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Figure 1 also illustrates che positions of the 22
variations. For subsequent analysis of SCN5A hap-
lotype structures we assigned 5 LD blocks, so that
the closely associated SNPs (p® > 0.20) could be
grouped together. Blocks 1, 2 and 3 included only a
single SNP, c.87G>A (p.Ala29Ala), c.4824184A>G,
and ¢7034130G>A, respectively, because
SNPs showed little LD (p? < 0.20) with the other
variations. Block 4, spanning 40 kb (from introns
9 to 21), included 9 variations (c.11404+98A>G,
c.1141-3C>A, c1339-24G>A, ¢ 1519-68C>T,
c.1673A>G; p.His558Arg, ¢.3269C>T; p.Pro1090Leu,
¢.3578G=>A; p.Arg1193Gln, c.3667-8%dupA, c.3840+
73G>A). The remaining 10 variations (c.42994
53T=>C, c42994-116G=>A, c.454248A>G, c.4813
+164C>G, c48134215T>C, c4813+4262A=>C,
c.5457T>C; p.Aspl819Asp, ¢.5963T>G; p.Leul988
Arg, c.6174A>G, c.6255T=>C) were assigned to block
5, ranging from intron 24 to exon 28 (7 kb).

these

Haplotypes and their Associations
with Arrhythmogenesis

First, the haplotype frequencies for the blocks were
evaluated. For blocks 1 to 3, the haplotype frequen-
cies were the same as the allele frequencies of the sin-
gle SNPs. Therefore, significant differences in haplo-
type (allele) frequencies were found only in block 3
(c.7034130G>A) as described above. In block 4, eight
common haplotypes were inferred with frequencies over
1% (* 1a-*1e, * 2a, * 3a and * 4a), accounting for 97% of
all the observed haplotypes (Table 4a). In block 5, five
common haplotypes with frequencies over 1% (* Ta-" 1d,
and * 2a) accounted for 99% of all the inferred haplotypes
(Table 4b). The frequency of the block 5 * 2 haplotype
(*2a and * 2b) bearing ¢.5963T>G (p.Leul988Arg) was
about eight times higher in the controls than in the pa-
tients. For the other haplotypes in blocks 4 and 5, how-
ever, no significant differences in haplotype frequencies
between the patients and controls were obtaned.
Next, the combinations of in-block haplotypes (inter-
block haplotypes: e.g., block1 *1a - block2 *1a — block3
“fa — block4 *“la — block5 *14) were assessed. How-
ever, there were too many inter-block haplotypes, each
having low frequencies, to obtam statistical signifi-
cance by comparing them between the patients and
controls. Nonetheless, the haplotypes harbouring the
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SNPs ¢.7034130G> A or ¢.5963T>G (p.Leul1988Arg),
which showed significant differences in allele frequen-
cies between the patients and controls, showed unique
linkages beyond the blocks. The *2 haplotypes (*2a
and *2b) in block 5 were always associated with the
*2a haplotype in block 4, which harbours 3 linked
SNPs, including the nonsynonymous SNP ¢.1673A> G
(p.H1s558Arg). The SNP ¢.7034130G=>A in block 3
was mostly associated with “1b in block 5, which har-
boured three SNPs including ¢.4299+453T=>C. Thus,
m spite of recombination between LD blocks, some
block haplotype combinations were sustained. To as-
sess the association between these inter-block hap-
lotypes and risk of arrhythmias, we then applied
the permutation and model-free analysis and estima-
tion haplotype (PM-+EM+) methods using the two
haplotype-tagging SNPs ¢.1673A>G (p.His558Arg)
and ¢.5963T>G (p.Leul988Arg) or ¢.7034130G>A
and ¢.42994-53T>C. (Table 5).

When the combinations between ¢ 1673A>G
(p.His558Arg) and ¢.5963T>G (p.Leul988Arg) were
analyzed, 3 haplotypic combinations were inferred in
both of the two groups. The haplotype AG (558His-
1988Arg) was completely absent in both groups, and the
haplotype GG (558Arg-1988Arg) was present less fre-
quently in the patients compared to the healthy controls.
The global permutation test indicated that there was a
significant difference in distribution of the haplotypes
between the patients and controls (x> = 7.42, p =
0.0260). In accordance with this result, the frequency
of haplotype GG (558Arg-1988Arg) was significantly
lower in the patients than in the controls (p = 0.018).

