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Background: There are few large studies of fetal congenital bradyarrhythmia. The aim of the present study was to
investigate the effects and risks of transplacental treatment for this condition.

Methods and Results: Using questionnaires, 128 cases of fetal bradyarrhythmia were identified at 52 Japanese
institutions from 2002 to 2008. Of the 128 fetuses, 90 had structurally normal hearts. Among these 90 fetuses, 61 had
complete atrioventricular block (CAVB), 16 had second-degree AVB, 8 had sinus bradycardia, and 5 had other con-
ditions. The 61 CAVB fetuses were divided into those who did (n=38) and those who did not (n=23) receive transpla-
cental medication. Monotherapy with B-sympathomimetics, steroid monotherapy, and combination therapy with these
agents was given in 11, 5 and 22 cases, respectively. Beta-sympathomimetics improved bradycardia (P<0.001), but
no medication could significantly improve the survival rate. Fetal hydrops was associated with a 14-fold increased
risk of perinatal death (P=0.001), and myocardial dysfunction was a significant risk factor for poor prognosis (P=0.034).
Many adverse effects were observed with steroid treatment, with fetal growth restriction increasing significantly after
>10 weeks on steroids (P=0.043).

Conclusions: Treatment with B-sympathomimetics improved bradycardia, but survival rate did not differ signifi-
cantly in fetuses with and without transplacental medication. It is recommended that steroid use should be limited
to <10 weeks to avoid maternal and fetal adverse effects, especially fetal growth restriction and oligohydramnios.
(Circ J 2012; 76: 469—-476)
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ciation of CAVB with maternal anti-Ro/Sjogren’s syndrome
A (SSA) antibodies is well established, but the trigger for the
maternal antibody interaction with the fetal Ro particle is

life-threatening discase, especially in the case of com-

F etal congenital bradyarrhythmia is an uncommon but
plete atrioventricular block (CAVB), which has a poor

prognosis because of fetal hydrops, endocardial fibroelasto-
sis and late-onset dilated cardiomyopathy.!? Predominantly
untreated CAVB has a significant mortality rate of 14-34%,
while congenital CAVB is irreversible and requires a pace-
maker in approximately 66% of cases after birth.1® The asso-

unknown in some cases of antibody-exposed babies.>7-911.12
There is limited evidence for the clinical efficacy of trans-
placental treatment of congenital AVB.131? Steroids and i.v.
immunoglobulins are given as anti-inflammatory treatment,
while 8-sympathomimetics are used for fetal pacing.? A recent
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Medication
group (n=38)

No medication

group (n=23) P value

Fetal hydrops
Gestational age at initiation of therapy (week

Gestational age at d

De Yy mo
Vaginal
Cesarean section

eonatal survival

8 7 NSt

30 (78.9) 17 (73.9)

Data given as mean=SD or n (%). P<0.05, significant difference.

tStudent’s t-test; *chi-square test and Fisher's exact test.

CAVB, complete atrioventricular block; SSA, Sjogren's syndrome A.

cohort study found an improved survival rate of >90% with
initiation of maternal high-dose dexamethasone at the time of
CAVB detection, and maintenance of this drug during preg-
nancy with use of S-sympathomimetics to keep fetal heart rates
at >55 beats/min.*?! It was also suggested that prolonged use
of dexamethasone might render fetuses with congenital CAVB
less likely to develop the additional manifestations of myocar-
ditis, cardiomyopathy, and hydrops fetalis, thus improving the
overall outcome. Use of steroids, however, is controversial
because of the potential risks for the fetus, including problems
with neurological development, growth retardation, and oligo-
hydramnios.22-25

Few large studies of fetal congenital bradyarrhythmia have
been performed in Japan. The aims of the present study were
to determine the features of fetal congenital bradyarrhythmia
in Japan, and to examine the effects and risks of transplacental
treatment for this condition.

Methods

Subjects

Data were collected using questionnaires sent to Departments
of Perinatology and Pediatric Cardiology at 750 institutions in
Japan over 7 years (2002-2008). The response rate was 60.7%
(455 institutions). Fetal bradyarrhythmia was defined as ven-
tricular heart rate <100 beats/min at the time of diagnosis.? The
following perinatal data were also collected: gestational age
at diagnosis and delivery, presence or absence of a congenital
heart defect (CHD), type of bradyarrhythmia, method of diag-
nosis, presence or absence of maternal autoantibodies such as
anti-Ro/SSA antibodies, presence or absence of fetal hydrops,
presence or absence of fetal myocardial dysfunction, fetal ven-
tricular and atrial heart rate at presentation, prenatal treatment,
mode of delivery, and outcome. Adverse effects related to pre-
natal treatment were also evaluated.

Statistical Analysis

Statistical analysis was performed using STATA 11.1 (Stata-
Corp, College Station, TX, USA) and JMP 9 (SAS Institute,
Cary, NC, USA). Data are presented as mean+SD or number
of patients and were analyzed using Student’s t-test. Categor-
ical variables were evaluated on chi-square test and Fisher's

exact test. Logistic regression was used (o adjust for baseline
variables known to be associated with fetal ventricular heart
rate, fetal hydrops, fetal myocardial dysfunction, and maternal
anti-Ro/SSA antibody. Time to fetal or neonatal death was
analyzed using the Kaplan-Meier method with a log-rank test
and a Cox proportional hazard model. P<0.05 was considered
significant.

Results

Baseline Characteristics

A total of 128 cases were registered from 52 institutions during
7 years (2002-2008). All cases of fetal bradyarrhythmia were
diagnosed during fetal life using echocardiography. In 8 cases,
magnetocardiography was performed due to fetal bradyarrhyth-
mia and family history of long QT syndrome (LQTS). Of the
128 fetuses, 38 (29.7%) had CHD, 15 had left atrial isomerism,
1 had right atrial isomerism, 5 had atrioventricular septal de-
fect, 4 had corrected transposition of the great arteries, 4 had
pulmonary stenosis, and 9 had other conditions. Patent ductus
arteriosus and atrial septal defect were categorized as an ab-
sence of CHD. Ninety fetuses (70.3%) had a structurally nor-
mal heart, of whom 61 had CAVB, 16 had second-degree
AVB, 8 had sinus bradycardia, 3 had sick sinus syndrome. Nine
LQTS cases occurred in combination with another condition.

CAVB

Of the 61 fetuses with a structurally normal heart and CAVB
(Table 1), 38 received transplacental medication. No fetus
showed improvement of heart block. Monotherapy with 3-sym-
pathomimetics was given in 11 cases, steroids were givenin 5
cases, and combination therapy with these agents was used in
22 cases. No transplacental medication was given in 23 cases.
Ritodrine hydrochloride was used as the 8-sympathomimetic
agent. Steroids tended to be used in fetuses that were positive
for maternal anti-Ro/SSA antibody throughout pregnancy, but
the chosen steroid differed among institutions. Maternal i.v.
immunoglobulin was not used. After birth, a pacemaker was
implanted based on the Japanese guidelines of syncope, ven-
tricular heart rate <50beats/min, decreased cardiac function,
LQTS, and a sudden pause longer than 2-3-fold the regular
ventricular heart rate.
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Steroids

P<0.05, significant difference.

95%Cl

0.24-7.20

0.93-1.08

Logistic regression was used to adjust for baseline variables known to be associated with fetal ventricular heart rate,
fetal hydrops, fetal myocardial dysfunction, and maternal anti-Ro/SSA antibody.
OR, odds ratio; Cl, confidence interval; SSA, Sjogren’s syndrome A.

Maternal anti-Ro/SSA antibodies

1.07

95%Cl

0.20-1.58

P<0.05, significant difference.

Logistic regression was used to adjust for baseline variables known to be associated with fetal ventricular heart rate,
fetal hydrops, fetal myocardial dysfunction, and maternal anti-Ro/SSA antibody.
HR, hazard ratio; Cl, confidence interval; SSA, Sjégren’s syndrome A.

Steroids

Fetal myocardial dysfunction

P<0.05, significant difference.

