes-
tosterone, may be other candidates for age-dependent man-
ifestation of the Brugada-syndrome phenotype, as indicated
by a case report of the disappearance of the Brugada-type
ECG pattern after surgical castration for prostate cancer.'®
Moreover, based on the observation that SCN5A is ex-
pressed not only in the myocardial cells but also in intra-
cardiac ganglia,'” it is speculated that the nonsense mutation
of SCN5A provides not only the substrate for Brugada
syndrome in the myocardium but also an imbalance in
intracardiac ganglia activity, which in turn results in auto-
nomic dysfunction implicated in both Brugada syndrome
and neurally mediated syncope. Alternatively, genetic mod-
ifiers other than SCN5A may contribute to the age-depen-
dent manifestation of the Brugada syndrome phenotype as
well as the apparent phenotype-genotype dissociation ob-
served between the proband and two mutation carriers.
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Conclusion

We demonstrated a novel nonsense SCN5A mutation in a
patient with Brugada syndrome that previously was diag-
nosed as neurally mediated syncope. The functional conse-
quences of SCN5A mutations are diverse, possibly influ-
enced by multiple factors including age, hormones, and
genetic modifiers. The prognosis of neurally mediated syn-
cope may not necessarily be benign, because at least some
patients with neurally mediated syncope, such as the present
case, may also have Brugada syndrome due to a subclinical
genetic substrate that may give rise to lethal arrhythmias.
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Genetic Polymorphisms and Arrhythmia Susceptibility

Naomasa Makita, MD; Hiroyuki Tsutsui, MD

Over the past 10 years, remarkable advances have been made in identifying the genes responsible for primary
electrical heart diseases, such as congenital long QT syndrome and Brugada syndrome. Basic and clinical studies
on these inherited arrhythmias have provided significant insight into the molecular basis of cardiac electrophysi-
ology and the mechanisms of arrhythmias. However, many studies of genotype—phenotype relationships in these
diseases have revealed considerable phenotypic variability in individuals from the same kindred carrying the
identical disease-associated DNA variant, as is commonly observed in other polygenic disorders. Furthermore,
despite rapid progress in understanding the molecular basis of primary electrical heart diseases, there is little
insight into the genetics of acquired arrhythmias. Recently, it has been recognized that common genetic poly-
morphisms in cardiac ion channel and other genes may modify cardiac excitability, which in turn predisposes
affected individuals to arrhythmias in the presence of triggering factors, such as electrolyte abnormalities or
drugs. This paper reviews the current understanding of the contribution of genetic polymorphisms to the patho-
physiology of cardiac arrhythmias. (Circ J 2007; Suppl A: A-54-A-60)

Key Words: Arrhythmia susceptibility; Common arrhythmias; Genetic modifier; Polymorphism; QT prolonga-
tion; Single nucleotide polymorphisms

entity of rare, often familial, cardiac arrhythmias in

the absence of structural cardiac abnormalities. It
includes several hereditary arrhythmias including long-QT
syndrome (LQTS)! short-QT syndrome? Brugada syndrome
(BS)? and cathecholaminergic polymorphic ventricular
tachycardia*> Most of these disorders are associated with
mutations in the cardiac ion-channel genes, so they are
referred to as cardiac ion channelopathies. Study of these
rare diseases has been highly informative for basic and
clinical electrophysiology, and a novel concept has recently
emerged that common genetic variations might modify
arrhythmia susceptibility in the general population. The
finding that several drugs and electrolyte abnormalities are
associated with development of cardiac arrhythmias has
suggested a common genetic background in some individu-
als that predisposes them to arrhythmias in the presence of
these triggering factors. With the availability of the human
genome sequence, studies now focus on the identification
of variations in the human genome and their contribution to
arrhythmia predisposition.

Primary electrical heart disease refers to a disease

Genetic Polymorphisms and
Variable Penetrance

Mutations are generally defined as disease-associated
alterations in DNA, occurring in less than 1% of the popu-
lation. By contrast, polymorphisms are variations in the
DNA sequence that have an allele frequency of at least 1%
in a population, and are expected in approximately 1 in
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1,000 base pairs of the human genome, differing in a poly-
morphic manner between 2 chromosomal homologues. As
listed in Table 1, there are many different types of polymor-
phisms, including single nucleotide polymorphisms (SNPs),
insertion/deletion variants, and microsatellite polymor-
phisms$7 Polymorphisms located within the coding region
of a gene, such as non-synonymous SNPs, can directly in-
fluence the structure of its protein product, whereas others
located within the regulatory region of a gene can influence
the regulation of the expression levels of its protein product.
These genetic variatioris may also alter phenotypic expres-
sion only under pathological conditions, such as during
ischemia, or with the use of certain medications. However,
a polymorphism does not necessarily mean that the variant
is responsible for a clinical phenotype. Moreover, signifi-
cant differences in polymorphic gene sites can be found in
different ethnic backgrounds and may simply represent a
genetic feature of a selected population rather than a sus-
ceptible allele.

In recent years, genetic approaches to understanding
diversity in cardiac electrical function and susceptibility to
cardiac arrhythmias have focused in particular on ion chan-
nels and gap junction proteins as key components in car-
diac electrophysiology. Although mutations that cause the
phenotype have been found in a single family or an individ-
ual in most cases, variations in genes linked to congenital
arrhythmia syndromes may be relevant to more common
acquired cardiac arrhythmias. Large population studies, in
which cases of disease are compared with matched healthy
controls from the same population, give a higher chance of
detecting small genetic effects.

