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Figure 4. Kaplan-Meier analysis of arrhythmic events (SCD or documented VF) during follow-up depending on the clinical presentation
(VF/aborted sudden death, syncope, or asymptomatic) in probands with type 1 ECG (A) and those with non-type 1 ECG (B). P<0.0001
represents overall comparison, and P=0.009 is for comparison between the VF group and the syncope group. There was no statisti-
cally significant difference (P=0.95) in the events-free survival of VF probands comparing type 1 and non-type 1 groups.

annual rate of arrhythmic events in probands with type 1 ECG
was 10.2% in the VF group, 0.6% in the syncope group, and
0.5% in the asymptomatic group (Figure 4A). The cumulative
rate of arrhythmic events in probands with non-type 1 ECG was
similar to those with type 1 ECG. The annual arrhythmic event
rate was 10.6%, 1.2%, and 0%, respectively (Figure 4B).

By univariate analysis, a family history of SCD was a
predictor for arrhythmic events in the type. 1 group (hazard
ratio [HR], 5.1; 95% CI, 2.0 to 12.8; P=0.0004) and the
non-type 1 group (HR, 12.3; 95% CI, 2.0 to 74.8;
P=0.006). Coexistence of posterolateral early repolariza-
tion. with- precordial - Brugada-pattern ECG was another
predictor in the type 1 group (HR; 4.2;95% CI, 1.6t0 11.2;
P=0.003); however, other parameters were not reliable.
Figure' 5 shows the Kaplan-Meier curves:of arrhythmic
events in the type 1 group during follow-up, depending on
the presence of a family history of SCD (Figure 54},
inferolateral early repolarization (Figure 5B), a spontane-
ous type 1 ST-elevation (Figure 5C), and inducibility of
ventricular arrhythmias by. EPS. (Figure 5D). Multivariate
analysis in all probands identified that the former: 2
parameters were independent risk factors for arrhythmic
events (a family history of SCD: HR, 3.28; 95% CI, 1.42
to 7.60; P=0.005; early repolarization: HR, 2.66; 95% CI,
1.06 to 6.71; P=0.03, Table 3) as'well as a family history
of SCD in analysis of probands without VF (syncope and
asymptomatic: groups) (HR; 12.5;95% CI, 2.0 to: 75:0;
P=0.005).

Discussion
Main Findings
We present one of the largest series of consecutive patients
with Brugada-pattern ECG. Importantly, in the present study
only probands were included. Also, this study has.the longest
follow-up ever reported. The main finding is that probands

who have a non-type 1 ECG, even after challenged with a
sodium channel blocker, do not necessarily have a better
prognosis than patients with spontaneous or drug-induced
type 1 ECG. Patients presenting with aborted cardiac arrest
had a grim prognosis and those presenting with syncope or no
symptoms had an excellent prognosis irrespective of their
ECG pattern (that is, type.l versus non-type 1). Also, a
family history of sudden death at age <45 years and
coexistence of early repolarization in the inferolateral leads
were predictors of poor outcome. In contrast, VF/VT induc-
ibility during EPS was not a predictor of outcome.

Comparison With Previous Studies

In this study, the follow-up time was uniform among the 3
groups. The mean follow-up time for the asymptomatic
individuals was the longest (47.7215.0 months) compared
with the studies by Brugada et al2 (2729 months), Priori
et al® (34*44 months), and Eckardt et al5 (33.7+52.2
months). The percentage of female patients (5%) and
patients with a family history of SCD (14%) was signifi-
cantly smaller than 2 of these previous reports (5% versus
24% to 28%%35; P<0.001; and 14% versus 28% to
549%:235; P<0.001), although the percentage (14%) of a
family history of SCD-was:similar to that of probands
(209%) that Priori et al® had reported. The values observed
in the present study ‘may reflect the true profile of the
probands of Brugada syndrome in contrast to previous
studies in which a significant number of family members
were also enrolled.

Prognosis of Probands Presenting With Syncope
and Without Symptoms

The prognosis of probands in the syncope and asymptom-
atic groups was very good, and the annual rate of arrhyth-
mic events was =1.2%. In the syncope group, this rate is
far less than reported:in previous studies,?-5 although' the
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Figure 5. Kaplan-Meier analysis ‘of fatal arrhythmic events during follow-up depending on a family history (FH) of SCD (FH of SCD—
versus FH of SCD +) (A), inferolateral early repolarization (early repolarization— versus early repolarization+) (B), a spontaneous type 1
ST-elevation (drug-induced type 1 versus spontaneous type 1) (C), and inducibility of ventricular arrhythmias by EPS (noninducible VF

versus:-inducible VF) (D).

rate' in’ the asymptomatic group is similar to:that in the
Eckardt registry® and the rate of around 10% for the VF
group: is comparable to the rate teported in the Brugada
registries.?® The reason’ that the patients inthe syncope
group showed excellent prognosis is not entirely clear but
may be related to the method of registry. Poor prognosis in
prior studies is possibly related to the retrospective design
of the studies consisting- of probands and: family- mem-
bers, 235 in which only severe syncope directly linked to
VF tends to be categorized later as a syncope; despite
difficulty to determine the cause of syncope at the onset.
Even so, we cannot exclude the possibility that some
patients with vasovagal syncope were inevitably included
in. the ‘syncope group because not a few patients have
undefined syncope. and: >30% of Brugada patients are
reported to have both vasovagal syncope and the sync-
ope due to ventricular arrhythmia.'> Another reason for the
good prognosis is the difference of genetic background.
Brugada syndrome is known to be. common in: Asian
people, which possibly relates to the higher prevalence of

polymorphism of haplotype B, associated with the cardiac
sodium channel.!314 The average prognosis of ‘Asian pa-
tierits with Brugada syndrome may be better than that of
the white population, because individuals without a critical
genetic defect are easily detected as a Brugada patientina
routine medical’ checkup. Further genetic studies are re-
quired to clarify the racial difference of outcome. Never-
theless, the patients in this study with an aborted sudden
death showed worse prognosis than European people in the
study by Eckardt et al® and had a similar outcome to those
who underwent ICD implantation.15

Prognosis of Probands With Non-Type 1 ECG

The outcome of. probands- with non-type 1 ECG was
similar to those with type 1 ECG and the rate of arrhythmic
events in the VF group was considerably higher. Some of
these patients had shown a coved {type 1) ST-elevation
only in the higher (second or third). intercostal spaces
during the drug provocation test or follow-up. Miyamoto et
al'® reported that men with a spontaneous. type 1 ECG
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Table 3. Probability of Sudden Death or VF During Follow-Up Depending on Clinical and
Electrophysiological Variables in All Probands (Type 1 and Non-Type 1 Groups)

Univariate Analysis

Multivariate Analysis

HR 95% Cl P Value HR 95% Cl P Value
Prior VF 21.46 8.00-57.53 <0.0001 17.48 6.22-49.11 <0.0001
FH of SCD 6.35 2.84-14.19 <0.0001 3.28 1.42-7.60 0.005
Inferolateral ER 414 1.71-10.00 0.001 2.66 1.06-6.71 0.03
AF 2.15 0.92-5.03 0.07 0.87 0.36-2.09 0.75
Syncope 0.35 0.08-1.09 0.15
Sp. typet 2.3 0.67-7.94 0.18
VF induc. (apex/0T) 1.81 0.72-4.70 0.20
VF induc. (apex) 1.58 0.60-4.11 0.34
Male NA

FH indicates family history; inferolateral ER, inferolateral early repolarization; AF, atrial fibrillation; Sp. type 1, spontaneous type 1
ST-elevation on 12-lead ECG at baseline; VF induc. (apex/OT), VF induction by programmed pacing at the RV apex or RV outflow tract;
and VF induc. {apex), VF induction by programmed pacing at the RV apex.

recorded only at the higher leads V; and V, showed a
prognosis similar to that of men with a type 1 ECG when
using standard leads. In the past, patients with non-type 1
ST-elevation in standard ECG had been excluded from
studies as a benign entity of Brugada syndrome. However,
if patients had a history of aborted sudden death or
agonizing nocturnal dyspnea, non-type 1 Brugada-pattern
ECG should not be disregarded. Careful follow-up includ-
ing ECG recording at the higher intercostals spaces and the
implantation of ICD is probably required in such a patient
to prevent SCD.

