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Men With Brugada-Like Electrocardiogram
Have Higher Risk of Prostate Cancer
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Background Elevated plasma testosterone levels are thought to play a role in the male preponderance of cases
of Brugada syndrome (BS) and the development of prostate cancer.

Methods and Results Thc 34 Brugada-like clectrocardiogram (ECG) cases were identified among 2,681 male
survivors of the atomic bomb who had undergone at least 1 biennial health examination between July 1958 and
December 1999 in Nagasaki, Japan. They were followed for incident prostate cancer from July 1958 through
December 2004, and the risk of prostate cancer for Brugada-like ECG, age, smoking habit, and radiation expo-
sure was analyzed using Cox proportional hazards analysis. Among the men with or without Brugada-like ECG
there were 4 (11.8%) and 54 (2.0%) cases of prostate cancer, respectively. With age adjustment there was a
higher risk of prostate cancer for Brugada-like ECG (relative risk (RR): 5.42, 95% confidence interval (CI)
1.96-15.00, P=0.001). With further adjustment for smoking habit and radiation dose, Brugada-like ECG remained
a significant risk factor for prostate cancer (RR: 6.47, 95%CI 1.97-21.21, P=0.002).

Conclusions Brugada-like ECG confers a higher risk of prostate cancer independent of age, smoking habit,
and radiation exposure. Men with a Brugada-like ECG should be regularly examined for prostate cancer and vice
versa, especially elderly subjects.  (Circ J 2009; 73: 63-68)
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type or type 1 ST-segment elevation in the right

precordial leads (V1-3) of the 12-lead electrocar-
diogram (ECG), as well as symptoms such as documented
ventricular fibrillation (VF), polymorphic ventricular tachy-
cardia (VT), family history of sudden death, coved-type
ECGs in family members, inducibility of polymorphic VT
or VF with programmed electrical stimulation, syncope, or
nocturnal agonal respiration!2 Several mutations in SCN5A,
the « subunit of the sodium channel, have been linked to
BS3-5 which displays an autosomal dominant mode of
transmission with low penetrance. Although BS is inherited
with equal frequency by men and women, most of the
reported cases have been in adult men%7 In 2 reported cases
of Brugada-like ECG, the typical pattern of coved-type ST
elevation disappeared following surgical castration for
prostate cancer? Men with BS have significantly higher
plasma testosterone levels than age-matched male controls?
which suggests that testosterone may contribute to the BS
phenotype.

Bmgada syndrome (BS) is characterized by a coved-
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There is evidence to suggest that testosterone also plays
a pathophysiological role in the etiology of prostate cancer.
Testosterone is essential for normal growth and mainte-
nance of the prostate, but it also stimulates the proliferation
of human prostate cancer cells in vitro and produces pros-
tate cancer in rodents!%!1 Thus, we examined the relation-
ship between the Brugada-like ECG with either the coved-
type or saddle-back-type ST elevation and prostate cancer.

Methods

General Procedures

A total of 7,564 atomic bomb survivors (3,374 men;
4,190 women) have been followed biennially in Nagasaki,
Japan since July 1, 1958 as part of a follow-up program
conducted by the Radiation Effects Research Foundation
(RERF). Detailed descriptions of the program have been
published elsewhere!213 Each examination includes a phys-
ical check-up, 12-lead ECG, and blood pressure measure-
ment by sphygmomanometer while the subjects are seated
after resting for at least Smin. First and fifth Korotkoff
phases, respectively, are used for the systolic and diastolic
blood pressure (SBP and DBP) readings. Standing height
(m) and body weight (kg) are measured without socks or
outer clothing and the body mass index (BMI: kg/m?) is
calculated. Blood is sampled from a cubital vein for deter-
mination of serum cholesterol (mg/dl) and hemoglobin
(g/dl). At each examination up to 12 clinical diagnoses are
made and stored in a database using the International Clas-
sification of Disease (ICD) 7th, 8th, 9th and 10th editions.
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Table 1 Number of Subjects With Data Allowing Adjustment for Age Only, Age and Smoking Habit, and Age, Smoking
Habit, and Radiation Dose
. . Age, smoking habit,
Age only Age and smoking habit aflfi :Z:;:a:?fn lc‘:o;e
Cases with Brugada-like ECG
With PC 4(11.8%) 4(12.5%) 3(16.7%)
Without PC 30 28 15
Total 34 32 18
Cuses without Brugada-like ECG
With PC 54(2.0%) 54(2.2%) 36 (2.5%)
Without PC 2,593 2,379 1,400
Total 2,647 2,433 1,436
Total 2,681 2,465 1,454
ECG, electrocardiogram.
104 to examine the relationship between Brugada-like ECG and
A T — prostate cancer, we used wide criteria that included a
’E saddle-back-type ST elevation and elevation >0.1 mV.
=
§ Confirmation of Prostate Cancer
& sl We identified incident cases of prostate cancer between
) July 1, 1958 and December 31, 2004 using information
2 from 3 sources. Diagnoses made at biennial health exami-
i - Without Brugada-like ECG nations were recorded using ICD codes, as described previ-
3 ously. We followed the vital status of all participants using
% ——  With Brugada-like ECG Japan’s family registration system; death certificates were
dr 061 collected for all deceased participants, and prostate cancer
P<0.001 as a primary cause of death was recorded according to the
coding rules of ICD 7th, 8t 9th and 10t editions. The
o w0 o x % Nagasa}d Prefec.tural Cancer Registry collected and recorded
cancer information according to the ICD for Oncology, 1%,
Years of follow-up 2nd, and 3rd editions. The use of the data of the Nagasaki
Figl. Kaplan-Meier plots showing prostate cancer-free survival, Prefectural Cancer Registry until 2004 is approved by the

which was lower in cases of Brugada-like electrocardiogram (ECG)
than in cases without Brugada-like ECG (P<0.001).

Smoking habit was investigated several times by mail ques-
tionnaire and interview during 1963 and 1991; current and
past smokers were both regarded as smokers. The present
study was approved by the Research Protocol Review and
Human Investigation Committees of RERF.

Study Population and Definition of the Brugada-Like ECG

Of the 3,374 men, we investigated 2,681 who had been
examined at least once between July 1, 1958 and December
31, 1999. We characterized the ECG as Brugada-like if it
showed the following at least once during the follow-up
period: (1) terminal r’wave in lead V1, characterizing right
bundle branch block; (2) convex curve or coved-type ST-
segment elevation 20.1mV in lead V1 or in leads V1 and
Vz; or (3) saddle-back-type ST-segment elevation 0.1 mV
in lead V2 or V3, or both. One of the authors (K.M.) made
the diagnosis of Brugada-like ECG according to these cri-
teria and this was confirmed by 2 other cardiologists who
reviewed the records on which the judgment had been made.
We identified 34 cases of Brugada-like ECG, which
included 6 cases of unexpected death and 3 cases of syncope,
leaving 2,647 men without evidence of Brugada-like ECG.
Some aspects of the results were reported previously$8.14
Type 1 ST segment elevation characterized by a coved-type
ST elevation 20.2mV is included in the diagnostic criteria
of BS, whereas Types 2 and 3 ST-segment elevation char-
acterized by a saddle-back ST elevation are not? However,
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Ethics Committee of the Nagasaki Prefectural Cancer Reg-
istry. One of the authors (D.H.) reviewed all information
from the clinical diagnoses, tumor registry, and death cer-
tificates. Prostate cancer cases diagnosed by autopsy only
were excluded. In this way 58 cases were ascertained. We
defined the date of diagnosis of prostate cancer as follows:
(1) in 46 cases of histological examination: the date of his-
tological confirmation; (2) in 12 cases of hormone therapy
without histological examination: the date when the clini-
cal diagnosis was made based on digital rectal examination,
prostate-specific antigen (PSA) value, and/or bone scintig-
raphy. Follow-up began in July 1, 1958 and ended on the
date of diagnosis of prostate cancer, date of migration or
death, or December 31, 2004, whichever came first. Men
who died or migrated without a diagnosis of prostate cancer
were treated as censored.