Systematic characterization of the clinical manifestations
of genotyped families has revealed substantial intra- and
interfamilial differences in phenotypic and disease expres-
sion, ranging from life-threatening arrhythmias to asympto-
matic ECG changes. This phenomenon is referred to as
“variable penetrance” and is typically observed in congeni-
tal LQTS? Variability elsewhere in the genome has been
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Table 1 Types of Gene Polymorphisms5’

A-55

Polymorphism type

Sequence location

Predicted protein and potential

Occurrence in

Potential disease

functional effects genome impact
Nonsense Coding Prematurely truncated, most likely Very low High
loss of protein function
Missense, non-synonymous  Coding, non-conserved Altered amino acid chain, mostly Low Low (10 high)
similar protein properties
Missense, non-synonymous  Coding, conserved Altered amino acid chain, mostly Low Medium t0 high
different protein properties
Rearrangements Coding Altered amino acid chain, mostly Low High
(insertion/deletion) different protein properties
Sense, synonymous Coding Unchanged amino acid chain, Medium Low (1o medium)

rarely effect on exon splicing

Promotor and regulatory Non-coding, promotor/UTR Unchanged amino acid chain, Low to midium Low 10 high,
sequences ' but may affect gene expression depending on site
Intoronic nucleotide Non-coding, splice/lariat sites Altered amino acid chain, failed Low Low to high.
exchange (<40 bp) recognition of exonic structure depending on site
Intoronic nucleotide Non-coding, between introns Unchanged amino acid chain, rarely Medium Very low
exchange (>40bp) abnormal splicing or mRNA instability,

site for gene rearrangements
Intergenic nucleotide Non-coding, berween genes Unchanged amino acid chain, may High Very low

exchange

effect gene expression, site for gross
rearrangements

UTR, untranslated region (5 or 3' region of a gene); bp, base pairs.
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Figl. A mutation of SCN5A, L1825P. associated with cisapride-induced acquired long QT syndrome (LQTS). (A)
Whole-cell Na current recorded from cells expressing wild-type (WT) or L1825P. Persistent non-inactivating Na current.
characteristic of LQT3 mutations. is shown with an arrow. (B) Voltage-dependence of inactivation (Left) and activation
(Right) is shifted in the hyperpolarizing and depolarizing directions. respectively. These biophysical abnormalities tend to
reduce Na current. Therefore, L1825P exhibited the mixed channel dysfunction found in both LQT3 and Brugada syn-
drome. ’
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assumed to contribute to this phenomenon. One possibility
is that a modulator locus may reside in the same disease
gene. Another possibility is that variability at 2 genetic loci
might modulate an arrhythmogenic phenotype. One subset
of such “double hit” cases is an especially severe or unu-
sual phenotype in an individual with 2 abnormal alleles of
the same gene, either by consanguinity (same abnormal
allele) or by compound heterozygosity (different alleles).

Acquired LQTS

Acquired LQTS is often iatrogenic and associated with
drugs, including familiar antibiotics, antihistamines, anti-
psychotics, and antiarrhythmics? LQTS can also be mani-
fested by electrolyte imbalances or bradycardia, especially
in combination with the aforementioned drugs. Patients
with acquired drug-induced torsades de pointes (TdP) share
a number of clinical features with the congenital form of
LQTS: female preponderance, apparent increased risk with
hypokalemia, QT prolongation and TdP, and evidence of
adrenergic activation prior to TdP. These findings, as well
as the relatively unpredictable nature of drug-associated QT
prolongation, suggest that there may be a population at risk
because of genetic factors, but whose phenotype remains
subclinical until drug challenge. It has been proposed that
repolarization in the heart is accomplished by multiple
redundant mechanisms, and that each 1 of the risk factors
impairs 1 or more of these mechanisms to a variable extent.
However, because of redundancy in the system, there is
considerable “repolarization reserve”, and it is only when
this reserve is exhausted by the presence of multiple risk
factors that arrhythmias develop!0

Following the concept of “repolarization reserve”, it is
likely that the occurrence of TdP would be independent of
specific drugs and more linked to a drug’s propensity to
alter cardiac repolarization in individuals with a genetic
predisposition to abnormal repolarization. Therefore, muta-
tions can be identified not only in the Ikr channel genes, but
also in Ixs or sodium channel genes in patients with drug-
induced TdP. In fact, we found a novel SCN5A mutation,
L1825P, in a patient with cisapride-induced acquired LQTS
(Fig1). The heterologously expressed mutant L1825P
showed mixed biophysical abnormalities of the persistent
Na current that is a hallmark of LQT3 mutations and loss-
of-function properties characteristic of BS!! Liu et al recent-
ly explained the mechanism of QT prolongation and TdP
caused by an Ikr blocker in a patient with the SCN5A muta-
tion, L1825P!2 They showed that L1825P has a trafficking
defect, and cisapride partially rescued the trafficking defect
and the surface expression of the mutant channels, which
led to an increase in the late Na current and QT prolonga-
tion.

The idea that common ion channel DNA variants may
contribute to arrhythmia susceptibility has been driven by
the identification of non-synonymous SNPs (Fig2) and in
vitro characterization showing subtle alterations differing
from the wild type. In fact, genetic screening in 92 patients
with drug-induced TdP demonstrated 6 genetic variants in
3 major LQTS genes (KCNQI, KCNH2, and SCN5A)}3 in-
cluding mutations with mild biophysical phenotypes,
which possibly confer an increased risk of TdP in response
to drug challenge. However, none of these variants showed
statistically significant differences in the allele frequency
between normal and TdP populations. Moreover, it should
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be noted that functional studies of some ion channel SNPs
are not comparable or may even produce contradictory
results, probably because in vitro experiments are not stan-
dardized among different laboratories.

