J Hum Genet (2001) 46:549-552

© Jpn Soc Hum Genet and Springer-Verlag 2001

SHORT COMMUNICATION

Hiroyasu Iwasa - Masahiko Kurabayashi - Ryozo Nagai
Yusuke Nakamura - Toshihiro Tanaka

Genetic variations in five genes involved in the excitement of

cardiomyocytes

Received: May 22, 2001 / Accepted: June 8, 2001

Abstract We provide here 29 genetic variations, including
28 novel ones, in five genes that are potentially involved in
the excitement of cardiomyocytes: we found 4 in KCNAI0,
2 in KCNK1, 8 in KCNK6, 11 in SLC18A1 (VMAT1), and
4 in SLC6A2 (norepinephrine transporter). We also exam-
ined their allelic frequencies in a Japanese population of
long QT syndrome-affected and nonaffected individuals.
These data would be useful for genetic association studies
designed to investigate acquired arrhythmias.
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Introduction

Long QT syndrome (LQTS), an arrhythmogenic disorder
characterized by prolongation of the QT interval on electro-
cardiograms (ECGs), often causes syncope or sudden car-
diac death as a result of recurrent and lethal arrhythmia.
Five genes in which inherited mutations are responsible
for this syndrome have been identified to date: KCNA9
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(KVLQTI, KCNQI), KCNH2 (HERG), KCNEI1, KCNE2,
and SCN5A (Bennett et al. 1995; Curran et al. 1995; Wang
et al. 1996a,b; Splawski et al. 1997; Abbott et al. 1999). A
mutant form in at least one of these five genes can be
detected in nearly 40% of LQTS families, but the abnor-
malities responsible for the syndrome in the remaining
families seem to be in other, unknown genes.

Potassium channels are the most heterogenous group of
ion channels in terms of structure and function. Some are
voltage-gated channels, and most LQTS-associated genes
[KCNA9 (KVLQTI), KCNH2 (HERG), KCNEI, KCNE2]
are voltage-gated potassium-channel genes. KCNAIO,
the most recently cloned voltage-gated potassium-channel
gene, may potentially participate in the cardiac action po-
tential (Lang et al. 2000). The most recently discovered
class of potassium channel is the two-pore-domain
potassium-channel family, although the physiological func-
tion of this class in cardiac myocytes has not yet been
clarified. TWIK-1 (encoded by KCNK1), TASK-1 (encoded
by KCNK3), and TWIK-2 (encoded by KCNKG6) are
potential candidates to generate a potassium current in the
cardiac action potential.

As sympathetic denervation of the left heart can some-
times prevent sudden cardiac death of LQTS patients
(Bhandari et al. 1984), molecules that might potentially play
parts in sympathetic activity are also candidates. Heterozy-
gous deficiency of SLCI8A2, the gene encoding vesicular
monoamine transporter (VMAT?2), can induce a prolonged
QT interval and sudden death in knockout mice (Itokawa
et al. 1999). Information on variations among individuals in
genes expressed in the monoaminergic system can provide
better knowledge of arrhythmogenic conditions, and so
other monoaminnergic genes, SLCI8AI, encoding vesicu-
lar monoamine transporter 1 (VMATI1) (Weiche et al.
1994), and SLC6A2, encoding norepinephrine transporter,
are also candidate genes linked to arrhythmogenic disor-
ders (Shannon et al. 2000).

Here we report multiple single-nucleotide polymor-
phisms (SNPs) and other genetic variations among five can-
didate genes for LQTS along with their allelic frequencies
among normal and LQTS-affected Japanese subjects.
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Table 1. PCR primers used to cover the coding region of KCNAI0, KCNKI, KCNK3, KCNK6, SLC18A1, and SLC6A2