Radiation Dose

Because the radiation dose to the prostate is not estimated
in the dosimetry system 2002 (DS02)!5 we used the dose to
the urinary bladder as a surrogate. The radiation dose in
weighted Gray (Gy) equivalents was calculated using a rela-
tive biological effectiveness of 10 for neutrons: gamma dose
plus 10 times the neutron dose. The gamma and neutron
doses were adjusted for 35% random error and truncated at
4 Gy'%17 to correct for measurement-error bias because of
uncertainties in the estimated doses.

Statistical Analyses

At first, Kaplan-Meier analysis was uscd to assess pros-
tate cancer-free survival between subjects with and without
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Table 2 Hazard Ratie (95%CT) of PC for Brugada-Like ECG After Adjustment for Age, Smoking Habit, and Radiation

Dose

Factors adjusted
. , Age, smoking habit,
Age only (n=2,681) Age and ir;w‘x/g;g habit and radiation dose
(n=2:463) (n=1,454)
Brugada-like ECG 5.42(1.96-15.00) 5.76 (2.08-15.96) 6.47 (1.97-21.21)
P=0.001 P<0.001 P=0.002
Age at start of follow-up* 2.53(1.98-3.23) 2.42 (1.89-3.09) 2.54 (1.88-3.44)
P<0.001 P<0.00] P<0.001
Smoking habit 0.55(0.31-0.97) 0.56 (0.28-1.13)
P=0.04 P=0.11
Radiation dose (Gy) 2.12(1.39-3.22)
P<0.00]
*Age was transformed as (age at July 1958-15)/10.
CI, confidence interval. Other ubbreviations see in Tuble 1.
Table 3 Basic Characteristics at the Most Recent Examination Prior to Diagnosis of PC
PC with Brugada-like PC without Brugada-like P value
ECG (n=4) ECG (n=46)*
Age at diagnosis of PC (years) 72.3£5.8 (n=4) 74.247.6 (n=46) 0.56
SBP (mmHg) 144.5425.2 (n=4) 141.0124.8 (n=45) 0.73
DBP (mmHg) 78.5£10.4 (n=4) 78.6112.7 (n=45) 1.00
Height (cm) 160.946.9 (n=4) 160.2+6.4 (n=41) 0.77
Weight (kg) 54.5+7.7 (n=4) 55.519.5 (n=41) 0.89
BMI (kg/m?) 20.9%1.3 (n=4) 21.6£2.7 (n=41) 0.57
Serum cholesterol (mg/di) 184.5429.7 (n=4) 188.2427.7 (n=44) 0.97
Hemoglobin (g/dl) 14.620.7 (n=4) 13.7+1.4 (n=46) 0.19
Smoking habit (%) 100 (n=4) 70.0 (n=46) 0.57
Radiation dose (Gy) 0.524£0.45 (n=3) 0.6810.64 (n=33) 0.82

Variables are meant SD.

*Eight cuses among the 54 subjects without Brugada-type ECG were excluded because the period between the most recent exami-

nation and diagnosis of PC was more than 2 years.

SBP, systolic blood pressure; DBP, diastolic blood pressure; BMI, body mass index. Other abbreviations see in Table 1.

Brugada-like ECG. Cox regression analysis assuming pro-
portional hazards was used to estimate the prostate cancer
incidence rate ratio (relative risk (RR)) and 95% confidence
interval (CI) for the Brugada-like ECG. Survival time is the
time from inception of the study to the onset of prostate
cancer or censoring. Because we cannot check the propor-
tionality assumption for this data because the number of
failures is too small, we assumed that the proportional
hazard assumption holds for this data. We adjusted for age
at the start of follow-up ([age at July 1958-15]/10) using
all 2,681 subjects (Table1). Smoking habit was unknown
in 216 subjects, resulting in 2,465 subjects for adjustment
by both age and smoking habit (Table 1). We excluded sub-
jects with unknown dose or who were not in Hiroshima or
Nagasaki at the time of the bombing, leaving 1,454 sub-
jects for simultaneous adjustment by age, smoking habit,
and radiation dose (Table1).

To assess the basic characteristics of the cases of pros-
tate cancer with Brugada-like ECG, we compared prostate
cancer cases with and without Brugada-like ECG using the
Wilcoxon rank-sum test or Fisher’s exact test, as appropri-
ate, for age at diagnosis of prostate cancer, SBP, DBP,
height, BMI, serum cholesterol, and hemoglobin recorded
at the last examination prior to diagnosis of prostate cancer,
smoking habit, and radiation dose. All analyses were con-
ducted using SAS for UNIX (SAS Institute, Cary, NY,
USA)!8 The data are expressed as mean+SD. A P-value
less than 0.05 was considered statistically significant.
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Results

Prostate cancer occurred in 4 {11.8%) of 34 men with,
and 54 (2.0%) of 2,647 men without, Brugada-like ECG
(Tablel). In the Kaplan-Meier analysis, prostate cancer-
free survival was lower in men with the Brugada-like ECG
(P<0.001) (Fig1). Hazard ratios with the 3 stages of adjust-
ment (age only; age and smoking habit; and age, smoking
habit, and radiation dose) are shown in Table2. Brugada-
like ECG was significantly associated with prostate cancer,
even after adjustment for age, smoking habit, and radiation
dose, although the number of prostate cancer cases among
the Brugada-like ECG cases was not so large. There was no
interaction of Brugada-like ECG with radiation dose (joint
RR: 0.70, 95%CI 0.11-4.38, P=0.70). Smoking habit was
negatively associated with prostate cancer in the analysis
excluding radiation, but was not significant when radiation
dose was included. Radiation dose was a significant risk
factor for prostate cancer, even with adjustment for age,
smoking, and Brugada-like ECG.

As shown in Table3, there were no differences between
the cases of prostate cancer with and without Brugada-like
ECG in terms of the variables examined, which suggests
that prostate cancer patients do not have clinical or labora-
tory characteristics that are specific to Brugada-like ECG.

Of the 4 men with prostate cancer and Brugada-like ECG,
2 underwent surgical castration without prostatectomy at
ages 67 in 1979 and 78 in 1981, respectively; another under-
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Table 4 Age and Date at Diagnosis and Therapeutic Procedure for PC in Cases With or Without Brugada-Like ECG

PC Age at diagnosis Date at diagnosis Therapeutic procedure

With Brugada-like ECG (n=4)

Case 1 67 1979 Surgical castration
Case 2 78 1981 Surgical castration
Case 3 68 1997 Prostatectomy with
hormonal castration
Case 4 77 2004 Hormonal castration
Mean+SD 72.31£5.8 199113
Without Brugada-like ECG (n=54) 74.617.7 1994£9 Surgical castration (n=8)
Prostatectomy with
hormonal castration (n=3)
Hormonal castration (n=22)
Prostatectomy (n=>5)
Unknown (n=16)
Abbreviations see in Table 1.
Casel Case3