Genetic Variations in Cardiac
Sodium Channel Genes

A recently identified SNP in the SCN5A gene, S1103Y,
is associated with arrhythmia risk in African Americans!4
The Y1103-allele, carried by 13% of African Americans
and overrepresented among arrhythmia patients of African
decent (56.5%), was also linked to prolongation of the QT
interval in an African American family. This SNP is found
in approximately 19% of West Africans and Caribbeans, but
not in Caucasians or Asians. More recently, S1103Y has
been predominantly found in victims of sudden infant death
syndrome, and the heterologously expressed S1103Y chan-
nel exhibited higher sensitivity to a lower intracellular pH
than the wild type. These data suggest that the variant ap-
pears to confer susceptibility to acidosis-induced arrhyth-
mia, indicating a gene-environment interaction!3

HS58R is one of the most prevalent SNPs of SCN5A. The
electrophysiological characteristics of H558R do not differ
from the wild type, but in vitro studies have reported that
HS558R modulates the trafficking of the SCN5A mutations
TS121'6 (responsible for isolated cardiac conduction de-
fects) and M1766L!7 (responsible for LQT3) when H558R
and the mutations are on the same allele. More recent data
show that H558R mitigates the trafficking abnormalities of
a BS mutation, R282H, that is present on the non-mutant
allele!® These studies demonstrate the effect of genetic
background on the phenotypic expression of a disease-
causing mutation. However, population studies of congeni-
tal or acquired arrhythmias have shown no association
between H558R and arrhythmias. Thus, the pathophysio-
logical relevance of this SNP needs further elucidation.

Bezzina et al recently found a haplotype vanant in the
promoter region of SCN5A consisting of 6 polymorphisms
in near-complete linkage disequilibrium (LD)! an associa-
tion of multiple loci on a chromosome caused by limited
recombination between them. The allelic frequency of the
variant haplotype (HapB) was 22% in the Asian population,
but was absent in whites and blacks. Furthermore, HapB
reduces transcription levels of SCN5A, and the promoter
haplotype correlated well with PR and QRS durations. This
study suggests that genetically-determined variable Na
channel transcription is associated with variable conduc-
tion velocity, an important contributor to arrhythmia sus-
ceptibility.

Genetic Variations in Cardiac
Potassium Channel Genes

Among 16 KCNQ! mutations responsible for LQT1,15
mutations were localized in the transmembrane domains
and associated with a high percentage of symptomatic
carriers and sudden deaths, whereas a missense mutation
R555C at the C-terminal domain was associated with sig-
nificantly less QT prolongation, and lower percentages of
symptomatic carriers?® R555C appeared to represent a
forme fruste phenotype, a factor favoring acquired LQT
syndrome. Sesti et al identified a SNP of KCNE2 T8A in a
patient with sulfamethoxazole (SMZ)-associated LQTS
(allelic frequency of 1.6% of the control population)?!
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Functional studies revealed that T8 A channels were normal
at baseline, but inhibited by SMZ at therapeutic levels that
did not affect the wild-type channels. That study demon-
strates that clinically silent DNA "variations can increase
the risk of life-threatening arrhythmias after drug exposure.
Kubota et al reported that G643S a SNP of KCNQ/ (allelic
frequency of 9% in the general Japanese population) de-
creased Iks current density in vitro?? This SNP was in the
LQT families studied and was mostly associated with a
rather mild phenotype. Prolongation of the QT interval was
often precipitated by hypokalemia and bradyarrhythmias,
implying that this polymorphism -might be acting as a
modifier gene in these LQT families.

With the KCNH2 (HERG) gene, several conflicting
studies pertaining to K897T and the duration of QT interval
in the healthy population have been reported. Pietila et al
reported an association between the 897T-allele (allelic fre-
quency of 16% in Finns) and prolongation of QTc¢ interval
in Finnish females?3 In a LQT2 family with the KCNH2
mutation AL116V, K897T is a genetic modifier that exag-
gerates the Ikr reduction caused by A1116V; thus, only the
individuals carrying both A1116V and K897T manifest QT
prolongation?* Bezzina et al found a significant association
between the 897T-allele and shorter QTc intervals in
healthy Caucasian groups, and the electrophysiological
characterization of the K897T channel revealed gain-of-
function properties leading to a shorter QT interval?3 More
recently, a large LD-based SNP association study of LQTS
genes showed that K897T is significantly associated with a
shorter QTc¢ interval?6

Genetic Variants of Other Genes

Gap junctions are clusters of connexin (Cx) channels
that span the closely opposed plasma membranes forming
cell-to-cell pathways and facilitate action potential conduc-
tion. Cx40 is a gap junction protein predominantly ex-
pressed in the atrium and the specialized conduction system.
There are 2 closely linked SNPs in the promoter region of
Cx40, which lead to a substantial reduction in promoter
activity?? In 2 kindreds with atrial standstill. individuals
with both the SCN5A mutation and the Cx40 promoter
SNPs displayed the clinical phenotype, whereas individuals
with a single defect are phenotypically indistinguishable
from normal family members?’-28 These findings support
the proposed interaction of the polymorphism with the
mutation. By extension. multiple common vanants in ion
channel genes, or other genes that modulate cardiac elec-
trophysiology, can be logically proposed as candidate mod-
ulators of clinical arrhythmia phenotypes.

More generally, this is an example of biology informing
the identification of new candidate loci in which DNA vari-
ants might modulate a clinical phenotype. As complex sig-
naling pathways determining integrated biologic responses
(such as normal cardiac rhythm) are unraveled, each
element is defined as such a candidate. Importantly, such
candidate loci may involve modifier genes or signaling
pathways heretofore not associated with arrhythmia pheno-
types. Predicting the behavior of complex systems that
have been perturbed by disease, drug administration. or
functionally significant DNA variants is a major challenge
to contemporary biology.
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Genomic structure, linkage disequilibrium (LD)-structure, and genotyped single nucleotide polymorphisms

(SNPs) in the investigated gene regions?6 174 SNPs genotyped in the screening sample are denoted as (|), 13 SNPs geno-
typed in the confirmation sample are marked by @. The regions of LD structure are marked by D’-based haplotype block
boundaries (¥) and by neighboring SNPs exceeding r2-values of 0.5 (¥). For SNPs genotyped in both samples, p-values
for association with QTc_RAS in the screening (Top) and in the confirmation sample (Bottom) and for associated SNPs
the effect of | minor allele on QTc_RAS in the entire sampie is given.