1.14-28.62

Logistic regression was used to adjust for baseline variables known to be associated with fetal ventricular heart rate,
fetal myocardial dysfunction, and maternal anti-Ro/SSA antibody.
OR, odds ratio; Cl, confidence interval; SSA, Sjégren’s syndrome A.

The anti-Ro/SSA antibody-positive rate was significantly
higher in fetuses treated with transplacental medication com-
pared to those who did not receive this medication (76.3% vs.
47.8%; P=0.031). Gestational age at diagnosis was signifi-
cantly lower in those receiving transplacental medication (24.0
weeks vs. 28.3 weeks; P=0.003). Fetal ventricular heart rate at
diagnosis did not differ between the 2 groups, but the ven-
tricular heart rate was significantly lower in fetuses treated
with transplacental medication (56 beats/min vs. 63 beats/min;
P=0.034). Birth weight was also significantly lower in fetuses
treated with transplacental medication (2,120g vs. 2,528g;
P=0.006). Gestational age at delivery, neonatal survival rate,
and pacemaker implantation rate did not differ between the 2
groups.

Multivariate analysis was performed with adjustment for
baseline variables with a known association with fetal ventricu-
lar heart rate, fetal hydrops, fetal myocardial dysfunction, and
the presence of maternal anti-Ro/SSA antibodies (Tables 2-4).
In this analysis, S-sympathomimetic treatment was signifi-
cantly associated with improved bradycardia (odds ratio [OR],
49.02; 95% confidence interval [CI]: 5.18-464.02; P<0.001),

whereas steroids were ineffective, and no evidence of a syner-
gistic effect was obtained. The presence of maternal anti-Ro/
SSA antibodies may inhibit improvement of bradycardia, but
this effect was not significant (OR, 0.22; 95%CI: 0.04-1.36;
P=0.105). Drug therapy had no significant effect on survival.
Fetal ventricular heart rate and the presence of maternal anti-
Ro/SSA antibodies also had no influence on prognosis, but
fetal hydrops was associated with a 14-fold increased risk of
perinatal death (hazard ratio [HR], 13.84; 95%CI: 3.12-61.44;
P=0.001).

Kaplan-Meier survival curves are shown in Figure. The
primary endpoint was intrauterine death or neonatal death.
Beta-sympathomimetic treatment was not associated with im-
proved prognosis. Steroid also did not improve the prognosis
(HR, 0.56; 95%CI: 0.20-1.58; P=0.273). Fetal myocardial
dysfunction was a significant risk factor for fetal hydrops (OR,
5.71; 95%CI: 1.14-28.62; P=0.034). Fetal ventricular heart
rate and the presence of maternal anti-Ro/SSA antibodies were
not associated with fetal hydrops. Beta-sympathomimetic treat-
ment did not inhibit development of fetal hydrops. Steroids
tended to inhibit fetal hydrops, but again this effect was not
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statistically significant (OR, 0.27; 95%CI: 0.04-1.97; P=0.198).
Drug therapy had no significant effect on improvement of fetal
myocardial dysfunction.

Second-Degree AVB With Bradycardia

Of the 90 fetuses with a structurally normal heart, second-de-
gree AVB was present in 16 cases (Table 5). Transplacental
medication was given in 8 of these cases: 3-sympathomimetic
monotherapy in 4, steroids in 3, and a combination of these
therapies in 1. In the 8 medication cases, fetal ventricular heart
rate at diagnosis was significantly lower than that in the non-
medication cases (70beats/min vs. 79 beats/min; P=0.017).
No other clinical characteristics differed significantly between
the 2 groups. Of the 8 medicated fetuses, 3 developed CAVB,

Circulation Journal

3 maintained second-degree AVB, 1 improved (o first-degree
AVB, and 1 had no AVB at the time of delivery. Of the § non-
medicated fetuses, 2 developed CAVB, 3 maintained second-
degree AVB, and 3 had no AVB at the time of delivery. Sur-
vival rate did not differ between the groups (87.5%).

Adverse Effects of Transplacental Treatment

Treatment-related adverse events were examined in the 63
fetuses with a structurally normal heart and no fetal hydrops
(Table 6). Steroids were given in 23 cases, drugs other than
steroids were given in 10 cases, and no treatment was given in
30 cases. Gestational age at delivery did not differ among
these 3 groups. In the steroid group, birth weight was signifi-
cantly lower than in the non-treatment group (2,201g vs.
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Medication No medication P value

Gestational age at diagnosis (weeks)

Gestational age at delivery (weeks)

Delivery mode
Vaginal

7 (87.5) 7 (87.5)

Data given as mean=SD or n (%).
P<0.05, significant difference. TWilcoxon test; *chi-square test and Fisher's exact test.
AVB, atrioventricular block; SSA, Sjogren’s syndrome A.

Steroid Non-steroid No treatment
treatment (n=23) treatment (n=10) (n=30)

Gestational age at delivery (weeks) 36x2.6 35.8+2.6 36.8+3.0

Maternal diabetes

Fetal oligohydramnios 2(8.7) o] 0

Data given as mean=SD or n (%).
tFor fetuses without fetal hydrops and with a structurally normal heart. *P<0.05 (Student’s t-test).
CAVB, complete atrioventricular block; AVB, atrioventricular block.

<10 weeks (n=12) 210 weeks (n=11)
Gestational age at delivery (weeks)

Maternal diabetes

Fetal oligohydramnios

Data given as mean=+SD or n (%). P<0.05, significant difference.
tStudent’s t-test; *chi-square test and Fisher’s exact test.

2,713 g; P=0.001) and fetal growth restriction was close to in 8.7% of cases, maternal diabetes in 4.3%, and neonatal
being significantly higher than in the non-steroid (26.1% vs. adrenal insufficiency in 4.3%. All these adverse effects were
0%; P=0.050) and non-treatment (26.1% vs. 6.7%; P=0.074) observed in cases of steroid use >10 weeks (Table 7). In par-
groups. Adverse effects that might have been attributable to ticular, fetal growth restriction increased significantly after

the use of steroids included development of oligohydramnios steroid use >10 weeks (45.5% vs. 8.3%; P=0.043).
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Lats

Of the 90 fetuses with a structurally normal heart, 9 (10.0%)
were diagnosed with LQTS, including 4 diagnosed on electro-
cardiography after birth and 5 diagnosed on magnetocardiog-
raphy during fetal life. The background of the LQTS fetuses
included a family history of LQTS (n=2), maternal anti-Ro/
SSA antibody (n=2), fetal hydrops (n=3), myocardial dysfunc-
tion (n=2), CAVB (n=6), second-degree AVB with bradycar-
dia (n=1), and sinus bradycardia (n=2). In 4 of the 9 cases of
LQTS, emergency cesarean section was performed because of
fetal ventricular tachycardia/torsades de pointes (VT/TdP) at
33-36 weeks of gestation. In 2 of the 9 cases, fetal hydrops
caused neonate death.

Discussion

This is the first large-scale study to investigate the effects and '

risks of transplacental treatment for fetal congenital bradyar-
rhythmia in Japan. The results indicate that fetal hydrops is
associated with a 14-fold increased risk of perinatal death, and
that fetal myocardial dysfunction is a significant risk factor
for fetal hydrops. Fetal ventricular heart rate and the presence
of maternal anti-Ro/SSA antibodies were not associated with
neonatal prognosis. Beta-sympathomimetics improved brady-
cardia, but survival rate did not differ significantly with regard
to transplacental medication. Maternal and fetal adverse effects
were observed in cases of steroid use. In particular, fetal growth
restriction increased significantly after steroid use >10 weeks.