Clinical Features of Probands With Non-Type

1 ECG

The clinical profiles of probands were very similar between
the non-type 1 group and the type 1 group (Table 2).
Inferolateral’ early repolarization: occurred. equally in small
percentage of patients in both groups (8% and 11%, respec-
tively), which is comparable to the prevalence (12%) of early
repolarization that Letsas et al'” reported in patients with
Brugada syndrome. This means that the patient characteristics
of the non-type 1-group are much closer to Brugada syn-
drome than early repolarization syndrome reported by. Hais-
saguerre et al,® in which the. VE- occurrence. rate during
sleeping was low (19%) and VF inducibility by EPS was only
34%: Moreover, they reported that several aspects including
the relapsing. VF. and the: efficacy of isoproterenol  and
quinidine,®!® which were observed in: some patients with
early repolarization, were exactly like those of typical Bru-
gada syndrome.’ Haissaguerre et al®: excluded patients with
Brugada syndrome, defined as right bundle-branch block and
ST-segment elevation >0.2mV in leads V-V, at the enroll-
ment.: However, considering that they. possibly. included
patients: with non=type 1 ECG' as non-Brugada pattern in
their study, some patients with prior VF and early repo-
larization: might' have represented non-type 1 Brugada
patients of high risk:

Predictors of Outcome
It was ‘reported - that male sex, a previous episode  of
syncope, a spontaneous type 1 ECG, and inducibility of

ventricular arrhythmias by EPS are predictors for poor
outcome.? ¢ Brugada et al demonstrated that inducibility of
ventricular arrhythmias was a reliable marker in patients
with and without VF/SCD,24 although Priori et al® did not
find any significant difference in the analysis of all
patients. A spontaneous type 1 ECG was also indicated as
a reliable marker of poor prognosis by Brugada et al* in the
analysis of patients without VF/SCD and by Eckardt et al®
in all patients.® However, we could not find any reliability
in these markers (Figures 3 and 5). Inducibility of ventric-
ular arrhythmias was not a significant predictor even if it
was evaluated by programmed pacing only from the RV
apex (type 1 group: HR, 1.9 [95% CI, 0.7 to 5.2], P=0.18;
all probands: HR, 1.5 [95% CI, 0.6 to 4.1], P=0.34, by
univariate analysis).

In contrast, a family history of SCD occurring at age of
<45 years is an independent risk factor of a poor prognosis in
probands of any groups itrespective of their ECG type (type
1 or non-type 1) or symptoms (with VF or without VF). This
was probably caused by a smaller proportion of probands
with-a family -history of SCD as: compared: with previous
studies?S A family history was not found to be a marker in
studies that enrolled many. patients’ with. SCD  or a. family
history of Brugada syndrome: These results indicate that we
should - evaluate: risks for arrhythmic events: cautiously. in
studies with a significant number of family members.

Early repolarization: pattern in the inferolateral leads was
another indicator of poor prognosis, although Letsas et al'?
did not find any association: with arrhythmic events in the
data collected from 3 European centers, which also included
~30% of patients with a family history of SCD. The reason
for the poor outcome in probands with early repolarization in
this study is: not clear. However, it is conceivable that the
combination of precordial Brugada-pattern ST-elevation with
inferolateral early repolarization may represent electric het-
erogeneity in extensive regions of ventricles, which can result
in lethal ventricular ‘arrhythmias.

Study Limitations
In: this study, premature ventricular electric stimulation
was given until refractoriness was reached. The minimal
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coupling interval of extrastimuli was not constant between
participating hospitals and was sometimes shortened to
<200 ms to induce ventricular arrhythmias.

We did not show the results of genetic analysis in this
report, although more than half of the patients underwent
genetic screening. Detailed results will be presented in a

future report. So far, no positive relationship between genetic

findings and patient outcomes has been found.3!?

We did not record ECGs at the higher intercostals spaces
systematically except for probands with cardiac events, be-
cause the importance of “high-recording” became apparent in
the course of this study.® Therefore, some patients of the
non-type 1 group may have shown type 1 ST-elevation at the
higher precordial positions.

Conclusions

This study described the long-term prognosis of probands
with noncoved (non-type 1) Brugada-pattern ECG compared
with type 1 ECG. The annual incidence of fatal arrhythmic
events was similar between the 2 groups, which reached
10.6% in probands with non-type 1 ECG and a prior episode
of VF. A family history of SCD occurring at age of <45 years
and the presence of early repolarization were indicators of
poor outcome although VF inducibility and a spontaneous
type 1 ST-elevation were not reliable indicators in this
prospective study including only probands.

Appendix

The following investigators and institutions participated in
this study: A. Hukui, Yamagata University, Yamagata; M.
Hiraoka, Tokyo Dental and Medical University, Tokyo; S.
Takata, Kanazawa University, Kanazawa; H. Sakurada, Hi-
roo Metropolitan Hospital, Tokyo; Y. Eki, Ibaragi-higashi
National Hospital, Tokai; Y. Sasaki, Nagano National Hos-
pital, Ueda; Y. Tomita, Nagoya Medical Center, Nagoya; U.
Shintani, Mie-chuo Medical Center, Tsu; T. Hashizume,
Minami-Wakayama Medical Center, Tanabe; Y. Fujimoto,
Okayama Medical Center, Okayama; W. Matsuura, Higashi-
hiroshima Medical Center, Higashihiroshima; K. Sakabe,
Zentuuji National Hospital, Zentuuji; and 1. Matsuoka, Ka-
goshima Medical Center, Kagoshima, Japan.
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CLINICAL PERSPECTIVE

The prognosis of patients with saddleback or noncoved type (non-type 1) ST-elevation in Brugada syndrome is unknown.
We compared the long-term prognosis of 85 probands with non-type 1 ECG with 245 probands with coved (type 1)
Brugada-pattern ECG prospectively. The absence of type 1 ECG was confirmed by drug provocation test and multiple
recordings. Clinical profiles and outcomes did not differ between the non—type 1 and type 1 groups. The annual rate of fatal
arrhythmic events was very low in asymptomatic probands and those with syncope but was higher in probands with
ventricular fibrillation. A family history of sudden cardiac death at age <<45 years and the presence of inferolateral early
repolarization were indicators of poor prognosis, although ventricular fibrillation inducibility and a spontaneous type 1
ST-elevation were not reliable parameters in this prospective study including only probands.
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Latent Genetic Backgrounds and Molecular Pathogenesis in
Drug-Induced Long-QT Syndrome

Hideki Itoh, MD; Tomoko Sakaguchi, MD; Wei-Guang Ding, MD; Eiichi Watanabe, MD; Ichiro
Watanabe, MD; Yukiko Nishio, MD; Takeru Makiyama, MD; Seiko Ohno, MD; Masaharu Akao, MD;
Yukei Higashi, MD; Naoko Zenda, MD; Tomoki Kubota, MD; Chikara Mori, MD; Katsunori Okajima,
MD:; Tetsuya Haruna, MD; Akashi Miyamoto, MD; Mihoko Kawamura, MD; Katsuya Ishida, MD; lori
Nagaoka, MD; Yuko Oka, MD; Yuko Nakazawa, MD; Takenori Yao, MD; Hikari Jo, MD; Yoshihisa

Sugimoto, MD; Takashi Ashihara, MD; Hideki Hayashi, MD; Makoto Ito, MD; Keiji Imoto, MD;

Hiroshi Matsuura, MD; Minoru Horie, MD

Background—Drugs with I -blocking action cause secondary long-QT syndrome. Several cases have been associated
with mutations of genes coding cardiac ion channels, but their frequency among patients affected by drug-induced
long-QT syndrome (dLQTS) and the resultant molecular effects remain unknown.

Methods and Results—Genetic testing was carried out for long-QT syndrome-related genes in 20 subjects with dLQTS
and 176 subjects with congenital long-QT syndrome (cLQTS); electrophysiological characteristics of dLQTS-associated
mutations were analyzed using a heterologous expression system with Chinese hamster ovary cells together with a
computer simulation model. The positive mutation rate in dLQTS was similar to cLQTS (dLQTS versus cLQTS, 8 of
20 [40%)] versus 91 of 176 [52%)] subjects, P=0.32). The incidence of mutations was higher in patients with torsades de
pointes induced by nonantiarrhythmic drugs than by antiarrhythmic drugs (antiarrhythmic versus others, 3 of 14 [21%)] versus
5 of 6 [83%] subjects, P<0.05). When reconstituted in Chinese hamster ovary cells, KCNQI and KCNHZ mutant channels
showed complex gating defects without dominant negative effects or a relatively mild decreased current density. Drug
sensitivity for mutant channels was similar to that of the wild-type channel. With the Luo-Rudy simulation model of action
potentials, action potential durations of most mutant channels were between those of wild-type and cLQTS.