As for the 4 haplotypes
¢.7034130G>A and ¢.42994-53T>C, haplotype AT

was about 3 times as frequent in the patients as in the

estimated  from

controls. However, the global difference between the
patients and controls had a borderline significance (x* =
8.64, p = 0.0550) by the global permutation test.

Discussion

Since the defect m SCNS5A was first reported to be
a cause of LQT-3 (Wang et al. 1995), a variety of
genetic alteracions . SCN35A4 have been suggested to
influence the pathophysiclogy of cardiac arrhythmias
and/or pharmacological sensitivities to antiarrhythmc

drugs. In this study we comprehensively searched for
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Table 5 Haplotype frequencies of two haplotype-tagging SNPs and their associations with the risk of arrhythmias

c.1673A>G (p.His558Arg) and ¢.5963T =G (p.Leul 988Arg)

Selected locus

Haplotype frequency (%)

Haplotype ¢.1673A>G (p.His558Arg) ¢.3963T>G (p.Leul988Arg) All subjects Patients Controls Staustics
AT A (His558) T (Leul988) 90.95 92.77  89.66 N.S.

GT G (Arg558) T (Leul988) 7.54 6.93 7.97 N.S.

AG A (His558) G (Argl988) 0.00 0.00 0.00 -

GG G (Arg558) G (Argl988) 1.51 030 237 p=0.0181

Global permutation test'  x? = 7.42, p = 0.0260

c.7034+130G>A and ¢.4299 + 53T>C

Selected locus

Haplotype frequency (%)

Haplotype ¢.7034130G>A c.42994-53T=>C All subjects Pattents  Controls
GT G T 70.55 69.89 71.06
AT A i 232 3.60 1.35

GC G C 18.65 16.25 20.31
AC A © 8.49 10.25 7.27

Global permutation test' x> = 8.64, p = 0.0550

"The empirical p values were obtained after 1000 permutations.

genetic variations in SCN3A. A total of 69 variations
were detected in 166 unrelated Japanese arrhythmic pa-
tients and 232 healthy controls. Among them, 54 vari-
ations were novel and 15 were previously identified.
The fifteen reported variations include 4 non-
synonymous  SNPs  (p.His558Arg,  p.Prol090Leu,
p-Argl193Gln, and p.Vall951Leu). p.His558Arg has
been extensively studied in various ethnic groups.
Yang etal. (2002) have compared the frequency of
p-His358Arg in patients diagnosed with the drug-
associated LQT syndrome with those in three control
populations: panients tolerating QT-prolonging drugs,
and populations in Tennessee and accross the United
States. p.His558Arg was detected at similar allele
frequencies of 0.18-0.24 in all populations. As for
the Japanese population, its frequencies were reported
to be 0.132 for 56 healthy controls and 0.08 for 50
mndividuals by Takahata eral. (2003) and Iwasa efal.
(2000), respectively. In our study, the allele frequency
of p.His558Arg in arrhythmic patients (0.072) was
slightly lower than that in the healthy controls (0.103),
although a significant difference was not obtained (p
= 0.1307). p.Prol090Leu is a well-known nonsyn-
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onymous SNP localized in the linker between DII
and DIII. The frequency of p.Pro1090Leu was 12/334
(0.036) and 11/464 (0.024) for the patients and the
controls, respectively, and comparable to that reported
in the Japanese (0.04) by Iwasa etal. (2000). Vatta et al.
(2002) reported that p.Argl193Gln accelerated the
fast inactivation of the Na% channel in vitro. In our
study. p.Argl193GIn showed similar allele frequencies
of 0.063 both in patients and healthy controls. From
these results, 1t 1s likely that these three common SNPs
are not directly involved in arrhythmogenesis in the
Japanese. p.Val1951Leu, found at low frequencies in
both patients (0.003) and healthy controls (0.004),
was also detected at a similar frequency (0.005) by
Iwasa efal. (2000). Although this SNP was reported in
patients with BrS by Priori eral. (2002) and Mok et al.
(2004), p.Val1951Leu alone is unlikely to be directly
related with the pathogenesis of BrS.