B P8 B 9% W8 I

Fig2. Electrocardiogram (ECG) leads V1 and V. Case 1: In 1962, a 49-year-old Japanese man showed the Brugada-like
ECG on his 1% examination and it persisted until 1979; the most typical Brugada-like ECG with the coved-type ST eleva-
tion in leads V1 and V2 was observed in 1971. ST elevation, which was elevated at 0.1 mV in lead V1 in 1979, disappeared
after surgical castration in 1980. He died in 1989 at the age of 76. Case 2: In 1960, a 57-year-old Japanese man had his
first examination, and in 1962 his ECG showed the Brugada-like ECG, which persisted until 1980, and the most typical
Brugada-like ECG with the coved-type ST elevation in leads V1 and V2 was observed in 1970. The Brugada-like ECG of
the RS’ pattern with the coved-type ST elevation in lead Vi and the saddle-back-type in lead V2 disappeared after surgi-
cal castration in 1981. He died in 1985 at the age of 82. Case 3: In 1979, a 50-year-old Japanese man had his first exami-
nation, and in 1980 he had the Brugada-like ECG. The Brugada-like ECG with the coved-type ST elevation in lead Vi
and the saddle-back type ST elevation in lead V2 was observed in 1996. The Brugada-like ECG gradually disappeared
from 1998 to 2000 after the initiation of hormonal castration for prostate cancer in 1997. Because the ECGs in 1990 and
1993 were almost normal, it is possible that this change was just an intermittent normalization. He died in 2001 at the age
of 72. Case 4: In 1979, a 52-year-old Japanese man had the Brugada-like ECG on his 15 examination. The Brugada-like
ECG with the coved-type ST elevation in lead V1 and the saddle-back-type ST elevation were observed in 1979 and 1985,
respectively. In the other ECGs, the Brugada-like ECG has been unclear. He is alive in 2007.

went prostatectomy and hormonal castration with monthly
subcutaneous injection of leuprorelin acetate, an LH-RH
agonist, and daily oral administration of bicalutamide, an
antiandrogen agent since the age of 68 in 1997, and the 4t
underwent hormonal castration without prostatectomy,
receiving monthly subcutaneous injection of leuprorelin
acetate and daily oral administration of bicalutamide since
the age of 77 in 2004 (Table4). We have already reported
that the Brugada-like ECG pattern with coved-type ST ele-
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vation disappeared after surgical castration in cases 1 and 2
(Fig2). In case 3, the Brugada-like ECG pattern disappeared
after hormonal castration (Fig2). In case 4, the PSA level
decreased from 57.5 (normal range: 1.0-4.0ng/ml) to an
undetectable level (<0.5ng/ml). However, we could not
confirm that disappearance of the Brugada-like ECG pattern
was related to hormonal castration because the pattern had
been unclear before the initiation of hormonal therapy
(Fig2).
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Discussion

In the present study, Brugada-like ECG with either
coved-type or saddle-back-type ST elevation was signifi-
cantly associated with prostate cancer risk independently of
radiation dose. Thus, this association in male atomic bomb
survivors is apparently not mediated through radiation
exposure, so the present results may be generalized to men
who have not been exposed to radiation.

The association between smoking habit and prostate
cancer is equivocal; 1 study reported a positive associa-
tion!® another a negative association?? and still another no
association?! Our finding of a positive association between
radiation dose and prostate cancer is contrary to 2 previous
studies based on atomic bomb survivors?223 In those
studies, follow-up beginning in 1958 was continued through
1987 and 1998, respectively, whereas the present follow-up
continued through 2004. In recent years, PSA measurement
has been widely used for prostate cancer screening, so the
relative frequency of prostate cancer diagnosis in the present
study (58 prostate cancer cases among 2,681 subjects) was
higher than in the study based on follow-up through 1998,
which included 387 prostate cancer cases among 42,902
subjects. Greater statistical power resulting from a higher
incidence rate may explain in part why we observed an
association between radiation dose and prostate cancer.

Recent studies have suggested that the preponderance of
males with BS might be attributable to testosterone level.
Matsuo et al reported that Brugada-like ECG with coved-
type ST elevation disappeared after surgical castration for
prostate cancer in 2 cases® Shimizu et al reported that men
with BS had significantly higher plasma testosterone levels
and showed a strong positive association between BS and
hypertestosteronemia? Yan and Antzelevitch demonstrated
that loss of the action potential dome in the epicardium, but
not in the endocardium, induced by potassium channel
opener causes Brugada-type ECG?* By blocking the tran-
sient outward potassium current, the epicardial plateau
phase is recovered and the ST segment normalizes. Several
studies have demonstrated that testosterone increases the
outward potassium current or decreases the inward L-type
calcium current?*-27 These reports suggest that high testos-
terone levels may contribute to the BS phenotype.

There is evidence to suggest that testosterone plays a
pathophysiological role in the etiology of prostate cancer.
Testosterone is essential for the normal growth and mainte-
nance of the prostate, stimulates the proliferation of human
prostate cancer cells in vitro, and when given in large
amounts, can produce prostate cancer in rodents!0!
Eunuchs, on the other hand, rarely develop prostate cancer
and ablation of the testosterone-producing cells frequently
results in regression of prostate cancer?8 A high level of cir-
culating testosterone and a low level of sex hormone binding
globulin are associated with increased risk of prostate
cancer?® Dehydrotestosterone (DHT), formed by the action
of 5 a-reductase on testosterone, is believed to be the princi-
pal intraprostatic androgen, and finasteride, an inhibitor of
5 a-reductase, reduces prostate cancer risk30 Testosterone
and DHT may be associated with the development of pros-
tate cancer, so we believe that hypertestosteronemia may
play a pathophysiological role in both Brugada-like ECG
manifestation and prostate cancer, leading to the higher risk
of prostate cancer in men with the Brugada-like ECG.

Prostate cancer has been detected more frequently in the
early stages of development since the initiation of PSA
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screening and radical surgical prostatectomy is often per-
formed. Epidural anesthesia using bupivacaine is some-
times used for surgery in early stage prostate cancer and the
characteristic coved-type ST elevation is induced by bupi-
vacaine3! which causes greater depression of the rapid
phase of depolarization in Purkinje fibers and ventricular
muscle than lidocaine and remains bound to the sodium
channels for a longer period of time32 Thus, because we
were unable to clarify the clinical and laboratory character-
istics of cases of prostate cancer with Brugada-like ECG, it
should be carefully ascertained whether the Brugada-like
ECG pattern is present before surgery to avoid iatrogenic
accidents during epidural anesthesia.

No effective therapeutic strategy exists to prevent VF in
BS. An implantable defibrillator is the established therapy
to prevent sudden death in symptomatic patients. Among
the present cases of Brugada-like ECG pattern with prostate
cancer, the Brugada-like ECG disappeared after surgical
castration in 2 cases, as reported previously$ With respect
to the 2 hormonal castration cases, we confirmed the disap-
pearance of Brugada-like ECG pattern after hormonal cas-
tration in 1 case, but were unable to confirm the effect of
hormonal castration on the Brugada-like ECG pattern in
another. Because the manifestation of the Brugada-like
ECG pattern is associated with testosterone$24-27 and BS
patients have higher plasma testosterone levels? it is impor-
tant to accumulate more evidence of the Brugada-like ECG
pattern disappearing after testosterone deprivation therapy
in men with Brugada-like ECG or BS with prostate cancer
treated by hormonal castration, which is preferable to surgi-
cal castration. This may provide clues to a new therapeutic
strategy to prevent VF in BS, although it is necessary to
accumulate such evidence in younger cases (40s or 50s in
age) of Brugada-like ECG or BS with prostate cancer.

In conclusion, a higher risk of prostate cancer for
Brugada-like ECG independent of age, smoking habit, and
radiation exposure means that men with the Brugada-like
ECG should be regularly examined for prostate cancer,
especially elderly subjects. Likewise, prostate cancer
patients should be routinely examined for the presence of
Brugada-like ECG. Such actions might lead to earlier
detection of prostate cancer in a small number of patients,
but perhaps more importantly, might avoid arrhythmic
events during surgical anesthesia for prostate cancer.
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Dear Sir,

Hereditary long QT syndromes (LQTS) are autosomal
dominant familial disorders characterized by impaired
cardiac repolarization and QT prolongation leading to
Torsade de Pointes (TdP). Among them, type 2 LQTS
(LQT2) is caused by mutations in the human ether a-go-go
related gene (HERG) channel gene [1]. Typical ECG mani-
festation of LQT2 is prolonged QT interval with flat T wave,
and TdP is likely to occur at rest by emotional stress evoked
by auditory stimuli [2]. Here, we report a small family
of hereditary LQT2 caused by a novel HERG mutation,
showing a wide variety of ECG phenotypes among family
members under the common single nucleotide mutation
(c.C2212T and p.Q738X).