Conclusions— dLQTS had a similar positive mutation rate compared with cLQTS, whereas the functional changes of these
mutations identified in dL.QTS were mild. When I,-blocking agents produce excessive QT prolongation (dLQTS), the
underlying genetic background of the dLQTS subject should also be taken into consideration, as would be the case
with cLQTS; dLQTS can be regarded as a latent form of long-QT syndrome. (Circ Arrhythmia Electrophysiol.
2009;2:511-523))

Key Words: long-QT syndrome ® secondary m drug m- electrophysiology s ion channel

ongenital long-QT syndrome (cLQTS} is characterized

by abnormally prolonged ventricular repolarization and Clinical Perspective on p 523

familial inheritance, leading to. polymorphic ventricular and - major - tranquilizers.® In patients with drug-induced
tachycardia (torsades de pointes [TdP]), causing sudden long-QT syndrome (dLQTS), after a washout period of the
cardiac death.'? In contrast, secondary long-QT syndrome culprit drugs, the QT interval usually returns to within normal
can be induced by a variety of commiercially available drugs, range. Gernetic' factors may underlie the susceptibility to
including antiarrhythmic - drugs, antihistamines, - antibiotics, drug-induced serious adverse reactions such as a long QT
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interval and TdP. Sesti et al* demonstrated that a poly-
morphism of the KCNEZ gene (T8A) is present in 1.6% of the
population and is associated with drug-induced TdP related to
quinidine and to sulfamethoxazole/trimethoprim administra-
tion. We have also previously reported that a mutant SCN5A
channel (L1825P), found in an elderly woman with cisapride-
induced TdP, appeared to have unique electrophysiological
characteristics with both loss and gain of functions for the
cardiac sodium current.’ In addition, there have been several
case reports with long-QT syndrome-associated gene muta-
tions in dLQTS.6-10 The accurate prevalence of long-QT
syndrome-related gene mutations in a larger dL.QTS cohort,
however, remains unknown, and the relationship between
genotypes and cellular electrophysiology has not been fully
examined. The present study therefore aimed to survey
mutations in long-QT syndrome-related genes responsible
for dLQTS in 20 patients who had been referred to our
institutes consecutively over the past 11 years and analyze the
functional effects induced by these mutations.

Methods

Subjects
Blood samples of 305 subjects with long-QT syndrome, comprising
196 long-QT syndrome probands and 109 family members were
referred to Kyoto University Graduate School of Medicine and Shiga
University of Medical Sciences from March 1996 to January 2006
for genetic analysis. A diagnosis of dLQTS was made in those
subjects who had not previously been diagnosed with long-QT
syndrome and who only developed typical ECG features of QT
prolongation after administration of culprit drugs. A diagnosis of
cLQTS was made in those subjects with clinical: phenotypes of
long-QT syndrome, but without. the involvement of secondary
factors (eg, drugs, hypokalemia, or bradycardia). Among the sub-
jects, 20 probands had drug-induced cardiac events (10.2% of
long-QT syndrome probands). Their clinical information was col-
lected, including family history of sudden death age 30 years or
younger and long-QT syndrome members, previous syncope, ECGs,
and serum electrolyte levels at the time of cardiac events. TdP was
defined as either nonsustained or sustained ventricular tachycardia
showing variation in the electronic polarity of the QRS complex and
a “short-long-short” initiating sequence.!* Written informed consent
was obtained from all subjects in' accordance with- the guidelines
approved. by. our institutional review: board: QT intervals were
measured in lead II or V;, using the Bazett formula,!? before and
after allowing sufficient time for the complete washout of drugs.
Schwartz scores'® were calculated in all: probands: A -Schwartz
score =4 points indicates that long-QT syndrome is definitely
present, a score of 2 or 3 points indicates there is a strong possibility
that long-QT syndrome is present, whereas a score =1 point
indicates a low probability of long-QT syndrome, respectively.!3

Mutation Analysis

The: protocol for genetic analysis was approved by and performed
under the guidelines of the Institutional Ethics Committee at Shiga
University of Medical Science. Genomic DNA was: isolated from
peripheral: white blood cells using’ conventional methods. Genetic
screening was performed for KCNQI, KCNHZ, SCN5A, KCNEI,
KCNEZ2, and KCNJ2, using polymerase chain reaction/single-strand
conformational - polymorphism (PCR-DHPLC, WAVE system,
Transgenomic Inc, Omaha, Neb) analysis.!#!5 For the abnormal
DHPLC patterns, we determined the DNA sequences on both strands
with' an- automated. sequencer. (PRISM 3130 Sequencer, Perkin
Elmer, Calif).

October 2009

Expression Plasmids

The expression plasmids pIRES2-EGFP/KCNQI(wild type]WT}/
KCNQ1 and pRe-CMV/KCNHZ (wild-type [WTI/KCNH2) were
kindly provided by Dr J. Barhanin (UMR 6097 CNRS and Université
de Nice Sophia Antipolis, Valbonne, France) and Dr M. Sanguinetti
(University of Utah, Salt Lake City, Utah), respectively. The
mutations were introduced using overlap PCR. The mutant plasmids
were constructed by substituting the 857-bp Xhol-Bglll for R231C
and R243H mutants, 287-bp Eagl-BsEIl for the D342V mutant,
794-bp BstEIl-Bgll for the H492Y mutant, or 392-bp Bglll-Sphl
fragments for S706F and M756V mutants, respectively, for the
corresponding fragments of WI/KCNQ!I or WT/KCNH2.

Cell Transfection

Functional potassium channels were expressed transiently in Chinese
hamster ovary (CHO) cells by transfecting the same amount of «
subunit plasmids (1 ug/mL KCNQI ¢DNA or 2 pg/ml. KCNHZ2
cDNA). For the analysis of I, currents, the same amount of
pIRES/CD8-KCNEI was coexpressed. Cells were trypsinized, di-
luted with Dulbecco Modified Eagle’s Medium (DMEM, Nacalai
Tesque, Kyoto, Japan) supplemented with 10% fetal bovine serum,
30 U/mL penicillin, and 30 pg/mL streptomycin. The DMEM used
for cell culture dishes was changed to OptiMEM (Invitrogen,
Carlsbad, Calif) for transfection, and, after the addition of 10 plL
lipofectamine (Invitrogen) and ¢cDNA, the cells were incubated at
37°C for 3 hours, unless otherwise described. OptiMEM was then
replaced by DMEM and the cells were subjected to electrophysio-
logical measurements 48 to 72 hours after transfection. Cells
expressing the potassium channels were selected through detection
of green fluorescent protein and by decoration with anti-CD8
antibody-coated beads.

Electrophysiology

Whole-cell patch-clamp recordings were made at 37°C, using an
EPC-8 patch-clamp amplifier (HEKA, Lambrecht, Germany) with
pipettes filled with (in mM): 70 aspartate, 70 KOH, 40 KCI, 10
KH,PO,, 1 MgSO;, 3 Na,ATP, 0.1 Li,-GTP, 5 HEPES, and 5
EGTA (pH 7.3 with IN KOH), with a resistance of 2.0 to 4.0
mol/LQ. The external superfusate contained (in mM): NaCl 140,
KC1 5.4, MgCl, 0.5, CaCl, 1.8, NaH,PO, 0.33, glucose 5.5, and
HEPES 5 (pH 7.4 with NaOH). Data were filtered at 2 kHz. Data
acquisition was performed using PatchMaster acquisition software
(HEKA). The holding potential was set at —80 mV. Current densities
(pA/pF) were calculated for each cell studied, by normalizing peak
tail current amplitude to cell ‘capacitance. Current-voltage relations
were: fitted with the Boltzmann function:

I =1(1+exp((Vyyz— Vin)/K)

where Vj,, indicates the potential at which the activation or inacti-
vation is half-maximal, Vn the test potential, and £ the slope factor.

Drug sensitivities were examirnied by various concentrations for
erythromycin, disopyramide, and pirmenol (gift from Pfizer Inc,
Groton; Conn). Depolarizing pulses were applied every 15 sec-
onds and peak tail currents at —60 mV after +20 mV test
potential were recorded in the absence or presence of various
concentrations of agent. Percent inhibition was calculated by
dividing the peak amplitude: in the presence of: drug by control.
Drug: cornicentration-inhibition relations: were fitted to the Hill
equation;

Fractional drug inhibition=1/(1+ (IC;¢/[drug])™)

where ICy is the amount of drug necessary to prodiice the half-
maximal inhibition of [, tail currents, and n is the Hill coefficient
for the fit.

Coniputer Simulation

The dynamic Luo-Rudy model (Clancy and Rudy 2001 model) of a
ventricular cell’ was used,’ with: recent modifications’ and: action
potentials were simulated using a previously reported model.!s The
ratio of &, and Jg conductance of M cell layer was set at 23:7. Based

Downloaded from circep.ahajournals.org at KITAO PUBLICATIONS on December 16, 2009

—162—




Itoh et al

on the experimental data of voltage-clamp recordings of KCNQ! and
KCNH2 channels heterologously expressed in CHO cells, we con-
structed Markov or Hodgkin-Huxley models for simulated mutant
channels as compared with mutants associated with cLQTS (see
supplemental data 1). To make the mutant channel models, we
decreased the conductance of each channel as appropriate for the
decreased current density and looked for adequate changes for
mutant channels by changing each coefficient value, in turn, for
gating states associated with impaired gating defects. The simulation
for voltage-clamp experiments was calculated using the 4th-order
Runge-Kutta method with a fixed-time step of 0.020 ms. The
simulation programs (see supplemental data 1) were coded in C++
and implemented for personal computers.

