243

al Management of newly detected ateal fibnillanen A chaical poachice
guudrhn( {tom the American Acadeiny of Family Phyacians and the
Amencan College of Physicisns Ann Jutern Med 2603, 139 1009-
1017

27 Gajewska J, Singer RB Maonaldity in an wnsuced poputation with mapl
fibnlianon JAMA 1981, 345: 15400544

28. Kopevhy SL, Geish B, McGoon MD. Wiisnant JP, Hialmes DR Ir,
Hstrup DM, et al The natural history of tone ataal Rbrillanos A
poputation-bazed study aver three decasdes N Engl J Med 1987:317:
669~674.

. Scardi S, Mazzene C, Pondullo C, Goldsiew D. Poleni A, Humar F,
Lanc aral Adballaion Praznosac ditieences between pacoxywimal
and chruow forms alier 10 vears of fellow-up Am Hror ) 1999: 1307:
686-691,

30 Fioker GC, Blackehear JL. MeBrida R, Kronmal R4, Hulpeon JL,
Hao RG Antwrhythine drup therapy avd carduic moraliny o ateal
fitnttunon” The Sweoke Prevennpran Adial Fhrdlaton invesugatars.
FAm Coll Cordial 1992, 20: 337532

31 Dugres N, Nicuwlay! R, Vardus PE, Andrexen D, Lévy S, Cobbe 5, at
al Gendee-relited dilferences 1 proveoiation, trestment, and oulcome
of pattents with atrial Kbadlahion in Busope A report trem the Euro
Reaa Survey bn Al Fibellation. J Am Coll Cardiof 2007, 49:
572-877,

Appendix 1

Satostn Dgawd. Depaniment of Cardiology, Kewn Universy. Takya, Japan.
Tabishi Yamashita. The Cardiovasculu tatisite, Yokyo, Japun, Tiwnnig
Yarnazak, Hirosh Ohisu' Climeal Epidemalugy & Sysfem | Limveesily of
I‘akyo“mkyo, Jupan, Yoshiiuse avawa. Divavion o) Catnoslogy, Nugata
Univessity Geaduate School of Medical and Deniat Science. Nugata,
Supan, Hirotsugu Atarust: Internal Medicine, Nippan Medical Schoot
Tuma-Nugayama Hospiggh: Tama, Japan: Hirosh oo 2ad Deperracu
of (nlemul Medicine. Univiesity of Toyama, Toyama, Jagsns Tobru Ohe:
Curdiovascular Mediving, Okayumiue Usiversity, Okiyvama, Jopai: Koo
Okumora: Cardinlogy, Hicosaki Univeesity, Hirosaks, Japin, Takan Katoh:
Inteenil Medine, Nippon Medial Schood, Tokyo, Japan; Shire Kumakura
Cuardiovascular Medicine, Nationsi Cardeovascular Cenigr, Suitd, Japan,
Koichiro Kymagar: Cardiology. Fukuoka Unmversity, Fukuaks. Iapan,
Yoshitusa Kurachi: Depaniment of Phaomacology Ml Osaka Univeraty,
Osdka. Japun; Isuo Kodwrnt, Cardhovascular Researeh, Rescasch tnbaiee
of Envionmental Medicine, Nagoya Universiy. Nagoya, Japan: Yukihuio
Koretaune Tnst for Climes) Resawsed, Osaka Novomu) Hospitd, Osaka,
Japan, Tersunon Sartuws Cardivvasealas Stieace, Ona Umvary, O,
Japan. Masayuki Sukurai. Depardinient of Cardislogy, Hokko Memonai
Hospial, Sappuru, Jupan, Kaora Sugrr Diviston of Crrdiovincubie Medicine,

OGAWA S et al

Toho University Ohas . Medicid Center, Tokyo, Japan, Tashitumi Tabich-
Tabuihs Natkid, Kumiamuto, Jupan, Hanuki Nsksya: Depurtment of Phue-
macolopy, Chiba Uaivessity, Chiba, Japan; Toshic Nakuyainz; Nakoyama
Cline, Litonnraiyi Jypat Mukoto Hirar: Health Seiences, Nugdys Univer
sity, Nagoya. fapan] M:)s.s{nko Futoatani: Chikamon Hospuat. Kachy, Jopan:
Hideo Muannira: Cordiology, Suisvikar Ceatea Hospital, Tokyn, Japan.

Appendix 2

The J-RHYTHM Inve stigainrs

Tubuctn T, Ogavea S, Yamushita T, ouh H, Lauma H. Koike A, Sz K,
Fas LT, Watunabe E, Kumagzas K, Okuyama Y, Hiravama A, Sakurat M,
Kumustu T, Katob T, Kobayishe Y, Yupimae M, Kancko Y, Okumusa K,
Yostuoka K, Hina K. Muraham M, Kamakura S, Shumize W, Koota T,
Satom K, Korenwune Y. Beisuydhy T. Sutoh M, Masumow K. Katoh R,
Aizawa Y, Chinustu M, Hanawa H, Okouca Y, Washonka T, Apkr K,
Makapima T. Higash Y, Togawa M, Takuta Y, Gosels Y, Ishiyuma T,
Taniguchl Y. Nipma Y, Ando T, Furukawa T, Hamasaki §. Matsushita T
Hirgs M. Inden Y, Koduma |, Miyamoto 5, Atoiushi H, Shimabukurn M,
Tedsigaki K, Anno N, Oka H, Akaishi M, Baba A, Ozakt H. Takahoshi N,
Hura M, Suikawa T, Noto M, Sugt K. Tauchiya T, Tamigawa T, Fujita T,
Nukayamu T, Kawdra T, Fucukawa T, Yumadu T, Takeda H, Fukunami M,
Katoh M, Endou Y, Niwano &, Yonezawa K, Anzai S, Nakahiea S, Fupi B,
lnouc T, Yokoztoki H, Susuks K, Abe Y, Chishaki A, Hosudu 8, Kawiowes
Y. Kuanya N, Kags K. Moaauona K, Mikawa T, Nakagawa Y, Ngamuca
Y, Okisinge K, Qaguchi H, Yumada N, Yemanoucht Y, Yo S, Endou M,
Furuna T, Haruna T. Hayano M, Hayano T, Hirabayash: T. Horie M, Hona
K, tmar 8. bmaenwra T, Joao T, Inokubo Y. tshekawa T, Ishizawa Y, Kanda
K, Kihara H, Kimura M, Kioh T, Kusaka T, Maruyama 1 Mitam H. Moats
H, Kunano K, Ohe T, Nokarnuey T, Nakamurs Y, Nokazato V. Nakaya Y,
Nanbu T. Ntho B. Ogawa O, Okawahki O, Sco K, Senpco M, Shunizn A,
Shindo T, Stanvraki T, Swavams T. Suzuks A, Takuse 8, Tanaka Y, Tojo
H, Tsuctiys K, feup S, Yamanao H, Yohozoka H, Yoshida A, Yotsuhura
M. Amzan K, Date T, Fupia A, Mizumaka K, Innue K, Fuk.atini M, Fakashs
T. Hagwara N, Hua Y, Hatwn Y, Harasawd Y, Hoser UL [keds K, tkedu
T, Inouz N, Inoko M, Irnuh M, Katoh N. Kawasaki K, Kawasaki N, Kaida
T, Kin H, Kondoh B, Yamamoro K, Kuritel ¥, Kondoh B, Keura T, Kou
M. Makino M, Matsurmota N, Mizobucht S; Mizuo K, Motooka M, Nagao
K, Nukomura b, Nakano A, Nired T, Nishizaki M, Ohbayash K Ohkawa F,
Obht T, Ohainlw ¥, Okumyra K. Okumues H, Okura K, Osakada M, Sano
S. Satoh T, Sawar J, Sco K, Shinugaws X, Shineda S. Shirat T, Shiaht T,
Sugano K. Svzuke M Tachibana H. Takuzi S, Tuba H. Takase H, Tanno
K. Tuboe N, Usds M, Umetany K, Uozumt H, Yomuds T, Yamane T,
Yanumors K, Yamawaki K, Yosuda T, Yoneraws T, Yoshuda ¥, Watanube
N, Watanabe 5, Nakatam H, Miamuors H

Civr/vl.ﬂmn_jom:mf Unl 73, Februaory 2002

—116—




D85N, a KCNE1 Polymorphism, s a
Disease-Causing Gene Variant in Long QT Syndrome

Yukiko Nishio, MD,* Takeru Makiyarna, MD, PHD,* Hideki Itoh, MD, PHD,t
Tomoko Sakaguchi, MD, PHD,} Seiko Ohno, MD, PuD,* Yin-Zhi Gong, MD, PuD,t
Satoshi Yamamoto, MD,§ Tomoya Ozawa, MD, PuD,t Wei-Guang Ding, MD, PuD,#
Futoshi Toyoda, PHD,# Mihoko Kawamura, MD,T Masaharu Akao, MD, PHD,*
‘Hiroshi Matsuura, MD, PuD,# Takeshi Kimura, MD, PuD,* Toru Kita, MD, PuD,*

Minoru Horie, MD, PHDY
Kyoto, Shiga, and Osaka, Japan

Objectives
drome (LQTS) phenotype.

