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Figure 5. Cellular localization of wild-type (WT) and 4 mutant (R82Q, R82W, G144D, T3059) Kir2.1 channels. Hemagglutinin (HA)-
KCNJZ indicates HA-tagged KCNJ2 (positive control). Upper panel shows the green fluorescence of GFP; middle panel, red fluores-
cence of secondary anti-HA antibody; lower panel, merging of green and red fluorescences; white bars in the merged panel indicate
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arrhythmias after the age of 10 years, and arrhythmias were
reduced during pregnancy and after age 55 years, coinciding
with menopause. In contrast, male mutation-positive subjects
from the same family showed no ventricular arrhythmias but
periodic paralysis. Interestingly, a case with R67W in our
cohort was a male and complained of only periodic paralysis,
supporting their conclusion, although there is a conflicting
report by Donaldson et al.>¢ They reported that the R6TW
‘mutation is capable of causing all phenotypes of ATS, and the
pattern observed in the sex-specific kindred is not universal.
It appears that other genetic or environmental factors contrib-
ute to a family’s susceptibility to disease symptoms.

The topological location of KXCNJ2 mutations may influ-
ence the expression of ATS features. In the present study,
C-terminal mutations were more frequent in the typical ATS
group (Table 3). Zhang et al'# also reported that dysmorphism
and periodic paralysis were more frequently observed in
C-terminal mutation carriers. The Kir 2.1 C-terminus relates
to various types of loss of function in Ik, currents. Lopes et
al®! identified 12 basic residues in Kir2.l that changed
channel-PIP, interactions—10 of them were located in the
C-terminus. The C-terminus also contains the endoplasmic
reticulum (ER) export sequence, FCYENE, and the
trafficking-related acidic cluster EEDDSE at positions 374 to
379 and 386 to 391, respectively.’?* More recently, we
reported an S369X mutation located close to this ER export
signal that impedes ER-Golgi transport.”

We tested the trafficking function of four mutations, and
only G144D mutation showed a trafficking defect (Figure 5).
Our results suggest that the phenotype expression variability
of KCNJ2 mutations may be influenced by the topological
location of mutations; however, the other possibilities, for

example, environmental factors, modifier genes, or SNPs,*
remain unstudied.

Phenotypic Overlap Between CPVT and ATS

The prevalence of KCNJ2 mutation carriers in the CPVT
phenotype was lower than in the other phenotypes (Figure 1
and Table 1), Our 2 CPVT probands with KCNJ2 mutation
(G144D, T3058S) had first syncope after the age of 30 years,
and their ECGs showed bidirectional VT or PVCs at rest as
well. In contrast, the age at first syncope of RyR2-related
CPVT patients was reportedly younger age (mean age of 8
years),!0 and their syncope occurred mainly during exercise
but not while resting. These findings, for example, late onset
of symptoms and ventricular arrhythmia at rest, may be clues
to distinguish between KCNJ2-related and RyR2- or CASQ2-
related CPVT. Functional assays revealed that both G144D
and T305S exerted dominant negative suppression effects on
outward currents when coexpressed with WT Kir2.1 subunits.
Apparently, therefore, baseline functional modulation by
these mutations was not related to the phenotypic expression
of ATS or CPVT.

Recently, a V227F mutation was identified in a patient
with the typical CPVT phenotype but without dysmorphism
or periodic paralysis.®> A biophysical assay showed that
heterozygous WT/V22TF channels were identical to WT
channels in function, but stimulation by cAMP-dependent
protein kinase A (PKA) significantly downregulated the
heterozygous mutant but not WT Kir2.1 currents. This
particular type of loss-of-function may explain why the
proband displayed the CPVT phenotype. More recently,
Barajas-Martinez et al’¢ demonstrated the characteristics of
their patient with R260P mutation. She showed typical
phenotypes of both ATS and CPVT. The S-blocker nadolol
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was first used but ineffective. Her symptoms subsided after
treatment with flecainide. She had dysmorphic features and
bidirectional VT both at rest and during exercise testing.
Functional analysis revealed that R260P mutation had strong
dominant negative suppression effects, like that in our G144D
case. Regarding our mutations, their modulation by PKA was
not examined because they showed a significant loss-of-
function at the baseline (Figure 4).

Phenotype and Channel Function

Although R82W, R82Q, G144D, and T305S were found in
patients with an atypical phenotype of ATS (group B), these
mutations showed dominant negative suppression effects on
outward currents (Figure 4). Therefore, the results obtained
for a heterologous expression system did not necessarily
correlate with the clinical ATS severity. In this regard,
Eckhardt et al?? identified 4 KCNJ2 mutations—R67Q,
R82W, T75 mol/L, and T305A—in probands lacking the
ATS triad and a family history of ATS. Surprisingly, we also
identified R67W, R82W/Q, and T305S in group B. There-
fore, residues of R67, R82, and T305 may be associated with
atypical ATS phenotypes.