Evaluation of Anti-Ro/SSA Antibodies
Ro/SSA is one of the major immunogenic ribonucleoproteins,
and antibodies against these proteins are found in a number of
connective diseases, especially in Sjogren’s syndrome (SS) and
systemic lupus erythematosus (SLE). Anti-Ro/SSA antibodies
are detected in 60-90% of SS cases and in 30-50% of SLE
cases.26?7 Interestingly, these antibodies are relatively common
and are detected in 1-2% of randomly tested pregnant women.8
Currently, the outcome of anti-Ro/SSA-positive pregnancies is
very good when prospectively followed by multidisciplinary
teams with experience in this field.! Transplacental passage of
anti-Ro/SSA antibodies from mother to fetus, however, is as-
sociated with a risk of development of neonatal lupus erythe-
matosus (NLE).21112 NLE is an uncommon but life-threaten-
ing disease of the fetus and neonate, with important cardiac
complications of CAVB, sinus bradycardia, QTc interval pro-
longation, endocardial fibroelastosis, and late-onset dilated
cardiomyopathy.35 Congenital CAVB develops in 1-5% of
anti-Ro/SSA antibody-positive pregnancies, typically between
18 and 24 weeks of gestational age. Predominantly untreated
CAYVB has a mortality rate of 14-34%,'- consistent with the
untreated CAVB mortality rate of 26% in the current study.
The association of NLE with maternal anti-Ro/SSA antibod-
ies is well established, but the trigger of the maternal antibody
interaction with the fetal Ro particle is unclear in some anti-
body-exposed babies. The percentage of maternal anti-Ro/SSA
antibody-positive fetuses with CAVB diagnosed in utero is
unknown. Brucato et al and Jaeggi et al found maternal anti-
Ro/SSA antibodies in 92% of 37 CAVB cases,”® whereas in
the present study maternal anti-Ro/SSA antibodies were de-
tected in only 66% of 61 CAVB fetuses with a structurally
normal heart. Jaeggi et al also reported that CAVB occurred
in 5% of prospectively screened pregnancies with anti-Ro/
SSA ELISA levels >100U/ml, but did not occur in pregnan-
cies with levels <50 U/ml.6 Approximately two-thirds of anti-
Ro/SSA antibody-positive mothers had low anti-Ro/SSA lev-

els and probably little risk of development of fetal cardiac
NLE.® It is unclear why the anti-Ro/SSA-positive rate in
the present study was lower than in other reports. It is unlikely
to be due to the sensitivity of the laboratory methods, but
it is possible that other undetectable antibodies associated
with congenital AVB are present in the Japanese population.
Brucato et al and Lopes et al found similar mortality rates
in the anti-Ro/SS A-positive and -negative groups,”8 and in the
present multivariate analysis anti-Ro/SSA antibodies were not
associated with prognosis.

Benefits and Risks of Transplacental Treatment

Congenital AVB is a progressively developing disease that
evolves through 2 fundamental phases: an early phase charac-
terized by the occurrence of still reversible AV conduction
abnormalities (first- or second-degree AVB) and a final phase
in which development of irreversible damage of the conduction
system leads to the appearance of CAVB.? The specific patho-
genetic mechanisms involved in the 2 phases have not been
clarified, but there are 2 main theories. The first is based on an
inflammatory-driven injury elicited by interaction between
anti-Ro/SSA antibodies and specific antigens expressed in the
conduction tissue of the fetal heart (inflammatory theory). The
second theory involves electrophysiologic interference of anti-
Ro/SSA antibodies with heart conduction (electrophysiological
theory).?® Consistent with these respective theories, steroids
and i.v. immunoglobulins are used for anti-inflammatory treat-
ment, while 3-sympathomimetics are given for fetal pacing.

Several studies have found that a ventricular heart rate
<55beats/min is a risk factor for fetal and neonatal death,*1 and
have recommended transplacental treatment with S-sympatho-
mimetics to increase the heart rate. Jaeggi et al and Maeno
et al, however, found that fetuses with CAVB without CHD
and with a ventricular heart rate of <55beats/min were not at
risk.303! In the present study, fetal ventricular heart rate did not
influence fetal hydrops and prognosis, but treatment with a -
sympathomimetic agent was significantly associated with im-
proved bradycardia.

To date, evidence of clinical efficacy of transplacental treat-
ment has been limited to cases of congenital AVB.13-1 Jaeggi
et al reported a significant improvement in the outcome of
fetal CAVB simultancously with the introduction of routine
perinatal treatment guidelines in 1997.° Hutter et al obtained
an improved survival rate of >90% by initiation of mater-
nal high-dose dexamethasone at the time of CAVB detection
and maintenance of this dose during pregnancy, with addi-
tion of B-sympathomimetics to keep the fetal heart rate above
55beats/min.?! It was also suggested that prolonged use of
dexamethasone might render a fetus with congenital CAVB
less likely to develop additional manifestations of cardiac
NLE such as myocarditis, cardiomyopathy, and hydrops feta-
lis, thus improving the overall outcome. The present findings
suggest that use of steroids might render the affected fetus less
likely to develop fetal hydrops, but that the neonatal survival
rate improved only to 79%. The reason for the relatively bad
prognosis in the present study may have been the difference in
the rate of fetal hydrops compared to the Hutter et al study
(42% vs. 10%). Undetectable autoantibodies or virus infection
may be related to the increased rate of fetal hydrops in the
Japanese population. Furthermore, Hutter et al initiated mater-
nal high-dose dexamethasone at the time of CAVB diagnosis,
at a mean gestational age of 24 weeks. The mean age of diag-
nosis was similar in the present study, but mean gestational
age at which steroids were started was 26 weeks. In addition,
the percentage of steroids used in transplacental treatment was

Circulation Journal Vol.76, February 2012

— 101 —




Treatment for Fetal Congenital Bradyarrhythmia

475

lower in the present patients (71% vs. 95%). These findings
suggest that sufficient steroid dose at an early stage is very
important to prevent fetal hydrops and to improve prognosis.

Use of steroids is controversial because of the potential risks
for the fetus and mother, including problems with fetal growth
restriction, oligohydramnios, and neurological development.
Animal models suggest that repeated antenatal steroid doses
can interfere with the growth and development of the imma-
ture brain, and human studics suggest that antenatal and post-
natal dexamethasone may negatively affect a child’s neuropsy-
chological development.?>24 In contrast, Brucato et al found
no negative effects on neuropsychological development and
intelligence in a cohort of preschool- and school-age children
with CAVB who had been prenatally exposed to maternal anti-
Ro antibodies and prolonged dexamethasone treatment.?s The
association of fetal growth restriction and oligohydramnios
with antenatal steroids is well established, but the amount and
length of steroid treatment that can be used safely is unclear.
We note that development of fetal growth restriction and oli-
gohydramnios are dose-related complications of steroids. Con-
sequently, we recommend limiting steroid use to <10 weeks to
avoid maternal and fetal adverse effects.

Prevention of Progression to Congenital CAVB

There are many case reports describing prevention of congeni-
tal CAVB, and first- or second-degree AVB is also relatively
common and often normalizes spontaneously before or soon
after delivery.® Recent prospective studies suggest that ste-
roids and i.v. immunoglobulins are not beneficial for prevent-
ing progression to congenital AVB.33¢ Similarly, the present
study found a lack of superiority of transplacental treatment
for second-degree AVB with bradyarthythmia.

Lars

Recent evidence has shown that anti-Ro/SSA antibodies are
associated with prolongation of the QTc interval. 3 Although
the exact arthythmogenic mechanisms have not been clarified,
anti-Ro/SSA antibodies may trigger rhythm disturbances
through inhibition of cross-reactions with several cardiac ionic
channels, including calcium channels and the hERG potassium
channel 337 Beta-sympathomimetics may trigger life-threat-
ening arrhythmia such as VT/TdP in patients with LQTS, and
therefore use of these drugs should be avoided in fetuses
with QTc interval prolongation.®3 In the present study, in 4
of the 9 LQTS cases, emergency cesarean section was per-
formed because of fetal VI/TdP at 33-36 weeks of gesta-
tional age. Oka et al also recently described atrioventricular
block-induced TdP.4® With this background, we recommend
avoidance of -sympathomimetics in a fetus with a heart rate
>55 beats/min. Furthermore, assessment of QTc interval pro-
lTongation on magnetocardiography may be required to eval-
uate the risk of fetal congenital bradyarrhythmia.