Table 2 Genetic Polymorphismns

0 1 2 QTc_RAStSD  From total sample (n=3,966), n

KCNQ1 rs757092 GG GA AA

KCNH?2 rs1805123 (K879T) ccC CA AA

KCNH?2 rs3815459 GG GA AA

QT-prolongation score
0 412.713.4 79
1 415.5%16.9 462
2 416.6+16.9 1,021
3 418.3117.8 1,132
4 419.3£16.9 641
5 423.24194 135

Effect of the 5 genotypic changes significant in the multivariate regression analysis from the 3 confirmed single nucleotide poly-
morphisms KCNQ1-rs757092, KCNH2-K897T, and KCNH2-rs3815459 was determined by a QT-prolongation score (p<0.00005).
For each score-class the average QTc_RAS, standard deviation and the number of individuals are given. Individuals harboring the
maximum possible number of 5 QT-prolonging alleles had on average a 10.5-ms longer QTc_RAS than individuals that had no

QT-prolonging allele (0.95% of variance; p<0.00005).

Genetic Factors Determining
Cardiac Repolarization

Altered myocardial repolarization is one of the important
substrates of malignant ventricular arrhythmias, and rare
gene variants affect repolarization in congenital LQTS. To
investigate the influence of common gene variants on the
QT interval, Pfeufer et al performed an LD-based SNP
association study of 4 candidate genes?6 (Fig3). They ini-
tially genotyped 174 SNPs of 4 LQTS genes (KCNQ/,
KCNH2, KCNE1, and KCNE2) in 689 individuals, and
successively screened 14 SNPs with suggestive linkage in a
confirmatory sample of 3,277 individuals (total 3,966 indi-
viduals). They showed association to 1 SNP of KCNQI
(rs757092: +1.7 ms/allele) and 2 SNPs of KCNH2 (K897T,
rs1805123, —1.9 ms/allele; and rs3815459, +1.7 ms) (Fig3).
These SNPs have additive effects on the QTc interval,
showing a 10.5 ms difference in the QTc_RAS (QT interval
corrected for rate, age and sex) between extreme-score

groups (Table?2). This study is the first evidence that car-
diac repolarization is heritable as a quantitative phenotypic
trait.

To identify common genetic variants that modulate
cardiac repolarization, Arking et al recently performed a
genome-wide association study using 200 subjects at the
extremes of a population-based QTc_RAS distribution of
3,966 subjects from the KORA cohort in Germany, with
follow-on screening of selected markers in the remainder
of the cohort?® They identified NOSIAP (CAPON), a regu-
lator of neuronal NOS, as a modulator of cardiac repolari-
zation. Although the physiological roles of CAPON in the
heart have not been extensively studied, a recent report
showed that overexpression of CAPON in cardiomyocytes
accelerated repolarization via a reduction of the L-type Ca
current3® As additional polymorphisms are elucidated, the
true multigenic scope of arrhythmia susceptibility will
emerge, but the clinical implication of individual polymor-
phisms will grow increasingly complex.
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Atrial Fibrillation (AF)

AF is the most common cardiac arrhythmia, and it in-
creases in prevalence with advancing age to approximately
6% in individuals older than 65 years. Since the initial
identification of the locus of familial AF on chromosome
10q22-243! 7 further loci, including 4 relevant K channel
genes, have been mapped?2 The KCNQI mutation, S140G,
was identified in Chinese familial AF, and the heterologous-
ly expressed S140G channel revealed gain-of-function
properties on the Iks current, in contrast to the loss-of-func-
tion effects of the KCNQI mutations previously described
in LQT1 patients33 In addition to monogenic diseases, Lai
et al reported a non-synonymous SNP (G38S) of KCNE as
a risk factor for AF susceptibility3* The frequency of the
38G-allele was significantly higher in the AF group than in
the control group (76.4 vs 63.0%), although the functional
significance of this SNP remains to be elucidated. More
recently, Zeng et al have shown that none of the KCNQ/
and KCNEI non-synonymous SNPs was associated with
AF in the Chinese population, but the KCNE4 SNP E145D
was associated with AF35

Limitations of Association Studies and
Functional Assessment of SNPs

There are a number of potential limitations before the
results of association studies can be integrated into clinical
practice. First, the biological effects of a single polymor-
phism may be undetected, especially in the setting of multi-
factorial diseases, where the small additive effects of many
factors may contribute to the disease phenotype. Second,
the genetic heterogeneity of the population studied is also a
major issue. Efforts should be made to match the subjects
carefully by ethnic—geographic origin and other confound-
ing variables (age, sex, smoking, cardiovascular disease,
etc); thus, large-scale studies are required in order to detect
even moderate associations.

Identification of non-synonymous SNPs and their subtle
biophysical alterations characterized in vitro have prompted
the idea that a common ion channel sequence variance may
also contribute to a common arrhythmia and arrhythmia
susceptibility. However, the results of ion channel altera-
tions may be variable or even contradictory, because in
vitro experiments are not standardized among different
laboratories. For instance, Baroudi et al proposed an inter-
esting mechanism underlying the apparent discrepancy
between the severe clinical phenotype of an individual with
BS carrying a T1620M mutation and its relatively minor
biophysical abnormalities when expressed in cultured
cells3¢ Based on the fact that the proband carried an addi-
tional rare SNP R1232W, they constructed a double mutant
(T1620M/R1232W) and characterized Na-channe! func-
tion. In contrast to the relatively minor functional abnor-
malities of T1620M, they found that the double mutant
channel molecule failed to reach the plasma membrane (de-
fect of membrane trafficking), leading to total loss of the
cardiac Na current. This observation supports the hypothe-
sis that polymorphisms of ion channel genes can affect
membrane trafficking or gating, thereby modulating the
channel properties of the coexisting mutation. In order to
confirm this observation, we constructed the same double
mutation and performed patch clamp and confocal imaging
to characterize its biophysical properties and subcellular
distribution. To our surprise, the T1620M/R1232W chan-
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nels elicited robust Na current, despite showing altered
gating properties, and the subcellular distribution was
nearly normal (data not shown). Unfortunately, such con-
tradictions of in vitro experiments are common among
different laboratories, and this represents a major hurdle
that needs to be overcome. Standardization of in vitro func-
tional assessment of non-synonymous SNPs is needed to
compare lab-specific results.