Study Limitations

Regarding CPVT probands, we screened 34 hot-spot exons of
the RyR2 gene. We could not exclude some variants in the
remaining exons of RyR2. In conclusion, KCN.J2 gene screen-
ing in patients with atypical ATS (only 1 of the ATS features
or CPVT) phenotypes is of clinical importance, because 53%
of mutation carriers were found to express atypical pheno-
types, despite their severity of arrhythmia.
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CLINICAL PERSPECTIVE

Mutations of KCNJ2, the gene encoding the human inward rectifier potassium channel Kir2.1. cause Andersen-Tawil
syndrome (ATS), a disease exhibiting ventricular arrhythmia, periodic paralysis and dysmorphic features. However, some
KCNJ2 mutation carriers lack the ATS triad and sometimes share the phenotype of catecholaminergic polymorphic
ventricular tachycardia (CPVT). We focused on the KCNJ2 mutation carriers with “atypical ATS phenotype —patients
showing only 1 of ATS features and CPVT phenotype. We investigated the prevalence, clinical, and biophysical
characteristics of “atypical ATS” phenotype in KCN.J2 mutation carriers. KCNJ2 screening were performed in 57 unrelated
probands showing typical (=2 ATS features) and atypical ATS. We identified 24 KCNJ2 mutation carriers. Mutation-
positive rates were 75% (15/20) in typical ATS, 71% (5/7) in ATS cardiac phenotype alone, 100% (2/2) in periodic
paralysis alone, and 7% (2/28) in CPVT. Including 24 KCNJ2 mutation-positive family members, we divided all carriers
(n=45) into 2 groups: typical ATS (A) (n=21, 47%) and atypical phenotype (B) (n=24, 53%). Patients in (A) had a longer
QUc interval and higher U-wave amplitude. C-terminal mutations were more frequent in (A). There were no significant
differences in incidences of ventricular tachycardia. In patch-clamp analysis using heterologous expression system, the
outward IK1 currents of 4 mutations found in (B) showed dominant negative suppression effect although their mild ATS
phenotype. KCNJ2 gene screening in atypical ATS phenotypes is of clinical importance, because more than half (53%) of
mutation carriers express atypical phenotypes, despite their arrhythmia severity.
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Drug-induced QT-interval prolongation and recurrent torsade de pointes in
a child with heterotaxy syndrome and KCNEI D85N polymorphism*ﬁ“
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Abstract We present a child case of heterotaxy syndrome (asplenia syndrome) after Fontan procedure that
showed extreme prolongation of QT interval and torsade de pointes (TdP) after administration of
sodium channel blockers for paroxysmal atrial tachycardia. Despite low serum concentration of the
drugs, QT prolongation persisted and TdP attacks with unconsciousness recurred, possibly in
association with junctional bradycardia and myocardial damage although he had never experienced
QT prolongation during bradycardia before. Temporal cardiac pacing via a venous route to exclude
possible implication of bradycardia in induction of TdP was difficult to apply due to total
cavopulmonary connection (TCPC) circulation. Continuous intravenous administration of low-dose
isoproterenol was started but an appropriate heart rate for prevention of TdP was difficult to obtain.
Finally, we were urged to conduct implantation of a DDD pacemaker combined with ICD surgically
with epicardial leads, resulting in successful suppression of TdP and syncope. Screening of the
genotype disclosed the KCNEI D8SN polymorphism, which is known as one of the typical disease-

causing gene variants in long-QT syndrome (LQTS).

© 2012 Elsevier Inc. All rights reserved.
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Introduction

Antiarrthythmic agents are known to potentially cause
QT-interval prolongation and torsade de pointes (TdP), i.e.,
drug-induced long-QT syndrome (di-LQTS). Recent ad-
vancements in molecular biology have revealed that genetic
background is often implicated in this life-threatening
proarrhythmia. ' Here, we present a child case of heterotaxy
syndrome (asplenia syndrome) after Fontan procedure that
showed extreme prolongation of QT interval and recurrent
TdP after administration of sodium channel blockers for
paroxysmal atrial tachycardia. Screening of the genotype
disclosed the KCNE! DS85N polymorphism, which is
known as one of the typical disease-causing gene variants
in LQTS.?
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Case report