Six novel nonsynonymous SNPs (p.Phe532Cys,
p-Arg689His, p.Pro701Leu, p.His1200Tyr, p.Val
16671le, and p.Argl1739Gln) were found separately in
six arrhythmic patents. When flanking amino acid
sequences of these SNPs were aligned with related
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sodium channel sequences (Supplementary Figure 1,
online), the 6 amino acid residues of SCN5A, 532Phe,
689Arg, 701Pro, 1200His, 1667Val, and 1739Arg, were
found top be highly conserved among the different
Na* channel & subunit isoforms. Amino acid 532Phe,
689Arg, and 701Pro are localized in the linker between
DI and DII, where the mutations associated with
inherited arrhythmia syndrome such as p.Gly514Cys,
p-Leu567GIn and p.Leu619Phe have already been re-
ported (Tan er al. 2003). 1200His is located in the linker
between DII and DIII, where the BrS-related variation
p.-Argl193GIn (Vatta ef al. 2002) is localized. 1667Val in
DIVS5 and 1739Arg in the P loop of DIV form a pore
structure together with DIVS6, where sodium channel
blocking drugs are thought to bind. p.Argl739Gln
15 a mutation located next to p.Gly1740Arg that was
identified in a patient with BrS by Priori eral. (2002).
Since these 4 novel nonsynonymous SNPs were not
detected n 232 healthy contraols, it is possible that they
are related to cardiac arrhythmia pathogenesis, although
these patients were not diagnosed with LQT or BrS.
Some patients who carry these novel nonsynonymous
SNPs simultaneously have p.His558Arg, p.Pro1090Leu
or p.Vall951Leu (Table 3). At present it is not clear
whether 1739GIn and 558Arg, 701Leu and 1951Leu
or 1667Ile and 1090Leu are on the same chromosome.
If they are, the interactions between the substituted
residues may affect the biological properties of the Na™
channels.

As for the five other novel nonsynonymous SNPs
detected in healthy controls p.Glu428Lys is localized
in the hnker between DI and DII, p.Alal1148Thr and
p.Alal186Thr in the linker between DIl and DIII, and
p.Argl1913Cys and p.Ala1932Val in the C-terminal in-
tracellular loop. 428Glu, 1148Ala and 1913Arg are well
conserved, while 1186Ala and 1932Ala are not con-
served (Supplementary Figure 1, online). Because the
healthy individuals who carry these SNPs failed to show
symptoms of arrhythmias, these SNPs are unlikely to
affect Na™ channel function. However, it has been re-
cently suggested that some variations in SCN5.A4 may in-
crease the risk of acquired long QT syndrome triggered
by drug administration in healthy individuals, who are
clinically asymptomatic and have normal QT intervals
under normal circumstances. Therefore, the possibility

cannot be excluded that these five novel nonsynony-
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mous SNPs in healthy controls influence the suscepti-
bility to cardiac 10n channel blockade and QT prolonga-
tion. We have begun analyzing the electrophysiological
properties of the novel variations using heterologous ex-
pression systems. These studies will elucidate the impor-
tance of these variable sites in Na* channel function.

Another novel nonsynonymous SNP, p.Leul988Arg,
was heterozygous in eleven healthy subjects and one
patient, and the allele frequency of p.Leul988Arg was
significantly lower mn the patients than in the controls
by Fisher’s extract test (p = 0.018). Since all twelve
subjects with pLeul988Arg also have p.His558Arg
(Table 3), weak LD (r® = 0.15) was shown between
p-His558Arg and p.Leul988Arg (Figure 2). Haplotype
analysis using the 2 SNPs, ¢, 1673A>G (p.His558Arg)
and ¢.5963T>G (p.Leul988Arg), also showed that the
frequency of the haplotype GG (558Arg—1988Arg) was
significantly lower in the patients than in the healthy
controls, These results suggest that the haplotype GG
has been positively selected because of its protective ef-
fect against arrhythmuas.