- Conclusions

An important focus of future efforts will be to determine
the mechanisms that control the expression of ion channel
genes and the modulating factors that determine normal car-
diac electrophysiology. Furthermore, it will be important to
determine how genetic variations may cause arrhythmias.
The ideatification of common variants that cause a subtle
increase in the risk of life-threatening arrhythmias will
facilitate prevention of sudden cardiac death through the
rapid identification of populations at risk. Moreover, large
databases with well-characterized drug responses may help
define new drug targets and develop expedited technology
to screen individuals with potential arrhythmogenic sub-
strates, thereby leading to new treatment strategies.
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Abstract

Left ventricular noncompaction (LVNC) is a genetically heterogenous disorder. Mutations in the human cardiac sodium channel
alpha-subunit gene (SCN54) are involved in the pathophysiology of cardiac arrhythmias and cardiomyopathies. This study was per-
formed to compare the frequency of SCN5A4 variants in LVNC patients with or without arrhythmias, and to investigate the relationship
between variants and disease severity. DNA was isolated from the peripheral blood of 62 Japanese probands with LVNC, comprising 17
familial cases and 45 sporadic cases. Blood samples were screened for variants in SCN5A4 using single-strand conformational polymor-
phism analysis (SSCP) and DNA sequencing. Seven variants, 1s6599230:G> A, c.453C>T, c.1141-3C> A, 1s1805124:A > G
(p.H558R), rs1805125:C > T (p.P1090L), c.3996C > T, and rs1805126:T > C were identified in 7 familial and 12 sporadic cases. The fre-
quency of SCN54 variants was significantly higher in the patients with arrhythmias than those without (50% vs 7%: P = 0.0003), sug-
gesting these variants represent a risk factor for arrhythmia and supporting the hypothesis that genes encoding ion channels are involved
in LVNC pathophysiology. The LVNC patients with heart failure also had high occurence of SCN5 A variants, suggesting the presence of
SCN5A variants and/or arrhythmias increase the severity of LVNC.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Noncompaction; SCN5A variants; Arrhythmia; Heart failure

Introduction [1]. To date, this disorder is considered an arrest in the

morphogenetic process of myocardial compaction [2].

Left ventricular noncompaction (LVNC) is character-
ized by persistence of multiple prominent ventricular trab-
eculations and deep intertrabecular recesses in the left
ventricle and is defined as an unclassified cardiomyopathy

* Corresponding author. Fax: +81 76 434 5029,
E-mail address: fukiko@med.u-toyama.ac.jp (F. Ichida).

1096-7192/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.ymgme.2007.10.009

The clinical manifestations are not specific for this form
of cardiomyopathy, with clinical overlap with dilated and
hypertrophic cardiomyopathies, and are highly variable,
ranging from asymptomatic to severe cardiac dysfunction
leading to heart transplantation or death. Most LVNC
patients also present with some form of arrhythmia [2].
LVNC, without other morphologic cardiac abnormali-
ties, was first described echocardiographically in 1984 [3].

(2007), doi:10.1016/;.ymgme.2007.10.009
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In recent years, defects in several genes have been associ-
ated with LVNC. Recently, we identified novel sequence
variants in DTNA, TAZ, and LDB3 in patients with LVNC
[4-6). However, like other forms of inherited cardiomyop-
athy, LVNC is a genetically heterogeneous disease and can
be inherited as an autosomal dominant or X-linked reces-
sive disorder [4-6].

Mutations in the human cardiac sodium channel alpha-
subunit gene (SCN5A) have been identified in patients
with a range of arrhythmias including the long QT syn-
drome (LQTS) [7], Brugada syndrome [8], sudden unex-
plained nocturnal death syndrome [9], idiopathic
ventricular fibrillation [10], congenital sick sinus syndrome
[11], and cardiac conduction defects (CCD) [12], as well as
sudden infant death syndrome [13]. Recently, variants in
SCN5A [14,15] and a cardiac Karp channel gene
(ABCC9)[16] have been reported in patients with dilated
cardiomyopathy (DCM). The sodium channel plays a cen-
tral role in the excitability of myocardial cells, by estab-
lishing a subtle equilibrium between depolarizing and
repolarizing currents determining the action potential
(AP) duration. Thus, variations in SCN54 may influence
this equilibrium, even by weak effects on activity and/or
the expression level of channels subunits. Single nucleo-
tide polymorphisms (SNPs) in SCN54 have been impli-
cated not only as the causes of inherited arrhythmic
syndromes, but also as genetic risk factors for some
acquired arrhythmias [17-20].

Therefore, we hypothesized that variations in genes
encoding ion channels are implicated in the pathophysiol-
ogy of LVNC in relation to the development of arrhyth-
mias and the severity of disease. Here we report the
analysis of the SCN5A4 gene in a large cohort of Japanese
patients with LVNC, and present data supporting this
hypothesis.

Methods
Subjects and clinical diagnostic criteria

LVNC was diagnosed by echocardiographic criteria, including: (1) LV
hypertrophy with deep endomyocardial trabeculations in >1 ventricular
wall segments, (2) reduced LV systolic function, (3) a two-layered endocar-
dium with a noncompacted to compacted ratio of >2.0, and (4) deep
recesses filled with blood from the ventricular cavity visualized on color
Doppler imaging (Fig. 1) {4).