A 15-year-old boy was admitted to our hospital because of
palpitations. The patient had been diagnosed with heterotaxy
syndrome, single atrium, double-inlet single ventricle, pulmo-
nary arterial stenosis, and total anomalous pulmonary venous
return (TAPVR), and had undergone total cavopulmonary
connection (TCPC) with an extra cardiac conduit combined
with TAPVR repair. Electrocardiogram (ECG) on admission
revealed atrial tachycardia (AT) with 1:1 atrioventricular
conduction (heart rate 150bpm) although the patient had not
previously shown significant arrhythmias, except for transient
asymptomatic junctional or sinus bradycardia probably
associated with heterotaxy with a heart rate of around 50—
60bpm (Fig. 1). He was hemodynamically stable and medical
therapies were started. Repeated intravenous injections of ATP
(maximum dose, 0.25mg/kg) and procainamide (5mg/kg)
failed to convert AT into sinus rhythm. Then, intravenous
disopyramide (1mg/kg) was administered. Eight minutes
after the infusion, pulseless tachycardia was suddenly
provoked, and a DC shock was applied, resulting in successful
conversion. However, AT recurred shortly and therefore
continuous infusion of low doses of landiolol (3 ng/kg/min)
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Fig. 1. Baseline 12-lead ECG recorded 3 months before admission, showing junctional bradycardia with a normal QT interval (heart rate 60bpm, QTc 400ms).

and digoxin (0.005 mg/kg, twice a day) were started, in order to
control the heart rate and to prevent circulatory collapse by
recurrence of AT/tachycardia. AT was then under controlled
but bradycardia developed gradually and remarkable QT-
mterval prolongation (QTc = 580ms) with frequent premature
ventricular contraction appeared on ECG monitoring (Fig. 2A
and B). Serum levels of potassium, calcium and magnesium
were all normal. Although all antiarrhythmic drugs were
discontinued, extreme QT prolongation persisted and TdP
attacks with unconsciousness recurred (Fig. 2C), necessitating
DC shocks several times.

Because immediate application of temporal cardiac
pacing via a venous route to exclude possible implication
of bradycardia in induction of TdP was difficult to apply due
to TCPC circulation, we tried continuous intravenous
administration of low doses of isoproterenol. However, an
appropriate heart rate for the prevention of TdP was difficult
to obtain and a stormt of TdP attacks reoccurred. Serum
concentration of both procainamide and disopyramide later
turned out to be low (0.7 and 0.3 ug/ml at 12h and 0.5 and,
<0.1pg/mi at 36h after administration, respectively) com-
pared with their therapeutic ranges (410 and 2.8-~3.2 pg/ml,
respectively). Ultimately, 60h after admission, we were
urged to conduct implantation of a DDD pacemaker
combined with ICD surgically with epicardial leads,
resulting in successful suppression of TdP and syncope.

A genetic test for LQTS candidate genes revealed the
KCNE] D85N polymorphism in the index case and in his
father (Fig. 3). His mother was negative for the single
nucleotide polymorphism (SNP).

Discussion

The present case demonstrated that, even with low serum
concentration of sodium channel blocker, marked QT
prolongation and recwrrent TdP can occur if the patient has
other coexistent predisposing factors such as polymorphisms
in the LQTS-related genes, as well as bradycardia. Ackerman
et al.® reported that the allele frequency of the KCNEI D85N
polymorphism, which was detected in the present case, is
approximately 0.7% in healthy Asian populations. According
to the survey conducted by Nishio et al.? in Japan, its

frequency among LQTS probands (3.9%) is significantly
higher than that in healthy control subjects (0.81%). This gene
polymorphism has recently gathered much interest as a typical
culprit of unexpected sudden cardiac death or aborted cardiac
death as well as di-LQTS."In an experiment using Xenopus
oocytes, Iy currents were reduced by approximately 50%
under heterologous expression of the D85N gene variant.’
Another functional analysis study using hamster ovarian cells
showed that /i and Iy, currents of those with the D85N gene
variant were reduced by 28% and 31%-36%, respectively.”
Sodium channel blocker is one of the most common
antiarthythmic agents used for treatment of tachyarrhythmias.
On the other hand, it is also known as one of the typical drugs
that provoke di-LQTS/TdP." Sodium channel blocker pro-
longs both myocardial depolarization and repolarization
especially in ischemic or injured regions, enhancing electrical
dispersion of myocardium. In the present case, it is difficult to

.conclude that the significant QT-interval prolongation was

caused by KCNE! D85N alone. Implication of heterotaxy-
related junctional or sinus bradycardia at baseline or some
kind of myocardial damage such as clinically unapparent
myocarditis in the development of LQT/TdP could not be fully
excluded. However, it is unlikely that the latter mechanism
alone induced LQT/TdP because the patient had never shown
prolonged QT or symptomatic arrhythmias previously even
during the phase of marked bradycardia or hemodynamic
instability around surgical procedure. It is considered
reasonable that KCNEI D83N played a significant role as
genetic background for development of the life-threatening
event in this patient. However, this genetic variance does not
seem to have any pathophysiologic relevance to heterotaxy
syndrome because we are not aware of any case reports that
indicate such association in the literature.