Background

This study aims to address whether D85N, a KCNE1 polymorphism, is a gene variant that causes long QT syn-

KCNE1L encodes the beta-subunit of cardiac voltage-gated K* channels and causes LQTS, which is characterized

by the prolongation of the QT interval and torsades de pointes, a lethal arrhythmia. D8SN, a KCNE1 polymor-
phism, is known to be a functional variant associated with drug-induced LQTS.

Methods

In order to elucidate the prevalence and clinical significance of this polymorphism, we performed genetic screen-

ing in 317 LQTS probands. For comparison, we examined its presence in 496 healthy control subjects. We also
conducted biophysical assays for the D85N variant in mammalian cells.

Results

The allele frequency for D85N carriers was 0.81% in healthy people. In contrast, among LQTS probands, there

were 1 homozygous and 23 heterozygous carriers (allele frequency 3.9%). Seven of 23 heterozygous carriers

had additional mutations in LQTS-related genes, and 3 female subjects had documented factors predisposing to
the symptom. After excluding these probands, the D85N prevalence was significantly higher compared with con-
trol subjects (allele frequency 2.1%, p < 0.05). Ina heterologous expression study with Chinese hamster ovarian

cells, KCNE1-D85N was found to exert significant loss-of-function effects on both- KCNQ1- and KCNH2-encoded

channel currents.

Conclusions

The KCNE1-D85N polymorphism was significantly more frequent in our LQTS probands. The functional variant is

a disease-causing gene variant of LQTS phenotype that functions by interacting with KCNH2 and KCNQ1. Since
its allefe frequency was. ~1% among control individuals, KCNE1-D85N may be a clinically important genetic

variant.

(J Am Coll Cardiol 2009:54:812-9) @ 2009 by the American College of Cardiology Foundation

Long QT syndrome (LQTS) is a disorder that is charac-
terized by repolarization abnormalities in the heart, leading
to torsades de pointes (TdP), syncope, and sudden death.
Among the LQTS-related genes identified to date,
KCNQI and KCNE1 are known to encode the alpha and

beta subunits of voltage-gated K channels, which carry Iyc,,
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a slowly activating component of delayed rectifier K*
current (1,2). KCNEL is also known to regulate: KCNH2
(3), which encodes the Kv11.1 protein, the alpha subunit of
rapidly activating delayed rectifier K¥ current (I,) (4-6).

See page 820

A KCNE1 C-terminal polymorphism, D85N, has been
found in the normal population and is known to cause a
G-to-A transition at codon 253 (c.253G>A), which leads
to the amino acid substitution of aspartic acid for aspara-
gines (7). This has been shown to cause an approximately
50% reduction in KCNQJ1-encoded currents in a heterolo-
gous expression system using Xengpus oocytes (8), although
biophysical study data are not available for mammalian cells.
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The allele frequency of the polymorphism is reported to be
0.7% in apparently healthy Asians (7). Paulussen et al. (9)
demonstrated in a European population that the allele
frequency of D85N was 5% in acquired LQT'S patients who
experienced TdP as a result of drug administration, but was
0% in the control group. Iwasa et al. (10) reported that the
allele frequency was 2% in 100 Japanese cases, but their cohort
contained both LQTS patients and normal individuals.

In the present study, we examined the incidence rate of
KCNE1-D85N polymorphisms in 317 LQTS probands
from unrelated families and 496 control healthy individuals.
We identified 23 heterozygous and 1 homozygous probands
(allele frequency 3.9%), described the demographics of these
index patients, and examined the possibility that the D85N
polymorphism is an LQT'S-causing genetic variant. We also
conducted detailed functional assays of the variant while it
was coexpressed with the 2 alpha subunits of cardiac delayed
rectifier K™ channels, KCNQ1 and KCNH2, by using a
heterologous expression system involving Chinese hamster

ovarian (CHOQO) cells.

Methods

Study subjects. Three hundred and seventeen consecutive
1.QTS probands who showed a prolongation of the QT
interval were referred to our laboratory for genetic evaluation
and were enrolled in our analysis. The electrocardiogram
diagnostic criteria of Keating and Sanguinetti (11) included a
corrected QT interval (QTc) of =470 ms in asymptomatic
individuals and a QTc of >440 ms for miale subjects and of
>460.ms for female subjects that had 1 or more of the
following: 1) stress-related syncope; 2) documented TdP; or
3) a family history of early sudden cardiac death:

The protocol for genetic analysis was approved by our
institutional ethics committee and was performed under its
guidelines. Informed consent was obtained from all individ-
uals or their guardians before the analysis. The QT intervals
were measured’ from electrocardiographic lead II or:an
available rhythm strip and were corrected for heart rate
according to Bazett’s formula. As for the control cohort, we
screened the frequency of the D85N polymorphism in 496
randomly selected cases, consisting: of healthy volunteers
and mutation-negative family members such as probands’
spouses. Their QTc were <440 ms for male subjects and
<460 ms for female subjects.

Genotyping. Genomic: deoxyribonucleic acid (DNA) was
isolated from venous blood by use of the QlAamp DNA
midikit (Qiagen, Hilden, Germany). Genetic screening for
KCNE1-D85N- was: performed by direct polymerase chain
reaction.’. Other LQTS-related ' genes, including  KCNQ1,
KCNH2; SCN5A, KCNE1, KCNE2, and KCNJ2, were
assayed by denaturing high-performance liquid chromatogra-
phy: using ‘a. WAVE: System Model 3500 (Transgenomic,
Omaha, Nebraska). Abnormal conformers were amplified by

polymerase chain reaction. Sequencing was performed with an

Nishio et al. 813
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ABI PRISM3100 DNA se-
quencer (Applied Biosystems,
Wellesley, Massachusetts).
Site-directed mutagenesis. Com-
plementary deoxyribonucleic acid
(cDNA) for human KCNQ1
(GenBank AF000571) and
KCNE1 (GenBank M26685)
were kindly provided by Dr. J.
Barhanin (Institut de Pharmacolo-
gie Moléculaire et Cellulaire, CNRS, Valbonne, France). The
¢DNAs were subcloned into pIRES2-EGFP (for KCNQ1)
and pIRES-CDS8 (for both wild-type and mutated KCNE1)
vectors. cDNA for human KCNH2 (GenBank AF363636)
was kindly donated by Dr. M. Sanguinetti (University of
Utah, Salt Lake City, Utah). The cDNA was subcloned into
a pRc-CMYV vector. A KCNE1-D85N variant was con-
structed using a Quick Change II XL Site~-Directed Mu-
tagenesis Kit, according to the manufacturer’s instructions
(Stratagene, La Jolla, California). Nucleotide sequence anal-
ysis was performed on each variant construct before the
expression study to confirm their sequences.

Cell transfection. CHO cells were maintained at 37°C in
Dulbecco’s modified Eagle medium and Ham’s F12 nutri-
tional mixture (Gibco-BRL, Rockville, Maryland) contain-
ing 10% fetal bovine serum supplemented with 1% penicil-
lin and 1% streptomycin. Wild-type KCNQ1, KCNH2,
and wild-type and/or variant KCNE1 clones were expressed
transiently in CHO. cells using the LipofectAMINE
method according to the manufacturer’s instructions (In-
vitrogen, Carlsbad; California).

To identify the' cells: that were positive for KCNH2
expression, CHO cells were “cotransfected with 1 ug of
pRe-CMV/KCNH2 vector ‘and 0.5 pg of pEGFP-NV/
CMV vector. Forty-eight to 72 h after transfection, green
fluorescent protein=positive cells and: anti-CD8 antibody-
coated bead (Dynabeads CD8, Dynal Biotech, Oslo, Nor-
way) decorated cells were used for the patch-clamp study.
Electrophysiological assays. Whole-cell configuration of
patch-clamp techniques was employed to record membrane
currents at 37°C with an EPC-8 patch-clamp amplifier
(HEKA, Lambrecht, Germany). Pipette resistance ranged
from 2.5 to 4 M£) when filled with the pipette solutions
described. in the following text. The series: resistance was
electronically compensated for at 70% to 85%. The extra-
cellular solution  contained: (mmol/l): ' 140. NaCl, 0.33
NaH,PO;, 5.4 KCl, 1.8 CaCl,; 0.5 MgCl,, 5.5 glucose,
and 5 HEPES, and the pH was adjusted to 7.4 with NaOH.
The internal (pipette) solution contained (mmol/l):” 70
potassium ‘aspartate, 70 KOH, 40 KCI, 10 KH,PO,, 1
Mg,SO,, 3 Nay,-ATP, 0.1 Li,-GTP, 5. EGTA; and 5
HEPES; and the pH was adjusted to 7.2 with KOH.