Although physiological characterization of Nat
both  p.His558Arg  and
p-Leul988Arg are necessary to elucidate the negative
association of the haplotype GG (558Arg-1988Arg)
with cardiac arrhythmias, some underlying mechanisms

channels  containing

could be speculated. 1988Leu is localized in the
C-termmal intracellular loop but is not conserved
among different Nat channel isoforms (Supplementary
Figure 1, onlne). However, Cormier eral. (2002)
reported that truncation of the distal region of the
C-terminus (1921Leu stop mutant) reduced peak
currents without affecting channel gating, by whole
cell patch clamp recordings. Thus, it cannot be
excluded that 1988Leu may be mvolved in regulating
the density of functional Na™ channels in the surface
membrane. On the other hand, it has been postulated
that p.His558Arg modulates functional changes of the
Na™ channel caused by other variations, and plays a role
m intragenic complementation, although this common
variation itself does not alter the voltage dependence
of activation and inactivation kinetics of wild-type
channels. For instance, Ye eral. (2003) showed that
p-His558Arg restored the trafficking defect caused by
the LQT-3 varaton, p.Metl766Leu. Viswanathan
etal. (2003) reported that p.His558Arg could attenuate

Annals of Human Genetics (2003) 69,413-428

425



426

K. Maekawa et al.

the abnormal gating effect caused by the proximal
variation, p. Thr512lle, in vitro. The favourable channel
modulation by 1988Arg in conjunction with 558Arg
for protection against arrhythmias might result in
the positive selection of the GG (558Arg—1988Arg)
haplotype in 558Arg
could restore any functional deterioration caused

the controls. Alternatively,
by 1988Arg. If the intragenic complementation by
558Arg acts on 1988Arg, the rare frequency of the AG
(558His—1988Arg) haplotype, and the preference of
the GG (558Arg-1988Arg) haplotype, in the controls
is reasonable. Another possible explanation is that other
variations, which reside in the GG (558Arg-1988Arg)
haplotype, such as ¢.6255T=>C in the 3'-UTR,
might change the stability of the mRNA leading to a
protective effect on arrhythmias. In this regard Yang
etal. (2004) demonstrated that —92C>A located in
the promoter of SCN3A increased luciferase activity
in neonatal cardiac myocytes. They proposed that this
pelymorphism might represent the first example of an
allele that could protect against serious arrhythmias,

Comparison of the allele frequencies between patients
and controls clearly suggests that ¢.703 4+ 130G>A is
associated with an mcreased risk of arrhythmias, al-
though the functional role of this SNP remains un-
known. Because the haplotype AT in patients was 3
times as common as n the controls, we could not
rule out the possibility that ¢.703+130G=>A is linked
with an unidentified variation that influences suscep-
tibility to cardiac arrhythmias. In the dbSNP database
of NCBI many SNPs were reported in introns 5 and
6, proximal to ¢.703+4+130G>A, inc[uding rs6797133,
rs6786119, rs6776383, rs6791081 and rs6793943. Fur-
ther analyses are needed to reveal a haplotype con-
taimng ¢.7034-130G>A that increases the risk for
arrhythmias.

In conclusion, 69 genetic variations, including 54
novel ones, were detected in SCN5A. Eleven novel
missense variations were found in eleven different in-
dividuals, of which 6 were found in arrhythmic patients
and 5 were in healthy controls. Another novel missense
variation (p.Leul988Arg) was found in the patients at a
sigmficantly lower frequency than in the healthy con-
trols (p<0.05). Furthermore, the frequency of a novel
intronic SNP, ¢.703+130G > A, was significantly higher
n the patients than in the controls. The analysis of LD

Annals of Human Genetics (2003) 69,413—428

and haplotype structures of SCN5A revealed the pos-
sibility that the haplotype harbouring p.Leul988Arg
and p.His558Arg is associated with protection against
arrhythmias. These results indicate that some genetic
variations and haplotypes of SCN35A are positively or
negatively associated with cardiac rhythm disturbance in
Japanese. These findings provide fundamental informa-
tion necessary to further elucidate the effects of genetic
variations of SCN5A on channel function and cardiac
rhythm.
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