It should be noted that a transvenous approach for
temporal pacing is not easy in patients with complex heart
disease who have already undergone TCPC in spite of the
fact that heterotaxia hearts are often complicated by
supraventricular tachycardia, necessitating the use of anti-
tachycardia drugs.® If a patient with heterotaxy shows
episodes of sustained tachycardia, electrophysiological study
and catheter ablation of the foci of tachycardia, if necessary,
should be conducted before Fontan procedure.
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Fig. 2. A: ECG recorded 11h after administration of sodium channel blockers, showing marked QT-interval prolongation with bradycardia (heart rate
60bpm, QTc 580ms). B: ECG showing marked QT-interval prolongation and bigeminy of premature ventricular contraction. C: TdP following extreme
QT prolongation.

—122—



L. Lin et al. / Journal of Electrocardiology 45 (2012) 770-773

KCNE1

{patient)
848er  85Asp/Asn 86Ala
GoroC o f{ AT G oo oo

9253a — Asp{Dd) 85 Asn{N)
(rs1805128)

(father)
84Ger  85Asp/Asn 86Ala
G ree $avrac e v

) 5 AW
AANS AU f | ¢
NAAAWAAAAY

(mother)
848er
oL

85Asp B6Ala
COGoAT G T X

G

Y
NAAAYARTYA / \AA

Y

Fig, 3. Representation of direct sequencing of the KCNE/ of the patient and
parents. A G to A transition at codon 233 and resultant amino acid
substitution of asparagine for aspartic acid were detected in the index patient
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Background—Progressive familial heart block type I (PFHBI) is a hereditary arthythmia characterized by progressive
conduction disturbances in the His-Purkinje system. PFHBI has been linked to genes such as SCN5A that influence
cardiac excitability but not to genes that influence cell-te-cell communication. Our goal was to explore whether
nucleotide substitutions in genes coding for connexin proteins would associate with clinical cases of PFHBI and if so,
to establish a genotype-cell phenotype correlation for that mutation.

Methods and Results—We screened 156 probands with PFHBI. In addition to 12 sodium channel mutations, we found a
germ line GJAS (connexin40 [Cx40]) mutation (Q58L) in 1 family. Heterologous expression of Cx40-Q58L in
connexin-deficient neuroblastoma cells resulted in marked reduction of junctional conductance (Cx40-wild type [WT],
22.2+1.7 S, n=14; Cx40-Q58L, 0.56£0.34 nS, n=14; P<0.001) and diffuse localization of immunoreactive proteins
in the vicinity of the plasma membrane without formation of gap junctions. Heteromeric cotransfection of Cx40-WT and
Cx40-Q58L resulted in homogenous distribution of proteins in the plasma membrane rather than in membrane plaques
in ~50% of cells; well-defined gap junctions were observed in other cells. Junctional conductance values correlated with
the distribution of gap junction plaques.

Conclusions—Mutation Cx40-Q58L impairs gap junction formation at cell-cell interfaces. This is the first demonstration
of a germ line mutation in a connexin gene that associates with inherited ventricular arrhythmias and emphasizes the
importance of Cx40 in normal propagation in the specialized conduction system. (Circ Arrhythm Electrophysiol. 2012;
5:163-172.)

Key Words: heart block ® genes @ ion channels ® death sudden ® gap junctions

C ardiac myocyte excitability in atria, His-Purkinje system, which sets the stage for life-threatening arrhythmias.t? Al-
and ventricles is largely determined by the properties of though multiple mutations in genes coding for components of
voltage-gated sodium channels. Once activated, excitatory the voltage-gated sodium channel complex have been previ-

currents rapidly propagate to neighboring cells through low-

resistance intercellular channels called gap junctions, which Clinical Perspective on p 172

facilitate the synchronous contraction of the heart.!? Loss of ously described in relation to arrhythmias and sudden death in
expression and function of cardiac gap junctions and sodium young persons® and connexind0 (Cx40) mutations have been
currents can severely impair action potential propagation, implicated in atrial fibrillation,*> no study has identified an

Received September 24, 201 1; accepted January 9, 2012.

From the Department of Molecular Pathophysiology, Graduate School of Biomedical Sciences, Nagasaki University, Nagasaki, Japan (N. Makita);
Cardiology, Tokyo Women’s Medical University, Tokyo, Japan (A.S., N.H.); Pediatrics and Child Health, Nibon University School of Medicine, Tokyo,
Japan (N.S., H.M.); Cardiology, New York University Medical School, New York, NY (H.C., M.D.); Cell Biology, National Cerebral and Cardiovascular
Center Research Institute, Suita, Japan (S.F., N. Mochizuki); Cardiology, Niigata University Graduate School of Medical and Dental Sciences, Niigata,
Japan (H.W.); Cardiology, National Cerebral and Cardiovascular Center, Suita, Japan (W.S.); Experimental Cardiology, Academic Medical Center,
University of Amsterdam, Amsterdam, The Netherlands (C.R.B., A.AM.W.); Cardiology, Ege University School of Medicine, Bornova, Izmir, Turkey
(C.H.); Cardiovascular Medicine, Kyoto University Graduate School of Medicine, Kyoto, Japan (T.M.); 'institut du thorax, INSERM UMR915, Nantes,
France (E.B., V.P., H.L., J.-J.8.); Cardiovascular Medicine, Shiga University of Medical Science, Otsu, Japan (M.H.); and Pharmacology and Medicine,
Vanderbilt University, Nashville, TN (D.M.R.).