A 42-year-old female referred to our hospital due to
syncope. ECG showed an increase in QT interval and flat
Twave (Fig. 1A). Ambulatory monitoring demonstrated lack
of QT shortening under an increase in heart rate during
walking. Thereafter, heart rate decreased and QT prolonged
further causing short segment of TdP in the morning
(Fig. 1B). Although lack of rate adaptation in QT interval
was partly restored by propranolol (20 mg/day), she was not
tolerant to oral propranolol due to fatigue. Her father
underwent pacemaker implantation for back-up pacing
against advanced atrioventricular (AV) block, when he was
38-year-old. Thereafter, he exhibited persistent atrial flutter
with QT interval of 420 ms at age of 43-year-old (Fig. 1C).
Her second daughter is now 10-year-old, and shows long

* Corresponding author, Tel.: +81 92 642 5235 (direct line); fax: +81 92
642 5247.
E-mail address: maruyama(@ihs.kyushu-uac.jp (T. Maruyama).
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QT interval (480 ms) with broad-based, sharp T wave
(Fig. 1D).

Suspecting genetic disorder causing familial LQTS, DNA
isolation and mutation analysis were performed as intro-
duced elsewhere [3] after obtaining written informed
consent. Gene analysis revealed that the proband, her father
and daughter commonly showed a single nucleotide HERG
mutation of ¢c.C2212T in a heterozygous manner (Fig. 2)
causing a stop codon at 738 (p.Q738X). No other mutations
were found in LQTS-associated genes such as KCNQI1,
KCNEI, KCNE2, KCNJ2 and SCNSA. By informing of
the risk of sudden death, she underwent implantation of dual
chamber ICD. After the implantation, she has experienced
no syncope without ICD discharge. Her daughter is
asymptomatic under careful observation without device or
medication.

It is of great interest that ECG phenotypes in this LQT2
family showed a considerable variation, i.e., the proband
showed ECG compatible to LQT2 (Fig. 1A) and no rate
adaptation of QT interval, postexercise QT prolongation and
subsequent TdP (Fig. 1B), which is observed in 13% of
overall cardiac events in LQT2 patients |2], whereas her
father had advanced AV block and subsequent persistent
atrial flutter with normal QT interval (Fig. 1C), and her
daughter showed long QT interval with broad-based, tall
T wave (Fig. 1D). Reportedly, various kinds of atrial
tachyarrhythmias are associated with LQTS [4]. T wave
morphology recorded in her daughter is observed mainly in
LQTI1 but in 32% of LQT2 [3].

HERG K channel conducts rapid component of delayed
rectifier K current (/x.), which is essential for normal
cardiac repolarization. To our knowledge, Q738X HERG
mutation has not been registered in HERG-related Online
Mendelian Inheritance in Man (OMIM; http:/pcd.fsm.it:81/
cardmoc). The Q738X product results in the deletion of
86% of the C-terminus. Since a single HERG channel protein
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Fig. 1. A; Standard ECG of proband showed QT interval of 520 ms and flat T wave. B; Ambulatory monitoring demonstrated lack of rate adaptation in QT
interval and subsequent Torsades de Pointes in the morning. C; Her father showed atrial flutter with ventricular pacing. D; Her daughter exhibited long QT
(480 ms) with broad-based, sharp T wave.
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Fig. 1 (continued).

consists of four a-subunits, the truncated subunit based on
Q738X would hinder the normal assembly of healthy
subunits and therefore exerting a dominant negative
suppression effects. Although an in vitro expression study
was not performed, these effects are considered to suppress
Ik, profoundly and yield the LQT2 phenotypes in the pro-
band and her family. However, the nonsense Q738X
mutation may cause a nonsense-mediated mRNA decay
(NMD) and avoid dominant negative suppressions as a post-
transcriptional control. The severity of the phenotypes
would therefore differ depending on the degree of NMD
level [5]. This may be a main reason for varied QT intervals
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and T wave morphologies in this relatively small LQT2
family.

The authors of this manuscript have certified that they
comply with the Principles of Ethical Publishing in the
International Journal of Cardiology [6].
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Fig. 2. Mutation analysis of family members. Chromatograms showed a
common single nucleotide mutation of ¢.C2212T, causing amino acid
sequence of p.Q738X.
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NPPA disruption goes with salt-sensitive hypertension in
mice [1]. In humans, the methionine32 allele of Val32Met
(G664A, 1s5063) has been associated with low circulating
proANP levels [2]. Both methionine32 and the arginine152
allele of the Ter152Arg polymorphism (T2238C, rs5065)
have been associated with hypertension or hypertension-
related disease (overview in [3]). In conclusion, both variant
alleles are supposed to be low functional alleles compared
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to the respective wild-type alleles. Now, in the ALLHAT
study, coronary heart disease outcome tended better or was
significantly better in carriers of the variant alleles [3]. In
contrast, the overall survival tended lower in these subjects.
We explored a potential association of the NPPA poly-
morphisms with diuretic effects of another thiazide diuretic,
hydrochlorothiazide, in a single-dose cross-over study
with 25 and 100 mg hydrochlorothiazide in 103 healthy,
normotensive volunteers.

The study was approved by the Ethics committee of the
University of Gottingen; all participants provided written
informed consent. The participants were 103 normotensive,
healthy, male Caucasian volunteers aged between 18 and
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The combination of STFT configuration variables that achieved the
highest TDA (86%) was improved in regard to that reported by Barbosa
et al. [7]. This indicated that, a larger time window and a larger step
between successive time samples best discriminated both groups.
Thus, in STFT-derived spectral turbulence analysis, it is possible to
consider that the fluctuations of electrical transients are more appro-
priately defined when analyzing time window is large enough and
sample times are apart from each other.

Short and medium term reproducibility studies of spectral tur-
bulence variables have already been carried out elsewhere, to validate
present results [8].

In conclusion, spectral resolution affects diagnostic accuracy in
SAECG STFT-derived spectral turbulence analysis. An optimal config-
uration of STFT creation variable combines: 40 ms time window width,
512 points zero-padding, 4 ms time displacement steps, —2 ms
displacement from starting position. Diagnostic criterion of two
abnormal spectral turbulence related variables among four possible,
along with STFT configuration that assesses 40 ms time window in the
ventricular activation are the optimal configuration allowing for
appropriate discrimination between Control and SMVT groups.

The study was supported by Brazilian National Research Council
(CNPq).

The authors of this manuscript have certified that they comply
with the Principles of Ethical Publishing in the International Journal of
Cardiology [9].
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Congenital long QT syndrome (LQTS) is a genetically heteroge-
neous disorder caused by mutations in cardiac ion channels [1].
Patients with LQTS are predisposed to syncope, life-threatening
arrhythmias and sudden death due to delayed ventricular repolariza-
tion. Clinical manifestations of LQTS are variable according to gender,
age and genetic backgrounds. LQTS concurrent with lower heart rate
or atrioventricular block is rare but fatal, which usually manifests itself
before birth or during the neonatal period.

The mutation in SCN5A, which encodes the alpha subunit of
cardiac voltage-gated sodium channel (Na,1.5), is responsible for
LQTS type3 (LQT3). As more than 150 mutations in SCN5A have been
reported [2], several types of mutations such as P1332L and F1473C are
associated with intrauterine and neonatal manifestations of LQT3
with the higher mortality [3].