Statistical Analysis

Experimental data are expressed as mean*SE and other clinical data
as mean*SD, and the statistical comparisons were made using the
unpaired Student ¢ test. Differences in the positive mutation rate
between 2 groups were analyzed by y? and Fisher exact probability
test. Statistical significance was considered as P<0.05.

Results
Molecular Genetics of dLQTS

Table 1 summarizes the clinical characteristics of 20 subjects
with dLQTS (14 women and 6 men; mean age, 65+16 years).
Nineteen subjects had TdP with marked QT prolongation, and
1 had syncope without documented TdP after taking 1 of the
drugs listed in Table 1. The average QT interval before
taking drugs, available for 15 subjects, was 44629 ms. The
QT, interval was significantly prolonged to 61691 ms after
taking 1 of the culprit drugs (versus QT interval before
taking drugs, P<0.001) and significantly shortened to
44133 ms after washout of drugs (versus QT interval after
taking drugs, P<0.001). However, in 3 patients (cases 8, 13,
and 18 in Table 1) a prolonged QT interval of over 480 ms
was maintained after washout. The average R-R interval
immediately before TdP was 1.2:0.4 seconds, and the
average serum potassium level after TdP was 3.920.6 mEq/
mL. In the majority of subjects (n=14, 70%), dLQTS was
induced by antiarrhythmic drugs (disopyramide, pirmenol,
cibenzoline, procainamide; and aprindine in 8, 3, 1, 1, and 1
subjects, respectively; cases'1 to 14); the remaining cases
were induced by antihistamines, antibiotics, psychiatric, or
miscellaneous drugs (cases 15 to 20 in Table 1). None had a
family history of long-QT syndrome, whereas 3 subjects
{cases 4, 14, and 20) had unexplained syncope and another
subject (case 17) had a family member with sudden cardiac
death. During a mean follow-up period of 52+44 months
after discontinuing drugs, 1 subject without any gene muta-
tions (case 9) had recurrent ventricular fibrillation. Compared
with cLQTS, the age at first cardiac event in subjects
diagnosed with dLQTS was significantly older (dLQTS
versus cLQTS; 6516 versus 1918 years, P<0.001). No
subject in the dLQTS group had a family member with
long-QT syndrome (dLQTS versus cLQTS; 0% versus 24%
subjects, P<0.01). The QT, interval in dLQTS subjects was
significantly shorter than in cLQTS subjects (dLQTS versus
cLQTS; 446+29 ‘versus 50771 ms, P<0.001); the
Schwartz score. was significantly lower in dLQTS than in
cLQTS (dLQTS versus cLQTS; 0.9+1.4 versus 4.1x2.1,
P<0.001).

Genetic Backgrounds in Drug-Induced LQTS 513

In 8 (40%) dLQTS subjects, the genetic analysis identified
8 mutations in LQTS-related genes; 2 KCNQI, 5 KCNHZ,
and 1 SCN5A (Table 1). These variants were not observed in
the control subjects (220 chromosomes from non-cLQTS and
non-dL.QTS subjects), suggesting that they represented
disease-related mutations. The 91 ¢LQTS patients also had
gene mutations such as 33 KCNQI, 36 KCNHZ, 12 SCN5A,
2 KCNEZ, and 8 compound mutations, and the positive
mutation rate was similar between dLQTS and cLQTS
subjects (8 of 20 [40%] versus 91 of 176 [52%] subjects,
respectively, P=0.32, Figure 1A). These mutations were
found in only 3 of 14 (21%) subjects with TdP induced by
antiarrhythmic drugs. In contrast, 5 of 6 subjects with TdP
induced by nonantiarrhythmic drugs had gene mutations
(83%,; versus patients with TdP induced by antiarrhythmic
drugs, P<0.05) (Figure 1B). Seven of the 8 mutations were
located in the nonpore regions {red circles in Figure 1C),
except for the A614V-KCNHZ mutation in a case of
hydroxyzine-induced TdP.17 The green circles in Figure 1C
indicate the location of 8 mutations previously reported in
dLQTS.5-10

Clinical Characteristics of Genotyped

dLQTS Subjects

Detailed subject characteristics are presented in Table 1 and
the supplemental data 2. Case 2 (M756V/KCNH2) was a
63-year-old man who was admitted with syncope after taking
pirmenol (300 mg/d). Case 4 (H492Y/KCNHZ) was a 52-
year-old woman who had syncope while taking disopyramide
(300 mg/d). She had previously had 1 episode of unexplained
syncope. Case 14 (R243H/KCNQI) was a 52-year-old
woman who had repetitive syncope after taking aprindine (60
mg/d). Case 15 (STO6F/KCNHZ) was a 21-year-old woman
who complained of sudden onset of palpitations and dyspnea
after taking amphetamine and methamphetamine. An SCN5A
mutation (L1825P/SCN5A): (case 16), has been reported
previously’; this concerned a: 70-year-old woman who had
TdP and prolongation of the QT interval after taking cisapride
(5 mg/d) and pirmenol (200 mg/d). Case 17 (D342V/KCNH2)
was a T0-year-old woman who had repetitive syncope due to
erythromycin intake (1200 mg/d). This subject had a 24-year-
old sister who had died suddenly, but it is not unknown if her
sister had suffered from LQTS. Case 18 (R231C/KCNQI)
was a 72-year-old woman who had presyncope while taking
probucol (250" mg/d). Case 20 coricerned a 34-year-old
woman (A614V/KCNHZ according to Table 1) who had
syncope and QT prolongation induced. by hydroxyzine (3
mg/d).17 None of the 20 subjects in the study had structural
heart disease or a family history of documented LQTS. In
genotyped families, a genetic test for 5 members revealed 1
R243H/KCNQI mutation carrier. This carrier had no syncope
and a normal QT interval (QT., 400 ms). The Schwartz scores
in the 8 subjects with mutations were 1.0%1.5 points (range,
0 to 4 points). Thus, among the genotyped dLQTS subjects in
this current study, there was only a low or moderate possi-
bility of LQTS being present, both before taking the drugs or
after their withdrawal.
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Electrophysielogical Characteristics of Mutations
Associated With dL.QTS

The biophysical effects of the respective KCNQI and KCNHZ
mutations were analyzed using a heterologous expression
system with the CHO cell line. The upper panel of Figure 2A
shows representative current traces for WT and: 2 mutant
KCNQI channels; the lower panel shows those recorded from
cells cotransfected with WT and each mutant. On their own,
both mutants displayed smaller currents compared with WT,
whereas the R231C channel was a slightly open K" leak
channel. Under heterozygous conditions, however, they dis-
played currents comparable to those of WT without dominant
negative effects.

At the end of the depolarizing pulse to +40 mV, current
densities were smaller than those of WT channels (77.0=10.6
pA/pF) in R231C/WT (39.6x11.9 pA/pF, P<0.05 versus
WT). but not in R243H/WT (61.9+10.7 pA/pF) (Figure 2B).
On:the other hand, the R243H channels showed a significant
positive ‘shift of steady-state: activation curve (Figure 2C).
Half activation voltages (V) and k were —8.2+3.1 mV and
12.6+0.6 for WT, —12.8+3.6 mV and 13.6+1.3 for R231C/
WT, 1.7£3.1 mV and 12.9+0.6 for R243H/WT, respectively
(Viz: WT versus R243H/WT, P<0.05). Figure 2D shows
representative families of current traces (left panel) and
time constants (right panel): of deactivation in each chan-
nel. The time: course of deactivating kinetics. could be
fitted by a single-exponential function. The R243H/WT

Othars
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Figure 1. Molecular genetics of gene mutations in
subjects with drug-induced long QT syndrome
(LQTS). A, A pie graph showing the incidence of
mutation carriers in our drug-induced LQTS
cohort. B, Bar graph showing different mutation
detection rates depending on culprit drugs. C,
Schemes indicating the location associated with
drug-induced LQTS. Red circles indicate the sites
of mutations detected in this study; green circles
indicate previously reported mutations.

channel had faster deactivation process over —60 mV,
whereas this process in the R231C/WT channel was slower
than WT under —90 mV.