The online-only Data Supplement is available with this article at hitp://circep.ahajournals.orgflookup/suppl/doi:10.1161/CIRCEP.111.967604/-/DC1.

Correspondence to Naomasa Makita, MD, PhD, Department of Molecular Pathophysiology, Graduate School of Biomedical Sciences, Nagasaki
University, 1-12-4 Sakamoto, 852-8523 Nagasaki, Japan. E-mail makitan@nagasaki-u.ac.jp

© 2012 American Heart Association, Inc.

Cire Arrhythm Electrophysiol is available at http://circep.ahajournals.org DOI: 10.1161/CIRCEP.111.967604
163

—124—



164 Circ Arrhythm Electrophysiol

association between germ line mutations in gap junction
proteins and inherited veatricular arrhythmias in humans.
In this study, we investigated a group of patients with
progressive familial heart block type I (PFHBI) (Online
Mendelian Inheritance in Man 113900), also known as
progressive cardiac conduction defect or Lenégre-Lev dis-
ease,%7 is a dominant inberited disorder of the His-Purkinje
system. Affected individuals show electrocardiographic evi-
dence of bundle branch disease (ie, right bundle branch block,
left anterior or posterior hemiblock, complete heart block)
with broad QRS complexes. The disease can progress from a
normal ECG to right bundle branch block and from the latter
to complete heart block. Affected individuals often present
with family history of syncope, pacemaker implantation, and
sudden death.® Although structural abnormalities have been
invoked as a cause of the disease,%” a number of patients
present with normal cardiac structure and contractile func-
tion. Linkage analysis in a large South African PFHBI
kindred® and a Lebanese kindred'® mapped a causal locus on
chromosome 19q13.3, and further work identified mutations
in genes encoding for the transient receptor potential nonse-
lective cation channel, subfamily M, member 4 (TRPM4)
gene!! at this locus. Haploinsufficiency of SCN5A and aging
have been implicated in PFHBI® and age-dependent mani-
festations of the disease have been recapitulated in mice.'?
Here, we sought to expand on the association between
PFHBI and mutations in genes relevant to action potential
propagation; in particular, we assessed the possible associa-
tion between nucleotide substitutions in connexin-coding
genes and PFHBI. We evaluated 156 probands of diverse
ethnic backgrounds from Asia, Europe, and North America
given a clinical diagnosis of PFHBI. In addition to the sodium
channel mutations previously reported,’3!5 we identified a
germ line missense mutation in GJAS in a family with severe,
early onset disease. This gene codes for the gap junction
protein connexind0 (Cx40), which predominantly expresses
in the atria and His-Purkinje system.'¢ Heterologous expres-
sion experiments revealed that this novel mutation (Cx40-
Q358L) significantly impaired the ability of Cx40 to form gap
junction channels. Confocal microscopy showed that the
Cx40-Q58L mutant but not the wild type (WT) failed to form
plaques at sites of cell-cell apposition. Coexpression experi-
ments indicated that the Cx40-WT protein provided only
partial rescue of the Cx40-Q58L cellular phenotype. To our
- knowledge, this is the first description of a germ line mutation
in a connexin gene associated with inherited ventricular
arrhythmias. The results open the possibility of GJAS as a
candidate gene for screening in patients with PFHBI, yet in
the absence of further evidence, screening may be limited to
the research environment rather than included as a part of the
routine diagnostic examination.!” The data also emphasize the
importance of Cx40 in the maintenance of normal propaga-
tion in the specialized conduction system of the human heart.

Methods
Genetic Screening of PFHB1

Genomic screening by polymerase chain reaction and DNA sequenc-
ing was performed for GJAS (Cx40), GJAI (Cx43), GJCI (Cx45),
KCNQI, KCNH2, SCN5A, KCNE1, KCNE2. KCNJ2, SCNIB,
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SCN4B, HCN4. Primer information is provided in the online-only
Data Supplement. All participating probands and family members
gave written informed consent in accordance with standards (Dec-
laration of Helsinki) and local ethics committees.