We here present a notable case of a neonate with fatal LQT3 who
pre- and postnatally developed atrioventricular block and ventricular
tachycardia (VT). Genetic analysis demonstrated a novel de novo
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Fig. 1. Twelve-lead electrocardiogram at admission (A), and after administration of amiodarone (B). Paper speed 25 mm/s; 10 mm/1 mV. A, Polymorphic ventricular tachycardia.
B, 2:1 Atrioventricular block (HR 56 bpm, atrial rate 112 bpm) due to extremely prolonged corrected QT interval (as long as 860 ms).
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heterozygous mutation in SCN5A associated with the linker between
[l and IV domains of Na,1.5.

A male newborn weighing 2334 g was delivered at 37 weeks of
gestation by caesarean section because prenatal ultrasound demon-
strated fetal hydrops with atrioventricular block, incessant ventri-
cular tachycardia and decreased ventricular function. There was no
maternal obstetrical or medical history. As he had poor perfusion and
respiratory insufficiency, assisted ventilation and administration of
dobutamine were started. Irregular and weak pulsation was noted.
Chest X-ray showed that cardiothoracic ratio was 67%. Echocardio-
gram showed dilated left ventricle, decreased left ventricular
ejection fraction (23%) and significant pericardial effusion. Electro-
cardiogram (ECG) demonstrated 2:1 atrioventricular block and
polymorphic ventricular tachycardia (VT) (Fig. 1A). VT was refrac-
tory to intravenous administration of magnesium (50 mg/kg) and
lidocaine (3 mg/kg). Although prenatal ultrasound raised the
suspicion of LQTS, a definitive diagnosis was not made. To improve
the circulatory instability, the patient was given a test dose of
intravenous amiodarone (5 mg/kg) which resulted in termination of
VT. ECG in sinus rhythm showed 2:1 atrioventricular block (atrial
rate of 112 bpm and ventricular rate of 56 bpm) with an excessive QT
prolongation (corrected QT interval, 860 ms) and late-appearing T
wave (Fig. 1B). However, after a few minutes, ECG demonstrated VT
again with following circulatory instability. Further administration of
lidocaine, beta-blocker and amiodarone was ineffective. Cardiac
pacing was intended to increase heart rate, but in failure. In spite of
repetitive cardioversion and chest compressions, he died 18 h after
birth. Autopsy was not performed.

There was no family history of prolonged QT interval, syncope, or
sudden death. Both parents had screening electrocardiograms with
normal QT intervals. There was no sibling.

Genetic DNA was extracted from venous EDTA blood of the
present patient and his parents by standard procedure. Because of the
ECG phenotype, all coding regions of SCN5A were first sequenced
directly. Abnormal conformers were amplified by polymerase chain
reaction, and sequencing was performed on an ABI PRISM 3100 DNA
sequencer (Applied Biosystems, Foster City, California). A hetero-
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zygous deletion of TTC at nucleotide position 4456-4458 in exon 26
was detected in the present patient (Fig. 2A). No other mutations
were detected in SCN5A. We have also found no mutation in KVLQT1
and HERG genes. This nucleotide deletion was predicted to cause an
amino deletion of phenylalanine at 1486 (F1486del, III-IV linker of
Na,1.5). In a large control population, this mutation was absent,
making it less likely that it was a rare polymorphism. Since the
mutation was not identified in both parents, we considered it to be a
de novo mutation.

We present a notable case of a neonate with fatal LQT3 who had a
novel SCN5A mutation associated with the III-IV linker domain of
Na, 1.5. In the present case, the corrected QT interval (860 ms) was the
longest among the LQTS patients in the previous reports [1,3,4]. To our
knowledge, there were only seven case reports of fetal or neonatal
onset LQT3 with SCN5A mutations [3-9]. A neonate with F1473C
mutation in I[I-1V linker also presented the second longest corrected
QT interval (825 ms) which suggested the III-IV linker plays an
important role to regulate the sodium channel function [3].

Previous reports indicate that the intracellular loop between
domains IIl and IV of Na, 1.5 forms the inactivation gate [10]. A three-
residue hydrophobic motif (IFM: 1485I-1486F-1487M) is an essential
structural feature of the gate and serves as an inactivation particle that
binds within the pore. F1486del mutation identified in the present
case resulted in a deletion of the center of this hydrophobic amino acid
cluster (Fig. 2B). We considered that F1486del mutation in SCN5A is
critical to inactivate Na,1.5.

The use of amiodarone was very controversial. ECG after birth was
so complicated that we were unable to measure the QT interval
exactly. Intravenous amiodarone might have some adverse effects,
although it was described that intravenous administration of
amiodarone had only little effect to QT intervals [11]. In the present
case, the administration of lidocaine was unable to cease VT, although
previous reports suggested the efficacy of lidocaine or mexiletine in
LQT3 neonates with SCN5A mutations. Unfortunately, intravenous
mexiletine was not available in our institute. Ruan et al. reported that
the response to mexiletine varied among patients harboring different
mutations in SCN5A [12]. It is assumed that the mutation in II-IV
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Fig. 2. A, The sequence analysis of exon 26 in SCN5A. A heterozygous deletion of TTC at nucleotide position 4456-4458 was detected in the proband. This nucleotide deletion was
predicted to cause an amino deletion of phenylalanine at 1486 (F1486del). B, Diagrammatic representation of the human cardiac sodium channel displaying the location of the
mutation identified in the present case. F1486del mutation resulted in a deletion of the amino acid in the center of IFM motif.
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linker may be associated with the resistance to sodium channel
blockers such as lidocaine or mexiletine.

In summary, we identified a novel de novo SCN5A mutation in a
neonate with extremely prolonged QT interval resulting in cardiac
death in the first day of life. This mutation is associated with the IFM
motif in the linker between IIl and IV domains of Na, 1.5, which serves
as an inactivation particle binding within the pore of sodium
channels. This report demonstrates an interesting relationship
between clinical phenotype and the location of the mutation and
supported the importance of genetic analysis and tailored therapy in
neonatal LQTS.

The authors of this manuscript have certified that they comply
with the Principles of Ethical Publishing in the International Journal of
Cardiology [13].
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The article by Gongalves and colleagues [1] describes predictors of
death among patients with chronic Chagas disease living in an
endemic area in Minas Gerais (Brazil). In a retrospective analysis of
120/187 (64.2%) patients with the indeterminate or cardiac form of
the disease who could be followed for a mean of 18.5 years, the
investigators observed 42 deaths (21 of cardiovascular origin, 7
sudden and 14 due to other causes). Using the Cox regression model,
20 dichotomous demographic, behavioral, clinical and electrocardio-
graphic variables were initially evaluated to calculate the proportional
mortality risk from all causes, cardiovascular causes, and sudden
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death, relative to each variable (univariate analysis). Of these, 12
variables presented statistical significance (p<0.05) and were entered
into the multivariate model. For all-cause mortality, 5 variables
retained independent prognostic significance: age>39 years (HR
2.19; 95% Cl 1.08-4.43; p=0.028), black skin colour (HR 6.09; 95%
Cl 1.23-30.19; p=0.026), complete right bundle branch block
associated with left anterior fascicular block (HR 34.61; 95% CI 4.32-
276.98; p=0.0008), complete left bundle branch block (HR 654.92;
95% ClI 22.78-18,823.27; p=0.0002) and polymorphic ventricular
extrasystoles on the 12-lead ECG (HR 8.08 billion; 95% CI 23.76 million
to >10E12; p<0.001). For cardiovascular mortality, 5 variables were
found to be independent prognostic markers in the multivariate
analysis: black skin colour (HR 17.72; 95% CI 1.81-172.93; p=0.013),
complete right bundle branch block associated with left anterior
fascicular block (HR 22.86; 95% CI 1.26-413.42; p=0.034), complete
left bundle branch block (HR 143.73; 95% CI 1.29-15,952.01;
p=0.038), polymorphic ventricular extrasystoles (HR 921,062.88;
95% Cl 234.53-3.62 billion; p=0.001) and PR interval >0.16 s (HR
9.00; 95% CI 1.98-40.87; p=0.004). For sudden death, 4 variables
were identified: complete right bundle branch block (HR 233.09; 95%
Cl 8.57-6339.89; p=0.001), left anterior fascicular block (HR
11,490.43; 95% CI 155.24-850,486.33; p<0.001), complete left bundle
branch block (HR 54,679.94; 95% CI 42.40-70.51 million; p=0.002)
and polymorphic ventricular extrasystoles (HR 4.04 billion; 95% CI
245,345.20 to >10E12; p<0.001).