Gene

Exon®

Forward primer

Reverse primer

Annealing
temperature

GenBank
accession
number

KCNAI0

KCNK1

KCNK3

KCNKo6

SLCISAI

SLC6A2

1.1
12
1.1
12
13
1.4
2.1
22
2.3
31
32
1.1
12
13
2
intron2

31
32
33
34

121
122
13

14.1
142

AGGCTGAGGATCTTCATGC
TGGTCT CGGTGT TGGTTG

AAA CAT CGC CCGAGA GAGC
GCGGCGGTGGAGAAGAT
TTCCTGGTGCTGGECTAC

AGC AGC AGC TGGAGCAGT
CGCCTCAGTI GACCTTGITCTC
GTGGICCAGCGCATCAC
CCGCTGTCT TCT CAGTCCTG
ATGTTGAGA TCA CACTAA GACAGT
TCA GGT GCA CAT CAT AGAGC
GGT GGT GCT GAA GGGACA
ATGAAGCGGCAGAACGTIG
GCGCGCTACAACCTCAG
CTTTTTCTCCTCTTT CCCACT
AAGAAGGGGCTGGGCAT

ACT GI'T TACACT CGT GCATCAGC
GCCTTCAGCTTCGICTACATC
CTCATCCACGGC GECAG
GACCTCTCCACGTCCGACAC
CTGGGT CTGGGA GCACTG
AGAGCCTGCACCCTT CAT

GCT ACT TAG GAGGAG GCT GAG
CACTGCTGCTGACTCACGT
GCAATT AAATCT TTGTGGACA
AAATAT CAT CCT ACT ACT TGCA
CCCCAGTCCGGCCAT CA
CCATCACCT GTCCTCTTT GAC
TAGCAT GGA TGAATGACACTG
GTGCCT GI'T GGAATT GTATCT
AGT TAT CTT GCT ATT CTCTCT GC
GGG CCA GCT GCATCT GTA
ACCCTCACCTCT GGAATCTG
CCA GCT AAT CAGTAGACA CGC
TAT GCCACTGTACAAATGGACAT
CGGCTGCTCACAGAACAGT
TACGAGACA AGGCAT TTT AGA
GACCCATCT GGAGTCCTGAT
GACCCATCT GGAGTCCTGAT
CTGACT GTGTCCTGT TTGCTC
ATAGACACT TAT GACTTT GAT GTAT
AAA AAT GAT AAT AAT GTGCAGTG
AAAGIT CCT CTC GCCAGC

GGT GAAGGAGCGCAAC

ACT CTGCCCCTGTGTI CCT C
CTCCTACCT TACCCCCTGTC
CTGCCCTGGACCGACTG
CCCTCCCCT CTCCTCTG
CACCTGAACTTATCCATT GC
TGATGGCTT TTGTCT GCT G
GGGACT TGACCT CACTGT GC
CCATTGATGAGGTCCTTGCTIGT
GAGACCCTAATT CCT GCAC
AAT CAGTTC CCACGT TTGAC
GGECCTGCCCTGT GTGTGC

CTT TCT CTCCCT TCT CTGC
ATCGCCCTGTCCTCCATGCC
GCA GGATCA AAT AGCAGGTG
TCT GTCCCCACCATGTCATC
CCCACCTCGGACACCATC

GAA GGT GAACCACACCGAT G
GAGAAGAGA GACAGGATGGAC
GCGCACGCACGAGCT G

CGA GGAGAAGACCACTGCG
GACACGCCGTAGTTGCTG

TGT GGGTTGTGGGCGAG

AGA AGC CCCAGC GGATGT

GAT TCCAGGAAGTTCCAGTC
AAT AAA GGA GAC AGA AGGAGC AG
GGAGAAGGACAGTTGGICA
TGACCCTGGTGC TCT AGC

GAA GGT GCA CACGAT GAGC
CGCTCCAGCTCCTCGTAG
GACGACTCC CGGAGCCC

GIT GGCCAT GGACACGIC
CAGTGCTCGTAGTGGGAGAAG
ATGACC GTGAGG CCC GTA
GTAGACGIT GCGGAAGCC
GCGACGAGT GGC TCT GCT
GCCCCCAGGTGC TCCAG