Study Limitations

There were several limitations in the present study due to retro-
spective data selection bias and the relatively small sample size.
The nature of a multicenter retrospective observational study
using a questionnaire is such that the clinical data obtained vary
among cases, so treatment bias may exist. Only ritodrine hydro-
chloride was used as S-sympathomimetic treatment, but was
given in cases involving fetal heart rate >55beats/min at some
institutions, while dexamethasone, betamethasone and pred-
nisolone were used as steroids at different doses among insti-
tutions. The follow-up period after birth was insufficient to
permit analysis of long-term morbidity and mortality, and

this prevented evaluation of potential long-term benefits and
risks of transplacental medication. Finally, the sample size
might have been too small to detect the effects of steroids on
fetal congenital bradyarthythmia. The steroid effect may be-
come significant in a study with a higher number of cases.

Guidelines are required for transplacental treatment of fetal
congenital bradyarthythmia and follow-up after birth. We
expect to analyze long-term outcome of fetal congenital brady-
arrhythmia in a future study. Further large prospective studies
are also needed to establish the most appropriate treatment
strategies in Japan.

Conclusion

Beta-sympathomimetics improved bradycardia, but survival
rate did not differ significantly in fetuses treated with and with-
out transplacental medication. We recommend limiting steroid
use to <10 weeks to avoid maternal and fetal adverse effects,
with fetal growth restriction and oligohydramnios being of
particular concern.
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Reciprocal Control of hERG Stability by Hsp70 and Hsc70
With Implication for Restoration of LQT2 Mutant Stability

Peili Li, Haruaki Ninomiya, Yasutaka Kurata, Masaru Kato, Junichiro Miake, Yasutaka Yamamoto,
Osamu Igawa, Akira Nakai, Katsumi Higaki, Futoshi Toyoda, Jie Wu, Minoru Horie,
Hiroshi Matsuura, Akio Yoshida, Yasuaki Shirayoshi, Masayasu Hiraoka, Ichiro Hisatome

Rationale: The human ether-a-go-go—related gene (hERG) encodes the a subunit of the potassium current I,. It
is highly expressed in cardiomyocytes and its mutations cause long QT syndrome type 2. Heat shock protein
(Hsp)70 is known to promote maturation of hERG. Hsp70 and heat shock cognate (Hsc70) 70 has been suggested
to play a similar function. However, Hsc70 has recently been reported to counteract Hsp70.

Objective: We investigated whether Hsc70 counteracts Hsp70 in the control of wild-type and mutant hERG

stability.

Methods and Results: Coexpression of Hsp70 with hERG in HEK293 cells suppressed hERG ubiquitination and
increased the levels of both immature and mature forms of hERG. Immunocytochemistry revealed increased
levels of hERG in the endoplasmic reticulum and on the cell surface. Electrophysiological studies showed
increased Iy,. All these effects of Hsp70 were abolished by Hsc70 coexpression. Heat shock treatment of HL-1
mouse cardiomyocytes induced endogenous Hsp70, switched mouse ERG associated with Hsc70 to Hsp70,
increased Iy, and shortened action potential duration. Channels with disease-causing missense mutations in
intracellular domains had a higher binding capacity to Hsc70 than wild-type channels and channels with
mutations in the pore region. Knockdown of Hsc70 by small interfering RNA or heat shock prevented
degradation of mutant hERG proteins with mutations in intracellular domains.

Conclusions: These results indicate reciprocal control of hERG stability by Hsp70 and Hsc70. Hsc70 is a potential
target in the treatment of LQT2 resulting from missense hERG mutations. (Circ Res. 2011;108:458-468.)

Key Words: hERG m Hsp70 m Hsc70 m stabilization m long QT2

he human ether-a-go-go—related gene (hERG) encodes

the « subunit of a rapidly activating delayed-rectifier K™
current (Iy,),'-* which controls the action potential duration in
cardiomyocytes. Mutations in the gene cause long-QT syn-
drome type 2 (LQT?2), a disorder that leads to life-threatening
arrhythmia. To date, more than 200 naturally occurring
mutations of hERG have been identified. Functional analysis
of mutant proteins showed that most of them had an impair-
ment of protein maturation and/or trafficking.*-¢ They are
recognized by the quality control machinery of the endoplas-
mic reticulum (ER), ubiquitinated, and eventually degraded
by the proteasomal degradation system.’-# The maturation of
hERG can be evaluated by comparing the levels of the 2
forms of this protein; a core-glycosylated, immature form of
135-kDa localized in the ER, and a fully glycosylated mature

form of 155 kDa localized either in the Golgi apparatus or on
cell surface.”?

Molecular chaperones participate in every step of hERG
biogenesis, including synthesis, folding, assembly, and translo-
cation.310:11 The heat shock protein (Hsp)70 family, including
stress-induced Hsp70 and constitutively expressed heat shock
cognate protein (Hsc)70, interact with the core-glycosylated
form of hERG.%12 Hsp70 increases the levels of both immature
and mature forms of hERG,? whereas the role of Hsc70 remains
unknown. In other channel proteins, such as the murine epithe-
lial sodium channel, Hsc70 has been shown to counteract the
action of Hsp70 and, thus, decreases the level of the channel
protein.!3 The primary purpose of this study was to examine
whether Hsc70 had a similar action on hERG. For this purpose,
we investigated the effects of Hsp70 and Hsc70 on the level of
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hERG proteins by biochemical and electrophysiological meth-
ods. Their effects were examined on exogenous hERG ex-
pressed in HEK293 cells as well as on endogenous proteins
expressed in HL-1 cardiomyocytes. We also extended our study
to examine an interaction of Hsc70 with mutant hERG proteins
harboring disease-causing missense mutations.

Methods
An expanded Methods section is available in the Online Data
Supplement at http://circres.ahajournals.org.

HEK293 celis were cultured in DMEM (Sigma) supplemented
with 10% FBS (JRH) and penicillin/streptomycin/geneticin at 37°C,
5% CO,.+-17 HL-1 mouse cardiomyocytes were maintained as
previously described.!® An expression construct pcDNA3/hERG-
FLAG was engineered by ligating an oligonucleotide encoding a
FLAG epitope to the carboxy terminus of hERG cDNA. Missense
mutations were introduced into pcDNA3/ hERG-FLAG by site-
directed mutagenesis. Transfection into HEK293 and HL-1 cells
were performed using Lipofectamine 2000 (Invitrogen) or Nucleo-
fector technology (Amaxa Biosystems, Gaithersburg, MD), respec-
tively, following the protocol of the manufacturer. pEGFP was added
into all the experiments of transfection to trace the transfection
efficiency. HEK293 cells stably expressing hERG-FLAG were
transfected with pcDNA3/ Hsc70 or Hsp70 together with pEGFP.
Twenty-four hours after transfection, cells were visualized by EGFP
fluorescence and hERG channel currents corresponding to I, were
measured at 37°C using whole-cell patch-clamp techniques. Proce-
dures for the current measurement in HL-1 cells were essentially the
same as described previously.'® The membrane potential was held at
—50 mV to inactivate the T-type Ca®>* channel current (¢, 1) and
avoid the hyperpolarization-activated cation current (I) activa-
tion,2*2! depolarized by 1-second test pulses (from —40 and +40- in
10-mV increments), then repolarized back to the holding potential;
0.4 pmol/L nisoldipine was included in the bath solution to block the
L-type Ca** channel current (Ica1)-®® Action potentials were also
measured in the current-clamp mode, elicited at a rate of 0.5 Hz by
5-ms square current pulses of 1 nA, and sampled at 20 kHz in the
absence or presence of 10 umol/L E4031 (WAKO, Japan).