KCENQ1/KCNE1-encoded currents. were measured by
depolarizing pulses from a holding potential of ~90 mV to
test potentials between =70 and' +50 mV (with a 10-mV
step increment), before being repolarized to =50 mV in

CHO = Chinese hamster
ovarian

LQTS = long QT syndrome

QTc = corrected QT
interval

TdP = torsades de pointes
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order to monitor tail current amplitude. KCNH2/KCNE1-
encoded currents were elicited by depolarizing pulses from a
holding potential of —80 mV to test potentials between
=60 to +50 mV (with a 10-mV step increment), before
being repolarized to —60 mV in order to monitor tail
current amplitude. Current densities (pA/pF) were calcu-
lated for each cell studied, by normalizing peak tail current
amplitude to cell capacitance (Cm). The Cm was caleulated
by fitting a single exponential function to the decay phase of
the transient capacitive current in response to * 5 mV
voltage steps (20 ms) from a holding potential of —50 mV.
The liquid junction potential between the test solution and
the pipette solution was measured as approximately —10
mV and was corrected. Data were collected and analyzed
using the Patch master and Igor Pro (WaveMetrics, Lake
Oswego, Oregon).

Data analyses. The voltage-dependence of current activa-
tion was determined by fitting the normalized tail current
(Itail) versus test potential (Vtest) to Boltzmann’s function,
which is expressed by: Itail = 1/(1 + exp [{Vys — Vt)/k]),
where Vi is the voltage at which the current is half-
activated and k is the slope factor. Time constants for
deactivation (7g, and 7gy,,) were obtained by fitting a
2-cxponential function to the time course of the deactivat-
ing tail currents. All data are expressed as mean * standard
error. Statistical comparisons were made using analysis of
variance, followed by a ¢ test, and differences were consid-
ered significant at a value of p < 0.05.

JACC Vol. 54, No. 9, 2009
August 25, 2009:812-9

Results

Clinical characteristics and genotyping. Of the 496 con-
trol volunteers, 8 (mean QTc¢ 420.5 *= 7.5 ms) had het-
erozygous D8SN genotypes (allele frequency 0.81%). In
contrast, 23 of the 317 LQTS probands had heterozygous
D85N genotypes and 1 (Table 1) (Patient #24) had a
homozygous D85N genotype (allele frequency 3.9%). Table
1 and Figure 1 summarize the demographics of the 24 index
patients. Their mean age was 34.8 = 4.4 years, and their
mean QTc was 507.9 £ 9.2 ms. Among the D85N-negative
cases, we identified 116 probands that were positive for
other LQTS-related gene mutations (Fig. 1), and their
mean QT'c was significantly longer (540.6 * 6.1 ms) than
those of the 24 D85N carriers (p < 0.05).

Seven of the 23 heterozygous probands (30%) had other
LQTS-related gene variants (KCNQ1 or KCNH2), and 3
female patients (13%; Patients #1, #6, and #10) had docu-
mented predisposing factors, such as electrolyte distur-
bances, QT prolonging drug intake, or bradycardia (Table
1). The allele frequency of the remaining 13 patients
(2.1%) was significantly higher than that in the control
subjects (p < 0.05). Six of these 13 patients {(46%) had
syncope and/or TdP while 9 of 10 patients (90%) with
multiple genetic variants or triggering factors were symp-
tomatic (Fig. 1).

The mean onset age of the 6 symptomatic heterozygous
D85N carriers without compromised factors to affect QT

Patient # . Age (F/M) .- QTc (ms) .. Syncope . TdP

Compound Variant

Underlying Predisposing Triggers

14 13 512 ¥ =

16 53 (M) 462 + +

18 22 (F) 472 - -

22 11 (M) 451 = =

;‘Novel variant.
- LQTS = long QT syndrome; QT¢. = ected QT in

al; TdP =

de pointes.
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LQTS probands; 317

V

D85SN positive; 24
(QTe=507.9x9.2)

D85N negative; 293

*P<0.05

v

N

D85N homozygous; 1
(QTc=545.0)

D85N heterozygous; 23
(QTc=506.3+9.4)

with mutation; 116
(QTc=540.6x6.1}%  *+P<0.05

No other mutation and triggers; 13
{QTc=498.5+136)

Z2N

Syncope or TdP; 6 No symptoms; 7
(QTe=517.5::28.2) (QTc=482.3 :4.6)

LQTS = long QT syndrome; QTc = corrected QT interval; TGP = torsades de pointes.

Other mutation or triggers; 10
(QTe=516.412.17)

Syncope or TdP; 9
(QTe=515.8 +14.1)

No symptoms; 1
(QTe=522.0)

interval was 35.5 * 10.4 years. It was significantly older
than the mean onset age of the other genotyped symptom-
atic LQT'S patients (21.0 years in our cohort of 94 geno-
typed LQTS) (Horie M. et al., unpublished data, Septem-
ber 2008). Although the clinical features of KCNE1-
D85N-positive probands differed with respect to the QTc
and the onset age from those of other genotyped LQTS
patients, this variant appeared to be a disease-causing gene
variant in congenital LQTS.

Biophysical assays of the genetic variant. KCNE1-D85N
WITH KCNQI. In order to confirm-thit the D85N is a
disease-causing variant, we conducted functional assays
using a heterologous expression system with a mammalian
cell line (CHO cells). In the first line of experiments, we
examined how KCNE1-D85N affected the reconstituted
KCNQI/KCNE1 currents. Figure 2 depicts representative
current traces recorded from cells that coexpressed KCNQ1
and wild-type (Fig. 2A-a) or D85N (Fig. 2A-b) KCNE1 (1
g each). Peak tail current densities measured after repo-
larization to —50 mV from various test pulses were calcu-
lated in individual cells and are plotted as a function of test
potential in Figure 2B. Solid circles indicate the mean peak
current densities from 21 cells that were transfected with
KCNQ1 and wild-type KCNE1; open ' circles indicate the
mean peak current densities from 25 cells that were trans-
fected with KCNQ1 and D85N, and solid triangles indicate
the mean peak current densities from 25 cells that were

transfected with KCNQ1 alone: D85N reduced the peak
tail currents’ of wild-type KCNQ1/KCNE1-encoded cur-
rents by 28% at 0 mV test potential (p < 0.05 vs. wild type).

In Figure 2C, peak tail current densities have been
normalized using the current densities recorded after a test
pulse to +50 mV and are plotted as a function of test
potential. Fitting of data plots to Boltzmann’s equation
yielded Vi s values of —4.36 + 1.8 mV for the wild type and
0.38 = 1.7 mV for D85N (p: < 0.05), suggesting that the
KCNET1 variant produced a significantly positive shift in
KCNQ1-encoded current activation kinetics (Table 2). The
deactivation process of tail currents could be fitted by 2
exponentials, yielding fast and slow time constants. No
significant difference with respect to the fast time constants
was evident between the wild-type and D85N genotypes;
however, slow deactivation was significantly accelerated by
coexpression of D85N (Table 2).

KCNE1-D8SN WITH KCNH2. In the next line of experiments,
we examined how KCNE1 and its D85N variant influence
KCNH2-encoded currents. Figures 3A-a and 3A-b depict
2:sets of current traces recorded from CHO cells that had
been transfected with KCNH2 plus wild-type or D85N
KCNE1 (1 pg each). Peak tail current densities at =60 mV
were calculated in the respective cells and are plotted as a
function of test potential in Figure 3B. Solid circles and open
circles indicate the mean current densities calculated from 23
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{A) Representative current traces of KCNQ1 coexpression with the wild-type (WT) or D85N KCNE1. (a) KCNQ1 (1 pg) plus WT KCNEL (1 pg). (b) KCNQ1 (1 pg) plus
DB5N KCNEL {1 pg). (B and C) Functional consequences of KCNQ1 coexpression with the WT or D85N KCNE1 ([B] activation curve; [€] normalized activation curve).
Solid circles indicate the mean peak current densities from 24 cells that have been transfected with KCNQ4 and WT KCNEL (1 pg of each), and open cireles indicate
the mean peak current densities from 25 cells that have been transfected with KCNQ1 snd D85N KCNE1 (1 pg of each). Solid triangles show those obtained from
25 cells that were transfected with KCNQ1 alonie (1 pg).

and 20 cells, respectively, which were transfected with 1 ug of
KCNH?2 and 1 pg of wild-type or D85N KCNE1.

D8SN reduced the peak tail currents of wild-type
KCNH2/KCNE1-encoded currents by 31% to 36% at test
potentials between 0 and +50 mV (p < 0.005 vs. wild type).
Fitting of normalized data to Boltzmann’s equation yielded
a Vy5 of —18.33 * 0.8 mV for the wild-type KCNH2/
KCNET1 and of —22.07 + 1.6 mV for KCNH2/KCNE1-
D85N (p < 0.05), suggesting that the KCNE1 variant
causes a significantly negative shift of KCNH2/KCNE1-
encoded current activation kinetics (Fig. 3C, Table 2).
Deactivation of tail currents could be fitted by 2 exponen-
tials, yielding fast and slow time constants. The fast and

slow kinetics were not significantly different between the 2
types of KCNH2 channel currents (Table 2).