CCC CGA GCA GAGCAGATA

ATC CAAATGTCACCT TCT CAG
GCCCAGGAA GAGGTAGACTG
ATCACCTGCTGT GCT CGT G
GACACAAAT CACAAGGAAAGAT
CAGAAT GGT CCGGAGCA

ACA GCA AAT TAA CCCTCA GCA
GAT GGT GCT GGCAGT GTCA
TACTCCTGT GTACCCTGCG

GAT AAA ATC AAA GGT AAT CAGTGA
CAT GTA AAT ATA GGATCT GAGGTA
ACA CCT CGGGAA CACCTG
ACCTGGGCT GTCACCTGC
TGCATT CAGCCATCCTGT AT
GGGAGACTGTTCTGT GAGCA
CAT TGAACGAAA GGACTCATG
CTCTTCCAT CTT ACATTT CTACTG
TTGTTT TCT TTGAGGGCACT
TTGTTT TCT TTGAGGGCACT
AAA GAGTAGACA GGG GAA AGT G
CTCTTT TAACAGTCGGTGCT
GGT CACTGA GGCATCATGA
CAGCAGGCACTGGACGC
CAAATT CCCAGC CCGAC

CCT TTATGA ACAACCGIGACT
GCT TGGGGT CGGTACAGT

CAA GCACTGGCC TCAACA

TAA GTGAAA GAGAAA CAC AGA GAT
CAAGCCTTGGTGGICACT

CCC CACAAGAGT CAATCC
CTCAGCTCCCGC CTCAGT
CAGTGGGAT GGGGGATAGGTAT
ATT GAA ATGCGG CCT CAG

GGA GGA CTGGGA GCT GAG

CCC CCT CCC CACATGCAG

GCT GAGGAACTT ATAGAT GACG
GICTTCCCCCTCAGC
CCAGGGGICTAGGCT TCAC
AAGAGA GGA TCA GAA AGGACA ACT
AAGTCATTT TCCTGT TTGCTC

62
62
62
62
62
64
62
62
62
62
58
62
62
62
60
60
62
62
62
62
58
60
62
62
58
55
58
62
58
58
58
58
55
58
58
58
58
58
58
58
58
58
60
58
60
62
62
60
60
60
62
58
62
62
65
58
62
62
65
62

NM_005549
NM_005549
NM_002245
NM_002245
NM_002245
NM_002245
NM_002245
NM_002245
NM_002245
NM_002245
NM_002245
AF065163
AF065163
AF065163
AF065163
AF065163
AF065163
AF065163
AF065163
AF065163
AF117708
AF281303
AF117708
AF117708
NM_003053
NM_003053
NM_003053
NM_003053
NM_003053
NM_003053
NM_003053
NM_003053
NM_003053
NM_003053
NM_003053
NM_003053
NM_003053
NM_003053
NM_003053
NM_003053
NM_003053
NM_003053
X91117
X91117
X91120
X91121
X91121
X91122
X91123
X91124
X91125
X91126
X91127
X91127
X91118
X91118
X91118
X91119
X91119
X91119

PCR, polymerase chain reaction
“Exons followed by dots and sequential numbers were subdivided for analysis