Figure 3A shows representative families of current traces
recorded during depolarizing pulses from CHO cells trans-
fected with KCNHZ2 cDNAs as indicated in the graph. The left
column depicts current traces from cells transfected with each
construct alone and the right column those recorded under
heterozygous conditions except for the uppermost traces (WT
1 pg). When expressed alone, D342V was nonfurictional and
3 other mutations displayed functional channels. When coex-
pressed with WT, D342V showed weak dominant negative
effects, whereas the other 3 channels showed nondominant
negative effects: The functional outcome of the remaining
mutation, A614V-KCNHZ, 7 has recently been reported.
Using an oocyte expression system, Nakajima et al'®
reported that the A614V. channel showed loss of function
in-a dominant negative manner, and the results from the
present study were almost identical (18% current density
of WT).

Current densities at the end of a 2-second depolarization
pulse were calculated in multiple cells and plotted as a
function of test potential in Figure 3B. At the end of the
depolarizing pulse to +20 mV, the densities were smaller
than those of WT ghannels (36.226.8 pA/pF) in D342V/WT
(18.7£4.5 pA/pF, P<0.05 versus' WT). and. S706F/WT
(21.9+2.7 pA/pF, P=0.055 versus WT). Those in
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Figure 2. Mutations associated with nondominant negative effects of KCNQT channels. A, Current traces reconstituted in CHO. Current
amplitude was normalized by respective cell capacitance and was indicated as the current density. B, Current-voltage (I-V) relation-
ships for amplitudes of steady-state currents at the ‘end of 4-second depolarizing pulses. Currents were elicited by depolarizing pulses
from a holding potential of —80 mV to test potential between —50 to +50 mV (with'a. 10-mV step increment), followed by repolarization
to =50 mV to monitor tail current amplitude. The voltage-clamp protocol is shown in the inset. Open circles, WT (1 ng); filled squares,
mutant (1 ug); filled circles, WT (0.5 1g) plus mutant (0.5 pg); and dotted lines, WT (0.5 ng). All data were recorded from 10 to 25 cells.
C, Steady-state activation curves for WT and WT plus mutants. D, KCNQ1 mutants modify deactivation time curse. Left column pres-
ents the time. course of deactivation for each channel. Each inset illustrates scale bars of 2-nA and 1-second times. . To examine the
deactivation time course,; a conditioning pulse to +40 mV for 4 seconds from. a holding potential of —~80 mV was followed by hyperpo-
larizing test pulses between —120 mV and —20 mV in 10-mV increments (inset in graph on right). Currents were not leak-subtracted.
Deactivation time constants (tau) were measured by fitting deactivating currents during test pulses at each potential with a single expo-
nential; *P<0.05 versus WT.

H492Y/WT and M756V/WT were also smaller than in the
WT, but the differerice did not reach statistical significance.

Figure: 3C. ' H492Y and M756V channels displayed ampli-
tudes of peak tail currents similar to WT. For example, the

The mean peak amplitudes of tail currents at =60 mV on
repolarization. from various test potentials (2-second dura-
tion) plotted as a function of test potentials are displayed in

peak tail current densities after a test pulse to +20 mV were
66.2+10.5 pA/pF for WT, 62.1£13.0 pA/pF for H492Y/WT,
and 58.4=7.7 pA/pF for M756V/WT. On the other hand, the
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Figure 3. KCNH2 mutations identified in drug-induced LQT subjects. produced various levels of functional effects.’ A, Current traces of
I, reconstituted in CHO celis::Expression of the respective clones, indicated above each: graph; all displayed /i,-like currents, except
for D342V. Current amplitude was normalized by respective cell capacitance and was indicated as the currént density. B, Current-
voltage (I-V) relationships for amplitudes of steady-state currents at the end of 2-second depolarizing pulses. Currents were elicited by
depolarizing pulses from a holding potential of ~80 mV to test potential between —60 to +50 mV (with a 10-mV step increment), fol-
lowed by repolarization to ~60 mV to monitor tail current amplitude. The voltage-clamp protocol is 'shown in the inset. C, I-V relation-
ships for amplitudes of peak tail currents measured at —60 mV. Open circles, WT (2 ug); filled squares, mutant (2 ug); filled circles, WT
(1:ug) plus mutant (1-ug); and dotted lines, WT (1-ng). All data were recorded from 10 to 25 cells. D, Voltage dependence of activation
for each channel. The data were fitted to a Boltzmann function.
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current: densities of D342V/WT (1.5+0.9 pA/pF,- P<0.001 —23.2+1.6 mV for WT, ~19.8+3.0 mV for. D342V/WT,
versus WT) and STO6F/WT (38.9£7.3 pA/pF, P<0.05 versus ~24.6x1.4 mV for H492Y/WT, —26.1=1.5 mV for STO6F/
WT): channels were significantly ‘smaller than WT. WT, and —19.8%1.7 mV for M756V/WT, respectively (Fig-
D342V/WT channel displayed currents smaller than WT I g ure: 3D). Therefore, the mutations did not affect the voltage-

(indicated by dotted line); whereas STO6F/WT ‘currents were dependent activation-of the reconstituted ;-like channel.

similar toWT: 1 pg- in size.: Thus, D342V channels had Whether the mutations affected the inactivation kinetics of
weakly dominant negative suppression: effects ‘on reconsti- KCNHZ channels was then assessed. Figure 4A shows: the
tuted  Ji~like “currents; whereas ST06F had no -dominant voltage dependence of availability of WT and mutant chan-
niegative suppression effect. To-examine the voltage depen- nels measured by-a brief repolarization method' (inset). With
dence for activation, Boltzmann function curves were fitted to a l-second depolarizing pulse, peak tail current amplitudes
the relationship between peak tail currents'and test voltages (arrow in the inset) after short preconditioning voltage pulses
under respective conditions and are represented by solid lines (5 ms) are plotted against the voltage of conditioning pulse.
in Figure 3C. Half inactivation voltages (Vi) were Mutant channels caused significant voltage shift of channel
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Figure 4. Multiple gating defects associated with KCNH2 mutations. A, Mutations associated with drug-induced arrhythmia caused a
negative shift of inactivation gate of KGNH2 channels. Steady-state channel availability as a function of membrane potential was mea-
sured.by using a double-step method, as shown in the insets: the voltage-clamp protocol and original current traces from a represen-
tative cell expressing WT KCNH2 channels. Open circles indicate the inactivation calculated from cells expressing cDNA with WT (2
ng), closed triangles, D342V/WT; closed squares, H492Y/WT; open triangles, S706F/WT; and closed circles, M756V/WT. All data were
taken from 14 to 20 cells except for D342V/WT. B, To examine the inactivation time course, a conditioning pulse to +40 mV for 800
ms from a holding potential of —80 mV was followed by a hyperpolarizing pulse to —120 mV for 5 ms, and subsequent depolarizing
test pulses between —50 and +40 mV in 10'mV steps were applied. In addition, a conditioning pulse to +40 mV for 750 ms was
applied from a holding potential of —80 mV, followed by test pulses to various poteritials between —130 and —60 mV in: 10 mV incre-
ments. The inset illustrates the voltage protocol. Inactivation time constants were measured by fitting inactivating currents. during test
pulses at each potential with a single exponential function. C, The S706F/KCNH2 mutant channel slightly accelerates deactivation time
course. Left column, time course of deactivation for each channel. To éxamine the deactivation time course, a conditioning pulse to
+40 mV for 1.6 seconds from a holding potential of —80 mV was followed by hyperpolarizing test pulses between —70 mV and -40
mV.in:10-mV increments for 16 seconds (inset). Currents were not leak-subtracted. Each inset illustrates scale bars of 200-pA and
5-second times: Deactivation time ‘constants (tau) were measured by fitting deactivating currents during test pulses at each potential

with double exponentials. The slow components of tau for the' S706F/WT channel were smaller than that of WT; *P<0.05.

availability to the hyperpolarizing direction compared with
WT (V,, of =58.324.7mV for WT, V5 of ~61.4£6.5 mV
for D342V/WT, =77.8+4.7 mV for H492Y/WT, =70.1+3.2
mV for STO6F/WT, and —71.1+4.6 mV for MT56V/WT,
respectively). The time course to recovery from or the
development of the inactivation (recovery from inactivation
at hyperpolarized potentials and development of inactivation
at >—70 mV)- was analyzed' by double or triple pulse
protocols. The time course of inactivating kinetics could be
fitted by a single-exponential function. Time constants thus
calculated: were significantly ‘smaller than WT and mutant
channels over a wide range of voltage (between =50 and +40
mV for D342V/WT and H492Y/WT; between —30 and +20
mV for STO6F/WT; between =40 and 0 mV for M756V/WT,
Figure 4B). These results’ demonstrate  that " drug-induced
LQTS mutants have accelerated. inactivation kinetics. Figure
4C shows representative families of current traces (left panel)
and time constants.. (right panel) -of  deactivation in:each

channel. When the time course. of deactivating kinetics was
fitted by a double-exponenitial function, the STO6F/WT chan-
nel slightly accelerated the deactivation process (Figure 4C).