Results

Hsp70 and Hsc70 Exert Opposite Effects on the
Maturation of hERG

We first examined effects of Hsp70 on hERG-FLAG ex-
pressed in HEK293 cells. As expected, hRERG-FLAG gave 2
bands on the anti-FLAG immunoblot (IB), a fully glycosy-
lated mature form of 155-kDa and an immature core-
glycosylated form of 135-kDa (Figure 1A). Coexpression of
Hsp70 increased the levels of both forms in a dose-dependent
manner with a concomitant decrease in the ubiquitinated form
of the protein. hERG was recovered in the detergent-soluble
fraction, whether Hsp70 was expressed or not, suggesting that
Hsp70 did not induce changes in protein solubility (Online
Figure I, A). Hsp70 did not alter the level of hERG-FLAG
mRNA (Online Figure I, B). Small interfering (si)RNAs
targeted against Hsp70 caused marked decreases of both
immature and mature forms of hERG-FLAG and also an
increase in its ubiquitinated form (Figure 1B).

In contrast, coexpression of Hsc70 decreased the levels of
both forms of hERG in a dose-dependent manner. The decreases
were accompanied by an increase in its ubiquitinated form
(Figure 1C). siRNAs targeted against Hsc70 caused a marked
increase of both forms and also a decrease in its ubiquitinated
form (Figure 1D). Hsc70 did not alter either solubility of
hERG-FLAG or the level of its mRNA (Online Figure 1, C and
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Non-standard Abbreviations and Acronyms

APD action potential duration

APDy,  action potential duration at 90% repolarization
ER endoplasmic reticulum

ERG ether-a-go-go-related gene

hERG human ether-a-go-go--related gene

HS heat shock

Hsp70  heat shock protein 70
Hsc70  heat shock cognate protein 70

1B immunoblot
Iee rapidly activating delayed rectifier K* current
14 immunoprecipitates

Larz long QT syndrome type 2

mERG  mouse ether-a-go-go--related gene
siRNA  small interfering RNA

WT wild type

D). We then determined the half- life of hERG-FLAG by chase
experiments (Figure 2). The half-life of the 135-kDa immature
form was 9.5+3.1 hour in the control and was prolonged to
13%2.5 hours when cotransfected with Hsp70, whereas it was
shortened to 6.822.3 hours by coexpression of Hsc70.

Next, we examined effects of Hsp70 and Hsc70 on intracel-
lular localization of hERG-FLAG (Figure 3A). The immunore-
activity of hERG-FLAG was localized in the ER (nos. 1 to 3),
the Golgi apparatus (nos. 4 to 6), and on the cell membrane (nos.
710 9), as evidenced by colocalization with calnexin, Golgi-GFP
and GFP-Mem, respectively. Hsp70 appeared to increase the
signals in all of these cellular components; and Hsc70 caused
opposite effects. The changes in immunoreactivities were con-
firmed by a quantification analysis (Figure 3B).

The intracellular localization of hERG-FLAG was further
confirmed by subcellular fractionation on the Optiprep gra-
dient (Figure 3C). A membrane marker Na*/K* ATPase was
enriched in fractions 2 to 5, whereas an ER marker calnexin
was enriched in nos. 10 to 15. Hsp70 increased the levels of
hERG-FLAG in both fraction nos. 2 to 5 and nos. 11 to 16.
Both Hsp70 and Hsc70 were enriched in fraction nos. 11 to
16, suggesting that the main site of action of these proteins
was the ER.

To see whether Hsp70/Hsc70 affected the levels of func-
tional hERG, we measured hERG channel currents in
HEK?293 cells stably expressing hRERG-FLAG. Depolarizing
pulses activated time-dependent outward currents corre-
sponding to I, (Figurc 4A), and these currents were com-
pletely blocked by E4031 (10 wmol/L) as indicated by the
disappearance of the tail currents (Online Figure II, A). The
kinetics of the currents through hERG without the FLAG tag
was nearly identical to those of the currents through hERG-
FLAG, excluding an effect of the tag on hERG currents
(Online Figure II, B). Hsp70 caused remarkable increases in
both the peak and tail current amplitudes (Figure 4A through
4C). In contrast, Hsc70 reduced the peak currents during
depolarization by approximately 49% and tail currents by
approximately 58% (Figure 4A through 4C).
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Figure 1. Effects of Hsp70 /Hsc70 on the
levels of hERG-FLAG and its ubiquitina-
tion in HEK293 cells. Cells were tran-
siently transfected with hERG-FLAG,
pEGFP, and either Hsp70 (A) or Hsc70 (C).
HEK293 cells transfected with hERG-FLAG
constructs were treated with either a
scramble siRNA (mock) or siRNA against

Hsp70 (B) or Hsc70 (D) (n=5 to 9). The

1 amounts of plasmids (ug) are indicated in

each panel. Shown are representative
blots. Cell extracts were subjected to 1B
with indicated antibodies (n=4 to 11) (left)
or anti-FLAG immunoprecipitates (IP) were
subjected to IB with anti-ubiquitin or FLAG
antibody (n=5 to 7) (right).

460 Circulation Research February 18, 2011
A [hERGFLAG 1 hERG-FLAG 1
Hsp70 Hsp70
FLAG 1554 250
135;
Hsp70 72
1B: P
GFP ubiquitin
L g-actin 1B:
FLAG
IP:FLAG
B [hErc.FLAG 1 hERG-FLAG 1
SIRNA SiRNA  |mockHsp70-2|Hsp70-3
FLAG 155 2504
135
Hsp70 724
1B:
GFP ubiquitin
- B-actin IB:
FLAG
C [weErcFiAG 1 hERG-FLAG
Hsc70 Hsc70
155 2501
rFLAG  135]™
Hsc70 e
I1B: 3
GFP ubiquitin
actin IB:
B 135
1554
FLAG 435 .
IP:FLAG
D [hercrLAG 1 hERGFLAG i
SiRNA [ mock [Hsc70-2[Hsc70-3 SIRNA  |mock [Hsc70-2|Hsc70-3
: 250/ :
ubiquitin
B:
FLAG

IP:FLAG

Both Hsp70 and Hsc70 Associate With hERG-FLAG
To explore a biochemical basis for the opposite effects of
Hsp70 and Hsc70, we examined their association with hERG
by immunoprecipitation. The anti-FLAG immunoprecipitates
(IPs) from hERG-expressing HEK293 cells contained endog-
enous Hsp70 and Hsc70 (Figure 5A). Both anti-Hsp70 and

anti-Hsc70 IPs contained the 135-kDa immature form of
hERG, but not the 155-kDa mature form, suggesting selective
association of these chaperones with the immature form
(Figure 5B). The specificity of Hsp70 and Hsc70 antibodies
was confirmed by Western blotting using Hsp70 or Hsc70
recombinant proteins (Online Figure III, A).
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Coexpression of Hsp70 increased the levels of hERG-FLAG
recovered by anti-FLAG. Cotransfection of Hsc70 with Hsp70
diminished the increases of hERG-FLAG in a dose-dependent
manner (Figure 5C). Accordingly, the level of Hsp70 in anti-
FLAG 1Ps was reduced by Hsc70, and this reduction was
accompanied by an increase in the level of Hsc70 in the IPs
(Figure 5D). These data suggested that Hsp70 and Hsc70
compete with each other in an interaction with hERG.

Regulation of Endogenous Mouse ERG and
Cardiac Action Potential Duration by Hsp70
and Hsc70
To evaluate the physiological roles of Hsp70 and Hsc70 in
the stability control of endogenous mouse (m)ERG, we used
HL-1 mouse cardiomyocytes. In these cells, the anti-mERG
antibody recognized an intense band at 155-kDa and a faint
band at 135-kDa (Figure 6A). Immunoprecipitation with the
anti-mERG antibody revealed an association of this protein
with both Hsp70 and Hsc70 (Online Figure III, B). Hsp70 but
neither Hsp90 nor Hsc70 was induced by a heat shock (HS)
treatment at 42°C for 1 hour (Figure 6A), indicating selective
induction of Hsp70 by HS. This increase in Hsp70 was
accompanied by an apparent increase in the levels of both
135-kDa immature and 155-kDa mature forms of mERG.
Under control conditions, anti-mERG IPs contained only
Hsc70. After the HS, the same IPs contained Hsp70. Thus,
HS-induced increase in Hsp70 switched the chaperone asso-
ciated with mERG from Hsc70 to Hsp70 (Figure 6B).

siRNAs against Hsp70 were introduced into cells treated
with the HS, because of the low level of Hsp70 in HL-1 cells.
The siRNAs obviously decreased the level of Hsp70. The
levels of both forms of mERG were also decreased compared
with the levels in cells given a scrambled siRNA (Figure 6C,
left). In contrast, siRNAs against Hsc70 increased the level of
the Hsp70-mERG complex (Figure 6C, right). Hsp70 or
Hsc70 was expressed in HL-1 cells using nucleofactor with
transfection efficiency up to 90%. Hsp70 increased both forms
of mERG, whereas Hsc70 diminished them (Figure 6D).