Initial clinical evaluations were performed without knowledge of
genotype status. Once a proband was identified, a family history was
obtained, and all potentially informative family members underwent
clinical evaluation, including physical examination, chest radiograph,
electrocardiogram (ECG), echocardiogram (2 dimensional and color
Doppler) was used to evaluate the cardiac structure, LV size and func-
tion (shortening fraction and ejection fraction), and valve regurgitation
(Fig. 1).

Peripheral blood samples were collected after written informed
consent. Lymphoblastoid cell lines were established from the periphe-
ral blood samples and then genomic DNA was isolated using QIA-
amp DNA extraction kits (Qiagen: Valencia, CA). The study was
approved by the Research Ethics Committee of Toyama University
Hospital.

Fig. 1. (A) Two-dimensional echocardiogram of a patient with LVNC
revealing noncompacted layer with intertrabecular recesses (NC) and
outside the compacted layer (C), with an NC:C ratio >2.0. (B) Color
Doppler echocardiogram of a LVNC patient demonstrating flow within
deep intertrabecular recesses (arrow) in continuity with the left ventricular
cavity. (For interpretation of the references to colours in this figure legend,
the reader is referred to the web version of this paper.)

Molecular genetic studies

The SCN5A gene was amplified by PCR from the genomic DNA of each
of the probands. The PCR primers were designed to amplify each of the cod-
ing exons, as well as flanking intronic sequences, using the online utility Pri-
mer 3 (http://www-genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi)
and sequences from NCBI and Celera databases: the NCBI genomic
DNA sequence file NT_022517.17 served as the primary source. PCR reac-
tions were performed as previously described [6]: primer sequences and PCR
conditions are available upon request. After PCR amplification, the samples
were denatured by heating in a denaturing buffer and analyzed by SSCP [5].

Both normal and aberrant SSCP bands were cut directly from dried
gels, purified, and sequenced according to the Applied Biosystems (ABI)
Big Dye Terminator Cycle Sequencing protocol and analyzed using an
ABI 310 Automated Sequencer. Sequencing results were compared with
wild-type sequence published in NCBI by the BLAST comparative search
algorithms (www.ncbi.nlm.nih.gov/BI.AST/). Variations were confirmed
by repeating the PCR from the genomic DNA template and sequencing
the PCR products.

Statistical analysis

SNP frequencies in both of the groups were compared using the Chi
square test. Relations between variants and arrhythmias were calculated
by logistic regression. The differences were considered to be significant
when P <0.05.
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Results
Genetic studies

The study cohort comprised 62 unrelated Japanese
LVNC probands, which included 45 sporadic cases (S)
and 17 familial cases (F): a further 8 affected family mem-
bers were also recruited for genotype-phenotype correla-
tions. Table | summarizes the probands sex, age at
diagnosis, and clinical phenotype, and the SCN5A variants
identified. .

Six heterozygous and one homozygous (rs6599230:G >
A) variants were identified in 7 familial and 12 sporadic
cases (Tables 1 and 2). Of these, 4 are reported in the
NCBI SNP database for SCN5A (http://www.ncbi.nlm.nih.
20v/SNP/snp_ref.cgi?geneld=6331&ctg=NT_022517.17&
mrna=NM_198056.1&prot=NP_932173.1&orien=rcverse),
rs6599230:G > A, rs1805124:A > G (p.H558R), rs1805125:
C>T (p.P109OL), and rs1805126:T > C. Two have
been reported as SNPs (c.453C > T [21], c.1141-3C > A
[22)). The last variant, ¢.3996C > T, was detected in a
sporadic case of isolated LVNC with complete atrioven-
tricular block (AVB): this variant has not been reported
previously.

Association of SCN5A variants with arrhythmias

SCN5 A variants were detected in 17 (50%) of the 34 pro-
bands with arrhythmias (7 familial cases and 10 sporadic
cases) compared with 2 (7%) of the 28 probands without
arrhythmias (Table 3). this difference was significant by
Chi square analysis (P = 0.0003). In these 17 cases, a wide
variety of arrhythmias were noted, including AVB (n = 8),
atrial fibrillation (AF) (n =2), LQTS (n = 2), Wolff-Par-
kinson-White syndrome (WPW) (n = 5), SSS (n = 2), ven-
tricular tachycardia (VT) (n=7), premature ventricular
contraction (PVC) (n = 10), paroxysmal supraventricular
tachycardia (PSVT) (n = 3).

While most of the variants were associated with multiple
types of arrhythmia (Table 2), in the analysis of extended
families multiple arrhythmia phenotypes were detected in
the same family. For example for proband Fé6 (Fig. 2),
who presented with LVNC with premature ventricular
contraction (PVC), two variants were identified,
rs1805126:T > C and p.P1090L. Both variants were inher-
ited from his affected mother, who presented with LVNC
with sick sinus syndrome (SSS). Using logistic regression
analysis, patients who have the rs1805126:T > C variant
have significantly high risk of arrhythmia (OR = 5.69
(1.05-30.84), P = 0.044). '

We also investigated the correlation between the SCN5 A
variants and the severity of LVNC. Similar to the findings
with arrhythmias, SCN5SA variants were detected in 18
(53%) of the 34 patients who had developed heart failure,
compared with just 1 (4%) of the 28 who had not. This
was also a significant difference by Chi square analysis
(P = 0.0002) (Tuble 4).

Discussion

During the more than ten years since mutations in the
gene encoding the cardiac sodium channel, SCN54, were
first reported in 1995 [7], genetic alterations in SCN5A4 have
been shown to influence the pathophysiology of cardiac
arrhythmias, pharmacological sensitivities to antiarrhyth-
mic drugs and recently cardiomyopathy [14]. Some com-
mon exonic SNPs were previously described as being able
to produce subtle functional changes in channels
physiology.