Discussion

The present study demonstrates that the allele frequency of
KCNE1-D85N is significantly higher in LQTS patients than
in control subjects after excluding cases with compromised
factors to prolong QT interval (p < 0.05). A biophysical assay
of D85N showed that the variant affected both reconstituted
T, and I, channel function, leading to a prolongation of the
QTc with D85N working as a disease-causing variant. In a
heterologous expression system with Xenopus oocytes (8),
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KCNE1-D85N has been reported to cause an approximately
50% reduction in KCNQ1-encoded currents, although data
for mammalian cells is not available. In our experimenits using
CHO cells, D85N significantly reduced KCNQI-encoded
currents by 28% (p << 0.05 vs. wild type), although this effect
was smaller than that in Xengpus oocytes.

When KCNH2 was coexpressed with the wild-type or
D85N variant of KCNE1, D85N significantly reduced
wild-type KCNH2/KCNE1-encoded currents by 31% to
36% (p < 0.005 vs. wild type). Regarding the interaction
between KCNE1 and KCNH2, McDonald et al. (3) dem-
onstrated that KCNE1 forms a stable complex with KCNH2 and
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up-regulates I, -like currents by 50% in CHO cells. Bianchi
et al. (12) also showed interactions between the KCNE1-
D76N mutation and both KCNQ1 and KCNH2 in HEK
cells. In atrial tumor myocytes that expressed Iy, alone,
Yang et al. (13) demonstrated that antisense oligonucleo-
tides against minK cDNA (KCNE1) significantly reduced
the Iy, by ~62%. More recently, Ohno et al. (14) identified
a missense KCNE1 mutation, A8V, in a sporadic case of
LQTS and reported that the mutation significantly reduced
the magnitude of KCNH2- but not KCNQIl-encoded
currents.

Collectively, it is of clinical importance that the KCNE1-
D85N variant modifies not only KCNQI1- but also
KCNH2-coded channel currents. Furthermore, its inhibi-
tory action on KCNH2 was even stronger than that on
KCNQ1. The KCNE1-D85N polymorphism may there-
fore cause phenotypes similar to those observed in type 2
LQTS such as bradycardia (15,16). The deactivation pro-
cess of Iy, plays a significant role in maintaining the appro-
priate rate of pacemakers (17) and, therefore, a decreased Iy,
will lead to sinus bradycardia. In the present study, 3 D85N
carriers (13%) had sinus bradycardia (Table 1).

The mean onset age of 6 symptomatic heterozygous
D85N carriers (Table 1) was 35.5 years, and this was
significantly older than the mean age of other genotyped
symptomatic LQTS patients. Shimizu et al. (18) reported
that in 95 Japanese LQT1 patients with transmembrane
domain mutations or C-terminal domain mutations, the
mean ages of first event were 11 * 8 years and 13 * 9 years.
Nagaoka et al. (19) also demonstrated that in 118 Japanese
LQT?2 patients with pore mutations or nonpore mutations,
the mean ages of first event were 16 = 10 years and 20 *
13 years. In addition, the mean QT¢ of 13 D85N carriers
was prolonged (498.5 = 13.6 ms) but significantly shorter
than that in 116 probands with other LQTS-related gene
mutations (541 ms) (Fig. 1). These different phenotypes
appear to reflect the fact that D85N causes a milder channel
dysfunction than other LQTS mutations, and reveals a
“forme fruste” phenotype (20).

The allele frequency of the KCNE1-D85N polymor-
phism was 0.81% among apparently healthy control indi-
viduals. We found only 1 report concerning D85N fre-
quency (0.7%) (7) in control subjects, which showed
equivalent results to our study. Based on 2008 healthy
French individuals, Gouas et al. (21) demonstrated that the
allele frequency of D85N was significantly higher in the 200
subjects with the longest QTc than in those with the
shortest QTc (3.1% vs. 0.75%), suggesting that this single
nucleotide polymorphism may influence the QT¢ length in
healthy individuals.

LQTS can remain latent or subclinical because of “repo-
larization reserve” (22), and can become unmasked upon the
intake of QT-prolonging drugs. Heterozygous D85N car-
riers in the control group may be at a potentially higher risk
of long QT-related arrhythmias. Assuming that genetic
surveys are feasible before drug therapy, D85N carriers may
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be recommended to avoid the secondary factors that pre-
dispose them to further QT prolongation such as QT
prolonging drugs (23) and electrolyte disturbances (23-25).
It is also clinically useful to search for other variants of long
QT-related genes (8,26,27).

Study limitations. In the present study, we screened the
mutations that are responsible for LQT1, 2, 3, 5, 6, and 7.
Therefore, the comorbidity of other types of LQTS was not
completely excluded, although their frequency was quite
low. In general, single nucleotide polymorphisms are thought to
be nonpathological although some may modify the clinical
features of a disease. For example, the KCNH2-K897T
polymorphism is a typical genetic modifier that aggravates
LQT'S phenotypes directly by reducing channel function in
association with the KCNH2 mutation A1116V (28). Such
a role for KCNE1-D85N was not addressed in this study
and warrants further study.

Conclusions

KCNE1-D85N was a highly frequent variant in our LQTS
probands and was found to cause loss-of-function effects on
both Iy, and I, and work as a disease-causing variant. Since
its allele frequency was 0.81% among control healthy
individuals, KCNE1-D85N may be a clinically important

genetic variant,
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Abstract

We examined whether the A1166C polymorphism of the angiotensin. Il type I receptor gene (AGTRU) affects cardiovascular event
occurrence in a Japanese prospective cohort study. The 2212 participants who gave informed consent for genetic analysis were enrolled in
this study (the Shigaraki Study). The average observation period was 1954 days. Cardiovascular events occurred in 37 individuals (1.7%).
The indépendent factors which specified cardiovascular events were age (hazard ratio (HR)=1.13; 95% confidence interval (CI): 1.10-1.16;
p<0.0001) and sex (HR=2.18; 95%CI: 1.23—3.85; p=0.007). However, the A1166C polymorphism of AGTRI was not a predictive factor

for cardiovascular events (HR=1.11; 95%CL: 0.61-2.02; p=0.731).

© 2008 Elsevier Ireland Ltd. All rights reserved.

Keywords: AGTRI; A1166C polymorphism; Cardiovascular events; Prospective cohort study

The A1166C polymorphism of AGTR1 has been reported
to-be associated with increased risks of hypertension {11,
myocardial infarction [2}; and cerebral infarction {3]. There
have been no prospective cohort studies in Japanese subjects
regarding the association between the polymorphism of the
A1166C of AGTRI and cardiovascular events. Thus, in this
study, we examined whether the A1166C polymorphism of
AGTRI contribuited to cardiovascular events in a Japanese
general sample.

* Corresponding author. Tel.: +81 748 62 0234; fax: +81 748 63 6486.
E-mail address: shitamaki-circi@umsin.ac jp (S. Tamaki).

The study population consisted of 2902 Japanese subjects
(the Shigaraki Study [4]), of which 2395 were enrolled in
this - genetic study after giving informed consent, and: we
analyzed 2212 subjects (835 mien; 1377 women) who were
successfully: genotyped. This study was approved by the
Institutional Review Board of Shiga University of Medical
Science (Nos.. 11-15, 1999, Nos. 8-17,-2006).

We reviewed the residence registry of all 2212 study
subjects to check whether they were alive or dead. If they
were alive, we checked whether they were hospitalized or
not and, in case of hospitalization, their disease was obtained
from their chart. If they were dead; the causes were
examined. Subjects who had suffered a stroke, myocardial
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Table 1
Hazard ratio of cardiovascular event developiment of symptoms was
calculated using the Cox proportional hazard model.

Risk characteristics B Hazard ratio (95%C1)  p-value
Sex, (men=1, women=0) 0.779  2.18(1.23-3.85) 0.007
Age, years 0.121  1.13 (1.10-1.16) <0.0001
BMI, kg/m® 0.016  1.02 (0.95-1.09) 0.673
SBP, nun Hg 0.002  1.00(0.99-1.01) 0.766
Alcohol, (yes=1, no=0) -0.333 0.72 (0.44-1.17) 0.179
Smoking, (yes=1, no=0) 0.482  1.62 (0.99--2.65) 0.054
HbAlc, % 0.019 1.02(1.00-1.04) 0.088
CHO, mg/dl -0.001  1.00(0.99-1.01) 0.720
UA, mg/dl -0.006  0.99 (0.98-1.01) 0.539
1166C (yes=1, no=0) 0.105  1.11(0.61-2.02) 0.731

The hazard ratio of event development of symptoms was calculated using
the Cox proportional hazard model for sex, age, systolic blood pressure,
drinking, smoking, cholesterol, HbA lc, uretic acid (UA), body mass index
(BMI), and AGTRI polymorphism.

BMI: Body mass index, SBP: systolic blood pressure, Alcohol: alcohol
drinking habit, Smoking: smoking habit, CHO: cholesterol, UA: uretic acid,
1166C; A1166C polymorphism of AGTR1 (C1166C+A1166C).

infarction, or sudden death from July, 1999 to the end of
December, 2004, were registered.

DNA was isolated from peripheral leukocytes and the
AGTRI genotypes were determined by a polymerase chain
reaction (PCR)-based method.

The A1166C polymorphism of AGTRI was not sig-
nificantly associated with age, BMI, laboratory data, drinking
and smoking habits, and cardiovascular events. Cardiovas-
cular events occurred in 37 individuals (cardiac events 4,
cerebrovascular events 33) (1.7%).