Plasmid Censtruction

A 1.1-kb Cx40-DNA fragment was subcloned into bicystronic
plasmids pIRES2-EGFP and pIRES2-DsRED2. An EGFP or FLAG
epitope was added at Cx40 C terminal to generate EGFP- or
FLAG-tagged Cx40. Site-directed mutagenesis (Q58L) was per-
formed with QuikChange. Primer information and additional details
are provided in the online-only Data Supplement.

Cell Culture and Transfection

Constructs were introduced into connexin-deficient HeLa cells or
mouse neuroblastoma (N2A) cells using Lipofectamine as per
manufactarer’s protocol. -

FElectrophysiology
Gap junction currents were recorded from transiently transfected
N2A cell pairs using whole-cell double-patch clamp techniques as
previously described.!$-1% Further details are provided in the online-
only Data Supplement.

Immunocytochemistry and Western Blotting

HeLa cells, transfected with pEGFPN1-Cx40-WT, pCMV-FLAG-
Cx40-Q58L, or both, were stained with anti-FLAG M2 antibody and
Alexa546-labeled secondary antibody. EGFP and Alexa546 {luores-
cence images were recorded by confocal microscopy. For western
blotting, N2A cells were transiently transfected with 3 ug of Cx40
plasmids. Two days after transfection, cells were lysed, and proteins
were extracted and separated by conventional methods. Further
details are provided in the online-only Data Supplement.

Statistical Analysis

Results are presented as mean+=SEM. Mann-Whitney rank sum tests
with Bonferroni post hoc correction were used in comparisons for
which normality or equal variance assumptions were invalid. In other
instances, differences between groups were assessed by 1-way
ANOVA followed by Bonferroni post hoc correction. Statistical
significance was assumed for P<<0.05.

Results

Genetic Screening of PFHBI Probands

We genetically screened 156 probands given a clinical
diagnosis of PFHBI. We identified 4 novel and 3 previously
reported mutations in SCN5A,315 3 mutations in SCNIB,¢
and a novel germ line heterozygous missense mutation in
exon 2 of the Cx40 gene GJAS (online-only Data Supplement
Table I). Mutations were not found in conuexin genes GJA/
(Cx43) or GJCI (Cx45) or in the other genes screened
(KCNQI, KCNH2, KCNEI, KCNE2, KCNJ2, HCN4, or
SCN4B). Of the novel SCN5A mutations, 1 caused a modifi-
cation of the amplitude and voltage gating kinetics of the
sodium current in heterologously expressing cells (online-
only Data Supplement Figure I); 3 other mutant constructs
failed to express functional channels, suggesting that patients
carrying the mutation were functionally haploinsufficient for
Navl.5 (online-only Data Supplement Figure I). The GJ/AS
mutation (¢.173A>T) caused an amino acid substitution
(glutamine [Q] replaced by leucine [L]) at position 58 in
Cx40 (Cx40-Q58L) (Figure 1A and 1B). The mutation was
absent in 400 alleles from unaffected control subjects and in
the other 155 PFHBI probands. Screening of the entire gene
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panel (including SCN5A and SCNIB) revealed no other
sequence modification in the DNA of this proband. Topolog-
ical analysis placed amino acid 58 of Cx40 within the first
extracellular loop (Figure 1C). The presence of glutamine in
this position is highly conserved among GJAS orthologs, and
2 other cardiac connexins, Cx43 and Cx45 (Figure 1D). The
clinical and genotypic characteristics of proband and tested
family members are described next.

Clinical Phenotypes and Genotype of the PFHBI
Pedigree With the GJAS Mutation

The proband, an 11-year-old boy at time of death, was first
referred for evaluation when he was age 6 years because of
ECG abnormalities. Although asymptomatic at that time, his
ECG showed advanced atrioventricular block, complete left
bundle branch block, and left axis deviation (Figure 2A).
Echocardiography and cardiac scintigraphy did not reveal
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signs of structural heart disease. He experienced an episode of
syncope at age 9; implantation of a permanent pacemaker was
recommended by the physician but not authorized by the
legal guardian. The proband died suddenly 2 years later
during exercise (running), and the family declined postmor-
tem examination. The proband’s younger sister shares the
Cx40-Q58L mutation. She is asymptomatic, with a QRS
duration at the upper limit of normal, left axis deviation that
has been progressive (online-only Data Supplement Table 1I},
and QRS notch. These findings are consistent with impaired
intraventricular conduction (Figure 2B). The mother died
suddenly at age 30 after delivering the second child. An ECG
on record, obtained when she was age 16, was similar to that
of the proband (compare Figure 2C with 2A). In addition, a
ventricular tachycardia was recorded during the recovery
phase of an exercise stress test (online-only Data Supplement
Figure II). DNA from the mother was not available for
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Figure 2. ECGs of proband and affected family members. A, ECG of proband at age 6 years, showing advanced atrioventricular block,
complete left bundle branch block, and left axis deviation. Patient died suddenly 5 years later. B, ECG of proband’s sister at age 6
years, showing QRS duration at the upper limit of normal, left axis deviation that has been progressive, and QRS notch in leads V4 and
V5 (arrows) consistent with impaired intraventricular conduction. C, ECG of proband’s mother at age 16 years, showing complete left
bundie branch block and left axis deviation. She died suddenly at age 30.