This investigation reports some unusual findings that merit further
discussion. In contrast to other studies, black skin colour, PR interval
>0.16 s and complete right bundle branch block (amongst others
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Bi-directional Ventricular Tachycardia Revised

The nomenclature of bi-directional ventricular tachycardia (BVT) apparently came from
ity peculiar ECG morphology showing QRS complexes alternatively changing the frontal
axis during ventricular tachycardia. Clinically. BVT was reported as early ay 1954 und most
often seen in digitalis intoxication. The term BVT was therefore not based on the functional
mechanism. However. the molecular basis for two types of inherited jon channel diseases
that commonly show BVT has recently been partially elucidated. Accordingly, the coneept
in regard to BVT may require some reconsideration,

Two other pathological conditions with frequently-observed BVT are Andersen-Tawil
syndrome (ATS) and catecholaminergic polymorphic ventricular tachycardia (CPVT).
Figure 1 depicts o 12-leads ECG recorded from a case of genotyped ATS. The patient was
initially diagnosed with long QT syndrome since her ECG showed a markedly prolonged
QT interval and lacked two other clinical hallmarks of ATS: periodic parulysis and
dysmorphic features, Cardiac phenotypes in ATS are characterized by prolongation ol QT
{or QTUY interval associated with various types of ventricular tachycardias including BVT.
It is inherited i an auosomal dominant manner and is defined as a potassium
channelopathy since it is caused by mutations on the KCNJ2 gene which encodes for the
protein Kie2,1. This potassium channel carries a buckground K-current {called I,) whose
main feature is o maintain a deep resting membrane potential. KCNJ2 mutations found in
ATS usually produce toss-of-function effects and thus induce a subtle depolarization of the
resting membrane potential. which in turn increases the resting intracellular Ca level via the
Na/Ca exchanger.

In contrast, mututions in genes encoding for either the ryanodine receptor (RyR2) or the
Ca-hinding protein (CASQ2) have been shown to cause another type of familial arthythmia,
CPVT. CPVT patients have no structural heart defects and show exercise /emotion-triggered
syneope and/or sudden cardiac death mainly during childhood. Inheritance also follows an
autosomal domvinant trait, Proteins encoded by RyR2 or CASQ2 are both important players
for Ca handling of the sarcoplasmic reticulum (SR). In fact. several RyR2 nuations have
been shown to increase SR Ca-release into the cytoplasm.

Finally, now coming back to digitalis intoxications. the drug is well known to inhibit
membrane Na/K-ATPase and eventually increases intracellular Ca concentrution via the
Na/Cu exchanger. Therefore, increase in intracellular Ca level turns up to be a common
feature wimong these three distinet diseases. Although a precise mechanism underlying this
bizarre form of ventricular tachycardia remains unknown, there may be alternative
oscillation in eytosolic Ca concentrations in the presence of severe functional failure of
Kir2.1. SR Ca-handling. Na/K-ATPase or Na/Ca exchanger, which may in tun affect the

Figure I By courlesy ol Dr. | Niimura. Yokohuma,
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morphological ECG features. A computer simulation including intracellular Ca concen-
trations may offer a clue 10 answer the mechanistic question in regard to this stifl-unsolved

type of arrhythmia, BVT.
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Abstract HL-1 is the adult murine cardiac cell line that can
be passaged repeatedly in vitro without losing differentiated
phenotype. The present study was designed to characterize
the rapidly activating delayed rectifier potassium current,
I, endogenously expressed in HL-1 cells using the whole-
cell patch-clamp technique. In the presence of nisoldipine,
depolarizing voltage steps applied from a holding potential
of —50 mV evoked the time-dependent outward current,
followed by slowly decaying outward tail current upon
return to the holding potential. The amplitude of the current
increased with depolarizations up to 0 mV but then pro-
gressively decreased with further depolarizations. The time-
dependent outward current as well as the tail current were
highly sensitive to block by E-4031 and dofetilide (ICsq of
21.1and 15.1 nM, respectively) and almost totally abolished
by micromolar concentrations of each drug, suggesting that
most of the outward current in HL-1 cells was attributable to
Ixy,. The magnitude of [Ix, available from HL-1 cells
(18.1 + 1.5 pA pF™') was sufficient for reliable measure-
ments of various gating parameters. RT-PCR and Western
blot analysis revealed the expression of alternatively spliced
forms of mouse ether-a-go-go-related genes (MERG1), the
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full-length mERGla and the N-terminally truncated
mERG1b isoforms. Knockdown of mERGI transcripts with
small interfering RNA (siRNA) dramatically reduced I,
amplitude, confirming the molecular link of mERG1 and Jx,
in HL-1 cells. These findings demonstrate that HL-1 cells
possess g, with properties comparable to those in native
cardiac Ik, and provide an experimental model suitable for
studies of Ik, channels.

Keywords Cardiac cell line - Potassium current -
Potassium channel - Patch-clamp - HL-1 cell - siRNA

Introduction

Cardiac delayed rectifier potassium current (Ix) is respon-
sible for action potential repolarization and pacemaker
activity and consists of multiple components with distinct
time and voltage dependence and pharmacological prop-
erties. Iy, is the rapidly activating, inwardly rectifying
component of /i, which can be isolated as a fraction spe-
cifically blocked by the class III antiarrhythmic metha-
nesulfonanilide agents such as E-4031 and dofetilide
(Sanguinetti and Jurkiewicz 1990). It is now well known
that Ik, is conducted by ERG1 (ether-a-go-go-related gene)
potassium channels (Sanguinetti et al. 1995; Trudeau et al.
1995). Mutations in the human ERG1 (HERG) channel
gene underlie the inherited long QT syndrome, a disorder
of cardiac repolarization that predisposes affected indi-
viduals to life-threatening arrhythmias (Curran et al. 1995).
In addition, I, is sensitive to block by a diverse range of
therapeutic agents (e.g., antihistamines, gastrointestinal
prokinetic agents, psychoactive substances), and these
adverse drug effects can induce acquired long QT syn-
drome (Roden et al. 1996).
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Taking advantage of molecular biological technology,
functional analysis of reconstituted HERG channels in a
heterologous expression system has provided information
on the gating mechanisms, modulation and drug block of
Ik, channels. Nevertheless, current recordings from native
channels are still important because several differences
between native Ik, and reconstituted HERG current have
been revealed (Sanguinetti et al. 1995; Weerapura et al.
2002), possibly due to inadequate composition of channel
proteins or lack of cardiac-specific environments in the
heterologous expression system. AT-1 cells, a cardiac cell
line derived from atrial tumor of adult transgenic mice
expressing the simian virus 40 (SV40) large T-antigen
targeted to atrial cardiomyocytes via the atrial natriuretic
factor (ANF) promoter (Field 1988), have been often
employed as a suitable source of native I, channels (Liu
et al. 1994; Yang and Roden 1996; Yang et al. 1994, 1995,
1997). Membrane current recorded from these cells dis-
plays phenotypical characteristics of cardiac Jx, with
minimal contamination of other time-dependent outward
currents. Maintenance of AT-1 cells, however, is compli-
cated and labored because it is impossible to passage these
cells serially in vitro. They are maintained by serial prop-
agation as a subcutaneous tumor in syngeneic mice and
have to be used as primary cells (Delcarpio et al. 1991).