Table 1 shows the Cox proportional hazard analysis
indicating  that the independent factors which specified
cardiovascular events were age (hazard ratio (HR)=1.13;
95% confidence interval (CI): 1.10-1.16; p<0.0001) and sex
(HR=2.18; 95%CL 1.23-3.85; p=0.007).. AGTR! gene
polymorphism was not a predictive factor for cardiovascular
events (HR=1.11; 95%CI: 0.61-2.02; p=0.731).

These results indicated that this polymorphism may have
only a small effect on cardiovascular events, and this may be
masked by differences in genetic background or environ-
mental factors, including lifestyle, The A1166C polymorph-
ism of: AGTR1 may not have any functional significance
itself, but may be linked to an as yet unidentified mutation in
this ‘gene. For example, Erdmann et al. reported that the
AGTR1 polymorphism of Al166C showed weak but
significant linkage disequilibrium with a' polymorphism in
the promoter region of the AGTR1, and suggested that the
A1166C polymorphism may be slightly associated with the
expression of AGTR1 [5]. ‘

0167-5273/8 ~ see front matter © 2008 Elsevier Ireland Ltd.” Al rights reserved.

doi: 101016/ .5jcard. 2008.04.079

Another possibility is that the frequency of 1166C is
involved in the study results. The frequency of the 1166C
allele was 7.5% in our 2212 samples. In other Japanese
studies, the Suita study (3918 samples), the Ohasama study
(1301 samples), and the Tanno and Sobetsu study (550
samples), reported that the frequency of the 1166C allele ina
rural Japanese sample was 7.9%, 8.1% and 8.2%, respec-
tively [6--8}. However, in Caucasian studies, the frequency
of the 1166C allele was 36% in hypertensive and 28% in
normotensive subjects [9]. Hindorff et al. reported that the
1166C allele was associated with an increased risk of
incident ischemic stroke [10]. It appears that the 1166C allele
is less frequent in Japanese than in whites. This difference of
the allele frequency may have affected the different results in
whites and Japanese.

In conclusion, age and sex were associated cardiovascular
events; however, AGTR1 polymorphism was not a pre-
dictive factor. Follow-up study over a long period is required
to confirm these findings.
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Abstract

Background: The mottality and morbidity tates of various cardiovascular diseases differ between Westerti countries and Japan. The age- and
gender-specific prevalence rate of atrial fibrillation (AF) in the general population of Japan was determined using the data from periodic
health examinations in 2003, : :

Methods: Data of 630,138 subjects aged 40 years or more (47% were men and:34% were employees of companies and local governments)
were collected from northern to southern Japan. The prevalence of diagnosed AF:in each 10-year age group of both men and women was
determined. Based on these prevalence rates and the Registry of Residents, the nomber of people having AF in Japan was estimated.
Results: The prevalence rate of AF increased as both male and female subjects aged; and it was 4.4% for men but only 2.2% for women aged
80 years or more (p<0.0001). As a whole, the AF prevalence of men was thrée times that of women (1.35 versus. 0.43%, p<0.0001). There
may be approximately 716,000 people (95% confidence interval (CI), 711,000—720,000) with AF in Japan, an overall prevalence of 0.56%.
The number of people having AF was projected to be 1.034 (95% CI, 1.029-1.039) million, an overall prevalence of 1.09%, in 2050:

* Corresponding author. The Second Department of Internal Medicine, Graduate School of Medicine, University of Toyama, 2630 Sugitani, Toyama 930-0194,
Japan. Fax: +81 76 434 5026.
E-mail address: hiroshif@med.u-toyama.ac.ip (H. Inoue).

0167-5273/5 - see front matter © 2008 Elsevier Treland Ltd. All rights reserved.
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Conclusions: The prevalence of AF increased in Japan as the population aged, as in Westem countries. The overall prevalence of AF in Japan
is approximately two-thirds of that in the USA. The projected increase in the number of people having AF is modest in Japan in 2050.

© 2008 Elsevier Ireland Lid. All rights reserved.

Keywords: Atrial fibrillation; Epidemiclogy; Prevalence

1. Introduction

Atrial fibrillation (AF) is one of the common arrhythmias
encountered in general practice as well as in the field of
cardiology. AF could be responsible for increased mortality
and various morbidities including clinical symptoms,
impaired cardiac function and thromboembolism [1-3].
Several epidemiological studies from Western countries
showed that prevalence of AF increased with the aging of the
population and that the increase became striking after
60 years of age, affecting approximately 8% to 9% of
people aged 80 years or more {6—10].

Several predisposing factors for AF other than aging are
known [11,12]. Among them are hypertension, myocardial
infarction, valvular heart discase, congestive heart failure,
diabetes mellitus, alcohol drinking and others {11,12]. The
prevalence, mortality and morbidity of various cardiovas-
cular diseases may differ between Western countries and
Japan. For example, prevalence of hypertension of Japan
seems higher than that of the USA, but lower than that of
England and Germany [13-16]. Another example is
coronary artery disease. The incidence of myocardial
infarction is lower and the prognosis after ‘myocardial
infarction is better in Japan than in Western countries [17-
19]. Therefore, it seems conceivable that the epidemiology
of AF could differ between Western countries and Japan.

- However, the epidemiological study of AF has been limited
in Japan [20-22]; these epidemiological studies [20-22]
showed the prevalence of AF was lower in Japan than in
Western countries [6--10].

Japan has a_ periodic. health examination system for
company employees and community residents that cover the
country. The Industrial Safety and Health Law decrees
provision: of a health examination that includes an electro-
cardiogram for examinees aged 40 years: or more. In order to
determine the prevalence of AF in the general population of
Japan, we conducted a cooperative epidemiological study
using the data from periodic health examinations of more
than 600,000 subjects over the age of 40 years.

2. Subjects and methods

Data from periodic health examinations of community
residents and employees of companies and local governments
performed in 2003 were collected. After obtaining approval of
the study design from the ethics committee of the participating
institutes, which are distributed from the northem part of the

main island of Honshu to Kyushu island of Japan, the health
examination data were collected from company clinics, health
screening centers, and local governments of the prefectures
where the participating institutes are located.

Employees of companies and local governments undergo
an annual health examination provided by their companies
and governments; other people undergo a health examination
provided by the local governments of their communities.
Most employees of companies and governments retire at
60 years of age, and after retirement they undergo the annual
health examination provided by their local governments.
Health examination includes measurement of blood pressure,
electrocardiogram, chest X-ray, urinalysis, and testing for
blood cell count and blood chemistry. AF was diagnosed
electrocardiographically by a trained doctor in each of
participating centers and clinics. Conventional diagnostic
criteria of AF, i.e., a grossly irregular ventricular rhythm of
supraventricular origin, no visible P wave and irregular
fluctuation of the baseline, were employed. In the present
study, subjects were defined as having AF when their
electrocardiogram showed AF at the time of health examina-
tion. Therefore, those with a history of paroxysmal AF but not
having an AF episode at the time of the health examination
were not counted as having AF in the following analyses.

Because the number of examinees exceeded 600,000, we
collected the prevalence of AF of each 10-year age group for
both men and women to calculate gender- and age-specific
prevalence rates of AF. Then we estimated the absolute
number of people with AF in each 10-year age group using
the Japanese Registry of Residents in 2005 {23], and
projected the absolute number of people having AF in the
years of 2010-2050 using the medium variant estimation of
the Population Projection for Japan [24].

Conventional - diagnostic criteria ~ of hypertension,
hypercholesterolemia; and diabetes mellitus were employed
in our health examination system. Hypertension was defined
as a systolic blood: pressure of 140 mmHg or higher, a
diastolic blood pressure of 90 mmHg or: higher, or both
{Japanese Society of Hypertension, 2000), Hypercholester-
olemia was defined ag a total cholesterol level of 240 mg/dl
or higher (Japanese Atherosclerosis Society, 2002), and
diabetes mellitus, as a random blood glucose concentration
of 200 mg/dl or a fasting blood' glucose concentration of
126 mg/dl (Japan Diabetes Society,~1999). Additionally, in
the present’ study, subjects were defined - as- having “any
comorbidity if they had been given drugs for hypertension,
hypercholesterolemia, diabetes mellitus; or cardiac diseases.
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Gender-specific prevalence of comorbidity was determined
for subjects with and without AF.

2.1. Statistical analyses

Because of the number of subjects exceeding 600,000 and
simplicity of data analyses, age- and gender-specific
prevalence rates of AF and gender-specific prevalence of
clinical characteristics were determined and compared with
chi-square test. Independent predictors of AF were not
determined in the present study. A p value less than 0.05 was
considered statistically significant.

3. Resuits

Data of 630,138 subjects aged 40 years or motre were
collected from 25 company clinics, nine health screening
centers of communities, and five local governments.
Approximately 47% of the subjects were male; 31% of the
subjects were aged 50--59 years, 27% were aged 40-
49 years, and 23% were aged 60-69 years. Employees of
companies and local governments accounted for 34% of all
subjects of the study group.