Most of the drugs that induced LQTS in the study subjects
have been known to block k. in a concentration-dependent
manner,317:19-22 whereas Ix, channel with KCNHZ mutations
may have different drug sensitivities compared with the WT
channel: Figure 5 shows 3 sets of drug concentration-current
inhibition: relationships associated with KCNHZ2 mutations
with respect to erythromycin (5A), disopyramide (5B}, and
pirmenol (5C). In" each: case of drug-induced LQTS; an
electrophysiological  assay  of current inhibition by the
respective culprit drug was performed, for:example, hy-
droxyzine,'". erythromycin, disopyramide,and. pirmenol.
ICyqs were not significantly different between WT and the
respective mutant chammels; suggesting that a change in drug
sensitivity was not involved in causing the drug-induced TdP in
the study subjects.
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Figure 5. Both WT and mutant channels showed similar drug sensitivities to the culprit agents. A, Fractional blockade by micromolar
erythromycin was recorded with regard to D342V/WT or WT as described in the methods and is plotted against the drug concentra-
tions. B, Similarly, the relationship between the fractional block by disopyramide and its concentration are shown. G, The relationship
between the fractional pirmenol block of M756V/WT or WT channels and its concentration. 1Css for erythromycin, disopyramide, and
pirmenol were 327 wmol/L (WT) and 248 pmol/L (D342V/WT), 13.9 pmol/L (WT) and 8.4 umol/L (H492Y/WT), and 16.6 umol/L (WT) and

13.4 umol/L (M756V/WT), respectively (n=4 or 5 cells per condition).

Computer Simulation of Ventricular
Action Potentials
To compare how the functional changes caused by mutants
affect ventricular action potentials, a simulation study was
conducted using the Luo-Rudy computer model that incorpo-
rated the Markov!® or Hodgkin-Huxley?? process gating for
the mutant channels (Figure 6A). Table 2 shows parameters
of simulation that have been changed to fit to experimental
results. First, the I, or Ix, conductance was reduced to the
level observed in the D342V/WT, A614V/WT, and
R231C/WT channels. The deactivation time course for
R231C/WT was also fitted by modifying a parameter. Sec-
ond, the transition rate was changed accordingly from inac-
tivation to open states (ai) and fitted with the experimental
data seen in H492Y/WT and M756V/WT channels. Acceler-
ation of inactivation induced by modifying the transition rate
ai reproduced smaller amplitudes for I-V relationships and
negative shift of steady-state inactivation curve (Figure 4A);
these findings were compatible with the experimental results
(Figure 3, A through C). Third, some parameters were altered
to simulate the STO6F/WT model, by reducing the I,
conductance, modifying o, and increasing the transition rate
from open to deactivation states. This was followed by
change to parameters associated with the activation and
deactivation rates for the R243H/WT model. Finally, not only
was Iy, conductance decreased in the subjects, but the burst
mode was also added to simulate the sustained current for the
L1825P model.?* The L1825P/WT channel was heteroge-
neously simulated to equally mix-WT and L1825P models.
In' the simulated M cells using the Luo-Rudy model, the
order of increase in magnitude of action potential duration
(APD) was A614V/WT>R231C/WT>D342V/WT>ST706S/
WT>R243H/WT=L1825P/WT >H492Y/WT>MT756V/WT
for dLQTS mutations (Figure 6B; middle panel). Typically,
for cL.QTS mutations, the simulated APD was longer than for
WT or drug-induced models, whereas APDs in drug-induced
models were intermediate between those in WT and those in
cL.QTS (clinical information for simulated cLQTS are pre-
sented in supplemental Table 1).

Finally, an effort was made to reproduce action potentials
in the presence of [, -blocking drugs (Figure 6C). Early
afterdepolarizations appeared in all mutants where there were
smaller reductions in the I conductance compared with the
corresponding WT. Because drug sensitivities for WT and
mutant channels were not different (Figure 5), the same
inhibition rate was used in both the WT and mutant models
and the Jx, conductance was gradually reduced at the cycle
length of 1200 ms. As shown in Figure 6C, typically, when
the J, conductance was theoretically decreased to 89% of the
basal conductance for each channel, the D342V/WT model
began to develop early afterdepolarizations, whereas the WT
model produced only a 2.9% increase in APD.

Discussion

There were 3 major findings." In 8 of 20 consecutive dLQTS
subjects, 5 KCNH2, 2 KCNQI, and 1 SCN5A heterozygous
missense mutations were identified; there was a similar
positive mutation rate with dLQTS compared with cL.QTS.2
Both KCNQI and KCNHZ2 mutants possessed loss of function
effects on reconstituted I~ or Iy.-like channels.® The func-
tional changes in mutant channels reconstituted by the com-
puter simulation resulted in a mildly prolonged APD, sug-
gesting that-the dLQTS may partially have a genetic
background, especially mild or latent long-QT syndrome-
associated mutations.

Mutations in dLQTS

Potential torsadegenic drugs are used in the clinical setting
and include antiarrhythmic drugs, antibiotics, antihistamines,
psychiatric drugs, and cholinergic antagonists.. These might
induce TdP, which may lead to: the sudden cardiac death of
individuals whose QT intervals were within normal range
before taking the drug. Several drugs such as cisapride and
terfenadine have been withdrawn from the market because of
these possible side effects.?526 The incidence of dLQTS is
not high, and. the drugs lead to. TdP in only a small
percentage of individuals; suggesting that there may be an
underlying’ genetic background that predisposes these in-
dividuals to the risk.
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Figure 6. Simulation study of congenital and dLQTS-associated channels. A; Scheme showing:a Markov model for /i, channels and
simulation results for voltage-clamp protocols with a modified. the transition rate oi; «i=0.439Xexp(—0.02352 X (V. +40))/K;. The 3 pan-
els illustrate the result on the M756V/WT model, (a); the I-V relationship, (b); the |-V relationship for amplitudes of peak tail currents and
(c); the steady-state inactivation curves. Open circles, WT; filled circles, mutant. B, Simulation study of action potential- durations (APD).
The: parameters used for simulation were changed and matched the experimental results for voltage-clamp protocols: Myocardium
models were stimulated' at the cycle length of 600 ms for 5 minutes. G, Simulated APDs: with /i-blocking effects. When /i, conduc-
tance was decreased to 11% in each of the models; the D342V model showed early afterdepolarization, whereas the WT model had
only slight prolonged APD. Bold lines, controls; dotted lines, models with /-blocking effects.

In the medical literature, 13 KCNQI or KCNHZ mutations transmembrane regions have been shown to cause either mild
(13of 15 mutations, 87%) associated with dLQTS, including long-QT syndrome or benign clinical phenotypes.2’ Mutation
6 of the mutations identified in this present study, have been sites may influernce the clinical and basic electrophysiological
located in nonpore regions (Figure 1B). Mutations in non- characteristics of patients with dLQTS. It is of interest that
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Table 2. Parameters of Simulation Data in LQTS
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Phenotype Gene Mutant WT Basal Parameters Mutant Changed Parameters
dLaTs KCNGQ1 R231C gks=0.202*(14-0.6/(1 +pow((0.000038/cai), 1.4))) gks=0.103*(1+0.6/(1 +pow({0.000038/cai), 1.4)))
tauxs1=1/(0.0000719*(v+30)/(1 —exp(—0.148.. tauxst=1.1/{0.0000719*(v+30)/(1 —exp(—0.148..
dLaTs Kenat R243H xsiss=1/(1+exp(~ (v—1.5//16.7)) xstss=1/(1+exp(— (v—11.5)16.7))
tauxst=1/(0.0000719*(v+30)/(1 —exp(—0.148.. tauxs1=0.9/(0.0000719*{v+30)/(1 —exp(—0.148...
dLars KCNH2 D342v gherg=0.0135*pow(Kout, 0.59) gherg=0.0043*pow{Kout, 0.59)
dLaTs KCNH2 H492Y ai=0.439%exp(—0.02352*(v+25))*4.5/Kout oi=0.439"exp{~0.02352*(v-+47))*4.5/Kout
dLars KCNH2 S706F gherg=0.0135*pow{Kout, 0.59) gherg=0.0096*pow(Kout, 0.59)
i =0.43%%exp(—0.02352*(v+25))*4.5/Kout ai=0.439*exp(—0.02352*(v+ 39))*4.5/Kout
bB=2.9375e-3*exp{—0.02158*v) bB=5.875¢-3*exp(—0.02158*v)
dLaTs KCNH2 M756V ai=0.439%exp{—0.02352*(v+ 25))*4.5/Kout ad=0.439%exp(—0.02352*(v-+ 40))*4.5/Kout
dLars KCNH2 A614V gherg=0.0135*pow(Kout, 0.59) gherg=0.0024*pow(Kout, 0.59)
dLaTs SCN5A L1825P Gna=16 Ga=1.76
No burst mode ab=5"-6
No burst mode B6=3.34"¢-4
cLQTs KCNQ1 A341V gks=0.202*(1-+0.6/(1-+pow((0.000038/cai), 1.4))) gks=0.101*(1+0.6/(1 +pow((0.000038/cai), 1.4))}
ctqTs KCNQ1 A344Aspl gks=0.202*(1+0.6/(1+ pow((0.000038/cai), 1.4))) gks=0.087*(1+0.6/(1 +pow({0.000038/cai), 1.4)))
cLQTs KCNH2 AS61V gherg=0.0135*pow(Kout, 0.59) gherg=0.0023*pow{Kout, 0.59)
aa=65.5e-3*exp(0.05547153*(v—36)) aa=65.5e-3*exp(0.05547153*(v-16))
cLaTs KCNH2 G604S gherg=0.0135*pow{Kout, 0.59) gherg=0.0040*pow(Kout, 0.59)
i =0.439%exp(—0.02352*(v-+25))*4.5/Kout ai=0.439*exp{~0.02352*(v+35))*4.5/Kout
cl.QTS KCNH2 A614V gherg=0.0135*pow(Kout, 0.59) gherg=0.0024*pow(Kout, 0.59)
ctqTs SCN5A L619F Gya=16 Gya=6.24
No burst mode ab6=10"e-6
No burst mode p6=3%-4
cLQTS SCN5A L1330P Gy,=16 Gy,=6.24
No burst mode af=10-6
No burst mode B6=3%e-4