To date variations in three genes have been identified in
patients with LVNC, DTNA, TAZ and LDB3.[4-6)
Arrhythmias occur in more than 50% of patients with
LVNC [23]. Since this phenotype does not correlate with
the identification of gene variations, we hypothesized that
variations in ion channel genes may contribute to the devel-
opment of arrhythmias in LVNC patients regardless of the
underlying cause of the disease. Therefore, we screened
patients with LVNC for genetic variants in SCN54. A sig-
nificant number of genetic variations (both synonymous
and non-synonymous nucleotide substitutions) were identi-
fied in the patient cohort. However, variations were
detected significantly more frequently in patients who pre-
sented with arrhythmias than those who did not: 50% vs
7% (P = 0.0003).

Since LVNC patients with arrhythmias tend to have
worse outcomes than patients without arrhythmias [23],
we anticipated identifying a similar correlation between
genetic variants and heart failure. Indeed SCN5A variants
were detected in significantly more of the patients with
heart failure, than this without: 53% vs 4% (P = 0.0002).
Therefore, these data support the hypothesis that varia-
tions in ion channel encoding genes contribute to the
underlying pathophysiology of LVNC and determining
outcome.

The HS58R substitution is located in the Na* channel I,
II interdomain cytoplasmic linker and previous functional
studies have shown that the R558-encoding minor allele
can dramatically alter the phenotype of true disease-caus-
ing SCN5A mutations [24]. It has been suggested that it
modulates Na* channel functional changes caused by other
variations, and plays a role in intragenic complementation
[25,26]). HSS8R expressed in the different variant back-
grounds has profoundly different effectd on function, even
“loss of function.”[27] In our two cases with the H558R
variant the QT interval was normal, but they both had
severe arrhythmias, one with PVC and the other WPW.
The P1090L substitution was identified in a sporadic case
with AF and a familial case with PVC (proband) and
SSS (the proband’s mother). P1090 is localized in the I,
III interdomain cytoplasmic linker. As a relatively Asian-
specific common polymorphism, P1090L has been shown
to result in a significant negative shift of activation mid-
point in the Q1077del background [27].

With the exception of the ¢.3996C > T variant, all of the
other variants are commonly detected in the normal popu-

(2007), doi:10.1016/j.ymgme.2007.10.009

Please cite this article in press as: L. Shan et al., SCNS5A variants in Japanese patients with left ventricular ..., Mol. Genet. Metab.

-411-



4 L. Shan et al. | Molecular Genetics and Metabolism xxx (2007) xxx-xxx

Table 1

Clinical and molecular data for probands with LVNC

ID Sex Age Arrhythmia Hean failure SCNSA variant
Fl M Oy PVC + No

F2 F 9y — + No

F3 M Sy AVB + No

F4’ F Iw PVC + ca53C>T

FS F 60y AVB, VT + RS1805126:T > C
F6 M 4y PVC, SSS + RS1805126:T > C, p.P1090L
F7 F ly — —_ No .
F8 F Sy AF + RS1805126:T> C
F9 M 3m — + No

F10 M 13y LQT + RS6599230:G > A, RS1805126:T > C
Fil F 2y —_ + No

Fi12 F ly —_ — No

F13 F 3y — —_ No

Fl14 M 4y — —_ No

F15 F N/A PVC + RS1805126:T > C, RS6599230:G > A
Fl6 F Im — —_ No

F17 M 13 WPW + RS1805124:A> G, c.1141-3C> A
Si8 F 0.2y PSVT, WPW + No

S19 M 12y PVC + RS1805124:A > G, ¢.1141-3C > A, RS1805126:T>C
S20 F 12y AVB + No

S21 M Ty AVB + No

S22 F 1w WPW + RS1805126:T>C
§23 N/A N/A WPW — No

S24 F 21y vT — No

S25 M 3y vT + No

S26 M 10d PSVT, VT + No

S27 M 25y AVB — No

S28 M ly AVB + No

$29 F 3m PSVT + RS1805126:T>C
S30 M 10y PVC — No

s3i F 12y AF + p.P10%L, RS1805126:T>C
§32 F 1d LQT — No

S33 F 14y vT — No

S34 [ F ly PVC, VT + No

S35 N/A N/A — — No

S36 N/A N/A — + RS1805126.T > C
$37 N/A N/A — — No

S38 N/A N/A —_ — No

$39 N/A N/A — + RS1805126:T>C
$40 N/A N/A — —_ No

S41 M Im — — No

S42 M 2m — + No

§43 M Oy AVB + P1332P

$44 M 9m PVC + cl141-3C>A
$45 M 3y — + No

S$46 M 36y vT + RS1805126:T > C
$47 M N/A SSS +. RS1805126:T > C
S48 F N/A AVB — No

$49 F ly — — No

S50 M 8m WPW —_ No

Ss1 M Oy — —_ No

§52 M 8m — — No

553 F 2y — — No

S54 F 4m — + No

S55 M 1Sy — — No

856 M 5m PVC + RS1805126:T > C
S57 M 17y — —_ No

S58 M ly — + No

S59 F ly - - No

S60 F Oy — — No

S61 M 43y . PVC — RS6599230:G > A
62 F 16y — - No

F, familial case; S, sporadic case; ID indicates identification; Age, proband’s age at diagnosis; N/A, information unavailable; blank, no abnormality; +, the proband
had heart failure; no, no variant was found. AVB AV block; AF, atrial fibrillation; LQT, long QT syndrome; WPW, Wolff-Parkinson-White syndrome; SSS, sick
sinus syndrome; VT, ventricular tachycardia; PVC, premature ventricular contraction; PSVT, paroxysmal supraventricular tachycardia.