3.1. Age- and gender-specific prevalence rate of AF

Since the age- and gender-specific AF prevalence of
company employees and community residents was very
similar, the data of both groups were pooled as a single group
for the following analyses. In Table 1, age- and gender-
specific: prevalence: rates. of - AF are summarized. AF
prevalence increased as the subjects aged in both men and
women (p<0.0001), and was lower in'women than in men
for each age group (p<0.0001). It was 4.4% for men aged
80 years or more, but was only 2.2% for women of the same
age; as a whole, the AF prevalence of men was three times as
great as that of women (1.35 versus 0.43%, p<0.0001).

3.2, Clinical characteristics of subjects with AF
Prevalences of clinical characteristics that could be

possible risk factors for AF [11] are summarized in Table 2.
Hypertension, diabetes mellitus; and cardiac diseases were

Table 1
Age- and gender-specific number of examinees and subjects with AF.

Number of examinees Number of subjects with AF

Men ‘Women Men ‘Women

Age (years)

40-49 88,156 80,432 211(0.24%) 30 (0.04%)
50--59 96,901 97,070 760 (0.78%) 112 (0.12%)
60-69 57,998 86,156 1,126 (1.94%) 360 (0.42%)
70-79 41,770 58,296 1,436 (3.44%) 653 (1.12%)
80— 10427 - 12,932 462 (4.43%) 283 (2.19%)
All ages 295,252 334,886 3,995 (1.35%) 1,438 (0.43%)

AF = atrial fibrillation.

Table 2
Clinical characteristics of subjects with and without atrial fibrillation.

Men Women

AF(t)  AF() AF(¥) AF()
Hypertension (%) 42.4 24.2* 38.1 19.8%
Diabetes mellitus (%) 19.9 12.6* 104 5.0%*
Hypercholesterolemia (%) 24.1 27.6 15.2 24.2%*
Cardiac diseases (%) 59.1 4.6% 54.8 4.4*
Current smoker (%) 272 43.5% 2.1 5.2
Current drinker (%) 76.5 70.5%* 15.1 22.6

AF = atrial fibrillation. *p<0.00001, **p<0.05 versus AF (+).
A complete set of data was available from 60,038 men and 45,297 women.

present more frequently in both men and women with AF as
compared with those without AF. Alcohol drinking was seen
more frequently in men with AF than in those without AF.
Hypercholesterolemia and cuirent smoking were not asso-
ciated with development of AF.

3.3. Estimated number of people with AF

There may be 716,000 [95% confidence interval (CI),
711,000-720,000] people having AF in Japan, an overall
prevalence of 0.56%. As a whole, the absolute number of
people with AF peaked at the age of 70—79 years. This was
true for men. For women, however, the absolute number of
people with AF was the greatest at the age of 80 or more.
Eighty-five percent of the people with AF were older than
60 years, and 25% were older than 80 years.

The absolute numbers of people having AF projected into
the future based on the medium variant estimates of the
Population Projection for Japan [24]-are summarized in
Table 3. Tt would be:1.034 (95% CI, 1.029--1:039) million in
the year of 2050, an overall prevalence of 1.09%.

4. Discussion
4.1. Major findings

The major findings of the present study were as follows.
First, the prevalence rate of AF increased as people aged, and
was three times greater in men than in women. Second, the
estimated number of people with AF was approximately
720,000 in Japan, and the overall prevalence was 0.56%,
which is two-thirds of that of the USA [8]. The number of
people having AF in Japan is projected to be 1,034 million in
the year of 2050, which is one fifth of that in the USA [9].

4.2. Comparison with data of previous studies

In Japan, epidemiological studies on AF have been
limited in number. Nakayama et al. reported the prevalence
of AF as 1.35% amorng 2305 residents of a community
whose age was 40 years or more [20]. Other investigators
[21.22] reported the AF prevalence was two to three times
greater in men than in women; it was 3% formen and 1.1%
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Table 3

Estimated number and prevalence of people with AF.

Year Total population People having AF Overall

(95% CI) prf:valcncc
(%)
(Millions) (Thousands)

2005 126.87 716 (711-720) 0.56

2010 127.18 830 (824-835) 0.65

2020 122.74 974 (969-979) 0.79

2030 115.22 1049 (1044-1055) 0.91

2040 105.69 1051 (1045-1056) 0.99

2050 95.18 1034 (1029-1039) 1.09

AF = atvial fibrillation.

* The population numbers are based on the Japanese Registry of
Residents of 2005 (23). Future population numbers were projected using
the medium variant estimates of the Population Projection for Japan of the
National Institute of Population and Social Security Research (24).

for women aged 60-69 years {21]. Epidemiological studies
on the prevalence of AF in other Asian countries are still
limited in number. Lok and Lau {25} reported that the
prevalence of AF was only 1.3% of ambulatory elderly
people aged 60-94 years in Hong Kong.

In Tzble 4, representative data of AF prevalence from
Western countries and Japan are summarized. They clearly
showed that the prevalence of AF increases as a population ages.
In the Framingham Study reported by Wolf et al. {6}, the
prevalence was 0.1% for people aged 40-49 years, and
increased to 8.8% for people aged 80 years or more.. By
contrast, based on a general practice research database in
England and Wales, Majeed et al. [10] showed that prevalence
of AF was more than 10% in both men- and women aged
85 years or more. The prevalence of AF in the study of Ohsawa
[22] as well as in the present study was much lower than the
representative data reported from the Western countries [6,9,10].

Based on the data of the population-based survey; there
are 2.23 million people in the USA having AF [8]. It would
be 650,000 in England and Wales, an overall prevalence of
1.25% [10]. The present study estimated the number of
people having AF to be 720,000 in Japan which was much
lower than that reported for the USA [81.

The number of people having AF is expected to increase to
5 million in the USA in the year 2050 {9]. Other investigators
estimated it to be 12—16 million in the USA by 2050 [26]. By
contrast, Ohsawa et al. estimated it to be 1.08 million in Japan in
2030{22]. Based on the present data, it would be 1.03 million in
2050, a relative increase of 40%. This modest increase in the
future number of people with AF could be due to a decrease in
number of people aged 50-69 in Japan, although number of
people aged 80 years or more would be doubled in 2050 [24].

4.3. Clinical characteristics of subjects with AF

Hypertension is a well-known risk factor for AF [11,27]
Ohsawa et al. clearly showed that hypertension was compli-
cated more frequently with both men and women having AF
[28]. This was also true for the present study. However,
hypertension itself could not account for the 3 times greater
prevalence of AF in men than in women in the present study
(Tables I and 2). Coronary artery disease is also known as a
predisposing factor for AF [11,29]. Although the prevalence of
coronarty artery disease was not determined specifically in the
present study, it was lower among patients with AF in Japan
[307 as compared with those in the Western countries {9,311 Of
note is that severity of coronary artery disease is less in patients
of Japan than in those of Western countries {17191,

Diabetes mellitus is associated with AF [11,32}; thisis also
true for the present study. Alcohol drinking could increase the
risk of AF [12]. Although Ohsawa et al. failed to show this
finding {28], the present study showed prevalence of drinkers
was slightly higher in men with AF than in those without AF.

Taken. together, it seemed. difficult-to explain the
differerice: of “AF: prevalence between Western countries
and Japan and also between men and women in the present
study: only with these clinical characteristics.

4.4. Methodological considerations

The present study is limited for several reasons. First, not all
community ‘residents. and- company employees undergo the

Table 4
Age-specific prevalence of atrial fibrillation in epidemiological surveys expressed as a percent.

Wolf et al. [6] Majeed et al. 10} Go et al. {9] Ohsawa ¢t al; {22} Present: study
Age (years) N=5070 N=1.4 million N=1.89 million N=23,713 N=630,138

All M w M w M w M W
40-44 0.1 03 0.2 0.3 0.1 0.2 0.04
45-49 0.1 0.7 0.4 0.3 0.1 0.2 0.04
50-54 0.5 0.7 0.4 0.7 0.4 0.8 0.1
5559 0.5 1.8 o 1.1 0.9 0.4 0.7.° 0.4 0.8 0.1
60-64 1.8 1.8 I.1 L7 i.0 13 0.9 1.9 0.4
65-69 18 4.6 33 3.0 1.7 1.3 0.9 1.9 0:4
70-74 48 4.6 33 5.0 34 3.8** 2.2%* 34 1l
75-79 4.8 91 72 73 5.0 3.8%% 2.2%* 34 Il
280 238 10.6* 10.9* 10.6 8.0 3.8%* 2.2%* 44 2.2

Age groups were in'steps of 10 years starting from 40 years in the studies of Wolf et al., and Ohsawa et al., and in the present study, and starting from 35 years in
the study of Majeed et al and were in steps of 5 years from 55 years in the study of Go etal
M =men, W = women, * and ** prevalence of atrial fibrillation in subjects aged 85 years or more and in subjects aged 70 years or more; respectively,
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annual health examination. In 1998, approximately 65% of
Japan’s population 40 years old or more underwent an annual
health examination [33]. Among company employeces, 73%
underwent an annual health examination {33]. Some community
residents who go to a hospital regularly for treatment tend not to
undergo the health examination provided by their local
government. This could lead to underestimation of the pre-
valence rate of AF for community residents. Second, the present
study was cross-scctional in nature; therefore, the number of
people having paroxysmal AF may be underestimated as
mentioned above. Third, there could be a seasonal variation in
frequency of episodes of paroxysmal AF {34]. The annual health
examination is carried out through the whole year, and therefore,
possible seasonal variation of AF episodes would have affected
the present data. Finally, only prevalence of AF was determined
for each 10-year age group, and a complete dataset of clinical
characteristics was available from approximately a sixth of the
subjects; therefore, detailed analyses to determine independent
predictors of AF were not performed in the present study.