examination. Other family members, including the proband’s
father, showed normal ECGs. DNA analysis of proband’s
father and maternal grandparents revealed absence of the
Cx40-Q581. mutation. On the basis of clinical data and
genotypic features of the proband and sister, it is most likely
that the Cx40-Q58L mutation appeared de novo in the
proband’s mother. The data also indicate an early onset of
PFHBI in this family compared with the natural history of the
disease in most other cases.® As an initial step to assess the
functional implications of the Cx40-Q58L mutation, modified
constructs were transiently expressed in an exogenous system
and evaluated for localization and function.

Electrophysiological Properties of Mutant
Cx40-Q58L Channels

Connexin-deficient N2A cells were transiently transfected
with ¢cDNA for Cx40-WT or Cx40-Q58L; electrophysiolog-

ical properties of homologous Cx40 channels were analyzed
by conventional dual whole-cell patch clamp. Figure 3A shows
representative junctional curent traces elicited by a transjunc-
tional voltage gradient of —60 mV. Average junctional conduc-
tance (Gj) decreased from 222%1.7 nS in cells expressing
Cx40-WT (n=14) to 0.56+0.34 nS in cells expressing the
Cx40-Q58L mutant (n=14; P<<0.001). The probability of func-
tional coupling, calculated by dividing the number of electrically
coupled pairs by the number of pairs tested, was 100% and
57.1% for Cx40-WT and Cx40-Q58L, respectively.

Figure 3B depicts representative single-channel recordings
elicited by a transjunctional voltage of —60 mV in cell pairs
expressing Cx40-WT or Cx40-Q38L. Unitary events for WT
channels displayed current transitions corresponding to 2
conducting states (O; and O,) of 43.3 and 119.5 pS, respec-
tively. Figure 3C shows the event histograms for both cell
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Figure 3. Whole-cell and single-channel properties of connexind0 (Cx40)-WT and Cx40-Q58L channels. A, Voitage pulse (top) and
junctional current (bottom) from a homomeric WT cell pair (junctional conductance, 12.9 nS) and a Q58L cell pair (junctional conduc-
tance, 1.2 nS). B, Unitary currents recorded from homomeric Cx40-WT and Cx40-Q58L channels. O, and O, refer to 2 conducting
(open) unitary levels of current. C, All-event histograms pooled from WT {n=3) and Q58L (n=3) cells with homologous channels. For
WT, Gaussian peaks centered at 136.2£2.3 and 53.1+5.3 pS. For Q58L, best fit by a single Gaussian distribution centered at
40.220.3 pS (n=3). D, Frequency of events in relation to dwell open time. Binned data were fit by single exponentials (1ope, WT,
27.920.5 ms, 4 cells, 186 events; 7,,., Q58L, 92.0+7.8 ms, 3 cells, 163 events). WT indicates wild type.

types (Cx40-WT, 3 cell pairs and 303 events; Cx40-QS8L, 3
cell pairs and 416 events). The histogram for the Cx40-WT
channels was best described by 2 Gaussian distributions
centered at 136.2%2.3 and 53.1%£5.3 pS. In contrast, the
histogram for Cx40-Q58L channels was best described by a
single Gaussian function centered at 40.220.3 pS. Moreover,
the length of time that a channel dwelled in the open state
(dwell open time) was substantially longer for the Cx40-
Q58L channels (92.07.8 ms, 3 cell pairs, 163 events) than
for Cx40-WT channels (27.9%20.5 ms, 4 cell pairs, and 186
events) (Figure 3D). Of note, the Q58L mutation had a strong
dominant effect on formation of heterotypic functional gap
junctions. Cells were transfected with either pIRES2-EGFP-
Cx40-WT or pIRES2-DsRED2-Cx40-Q58L, and heterotypic
pairs were identified by fluorescence microscopy (an EGFP-
expressing cell paired with a DSRED2-expressing cell). We
recorded from 8 cell pairs and detected unitary current events
in only 2 pairs. A total of 57 events were recorded, and
average macroscopic junctional conductance was 0.04%0.03
nS. Collectively, the data demonstrated that the Q58L muta-
tion significantly affects the biophysical properties of Cx40
channels and the overall ability of Cx40 gap junctions to form
a low-resistance pathway between cells.