We next recorded I, as the E4031-sensitive current in
control and HS- treated HL-1 cells. The possible contamina-

16
14
12
10

ON A O X

indicated time after addition of cyclohex-
imide. Shown are the representative blot
and time-dependent changes in the den-
sity of hERG-FLAG. The density of 135-
kDa hERG-FLAG was normalized to the
density at time 0 and B-actin. Bar graph
shows half-life of hERG proteins.
*P<0.05, tP<0.01 vs hERG-FLAG only
(none) (n=6 to 7).

tion of other voltage-dependent currents was minimized by
adding 0.4pumol/L nisoldipine to bath solution to block -, ; 2°
and by setting a holding potential at —50mV to inactivate
I, v and to prevent activation of 1.202! Figure 7A shows
whole-cell membrane currents recorded in HL-1. Depolariz-
ing pulses activated time-dependent outward currents which
increased with depolarization up to 0 mV (Control, None).
The application of E4031 (10umol/L) almost completely
abolished the time-dependent outward current and the tail
current (Control, E4031). E403 1 -sensitive current traces were
obtained by digitally subtracting the current traces in the
presence of E4031 from the traces in the absence ofE4031.
The E4031-sensitive and -free currents have similar charac-
teristics and current-voltage relationship, reflecting that I, is
the most prominent outward current in HL-1 cells. HS caused
significant increases in both I, peak and tail currents (Figure
7A and 7B).

Because the mERG current is responsible for repolarization of
the cardiac action potential and /i, is the dominant outward
current in HL-Icells,'®? we examined whether HS altered
action potential duration (APD) in HL-1 cells. As shown in
Figure 7C (a), the HS shortened APD at 90% repolarization
(APDy,) without affecting resting membrane potentials. The
APDy, values in control and under HS treatment were
147.6+5.6 and 63.0%5.1 ms, respectively (Figure 7C, e). In
accordance with these results, Hsp70 siRNA prolonged
APDy, as E4031 treatment, whereas Hsc70 siRNA shortened
APDy,, regardless of the HS treatment (Figure 7C, b through
d). Figare 7C (¢) summarizes APDy, values.

Because E4031 is a specific blocker of Ii,, comparing the
APDy, to that with and without E4031 treatment (the ratio of
APDy, E4031/APDy,, control) clarifies the contribution of Iy,
to APDg,. As shown in Online Figure IV, HS treatment
significantly increased the ratio of APDg, E4031/APDy,
compared to that of control, whereas its effect was abolished
by siRNA Hsp70. This indicated that HS-induced shortening
of APDy, was attributable to an increase of Iy, via activation
of Hsp70. Interestingly, siRNA against Hsc70 also signifi-
cantly increased the ratio of APDy, E4031/APDy, control,
suggesting that APDg, may normally be under Hsc70 control.
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Figure 3. Intracellular localization of hERG-FLAG. A, Immunofluorescence of hERG-FLAG in HEK293 cells. Cells were transfected
with hERG-FLAG together with pcDNA3 or Hsp70 or Hsc70 expression constructs. Parts of the cells were cotransfected with pAcGFP-
Mem or Golgi-GFP. One set of cells was immunostained by calnexin (green). All the cells were stained with anti-FLAG and Alexa Fluor
546-conjugated secondary antibody (red). Shown are representative images obtained by a confocal microscope. Bar, 20 um. B,
Quantification of anti-FLAG immunoreactivity. Shown is the ratio of intensity for Alexa 546/calnexin, Golgi-GFP, or pAcGFP-Mem fluo-
rescence. Each column represents the mean=SEM of 12 to 15 determinations. *P<0.01, *P<0.05 vs mock (none) (=12 to 15). C,
Cell fractionation. Whole-cell homogenates were prepared from HEK293 celis transiently expressing hERG-FLAG or with Hsp70 after 48
hours of transfection. The postnuclear supernatants were fractionated by a liner gradient of iodixanol. hRERG-FLAG protein and various

organelle markers were detected by IB analyses.

Stability Control of hERG Mutant Proteins by
Hsp70 and Hsc70

Because mutations of hERG impair their stability, we examined
binding activities of mutant hERG to Hsp70 and Hsc70. For this
purpose, we engineered 10 kinds of mutant hERG proteins. The
location of each missense mutation is depicted in Figure 8A

(top). Figure 8A (bottom) shows representative IBs of cell ‘

lysates from HEK293 cells expressing either wild-type (WT) or
various mutant hERG-FLAG. All of the mutant hERG gave only

the 135-kDa band. IP experiments showed that the mutants with
mutations in intracellular domains preferentially associated with
Hsc70; whereas those with mutations in the pore-region prefer-
entially associated with Hsp70.

We then examined degradation of 2 kinds of mutant
proteins, P5S96R, a mutation located in the pore-region, and
F805C, an intracellular domain mutation. Chase experiments
showed that F805C and P596R had half-life of 4.3 1.5 hours
and 7.4£3.7 hours (n=5 to 7, P<<0.05), respectively. Hsc70
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Figure 4. Effects of Hsp70/Hsc70 on hERG currents in HEK293 cells stably expressing hERG-FLAG. Representative current traces
recorded from cells transfected with Hsp70 or Hsc70 or mock plasmid (none) {A). The membrane potential was held at —50 mV, depo-
larized by 1-sec test pulses ranging from —40 to +40mV and then repolarized back to the holding potential for tail current measure-
ment. Average current-voltage relationships of peak and tail currents are shown in B and €. Values represent means=SEM. Differences
between the control and the group with Hsp70 or Hsc70 were tested statistically. *P<0.05, 1P<0.01 vs none (n=17 to 19).

siRNA prolonged half-life of both mutants. However, the
effects were more prominent in F805C mutant (76% increase)
than in P596R (29% increase) (Figure 8B).

Because HS could decrease the association of Hsc70 with
hERG, we examined effects of HS on the stability of WT and 10
kinds of mutant hERG in transfected HL-1 cells. On IBs,
WThERG-FLAG gave 2 intense bands, whereas the mutant
proteins gave only a faint 135-kDa band (Figure 8C). HS
dramatically increased not only the levels of the mature form of
WT but also those of mutant hERG, and again this effect of HS
was more prominent in those mutant proteins with intracellular
domain mutations than those mutant located in the pore-region.

Previous studies have shown that specific hHERG mutants
can be stabilized by incubating the cells at low temperature.*
We examined whether expression of hERG and its associa-
tion with Hsp70 and Hsc70 were affected by hypothermia.
WThERG-FLAG, P596R-FLAG, F805C-FLAG, R752W-
FLAG and G601S-FLAG were transfected into HEK293
cells, then the cells were cultured at 37°C for 24 hours then
at 27°C for 24 hours. The hypothermia increased not only the
levels of WT mature and immature forms but also the levels
of 2 forms of mutants (Figure 8D). IP experiment showed that
the hypothermia decreased the association of mutant hERG
with Hsc70 but not with Hsp70, suggesting that both WT and

Figure 5. Effects of Hsc70 on Hsp70-
induced increase of hERG-FLAG. A,
Association of hERG-FLAG with Hsp70
or Hsc70. Anti-FLAG IPs from HEK293
cells transiently expressing hERG-FLAG
were subjected to IB with anti-Hsp70 or
Hsc70 antibody. No 1st ab represents a
negative control with no primary anti-
body added and input is positive control.