5. Conclusions

Although limited for these reasons, the present study,
based on the data of annual health examinations of more than
600,000 people, showed the rate of AF increased as the
population aged in Japan, as in Western countries. The
prevalence of AF was approximately two thirds of that in the
USA [8], and the projected increase in the number of people
having AF in Japan is modest when compared with that of
the USA [9,26] in the year of 2050.
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Inhibitory actions of the phosphatidylinositol
3-kinase inhibitor LY294002 on the human
Kv1.5 channel
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Background and purpose: Kv1.5 channels conduct the ultra-rapid delayed rectifier potassium current (ku), and in humans,
Kv1.5 channels are highly expressed in cardiac atria but are scarce in ventricles. Pharmacological blockade of human Kv1.5
(hKv1.5) has been regarded as effective for prevention and treatment of re-entry-based atrial tachyarrhythmias. Here we
examined blockade of hKv1.5 channels by LY294002, a well-known inhibitor of phosphatidylinositol 3-kinase (PI3K).
Experimental approach: hKv1.5 channels were heterologously expressed in Chinese hamster ovary cells. Effects of LY294002
on wild-type and mutant (T462C, H463C, T480A, R487V, A501V, 1502A, 1508A, L510A and V516A) hKv1.5 channels were
examined by using the whole-cell patch-clamp method.

Key results: LY294002 rapidly and reversibly inhibited hKv1.5 current in a concentration-dependent manner (ICso of
7.9 umol-L7"). In contrast, wortmannin, a structurally distinct inhibitor of PI3K, had little inhibitory effect on hKv1.5 current.
LY294002 block of hKv1.5 current developed with time during depolarizing voltage-clamp steps, and this blockade was also
voltage-dependent with a steep increase over the voltage range for channel openings. The apparent binding (k.) and
unbinding (ki) rate constants were calculated to be 1.6 umol-L7""'.s™ and 5.7 s7' respectively. Inhibition by LY294002 was
significantly reduced in several hKv1.5 mutant channels: T480A, R487V, 1502A, I508A, L510A and V516A.

Conclusions and implications: LY294002 acts directly on hKv1.5 currents as an open channel blocker, independently of its
effects on PI3K activity. Amino acid residues located in the pore region (Thr480, Arg487) and the 56 segment (lle502, 1le508,
Leu510, Val516) appear to constitute potential binding sites for LY294002.

British Journal of Pharmacology (2009) 156, 377-387; doi:10.1111/j.1476-5381.2008.00017.x; published online 19
January: 2009

Keywords: Kv1.5; LY294002; PI3K; open channel block; ky; site-directed mutagenesis; binding site

Abbreviations: ~ AF, atrial fibrillation; APD, action potential duration; I, rapidly activating component of delayed rectifier
potassium current; k,, slowly activating component of delayed rectifier potassium current; kqr, ultrarapid
delayed rectifier potassium, current; PI3K, phosphatidylinositol 3-kinase; Kv, voltage-dependent potassium
channel; CHO, Chinese hamster ovary; WT, wild-type; DMSO, dimethyl suiphoxide; GFP, green fluorescent
protein; MAP kinase, mitogen-activated protein kinase; PCR, polymerase chain reaction

Introduction cardial rtefractoriness, primarily “determined: by the ‘action

potential duration (APD). A major determinant of APD is the

Atrial fibrillation (AF) is the most frequent cardiac arrhythmia
that can result in serious morbidity and a doubling of mor-
tality in elderly persons (Chugh et al., 2001). It is well known
that AF or atrial flutter is' caused; or-at least maintained, by
re-entrant wavelets. A well-established method of extinguish-
ing or preventing such re-entries is prolongation of the myo-
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amount of repolarizing outward potassium: currents, particu-
larly provided by the three (ultra-rapid, rapid' and"slow)
delayed rectifier potassium currents (Ixw, Ik and I respec-
tively). Therefore, blockers of these currents can be expected
to exert anti-arthythmic actions against re-entrant-based
tachyarrhythmias (Knobloch et al., 2002). However, because
I and I, are present in both the atrium and ventricle, undes-
ired effects such as excess prolongation of ventricular action
potentials can be caused by blockers of Iy, and I, which limits
their use for the treatment of atrial arrhythmias (Bril, 2002;
Knobloch et al., 2004; Vos, 2004; Regan etal.,>2007). In
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contrast, I, is expressed predominantly in atrial myocytes
but is scarce in ventricular myocytes, in humans (Wang et al.,
1993; Li etal, 1996). k. may therefore be a promising
molecular target for anti-arrhythmic drugs to treat re-entrant-
based atrial tachyarrhythmias. Experimental evidence has
also been presented to show that I, blockade increases the
plateau phase and thereby prolongs APD in atrial trabeculae
obtained from patients with long-standing AF associated with
electrical remodelling (Wettwer et al., 2004).

The molecular component that underlies I, in the human
atrium is the Kv1.5 channel (Fedida et al., 1993; Li et al., 1996;
Nattel et al., 1999: channel nomenclature conforms to Alex-
ander et al., 2008), which is encoded by KCNAS gene. The
Kv1.5 channels belong to the super-family of voltage-gated
potassium channels, comprising four pore-forming subunits,
each containing six transmembrane segments (S1 to $6). The
segment between S5 and S6 forms the external part of the ion
conduction pathway. The flanking S5 and S6 segments may
contribute to the presumably wider intracellular mouth of the
ion channel (Yeola et al., 1996). During the past decade, con-
siderable efforts have been made to develop novel blockers of
Kv1.5 channels (Brendel and Peukert, 2003; Varro et al., 2004;
Trotter etal., 2006) and to characterize their binding sites
in the channel. A few of the known Kv1.5 channel blockers
have been tested in humans (Crijns et al., 2006; Dorian et al.,
2007). However, newly developed compounds are not so
highly selective for Kv1.5 channels and thus, currently, the
clinical data to validate the effectiveness of Kv1.5 channel
blockade for the treatment of AF are lacking. Mutational
analyses have indicated that some residues located near the
pore helix as well as in the S6 domain of Kv1.5 channels are
important for the binding of the channel blockers (Decher
et al., 2004; 2006; Herrera et al., 2005; Rezazadeh et al., 2006).

The compound LY294002:is derived. from: the naturally
occurring bioflavinoid: quercetin and potently inhibits phos-
phatidylinositol 3-kinase (PI3K) activity (ICso = 1.40 pmol-L™?)
via competitive inhibition of an ATP binding site on the p85a
subunit (Vlahos et al., 1994). This compound has been used in
studies of neuronal, cardiovascular, immune and: diabetes-
related cellular functions for more than a decade (Knightet al;
2004). In recent years, it has been reported that LY294002 can
inhibit Kv channel in MIN6 insulinoma cells through a PI3K-
independent mechanism (El-Kholy. et al., 2003).

The present study: was designied to. investigate the effect
of LY294002 on human Kv1.5 (hKv1.5) channels, heterolo-
gously expressed in Chinese hamster ovary (CHO) cells by
using the whole-cell' patch-clamp technique. Our findings
indicate that LY294002 interacts with hKv1.5 channels in a
PI3K-independent manner: and directly inhibits hKv1.5 cur-
rents as an open: channel blocker. The putative binding site
for this compound is found to be located at the base of the
pore helix (Thr480), in the outer pore region (Arg487) and in
the S6 domain ([1e502, 11e508, Leu510 and Val516) of hKv1.5
channels.

Methods

Cell preparation, site-directed mutagenesis. and transfection
CHO ' cells were maintainied in Dulbecco’s modified Eagle’s
medium/Ham's F-12 (DMEM/F-12) supplemented with: 10%
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fetal bovine serum and antibiotics (100 IU-mL™" penicillin
and 100 pg-mL™ streptomycin) under a humidified atmo-
sphere of 5% CO,/95% air at 37°C. Cells were passaged twice
weekly by harvesting with trypsin-EDTA, and a part of
treated cells were seeded onto glass coverslips (5 x 3 mm?)
for the later transfection.