the functional assay of our 7 mutations resulted in various
levels of loss of function, but most of them showed no
dominant negative suppression, which is usually observed in
the classic cL.QTS. Clinical characteristics during the drug
intake were not significantly distinct from those of cLQTS,
which shares a similar genetic background with the dLQTS.
Several polymorphisms have been shown- to be associated
with dLQTS.428" Abbott et al* identified a polymorphism
(T8A) of the KCNEZ gene encoding MiRP, a B-subunit for
the Iy, channel, which is present in 1.6% of the population
and is associated with TdP induced by quinidine or sulfame-
thoxazole/trimethoprim’ administration. Splawski et al?® also
found a heterozygous polymorphism involving substitution of
serine’ with- tyrosine (S1102Y) in the sodium channel gene
SCN5A among blacks that increased the risk for drug-induced
TdP.-The polymorphism was present in 57% of 23 patients
with proarrhythmic episodes. but in only.13% of control
subjects:-These  findings suggested that common genetic
variations ‘may increase the risk for development of drug-
related arrhythmias.

Roden et al?® reported that cisapride could rescue traffick-
ing of L1825P channel with a potentially sustained current
and revealed a new mechanism of dLQTS with the Luo-Rudy
model. However, in the genotyped subjects in:the present

study, dLQTS mainly resulted from the Ji,-blocking effect of
culprit drugs in the presence of latent genetic backgrounds.
Cardiac repolarization reserve may protect subjects against
the drug-induced QT prolongation by I -blocking drugs.303!
In the presence of latent genetic backgrounds, however,
reduction in the repolarization reserve unveils the presence of
so-called “concealed” long-QT syndrome when drugs with
I-blocking effects are administered. The presence. of bor-
derline prolongation of the QT interval, together with per-
sonal information such as unexplained prévious syncope and
family. history of premature sudden" death, may help to
prevent drug-induced arrhythmia even if a subject’s Schwartz
score is low, because they could have a potential risk of TdP.
Special attention should be paid to family. members of the
index: subject: with. drug-induced’ QT prolongation because
=30% of family members were fourd to have a predisposing
genetic: background in the present study: Indeed, they may
have inherited the risk for being susceptible to dLQTS.

Limitations of the Study

This study has some limitations. Bacause of the small cohort
of dLQTS subjects, this study was not powered to quantify
the overall prevalence of ion channel mutations in the group
of subjects with drug-induced TdP; there was also a possible
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selection bias in the population. As for the causative agents,
we were unable to test the action of amphetamine and
methamphetamine because it was impossible to obtain these
illegal drugs for clinical study. However, a previous report
has shown that 3,4-methylenedioxy methamphetamine (ec-
stasy, NMDA) prolongs the APD of hippocampal neurons by
blocking the conductance of a resting K™ channel.32 It is quite
possible that these drugs also suppressed cardiac K* currents
and induced QT prolongation and TdP in 1 subject in our
study, based on her medical records. Regarding protein
trafficking, 2 mutations in this study, A614V in KCNHZ'" and
L1825P in SCN5A,% had been reported to be trafficking-
deficient mutations. Though protein trafficking of other
mutants remains unclear, especially R243H in KCNQI, and
H492Y, S706F, and M756V in KCNHZ, would be not
trafficking-deficient because, under heterozygous conditions,
these mutants showed adequate current density compared
with WT. In the simulation study, the parameter settings
could mimic mutant channels. In addition, the setting of the
parameters might have innumerable patterns, and it therefore
remains possible that other combinations of patterns could
also simulate mutant channels.
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CLINICAL PERSPECTIVE

Drug-induced long-QT syndrome (dL.QTS) is a disease associated with the appearance of a prolonged QT interval and
torsades de pointes after taking a culprit drug or drugs; the QT interval usually returns to within normal range after a
washout period of these drugs. The clinical phenotype of dLQTS that appears during administration of these drugs
resembles that of congenital long-QT syndrome (cLQTS), and “latent” genetic factors may underlie the susceptibility of
a subject to drug-induced serious adverse reactions, such as a long QT interval and torsades de pointes. In the analysis of
cLQTS-associated genes encoding cardiac ion channel-composing proteins, this study revealed that dLQTS had a similar
positive mutation rate compared with cLQTS. When reconstituted in Chinese hamster ovary cells, KCNQI and KCNHZ
mutant channels showed complex gating defects without dominant negative effects or a relatively mild decreased current
density. With the Luo-Rudy simulation model of action potentials, action potential durations of most mutant channels were
between those of wild-type and cLQTS. In conclusion, although the dLQTS subjects had genetic backgrounds that were
similar to cL.QTS subjects, the functional changes associated with these mutations identified in dLQTS were different from
those in cL.QTS. Thus, we believe that dLQTS can be regarded as a latent form of long-QT syndrome. When [ -blocking
agents produce excessive QT prolongation, the underlying genetic background of the dLQTS subject should be taken into
consideration, as would be the case with cLQTS.

Downloaded from circep.ahajournals.org at KITAO PUBLICATIONS on December 16, 2009

—173—




Novel KCNE3 Mutation Reduces Repolarizing Potassium
Current and Associated With Long QT Syndrome

Human Mutation

EECIAL JOUIRMAL

WY IGNG, PG

Seiko Ohno,' Futoshi Toyoda,? Dimitar P Zankov,2® Hidetada Yoshida,' Takeru Makiyama,' Keiko Tsuiji,® Toshihiro Honda,*
Kazuhiko Obayashi,® Hisao Ueyama,® Wataru Shimizu,” Yoshihiro Miyamoto,® Shiro Kamakura,’ Hiroshi Matsuura,?

Toru Kita,' and Minoru Horie®*

'Department of Cardiovascular Medicine, Kyoto University Graduate School of Medicine, Kyoto, Japan
2Department of Physiology, Shiga University of Medical Science, Shiga, Japan
SDepartment of Cardiovascular and Respiratory Medicine, Shiga University of Medical Science, Shiga, Japan

4Cardiovascular Center, Saiseikai Kumamoto Hospital, Kumamoto, Japan

0bayashi Clinic, Kyoto, Japan

5Department of Molecular Medical Biochemistry, Shiga University of Medical Science, Shiga, Japan
“Division of Cardiology, Department of Internal Medicine, National Cardiovascular Center, Osaka, Japan
81 aboratory of Molecular Genetics, National Cardiovascular Center, Osaka, Japan

Communicated by Claude Férec

Received 25 January 2008; pted revised

ipt 5 May 2008.

Published online 20 March 2009 in Wiley InterScience (www.interscience.wiley.com). DOI 10.1002/humu.20834

e () splayed

$.0. and FT. contributed equally to this work.

*Correspondence to: Minoru Horie, M.D., Ph.D., Department of Cardiovascular and
Respiratory Medicine, Shiga University of Medical Science, Seta Tsukinowa-cho,
Otsu, Shiga, Japan 520-2192. E-mail: horie@belle.shiga-med.ac.jp

Contract grant sponsor: Japan Society for the Promotion of Science; Contract
grant sponsor: Ministry of Health, Labour and Welfare, Japan; Grant number: H18-
Research on Human Genome-002.