1 B, Anti-Hsp70 or Hsc70 IPs from

HEK293 cells transiently expressing

hERTG-FLAG were subjected to IB with

Hsp70
IB:
Hsc70
C hERG-FLAG 1 D hERG-FLAG
Hsp70 0o | 3 Hsp70
Hsc70
185)7,
FLAG
135.
;| Hsp70 72
Hse70 73

anti-FLAG. C, HEK293 cells were trans-
fected with indicated plasmids (ug).
Whole-cell lysates were subjected to 1B
with indicated antibodies (n=4 to 6). D,
Anti-FLAG IPs were subjected to IB with

either anti-FLAG, Hsp70, or Hsc70
(=610 7).
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mutant hERG proteins were stabilized because of disassoci-
ation from Hsc70 at low temperature.

Discussion

In the present study, we found that Hsp70 and Hsc70 exert
opposite effects on the stability of hERG, ie, Hsp70 stabilized
hERG, whereas Hsc70 destabilized it. The main site of action
of these chaperones appeared to be the ER. Both Hsp70 and
Hsc70 could associate with hERG and the stability control
appeared to be a direct consequence of their association. We
have also shown that the levels of these chaperones influ-
enced cardiac APD. Evidence was also presented that
disease-causing missense mutations of hERG alter its asso-
ciation with these chaperones.

mERG with Hsp70 or Hsc70 was
detected by IB. Anti-mERG IPs was sub-
jected to IB. Bar graphs show the levels
of Hsp70 or Hsc70 associated with
mERG (n=4 to 5, *P<0.01, 1P<0.05 vs
non-HS group). C, HL-1 cells were
transfected with a scramble siRNA
(mock) or siRNAs against mouse Hsp70
(left) or. Hsc70 (right). The levels of
mERG, Hsp70, and Hsc70 were ana-.
lyzed by IB. Image density of mERG
were quantified and normalized to
mERG levels in the cells with a scramble
siRNA (n=5 to 6, *P>0.01, *P>0.05 vs
non-HS; tP>0.05 vs with a scramble
siRNA with HS). D, Effects of Hsp70 or
Hsc70 on endogenous mERG. HL-1
cells were transfected either with
pcDNA3, Hsp70, or Hsc70 plasmid. Cell
lysate was subjected to B with the indi-
cated antibodies (n=5 to 7, *P<0.01;
1P<0.05 vs none).

|| 3 135kDa
155kDa

Hsp70 and Hsc70 Exert Opposite Effects on the
Stability of hERG

Hsp70 could be induced by HS and cellular stress, whereas
Hsc70 is constitutively expressed.?* These 2 proteins have a
high degree of sequence homology and have been believed to
be functionally interchangeable.?#-2¢ This is the first report to
demonstrate that Hsp70 and Hsc70 exert opposite effects on
the stability of hERG protein through their association with
the immature form. In general, Hsp70 acts on nascent and
newly synthesized proteins to hold them in a state competent
for proper folding.!! In contrast, Hsc70 associates with newly
synthesized proteins to promote their proteasomal degrada-
tion. This effect of Hsc70 has been demonstrated for
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Figure 7. Effects of HS on E4031-sensitive currents and APD. A, Whole-cell membrane currents were recorded from a single HL-1
cell before (none) and after application of 10 umol/L E4031. E4031-sensitive currents were obtained by digital subtraction. Current re-
cordings were performed 24 hours after HS treatment at 42°C for 1 hour. B, Current-voltage relationships of the peak and tail of the
E4031-sensitive currents (n=16, *P<0.05 vs none). C, Action potentials were recorded 24 hours after transfection of a scramble siRNA
(mock) or a siRNA against Hsp70 or Hsc70 in the absence or presence of 10 umol/L E4031. Representative action potentials are
shown (a through d). APD,, values are summarized as a bar graph (e}, and statistically evaluated: 11P<0.01 vs non-HS; *P<0.01 vs a
scramble siRNA control non-HS; 1P<0.05, **P<0.01 vs a scramble siRNA with HS treatment.
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Figure 8. Effects of Hsp70 and Hsc70 on mutant hERG-FLAG. A, Top, Locations of LQT2-associated 10 mutations. Black circles
indicate the locations of 10 missense mutations. The arrows point N terminus (N-1), intracellular loop (IL), extracellular loop (EL), and C
terminus (C-t), respectively. WT hERG-FLAG and 10 kinds of mutant hERG-FLAG were transfected into HEK293 cells. Cell lysates or
anti-FLAG IPs were subjected to IBs with indicated antibodies (bottom). B, Degradation of mutant hERG-FLAG. P596R-FLAG or F805C
hERG-FLAG was transfected in HEK293 cells either with a scramble siRNA (mock) or an siRNA against Hsc70. Cells were chased for
the indicated times after the addition of cycloheximide. Shown are representative Western blot with the indicated antibodies. Bar
graphs summarize the half-life of 2 missense mutant hERG-FLAG. *P<0.05 vs P596R-FLAG with a scramble siRNA; 1P<0.05 vs
F805C-FLAG with a scramble siRNA. C, WT and mutant hERG-FLAG were transfected into HL-1 cell and the cells were given 1 hour of
HS treatment at 42°C. Cell lysates were subjected to 1B with indicated antibodies (n=4). D, Effects of hypothermia on WT and mutant
hERG. Each construct was transfected into HEK293 cells. The cells were cultured at 37°C for 24 hours then at 27°C for 24 hours. The
whole-cell lysates or anti-FLAG IPs were analyzed by IB with indicated antibodies (n=>5 to 6).
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CFTR,*-2 murine epithelial sodium channel,’3 and ASIC,
(acid-sensing ion channels).3° Our findings are in agreement
with those previous studies and presented evidence that
Hsp/Hsc70 association with hERG is regulated by the cellular
levels of these 2 chaperones (Figure 5C and 5D).

Hsp70/Hsc70 Controlled the Level of Endogenous
mERG and the Cardiac APD

In this study, we identified that E4031-sensitive currents are
the predominant component of the outward currents and show
essentially the same characteristics as I, in HL-1 murine
cardiomyocytes. We demonstrated, for the first time, that HS
was able to increase Ik, and shorten cardiac APD. Under
control conditions, Hsc70 associated with mERG to reduce
the cellular level of mERG. HS- induced Hsp70 increases
Hsp70-mERG complexes, causing an increase in the cellular
level of mERG. The level of mERG is well known to regulate
the activity of Iy,*! and I, regulates cardiac APD, especially
in mouse atrial myocytes,!*3 which is one of the major
factors to determine the QT interval.22 E4031-induced pro-
longation of APDy, was more remarkable in the cells treated
with HS than in the control cells, indicating that the increased
Ix, contributes to acceleration of repolarization by HS
through increases in Hsp70-mERG complex associated with
decreases of Hsc70-mERG complex. These data strongly
suggest that Hsp70/Hsc70 plays a pivotal role in controlling
APD in cells treated with HS. Our findings might explain
fever-induced shortening of the QT interval.?*3 Interestingly,
siRNA knockdown of Hsc70 shortened APD in HL-1 cells,
indicating that Hsc70 is able to regulate APD under physio-
logical conditions. These results arc in accordance with
antiarrhythmic effects of augmented expression of hERG that
have been reported in rabbit ventricular primary culture and a
transgenic mice model.3536 In both cases, hERG expression
resulted in significant shortening of APD and decreased the
incidence of early afterdepolarizations.

Stability Control of hERG Mutant Proteins by
Hsp70 and Hsc70

Most of LQT2 missense mutations decrease the stability of
hERG.* This instability has been associated with increased
association with Hsp70/ Hsc70, which have been suggested to
play similar function.® We found that the association of Hsp70
and Hsc70 with mutant channels depended on the nature of the
mutation. The level of Hsc70-F805C hERG complexes was
higher than that of Hsc70-P596R hERG complexes resulting in
a shorter half- life of FS05C hERG proteins. The F805C mutant
yielded smaller hERG currents than the P596R mutant.* Silenc-
ing Hsc70 prolonged the half-life of both mutant proteins but
more predominantly in F805C, suggesting that Hsc70 deter-
mines degradation of their immature forms, especially those
with the intracellular mutations.