The HL-1 cell line was derived from subsequent
development of AT-1 cells (Claycomb et al. 1998). Dif-
ferent from any other cardiac cell lines currently available,
HL-1 cells can be repeatedly passaged in culture while
maintaining a differentiated cardiac phenotype. They
express many cardiac-specific proteins such as a-myosin
heavy chain, ANF, «a-cardiac actin and connexin 43
(Claycomb et al. 1998). Furthermore, several functional
receptors, such as o -adrenergic and J-opioid receptors,
and intracellular signaling proteins required for phospha-
tidylinositol hydrolysis and the cyclic AMP synthesis
pathway have been demonstrated in HL-1 cells
(McWhinney et al. 2000; Neilan et al. 2000; Sartiani et al.
2002). Recent patch-clamp studies have revealed the
existence of several cardiac membrane currents, including
I, as well as the hyperpolarization-activated nonselective
cation current (/;) and the L- and T-type Ca’" currents
(Ica,L and Ic, 1) (Claycomb et al. 1998; Sartiani et al. 2002;
Xia et al. 2004; Zankov et al. 2009). Thus, HL-1 cells may
be used as a model of cardiac cells for studying many
features of ion channels in a cardiac-specific environment
(White et al. 2004).

The present study characterizes Ik, channels endoge-
nously expressed in HL-1 cells. Whole-cell patch-clamp
experiments demonstrate that Ik, defined as the E-4031-
sensitive current, can be elicited in almost all cells with
current magnitude of 0.1-1.5 nA suitable for high-quality
recording, which allows us to analyze biophysical and
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pharmacological features extensively and reliably. In
addition, alternatively spliced forms of mouse ERGI
(mERG1) are identified in HL-1 cells, and our RNA
interference (RNAIi) experiments suggest that these ERGI
isoforms indeed underlie /k,. Data obtained here will be
helpful for future applications of HL-1 cells as a unique
model to study cardiac Ik, channels.

Methods
Culture of HL-1 Cells

The HL-1 cell culture (passage 36) was a kind gift from
Dr. Claycomb (Louisiana State University Health Science
Center, New Orleans, LA) who first established the cell
line. Care of the HL-1 cells was described previously
(Claycomb et al. 1998). Claycomb medium (JRH Biosci-
ence, Lenexa, KS; catalog 51800), a commercially avail-
able medium specifically designed for the growth of HL-1
cells, was purchased. Before use, the Claycomb medium
was supplemented with 10% fetal bovine serum (JRH
Bioscience), 2 mM L-glutamine (Invitrogen, Carlsbad, CA),
0.1 mM norepinephrine (Sigma, St. Louis, MO) and
penicillin-streptomycin (Nakalai Tesque, Kyoto, Japan).
The supplemented Claycomb medium was prepared every
2 weeks and kept in the dark by covering the medium bottle
with aluminum foil because it is highly light-sensitive.
Cells were plated on T25 flasks (Techno Plastic Products,
Trasadingen, Switzerland; 90025) precoated overnight with
0.00125% fibronectin (Sigma, F1141) in 0.02% gelatin
(Difco, Detroit, MI; 0143-17-9) and maintained in sup-
plemented Claycomb medium at 37°C in humidified 5%
CO; and 95% air. The culture medium was changed daily.
After full confluence, cells were dissociated by 0.05%
trypsin/EDTA (Invitrogen). Isolated cells were then sus-
pended in Claycomb medium supplemented with 5% fetal
bovine serum and antibiotics, and the cell suspension was
used for the patch-clamp experiments or split into new
flasks for subsequent culturing,

Reverse Transcription-Polymerase Chain Reaction
Amplification

HL-1 cells culture (passage 40) and atrial tissue dissected
from adult mice were used for mRNA purification. Total
RNA from each sample was extracted by the acid guani-
dium thiocyanate chlorofrom method (Chomczynski and
Sacchi 1987). cDNA was synthesized from 5 pg of total
RNA with 20 units of RAV-2 reverse transcriptase (Takara,
Otsu, Japan) using random primers. PCR for mouse
ERG1 isoforms (mERG1a, mERG1a’ and mERG1b) was
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performed using the following primer sets reported previ-
ously (Clark et al. 2004) (from 5 to 3): ACA CCT TCC
TCG ACA CCA TC (sense; position 621-641, accession
AF012870) and GCA TCA GGG TTA AGG CTC TG
(antisense; position 1405-1424, accession AF012871) for
mERG1a, ACC ACT GGC ATA GGA CCA AG (sense;
position 839-858, accession AF(012870) and the same
antisense as for mERG1a for mERG1a’, ATG GCG ATT
CCA GCC GGG AA (sense; position 3952-3971, acces-
sion AF012871) and GAT GCC ATT GGT GTA GGA CC
(antisense; position 8§239-8258, accession AF012871) for
mERG1b. The reaction included 0.4 pl of cDNA, 2.5 units
of KOD dash polymerase (Toyobo, Osaka, Japan), | mM
KCl, 6 mM (NH,),S04, 0.1% Triton X-100, 10 pg ml™'
BSA, 0.2 mM each of deoxynucleotide triphosphate and
4 pmol primers in 20 ml of 120 mM Tris—HCI buffer (pH
8.0). Amplification was conducted in a thermal cycler
using 30 cycles consisting of denaturation at 98°C for 2 s,
annealing at 55°C for 2 s and elongation at 72°C for 60 s.
PCR products were identified in an ethidium bromide-
stained 1.5% agarose gel by electrophoresis.

Western Blotting

HL-1 cells (passages 45-47) were washed with cold
phosphate-buffered saline and resuspended in lysis buffer
(50 mM Tris-HCl, 5 mM EDTA, 150 mM NaCl, 1%
Triton X-100, pH 7.4) supplemented with a mix of pro-
tease inhibitors (Complete Mini; Roche, Mannheim,
Germany). Cell lysate was centrifuged at 15,000 rpm for
S min. Total protein was measured using the DC protein
assay (Bio-Rad, Richmond, CA). For Western blot assay,
100 pg of total proteins were dissolved in 2 x SDS
sample buffer (4% sodium dodecy! sulfate, 125 mM Tris—
HCl, 12% 2-mercaptoethanol, 20% glycerol, 0.005%
bromophenol blue, pH 6.8) and then sonicated and boiled
for 5 min. Samples were resolved on 7.5% SuperSep gel
(Wako, Osaka, Japan) and electrotransferred onto a
polyvinylidene difluoride (PVDF) membrane (Bio-Rad).
The membrane was blocked in Tris-buffered saline (TBS;
10 mM Tris-HCI, 100 mM NaCl, pH 7.5) containing
0.1% Tween-20 and 10% nonfat dry milk for 1.5h at
room temperature and then incubated overnight at 4°C
with a rabbit polyclonal anti-ERG1 antibody (Chemicon,
Temecula, CA; AB5222) directed against the C terminus
(amino acid residues 1121-1137, accession Q08962) of
rat ERGI, at a dilution 1:200. After washing with TBS-
Tween 0.1%, the membrane was incubated with a
horseradish peroxidase-conjugated secondary anitibody
{(Jackson ImmunoResearch, West Grove, PA; 1:5,000) for
1 h at room temperature. Signals were detected using an
enhanced chemiluminescence system.
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RNAI

Two Stealth small interfering RNA (siRNA) duplex oli-
gonucleotides directed against all transcripts of the mERG1
gene and RNAi-negative control duplex oligonucleotide
(ncRNA) were provided by Invitrogen. The siRNA
sequences were as follows: siRNA-1, 5-AGG CUG ACA
UCU GCC UAC ACC UGA A-3; siRNA-2, 5-UGU CAU
UCC GCA GGC GUA CAG ACA A-3'. HL-1 cell culture
of nearly confluent (passages 42-45) was transfected with
siRNA against mERG1 or nonspecific RNA (ncRNA,
50 pmol), together with a reporter plasmid DNA (pEGFP
vector, 0.5 pg) using Lipofectamine 2000 reagent (Invit-
rogen) according to the manufacture’s instructions. Only
GFP-positive cells 2 days after transfection were employed
for electrophysiological experiments.