The mammalian expression vector pcDNA3.1 containing
hKv1.5 ¢cDNA (kindly provided by Dr D Fedida, University of
British Columbia, Vancouver, Canada) was used for expres-
sion of all constructs in this study (Eldstrom et al., 2003).
Polymerase chain reaction (PCR)-based site-directed mutagen-
esis was applied to introduce mutations into hKv1.5 cDNA by
using Quikchange Kit (Stratagene, La Jolla, CA, USA). All
PCR-products were fully sequenced (ABI3100, Applied Biosys-
tems, Foster City, CA, USA) to ensure the fidelity of the PCR
reactions. Wild-type (WT) hKv1.5 ¢cDNA and hKv1.5 mutants
(T462C, H463C, T480A, R487V, AS01V, 15024, IS08A, L510A
and V516A cDNA) were transiently transfected into CHO cells
together with green fluorescent protein (GFP) cDNA (0.5 ug
WT or mutant hKv1.5 + 0.5 ug GFP) by using Lipofectamine
(Invitrogen Life Technologies, Carlsbad, CA, USA). Patch-
clamp experiments were conducted 2-3 days after transfec-
tion on GFP-positive cells.

Electrophysiological recordings and data analysis
Whole-cell membrane currents (Hamill etal., 1981) were
recorded with an EPC-8 patch-clamp amplifier (HEKA, Lam-
brecht, Germany), and data were low-pass filtered at 1 kHz,
acquired at 5 kHz through an LIH-1600 analogue-to-digital
converter (HEKA) and stored on a hard disc drive, by using
Pulse/PulseFit software (HEKA). For experiments to measure
the activation time course of hKv1.5 currents, the data were
low-pass filtered at 10kHz and sampled at 50 kHz. Patch
electrodes had a resistance of 2.5-3.0 MQ when filled with the
pipette solution containing (in mmol-L™') 70 potassium aspar-
tate, 40 KCl; 10 KH,POy, 1T MgSO;, 3 Naz-ATP (Sigma Chemical
Co., St. Louis, MO, USA), 0.1 Li,-GTP (Roche Diagnostics
GmbH, Mannheim, Germany), 5 EGTA and 5 HEPES (pH
adjusted to-7.2 with. KOH). In the whole-cell configuration,
average: series resistances. were: 5.6 = 0.1 MQ. . Because. the
average current was 4.9 nA at +30mV, the voltage drops
induced: by the series resistances: can be calculated to be
27 mV. The series resistances were usually compensated by
80%. After compensation, the voltage drops were considered
to be less than 5.4 mV. Cells attached to glass coverslips were
transferred to a recording chamber (0.5 mL in volume)
mounted on the stage of an inverted microscope: (ECLIPSE
TE2000-U, Nikon, Tokyo, Japan). The chamber was main-
tained ‘at 25°C and. was. perfused continuously: at a rate of
1-2 mL-min-! with Tyrode solution containing (in mmol-L™)
140.NaCl, 5.4 KCI, 1.8 CaCl,, 0.5 MgCl;, 0.33 NaH,PO;; 5.5
glucose and 5.0 HEPES (pH was adjusted to 7.4 with NaOH).
hKv1.5 channel currents were elicited by applying 300 ms
depolarizingsteps from- a holding potential of -80 mV. to
various levels. Except for frequency-dependent experimerits,
the interval between voltage-clamp steps was 10's or longer
to allow channels to'recover fully from possible inactivation
between voltage steps. Drug-induced inhibition was measured
at the end of a: 300 ms depolarizing step  to.+30 mV. unless
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otherwise indicated. Voltage-dependent activation of hKv1.5
channels was assessed by fitting the normalized I-V relation-
ship of the tail currents to a Boltzmann equation: =1/
(1 + exp((Viz — V)/K)), where I is the tail current amplitude
normalized with reference to the maximum value measured
at+50 mV; Vy,, is the voltage at half-maximal activation; Vi, is
the test potential and k is the slope factor. The concentration
~response curve for inhibition of hKv1.5 current by LY294002
was drawn by a least-squares fit of a Hill equation:
%Control = 1/(1 + (ICs/[D])™"), where %Control represents
the current in the presence of the drug normalized with
reference to the control amplitude (expressed as a percent-
age); ICs is the concentration of LY294002 causing a half-
maximal inhibition; ny is the Hill coefficient and [D] is drug
concentration. A first-order blocking scheme was used to
describe the drug-channel interaction (Snyders and Yeola,
1995; Yeola efal, 1996). The apparent rate constants for
binding (k..) and unbinding (k.,) were obtained from fitting
the equations: = 1/(ka[D] + k), where 1, is the drug-
induced time constant, which was calculated from single
exponential fits to the traces of current decay during depolar-
izing step to +30 mV. The apparent dissociation constant Kp is
expressed as Kp = k./k.;. The deactivation kinetics was deter-
mined by fitting a single exponential function to the tail
current frace.

Statistical analysis

All of the averaged data are presented as mean * s.e.mean,
with the number of experiments shown in parentheses. Sta-
tistical comparisons were evaluated by using either Student’s
t-test or ANOVA with Dunnett’s post-hoc test, as appropriate.
Differences were considered to be statistically significant if a
P value of <0.05 was obtained.

Materials

LY294002, LY303511 (Calbiochem, San Diego, CA, USA) and
wortmannin (Sigma) were dissolved in dimethyl sulphoxide
(DMSO; Sigma)- to yield stock solutions of 50 mmol-L7'. The
concentration of DMSO in the final solution was <0.1% (V/V),
which had no effect on hKv1.5 currents.

Resulits

Inhibitory action of LY294002 on hKv1.5 current

Figure 1 demonstrates: a': representative .- experiment " to
examine the effects of LY294002 on the hKv1.5 channels
heterologously expressed in ‘a. CHO cell: The hKv1.5 current
was evoked by 300 ms depolarizing voltage-clamp steps given
from a holding potential of -80-mV. to various test potentials
(=50 to +50mV) with- a return: potential of =40 mV, before
(Control,: Figure 1A) - and- during: (Figure 1B)  exposure  to
10 pmol-L! LY294002. In control conditions; hKv1.5 current
activated rapidly upon depolarization to reach a peak and
then remained stable during moderately depolarized test steps
(=+30mV) but decayed minimally during strongly: depolar-
ized test potentials: (=+40 mV), consistent with previous
studies (Snyders-etal:,. 1993; Feng etal;; 1998; Choi:-etal.,
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2000; Herrera et al., 2005; Rezazadeh et al., 2006). The activa-
tion time constant of 1.46 + 0.11 ms (n = 6) was obtained by
fitting a single exponential function to the current traces
during the initial 30 ms of depolarizing step to +30 mV. The
decaying outward tail currents were detected on return to
—-40 mV.

Bath application of 10 pmol-L™' LY294002 did not signifi-
cantly affect the activation time constant (1.45 = 0.16 ms at
+30 mV; n=6, P> 0.05) while modestly reducing the peak
amplitude of hKv1.5 current. However, this compound
caused a marked, time-dependent decline in outward currents
during depolarizing test potentials, which was more promi-
nent at more positive potentials. Figure 1C illustrates I-V rela-
tionships for late currents (measured at the end of 300 ms
clamp steps) in the absence and presence of LY294002. The
hKv1.5 current was blocked by LY294002 over the whole
potential range for activation. The voltage-dependent activa-
tion of hKv1.5 current in the absence and presence of the
drug was evaluated by fitting a Boltzmann equation to the
amplitude of tail current elicited on return to —40 mV follow-
ing depolarizing voltage steps to various test potentials
(Figure 1D). In a total of seven cells, V,, averaged
-13.4 =+ 1.1 mV in control and -22.6 = 2.0 mV (P <0.01) in
the presence of LY294002, while k was 10.3 = 0.6 mV in
control and 6.2 * 1.1 mV (P < 0.05) in the presence of the
compound. Thus, LY294002 significantly shifted the voltage
dependence of channel opening to more hyperpolarized
potentials, as reported for the action of two other drugs
(mibefradil,. Perchenet and . Clement-Chomienne, 2000;
papaverine, Choe et al., 2003) on hKv1.5 channels.

To quantify the voltage dependence of current inhibition,
the relative amplitude of late currents in the presence and
absenice of LY294002 (% Control) was measured at each test
potential and plotted, together with the activation curve
obtained in control conditions, . (Figure 1E). The hKvl.5
channel activated with a threshold potential of ~40 mV and
the channel conductance peaked near +20 mV. The current
reduction steeply increased at potentials between -30 and
0'mV, which corresponded to the voltage range of channel
opening. At potentials positive to +20 mV: where channel
conductance was nearly saturated; current reduction exhib-
ited a shallower voltage dependence. This observation is con-
sistent with the premise that LY294002 preferentially affected
the open state of the hKvl.5 channels:

Concentration-dependent inhibition of hKv1.5 induced

by LY 294002

The inhibitory effect of LY294002 on hKv1.5 was examined at
various: concentrations between 1 and. 50 umol-L™%, The
hKv1.5 current was elicited every 15 's:by 300 ms depolarizing
step to. +30 mV, before (Control) and during. exposure to
increasing - concentrations - of : LY294002 “in:'a  cumulative
manner: after the inhibition due to: the previous concentra-
tionreached a steady state (Figure ZA). It is evident that at any
given concentration of LY294002; the late current level at the
end of the 300 ms clamp steps was. more: potently reduced
than initial. peak current level, which supports agradual
development -of channel: inhibition:during ‘the open state
of - the: channel. Figure: 2B : illustrates: the  concentration—
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