Accordingly, HS promoted the maturation of mutant hERGs
with mutations in intracellular domains rather than those in
pore-region. It is conceivable that the HS-induced Hsp70 causes
a disassociation of Hsc70 from mutant hERGs and increases the
level of Hsp70-hERG complexes. hERG proteins contain a PAS
(Per, Amt, and Sim) domain on their N terminus and a cNBD
domain on their C terminus; both of them may be targeted by

Reciprocal Control of hERG by Hsp70 and Hsc70 467

cytosolic chaperones.® LQT2 mutations located in the N or C
terminus might interfere the association of chaperones.s Ficker E
et al reported decreased association of WT and mutant with
Hsp70 /Hsc70 and increased hERG with reduced temperature.8
We detected association of Hsp70 or Hsc70 with hERG sepa-
rately and found that hypothermia decreased the level of Hsc70
associated with hERG, whereas it unaltered the level of Hsp70.
Thus, the degradation of immature form of both WT and mutant
hERG proteins was prevented by disassociation of Hsc70 under
hypothermia. The biophysical characteristics of mutant hERG
may be comparable with CFTRAS508, a trafficking-deficient
mutant. CFTRAS08 can be rescued by Hsp70 and low-
temperature culturing.3”3 Both HS and low temperature result
in disassociation of Hsc70 from mutant hERG proteins and
stabilization of the immature form. Our data raise the possibility
that Hsc70 and Hsp70 may be a target in the treatment of LQT2
which results from missense hERG mutations.
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Novelty and Significance

What Is Known?

* The human ether-a-gogo-related gene (hERG) encodes the potassium
channel a-subunit, k., and its hereditary dysfunction causes iong
QT syndrome type 2 (LAT2).

* Heat shock protein (Hsp)70 stabilizes hERG protein to increase k.

* Heat shock cognate (Hsc)70, because of its high degree of sequence
homology to Hsp70, may also influence hERG protein.

What New Information Does This Article Contribute?

* We found that Hsc70 destabilizes hERG proteins to decrease k;,
indicating that Hsc70 and Hsp70 reciprocally control the matura-
tion of hERG proteins. Hsp70 competes with Hsc70 in the binding
with hERG and facilitates its maturation.

® Heat shock—induced Hsp70 increases the level of the mature form of
missense mutant hERG causing LQT2.

The hERG channel plays an important role in cardiac electric
activity. It has been shown that inherited mutations in hERG or
pharmacological block of /. increases the risk of lethal arrhyth-
mia. Here, we show for the first time that Hsc70 and Hsp70
exert reciprocal effects on stability of hERG proteins. We also
found that maturation of disease-causing missense mutant
hERGs could be restored by a heat shock. Similar effect was
achieved by Hsc70 knockdown through a suppression of
Hsc70-degradation pathway. Our study provides a new insight
into pathogenesis of inherited arrhythmia at the molecular and
cellular levels and may lead to a novel therapeutic approach for
treating arrhythmias.

Downloaded from http://circres.ahajournals.org/ at KITAO PUBLICATIONS on January 5, 2012

— 114 —




Circulation Journal
Official Journal of the Japanese Circulation Society
http: //www.j-circ.or.jp

ORIGINAL ARTICLE
Arrhythmia/Electrophysiology

Risk Determinants in Individuals With a Spontaneous
- Type 1 Brugada ECG

Akashi Miyamoto, MD; Hideki Hayash1 MD, PhD; Takeru Makiyama, MD, PhD;
Tomohide Yoshino, MD; Yuka Mizusawa, MD; Yoshihisa Sugimoto, MD, PhD;
Makoto Ito, MD, PhD; Joel Q Xue, PhD; Yoshitaka Murakami, PhD; Minoru Horie, MD, PhD

Background: Spontaneous coved ST-segment elevation 22 mm followed by a negative T-wave in the right pre-
cordial leads (type 1 Brugada ECG) is diagnostic of Brugada syndrome (BS), but there is a false-positive rate.

Methods and Results: Computer-processed analysis of a 12-lead ECG database containing 49,286 females
and 52,779 males was performed to select patients with a spontaneous type 1 Brugada ECG for an examination
of the association of this ECG characteristic with long-term prognosis. There were 185 patients with a spontane-
ous type 1 Brugada ECG and of these, 16 (15 males; mean age, 46.7£14.0 years) were diagnosed with BS and
15 patients (all males; mean age, 50.1+13.4 years) were undiagnosed. The PQ interval was significantly longer in
the diagnosed patients than in the undiagnosed patients (187.4428.3ms vs. 161.2+21.5ms; P=0.0073). The
T-wave in lead V1 was more negative in the diagnosed patients than in the undiagnosed patients (~170.2+174.6 uV
vs. —43.2+122.3 uV, P=0.027). Multivariate analysis revealed that a PQ interval 2170ms and T-wave amplitude
<-105 uV in lead V1 were independent risk stratifiers of life-threatening events. Survival analysis (mean follow-up,
78.6+81.8 months) showed that the PQ interval and a negative T-wave in lead V1 were significantly associated
with poor prognosis.

Conclusions: Analysis of a standard 12-lead ECG can stratify the prognosis of patients with a spontaneous
type 1 Brugada ECG. (CircJ 2011; 75: 844—851)

Key Words: Brugada syndrome; Electrocardiography; Prognosis; Risk determinant; Sudden death

ST-segment elevation in the right precordial leads

and causes sudden cardiac death.! This syndrome has
a relatively high prevalence in East Asian countries. Patients
with a coved-type ST-segment clevation in leads Vi are
more susceptible to life-threatening ventricular arrhythmias
than patients with a saddleback-type ST-segment elevation
in the same leads.? A community-based study reported that
subjects who displayed a spontaneous coved ST-segment
elevation in the right precordial leads were not at risk for
sudden death,? but another study, in which the mean follow-
up period was >40 years, reported that an ECG with a coved
ST-segment clevation was related to an increased risk of
unexplained death.* Similar inconsistency has been found
among studies conducted in hospital-based populations.5-7
The discrepancy indicates that a distinct coved ST-segment
elevation may not be the sole determinant of prognosis.

B rugada syndrome (BS) is characterized by a distinct

Editorial p777

To stratify prognostic risk in BS, pharmacological and
electrophysiological tests are performed, but the prognostic
value of these tests is yet to be settled.? In addition, muta-
tion of the gene that encodes the cardiac sodium channel,
SCN5A,1 is detected only in approximately 20% of patients
diagnosed with BS,S suggesting that it may be difficult to
screen out subjects who are at high risk for lethal arthythmia
by genetic testing alone.

The large database of a university hospital containing 12-
lead ECGs of more than 100,000 patients stored digitally for
over 25 years, enabled us to evaluate long-term prognosis
using computer-processed analysis. Since 12-lead ECG is
the most convenient method of diagnosing BS in a large
population, such as in health examinations, in the present

Received September 8, 2010; revised manuscript received November 16, 2010; accepted December 1, 2010; released online February

18,2011 Time for primary review: 16 days

Department of Cardiovascular and Respiratory Medicine, Shiga University of Medical Science, Otsu (A.M., H.H., T.Y., Y. Mizusawa,
Y.S., M.L, M.H.); Department of Cardiovascular Medicine, Kyoto University Graduate School of Medicine, Kyoto (T.M.), Japan;
General Electric Healthcare, Milwaukee, WI (J.Q.X.), USA; and Department of Health Science, Shiga University of Medical Science,

Otsu (Y. Murakami), Japan

Mailing address: Hideki Hayashi, MD, PhD, Department of Cardiovascular and Respiratory Medicine, Shiga University of Medical

Science, Otsu 520-2192, Japan.
ISSN-1346-9843  doi:10.1253/circj.CJ-10-0903

E-mail: hayashih@belle.shiga-med.ac.jp

All rights are reserved to the Japanese Circulation Society. For permissions, please e-mail: ¢j@j-circ.or.jp

Circulation Joumnal Vol.75, April 2011

— 115 —