Patch-Clamp Recordings

Current recordings from HL-1 cells (passages 38-52) were
performed using the whole-cell configuration of the patch-
clamp technique (Hamill et al. 1981) with an EPC-8 patch-
clamp amplifier (Heka, Lambrecht, Germany). Cells were
dissociated from culture dishes by 0.05% trypsin/EDTA,
suspended in Claycomb medium and stored at 4°C for a
few hours before use. A small aliquot of cell suspension
was transferred into a small (0.5 ml) recording chamber
placed on the stage of an inverted microscope (TMD-300;
Nikon, Tokyo, Japan). After settling to the glass bottom of
the chamber (5-10 min), the cells were continuously
superfused with normal Tyrode solution (containing
appropriate drugs) kept at 25 & 1°C or 35 £ 1°C, as
indicated. Patch-clamp pipettes were prepared from glass
capillary tube (Narishige, Tokyo, Japan) on a horizontal
pipette puller (P-97; Sutter Instrument, Novato, CA), and
the tips were then fire-polished by a microforge (MF-83,
Narishige). Pipette resistance was 2-4 MQ when filled
with internal solution. Currents and voltages were digitized
and voltage commands were generated through an ITC-16
AD/DA interface (InstruTECH, Long Island, NY) con-
trolled by Pulse/Pulsefit software (version 8.54, Heka).

Data Analysis

Membrane capacitance (C,,) was calculated 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
current amplitude was divided by C,, to obtain the current
density (pA pF™'). Linear regression analysis was used for
correlations. The voltage dependence of current activation
and inactivation was determined by fitting the normalized
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tail current (Z,;) vs. test potential (V) to a Boltzmann
function expressed by [l = 1/(1 + exp[(Vi2 — VVE])
and I, = 1/(1 + exp[(V — Vi0)/k]), respectively, where
Vi, is the voltage at which the current is half-activated and
k is the slope factor. The time constant for activation (7,.)
was determined from a single-exponential fit to the envelop
of tail currents obtained after depolarizing pulses for
varying durations, and time constants for deactivation (T,
and T1g,,) were obtained by fitting a two-exponential
function to the time course of deactivating tail currents.
Dose responses for drug block of currents were analyzed by
fitting the relative amplitudes of tail currents (y/ymax) VS.
the drug concentration ([D]) to a Hill function: y/ymax =
1/{1 + (ICs5¢/[D])"}, where ICso is the half-inhibitory
concentration and n is the Hill coefficient. Data were
expressed as mean =+ sEm. Statistical analysis was per-
formed by means of ANOVA and a post hoc Tukey test.

Solutions and Drugs

Normal Tyrode solution contained (mM) 140 NaCl, 0.33
NaH,PO,, 5.4 KCl, 1.8 CaCl,, 0.5 MgCl,, 5.5 glucose and
5 HEPES, pH adjusted to 7.4 with NaOH. The external
solution for current recording was made by adding 0.4 pM
nisoldipine (as 1 mM stock solution in ethanol) to normal
Tyrode solution to eliminate /c,r. In some experiments,
the concentration of KCI was modified to 2 or 10 mM. The
internal pipette solution contained (mM) 70 potassium
aspartate, 50 KCl, 10 KH,PO,, 1 MgCl,, 3 Na,—-ATP, 0.1
Li,—GTP, 5 EGTA and 5 HEPES, pH adjusted to 7.2 with
KOH. Liquid junction potential between the test solution
and the pipette solution was measured at around —10 mV
and corrected. In order to rule out possible contamination
of Ic,1 in our data, all experiments were conducted in the
presence of 0.4 puM nisoldipine (a generous gift from Bayer
AG, Wuppertal-Elberfeld, Germany), which is specific
blocker of Ic,;. E-4031 (Wako), dissolved in distilled
water (1 mM) and dofetilide (a generous gift from Pfizer,
Sandwich, UK), dissolved in acidified water (pH 4.0,
1 mM), were diluted down to the final concentration in the
test solution.

Results
E-4031-Sensitive Current in HL-1 Cells

Ik, was originally identified as a methanesulfonanilide-
sensitive component of [k in guinea pig cardiomyocytes
(Sanguinetti and Jurkiewicz 1990). We recorded whole-cell
membrane currents from single HL-1 cells before and
after application of E-4031 and then analyzed a drug-
sensitive current (Fig. 1). Possible participation of other
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voltage-dependent currents in our data was minimized; i.e.,
0.4 pM nisoldipine was included in the bath solution to
block Ic,1 (Xia et al. 2004) and membrane potential was
held at —50 mV to inactivate Ic, T (Xia et al. 2004) and
avoid I; activation (Sartiani et al. 2002). Figure l1a shows
representative membrane currents in response to 1-s
depolarizing (upper panel) and hyperpolarizing (lower
panel) pulses to various test potentials, ranging between
—80 and +40 mV in 10-mV steps from a holding potential
of —50 mV. As shown in the upper panel of Fig. la,
depolarizing steps activated time-dependent outward cur-
rents with amplitudes that increased with depolarization up
to 0 mV and then progressively decreased as the potential
became more positive (filled circles, Fig. 1d). After return
of the membrane to the holding potential, slowly deacti-
vating tail currents were elicited. In contrast, as shown in
the lower panel, hyperpolarizing steps induced small-
amplitude inward currents with a slight time dependence,
which was possibly due to activation of /I; channels, and
following depolarizing steps to the holding potential elic-
ited transient inward currents, which may be attributed to
activation of /c, t. When E-4031 (5 pM) was applied to the
bath solution, the time-dependent outward current during
depolarizing steps as well as the tail current were almost
completely abolished, whereas the inward current during
the hyperpolarizing pulse was not significantly influenced
(Fig. 1b). The currents after exposure to the drug were
nearly time-independent and exhibited small conductance
with slight outward rectification (open circles in Fig. 1d).
E-4031-sensitive currents obtained by digital subtraction of
current traces in the presence of drug from those before
application of the drug are illustrated in Fig. lc. The drug-
free and the E-4031-sensitive currents showed very similar
current—voltage relationships, and both currents have the
characteristics of inward rectification at more positive
potential than 0 mV, indicating that Ik, is the dominant
outward current in HL-1 cells.

The voltage dependence for Ik, activation was deter-
mined by measuring the tail amplitude of E-4031-sensitive
current. Figure 2a shows the initial part of tail currents
elicited upon return of the membrane potential to —50 mV
from the 1-s depolarizing steps to test potentials ranging
from —40 to +40 mV. The tail current obviously activated
at —30 mV and increased in amplitude for the steps up to
+10 mV. In Fig. 2b, the amplitude of the tail currents was
normalized to the maximum tail current amplitude and
plotted as a function of the membrane potential. The V),
and k, which were determined by curve fitting the data
points to a Boltzmann equation, were —20.4 and 8.0 mV,
respectively.

In Fig. 3, kinetic properties were determined by mea-
suring time constants for apparent activation and deacti-
vation of Ik,. An envelope-of-tails test was used to assess