Table 2. Genetic variations of five candidate genes for long QT syndrome
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Number of
Frequency of chromosomes
minor allele examined
Gene Nucleotide change® Amino acid change Regions LQTS control LQTS control
KCNAIO 348G>A E116E Exonl 0.36 0.35 160 188
399G>T R133R Exonl 0.11 0.09 160 100
658G>A V330M Exonl 0.08 0.07 160 100
741G>A L2471 Exonl 0.33 0.30 160 100
KCNKI nt(—17)(ins12) 5'UTR 0.48 0.47 160 100
600C>T A200A Exon2 0.005 0.01 160 100
KCNK6 —-144G 5'UTR 0.01 0.03 160 190
—-63G>T 5'UTR 0.005 Rare” 160 190
294C>T FI98F Exonl 0.005 Rare” 160 190
449C>T T1501 Exon3 0.02 0.04 160 500
576T>C F192F Exon3 0.06 0.08 160 190
7184+9G>C Intronic variant Intron3 0.005 Rare” 160 190
719-10G>A Intronic variant Intron3 0.005 Rare” 160 190
775G>A V259M Exon4 0.09 0.08 160 190
SLCI8A1 10A>C T4P Exon2 0.37 0.37 160 100
31C>T RI11W Exon2 0.005 0.006 160 194
293G>C S98T Exon3 0.29 0.28 160 180
407T>C T1361 Exon3 0.30 0.27 160 194
447G>A M1491 Exon3 0.005 0.005 160 180
489—14(insA) Intronic variant Intron4 0.09 0.09 160 192
809A>T D270L Exon7 0.005 0.005 160 196
815G>C A272P Exon7 0.005 0.005 160 196
814+21A>C Intronic variant Intron7 0.38 0.36 160 180
1065C>T L355L Exonll 0.09 0.07 160 192
1094+13G>A Intronic variant Intronl11 0.08 0.06 160 190
SLC6A2 362G>A A121Q Exon2 0.005 0.005 160 190
1022+6A>T Intronic variant Intron6 0.005 Rare” 160 188
1287G>A T429T Exon9 0.26 0.26 160 100
1590+23T>C Intronic variant Intronl1 0.03 0.04 160 188

5'UTR, 5’ untranslated region; LQTS, long QT syndrome
*Nucleotide numbering starts from the ATG start codon
"Rare indicates that it was not identified in normal controls

Materials and methods

In the course of a search for mutations in these candidate
genes in Japanese LQTS patients, we identified 29 SNPs
that were present in the genomic DNA of probands of 80
independent LQTS-affected families, but in which no muta-
tion had been detected in genes responsible for LQTS. Our
screening method was described previously (Itoh et al.
1998). In brief, we prepared genomic DNA from blood
samples according to standard protocols after obtaining
written informed consent from each participant. All exons
of each gene being scrutinized, as well as flanking intronic
sequences, were amplified by newly designed polymerase
chain reaction (PCR) primers to cover the coding region of
each gene (Table 1) and analyzed by single-strand confor-
mation polymorphism (SSCP) analysis. Aberrant con-
formers were directly sequenced with an ABI 3700 DNA
Analyzer (Applied Biosystems, Foster City, CA, USA).
In the two genes most recently screened (KCNK6 and
KCNA10), all LQTS-affected samples were screened by
direct sequencing analysis.

To investigate the allelic frequencies of each polymor-
phism in our control population, we distinguished allele-
specific sequences either by using PCR-RFLP (restriction

fragment length polymorphism) techniques or by hybridiz-
ing allele-specific oligonucleotides to DNA from normal,
unrelated individuals in the manner described by Saiki et al.
(1986).

Results and discussion

In total, we confirmed 27 SNPs (4 in KCNA10,1in KCNKI,
8 in KCNK6, 4 in SLC6A2, 10 in SLCI8AI) and two
insertion/deletion polymorphisms, and we examined the
frequency of each allele in the Japanese population as
summarized in Table 2. Of the two insertion/deletion poly-
morphisms, one was a single-nucleotide insertion/deletion
in SLCI8AI and the other was an insertion/deletion of 12
nucleotides, TTTGGCTTTGGC, in the 5’ untranslated re-
gion (5'UTR) of KCNKI. We found no polymorphism in
coding regions or flanking sequences of KCNK3. These
polymorphisms have not been reported previously, except
for the 1287G>A polymorphism in SLC6A2 (Stober et al.
1996). The frequency of each polymorphism showed no
significant difference between LQTS and control samples.

Some nonsynonymous polymorphisms (R11W, D270L,
and A272P in SLC18A1, and R121Q in SLC6A2) were each
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detected in only one of the probands of independent LQTS-
affected families. However, since these variations did not
cosegregate with the disease, we consider that they did not
cause LQTS. We also found some silent SNPs and intronic
variants in one of the LQTS-affected samples, but none of
them seemed to lead to splicing abnormalities. Hence,
at present we consider these five substitutions to be rare
polymorphisms.

We believe that the data reported here will provide use-
ful information for association studies designed to identify
genes related to nonfamilial arrhythmias, for instance, drug-
induced arrhythmia.
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