* Compound with LDA3 variation [6].
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Table 2
Summary of SCN5A variants detected
DNA variant (dbSNP ID) Protein change Exon Family/case Types of arrhythmia
87G > A (rs6599230) Exon 2 F10,F15,861 PVC, LQT
453C>T Exon 4 F4 PVC
1141-3C> A Intron 9 F17, S19, S44 PVC, WPW
1673A > G (rs1805124) H558R Exon 12 F17, S19 PVC, WPW
3269C > T (rs1805125) P1090L Exon 18 F6, S31 AF, SSS, PVC
3996G > A Exon23 S43 AVB
5457T > C (rs1805126) Exon28 F5, F6, F8, F10, F15, S19, §22, PSVT, VT, PVC, AVB, LQT,
§29, 831, 836,539, S46, S47, S56 SSS, AF, WPW
Abbreviations are defined in Table 1.
Table 3
Incidence of SCN5A variants in the cases with arrthythmia and in those without arrhythmia
SCNS5A Variant (%) No SCN5A variant (%)
Familial cases Sporadic cases Total Familial cases Sporadic cases Total
Arrhythmia 7 10 17 (50) 2 15 17 (50)
No arrhythmia 0 2 2 Y] 8 18 26 93)
Total 7 12 19 31 10 33 43 (69)
(P = 0.0003).
oL 4 LEREEE f \ 1 '
—_ R [
[ U D D R |
D v IR E v
[ Nt e A v
IL 18 [ ' ' .
PVC Ao L. Leod
J..E;g‘._n»._L S RO T U P F VORI PO A PO SR T |
Cc
GG",CCC?CG AT T CCFH [',‘[GC',‘G[G}.’_‘::‘l:'.l';‘:".‘l
97 101 105 109 3 302 208 zos 211 214 217
Control n
A = I“r‘.Gc—CGrmG-':—r:C':G‘.‘CT
EES 106 E oL 206 21 216
[\ I:2
Exon 18 (3269C>T) Exon 28 (5457T>C)

Fig. 2. (A) Pedigree of familial case 6. (B) ECG of the proband’s mother who presented with SSS. (C) DNA sequence analysis of exon18 (left) and exon 28
(right) of SCN54 in a normal control (top) and in the proband’s mother (1:2, bottom).

Table 4
Incidence of SCN5A variants in the cases with heart failure and in those without heart failure

SCNS5A Variant (%) No SCN5 A variant (%)

_ Familial cases Sporadic cases Total Familial cases Sporadic cases Total

Heart failure 7 11 18 (53) 5 il 16 47)
No heart failure 0 i 1 4) 5 22 27 (96)
Total 7 12 19 31 10 33 43 (69)
(P = 0.0002).
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lation. Therefore, the question remains, how do these vari-
ants, most of which are synonymous substitutions, lead to
abnormal arrhythmogenesis in the population? Regardless
of their effect on the amino acid sequence, a significant
number of single nucleotide substitutions alter mRNA
splicing efficiency or accuracy [5]. Exonic splicing enhancer
(ESE) and silencer (ESS) elements are present in most
exons. Since ESEs are often distant from the canonical
splice junctions, point mutations that inactivate an ESE
can result in partial or complete exon skipping, affecting
the structure or amounts of the expressed protein product.
These splicing alterations may be incomplete, resulting in
subtle changes in sodium channel expression that do not
manifest changes in function in the normal heart, but in
a pathological environment result in changes in cardiac
repolarization, which consequently could modify the clini-
cal expression of a latent LVNC pathogenic mutation.
Rs1805126.T > C has been reported to be associated with
short QTc intervals [18]. In our study, it related with the
significantly high risk of the arrhythmia in LVNC patients.
However, analysis using splice site prediction software
(http://www.fruitfly.org/seq_tools/splice.html) or exonic
splice enhancer prediction (http://genes.mit.edu/burgelab/
rescue-ese/) does not predict any differences in mRNA
splicing due to this SNP (data not shown).

Further, subtle changes in ion channel expression could
be exacerbated by the presence of variants in proteins that
interact with the ion channel. In most of the patients studied
here, disease causing mutations have not been identified.
Interestingly, multiple proteins containing PDZ domains
have been associated with ion channel localization and func-
tion [28). One such protein, LIM Domain Binding Protein 3
(LDB3), has been implicated in the pathogenesis of LVNC
[6). The p.D626N LDB3 variant was identified in two of
the probands studied here (F4 and F17). In the first family,
both the proband (F4) and her 1week old maternal twin sis-
ter carried the LDB3 variant and the c.453C>T SCN5A4
variation. Shortly after birth, both were diagnosed with
LVNC by echocardiography and have severe PVC. In the
second family, the proband (F17) was initially diagnosed
with isolated LVNC and WPW syndrome in a routine phys-
ical examination when he was 13 years old. He had the same
variant in LD B3, as well as the p. H558R and c.1141-3C > A
variants in SCN5A. Thus it is possible to speculate that the
presence of the D626N LDB3 variant, irrespective of
whether it is disease-causing per se, could alter sodium chan-
nel expression, localization and/or function.

Study limitations

Due to the sensitivity of the PCR-SSCP analysis it is
possible that the frequencies of SNPs reported here are
lower than actually occur. However, as both patient groups
were screened simultaneously without knowledge of pheno-
type, there would be no bias between groups for the vari-
ants identified. However, other variants may not have
been detected for technical reasons and, it is possible, that

they could have occurred more frequently in the groups of
patients without arrhythmias. The mechanistic basis of the
effect of these variants is largely unknown. Therefore, addi-
tional studies in which events such as intracellular acidosis
or Ca overload can be induced may result in novel findings.

Conclusion

The prevalence of SCNS5 A variants is significantly higher
in LVNC patients with arrhythmias than those without,
supporting that the hypothesis that SCNSA variants
increase arrhythmia susceptibility in LVNC. Further, the
increased susceptibility to arrhythmias in turns leads to a
greater risk of heart failure. We speculate that drugs tar-
geted to the restoration of sodium channe! function may
offer a novel therapeutic option for patients with LVNC.
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