Introduction

Long QT syndrome (LQTS) is an inherited disease characterized
by a prolonged QT interval and a high risk of sudden cardiac
death due to peculiar ventricular tachycardia known as torsades de
pointes (TdP) [Moss and Kass, 2005]. Most of the LQTS-causing
genes encode ion channels, with particular regard to potassium
(K) channels. Among them, KCNE! (E1) and KCNE2 (E2) are
members of the KCNE family (E1 through KCNE5) encoding a
single-transmembrane-domain proteins. They are called MinK-
related peptides (MiRPs) that function as ancillary subunits of Kv
channels. In 1999, the third KCNE gene, KCNE3 (ONIM
*604433) (E3), was cloned by homology to E1 [Abbott et al,
1999]. In the functional analysis on the KCNQ1 (Q1) +E3
channel, E3 was shown to markedly change Q1 channel properties
to yield those activating nearly instantaneously and linearly on
voltage [Schroeder et al., 2000].

The expression of E3 in heart was examined and confirmed by
northern blot analysis [Schroeder et al., 2000], real-time
quantitative RT-PCR [Bendahhou et al.,, 2005; Lundquist et al,,
2005, 2006] and in situ hybridization [Lundquist et al., 2005]. E3
was expressed in all regions of the human heart including left and
right ventricles [Lundquist et al,, 2005]. The expression level of E3
was larger than that of E2 in every region of the human heart,
although smaller than that of El [Bendahhou et al, 2005;
Lundquist et al,, 2005, 2006]. Recently, E3 was reported to
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establish a complex with Q1 along with E1 {Morin and Kobertz,
2007]. The Q1+E1+E3 complex generated the current with the
combined properties of homomeric Q1+El and Q1+E3 com-
plexes, as we previously reported the properties of Q1+E1+E2
complexes [Toyoda et al., 2006]. Taken together, the dysfunction
of the Q1+E3 channel may reduce repolarizing K currents in the
myocardium, which thereby prolongs the QT interval, although
QI1-E3 channels have not yet been demonstrated in the heart.

Abbott et al. [2001] demonstrated a missense mutation of E3
(p.-R83AH) in the patients of periodic paralysis. The reduced
current densities of the E3-R83AH plus Kv3.4 complex channel in
the skeletal muscle caused periodic paralysis, though the authors
did not mention cardiac symptoms. More recently, Lundby et al.
{2008] identified an E3 mutation (p.V17AM) from an early-onset
lone atrial fibrillation (AF) patients. They performed functional
analysis of E3-VI7AM in coexpression with five kinds of
potassium channels. As a result, they revealed increased activity
of KV4.3+E3-V17AM and KCNH2+E3-V17AM channels.

During the genetic screening on 485 Japanese LQTS probands,
we identified two novel E3 mutations and one reported single
nucleotide polymorphism (SNP) (rs34604640:C>G; p.P39R).
The mutations were p.T4A in the N-terminal and p.R99AH in
the C-terminal. In the present study, we describe the clinical
phenotypes of E3-related LQTS patients and the electrophysiolo-
gical effects caused by these E3 mutations, and assess the
probability of E3 as a candidate gene for LQTS.

Materials and Methods

Subjects

Study patients are comprised of 485 congenital and acquired
LQTS probands showing prolongation of the QT interval
(QTc=460ms) or documented TdP from 485 unrelated families.
They were referred consecutively to either of our laboratories for
genetic  evaluation. All subjects submitted . written informed
consent- in accordance with the guidelines approved by each
institutional review board. Each underwent detailed clinical and
cardiovascular examinations; and were then characterized on the
basis of the QT interval in-lead V5 corrected for heart rate (QTc)
according - to " Bazett’s: formula: and. the presence . of - cardiac
symptoms.

Genotyping

Genomic DNA was isolated from venous blood lymphocytes as
previously : described: . [Ohno. et al,- 2007].. Through: PCR,
denaturing high-performance liquid chromatography (DHPLC),
and direct DNA sequencing, we performed a comprehensive open
reading: frame/splice-site: mutational analysis: of ‘known' LQTS
genes' (KCNQI, KCNH2, SCN5A, KCNEIL, and KCNE2)  using
previously described - primers: [Ohno et al;; 2007].. We: did: not
conduct mutational analysis of ANKB; KCNJ2, CACNAIC, CAV3,
and SCN4B. The KCNE3 coding region. was.amplified: with a
primer pair; forward primer; 5-CTGAGCTTCTACCGAGTCTT-3'
and reverse primer; 5-TGCAGTCCACAGCAGAGTTC-3';- The
size of the PCR product was 435 base pairs. DHPLC analysis of
KCNE3 was performed at three different temperatures; 59.0; 61.2;
and 63.5°C. The cDNA sequence was based on GenBank reference
sequence: NM_005472.4,  and ' the numbering reflects’ cDNA
numbering - with ' +1 " corresponding “to the “A 'of ' the "ATG
translation' initiation codon in the reference sequence; according
to journal guidelines. The initiation codon is codon 1
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Plasmid Construction

c¢DNA for human KCNE3 (NM_005472.4) was cloned into a
PCR3.1 plasmid. Variant amino acid residues were constructed
using a Quick Change® II XL Site-Directed Mutagenesis Kit
(Stratagene, La Jolla, CA), according to the manufacturer’s
instructions. Nucleotide sequence analysis was performed on each
variant construct prior to the expression study.

Construction of a CHO Cell Line Stably Expressing
Human KCNQ1

Flp-In CHO cells containing a single integrated Flp recombi-
nase target (FRT) site at a transcriptionally active locus
(Invitrogen, Carlsbad, CA) were used for the generation of a
stable KCNQI cell line. The full-length cDNA fragment of human
KCNQI (GenBank AF000571.1) in a pCI vector (a kind gift from
Dr. J. Barhanin, Institut de Pharmacologie Moléculaire et
Cellulaire, CNRS, Valbonne, France) was subcloned into a
pcDNAS/FRT vector (Invitrogen). This construct was cotrans-
fected into Flp-In CHO cells with pOG44, a Flp-recombinase
expression vector (Invitrogen), resulting in the targeting interac-
tion of the expression vector. Stable cell clones were selected in
hygromycin B (500 pg/ml; Invitrogen), and the expression of
KCNQ1 was tested by the whole-cell patch-clamp recording
method. One cell line exhibited uniform and homogenous
expression of KCNQ1 currents and was used for experiments.

Cell Culture and Transient Transfection

The stable KCNQ1-CHO cell line was maintained in Ham’s F-
12 medium supplemented- with - 10% fetal calf serum and
500 &mug/ml hygromycin- B in a humidified incubator gassed
with 5% CO, and 95% air at 37°C. Before transfection, cells were
seeded onto 35-mimi plastic culture dishes with seven to eight glass
coverslips (SAmm x  3Amm) and incubated for 24 to 48Ahr.
Transient  transfection was  performed ~using Lipofectamine
(Invitrogen). The amounts of each ¢cDNA used for transfection
were (mug/dish): 1.0°KCNE3, and 0.5 green fluorescent protein
(GFP). At 48 to 72Ahr after transfection, only GFP-positive cells
were selected for the patch-clamp-study.

Patch-Clamp Recordings and Data Analysis

‘Whole-cell membrane currents were recorded with an EPC-8
patch-clamp amplifier (HEKA, Lambrecht, Germany). A coverslip
with adherent CHO- cells was placed on the glass bottom of a
recording chamber (0.5Aml in volume) mounted on the stage of
Nikon Diaphot inverted microscope (Tokyo, Japan). Patch
pipettes were prepared from' glass. capillary tube (Narishige,
Tokyo, Japan)' by means of a Sutter' P-97 micropipette puller
(Novato, CA), and the tips were then fire-polished with a
microforge. Pipette resistance ranged from 2 to 4 Mo when filled
with - internal solution." Current recordings were  conducted ‘at
3441°C. - Voltage-clamp ' protocols 'and :'data - acquisition - were
controlled by PatchMaster software (version 2.03, HEKA) via an
LIH-1600 AD/DA interface (HEKA): Cell membrane capacitance
(Cm) was measured in every- cell by fitting a single exponential
function to capacitive transients elicited by 20 ms:voltage-clamp
steps from a holding potential of =80 mV.

External Tyrode “solution: contained  (mM): 140 NaCl; 0.33
NaH;PO;, 5.4 K€, 1.8 CaCly;: 0.5 MgCly, 5.4 glucose, and 5
HEPES; and pH ' was adjusted to" 7.4 with: NaOH.  The internal
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