Electrophysielogical Properties and Gap Junction
Plaque Formation in Cells Coexpressing WT and
Q581 Proteins

In the clinical cases identified, the QS58L mutation was
detected in only 1 carrier allele. Therefore, we assessed the

function of gap junctions in cells coexpressing WT and
mutant proteins. N2A cells were cotransfected with cDNA for
both GFP-tagged Cx40-WT and Cx40-Q58L (0.5 ug of
pEGFPNI-Cx40-WT combined with 0.5 ng of pEGFPNI-
Cx40-Q58L). Results were compared with those obtained
when only 1 of the constructs (1 ug) was transfected. Cells
expressing both constructs (WT/Q58L) showed intermediate
conductance (15.4%3.7 nS, n=16) between WT (28.8+3.6
nS, n=16, P<0.001) and Q38L (0.28%=0.11 nS, n=14,
P<0.001) (Figure 4A). These values were comparable to
those obtained using the bicistronic pIRES2-EGFP constructs
(WT, 22217 oS, n=14; WT/Q58L, 13.0+2.4 nS, n=17,
Q58L, 0.56+0.34 nS, n=14). The coexpression results were
consistent with those obtained using pIRES plasmids that
tagged the cells both green and red, if cotransfected (online-
only Data Supplement Figure I). The probability of finding
functional coupling in cotransfected cells was 76.5%, which
was intermediately between WT (100%) and Q58L (57.1%).

The characteristics of gap junction plaques observed in
cells coexpressing WT and QS5S8L varied significantly be-
tween pairs (Figure 4B). Nearly one half of transfected
(fluorescence-positive) cells exhibited clear and discrete gap
junction plaques (arrow a), whereas the rest of fluorescent-
positive cells showed a diffuse expression pattern and ab-
sence of well-defined plaques (arrow b). Fluorescence-
positive and gap junction plaque-positive cells were counted
in 10 different views for each group, and efficacy of gap
junction plaque formation was statistically analyzed (Figure
4C) by calculating the ratio of cells with gap junction plaques

—128—



168 Circ Arrhythm Electrophysiol

A
46 -
. 30 4 T
3
k=S
8 Rdek
& 20 -
|53
5
5
8 10 -
Fede ke
o
WT WTIG58L QS58L
B D

February 2012

GJ plaque formation (%) O

007
80 4
80 - k%
40 4
20 4
Rk
0 e
WT WTIQ58L Q58L
(n=255) (n=1318)
s o

Figure 4. Macroscopic conductance and gap junction plaque morphology in cells coexpressing connexind0 (Cx40)-WT and Cx40-
Q58L. A, Junctional conductance of cells transfected with plasmid pEGFPN1-Cx40-WT (1 ug), pEGFPN1-Cx40-Q58L (1 ug), or
cotransfected with WT and Q58L (WT/Q58L, pEGFPN1-Cx40-WT 0.5ug+pEGFPN1-Cx40-Q58L 0.5 ug). B, Phase contrast/fluores-
cence overlay image of neuroblastoma cells transfected with WT/Q58L constructs. Arrow a points to gap junction plague; arrow b
points to an example of cells transfected but devoid of gap junction plaque. C, Efficacy of gap junction plague formation was measured
as the ratio between the number of gap junction plaque-positive cells and the number of fluorescent-positive cells (WT, n=940;
WT/Q58L, n=855; Q58L, n=1318). D, Representative images of phase contrast (left), EGFP fluorescence (middle}, and junctional con-
ductance {right) from neuroblastoma cells cotransfected with pEGFPN1-Cx40-WT (0.25 pg) and pEGFPN1-Cx40-Q58L (0.25 ng). Three
different examples illustrate the relation between plaque morphology and recorded junctional conductance. WT indicates wild type.

**P<0.001 compared with WT.

to the number of fluorescence-positive cells. In the Cx40-WT
group, almost all fluorescent-positive cells exhibited clear
gap junction plaques (94.9%£1.9%, n=940), whereas there
was a more-diffuse and homogenous pattern with only
occasional plaque formation in the Cx40-Q58L group
(6.60.7%, n=1318, P<0.001 compared with WT). In
contrast, results varied widely in cells cotransfected with
WT/Q358L; nearly one half of fluorescence-positive cells
exhibited gap junction plaques similar to those observed in

P<0.001), whereas the rest showed a diffuse expression
pattern similar to that of Cx40-Q58L. To establish a better
correlation between plaque formation and junctional conduc-
tance, both variables were measured concurrently in the same
cell pair for 39 N2A cell pairs where GFP-tagged plasmids of
Cx40-WT and Cx40-Q58L were cotransfected. As shown in
Figure 4D, about one half of GFP-positive cell pairs showed

a very small Gj (<5 nS) and very few or negligible gap
junction plaques (a). In the other half of cell pairs, small,
dot-like junctional plaques correlated with intermediate Gj
values (b), and there were clear, extensive gap junction
plaques associated with Gj values >25 nS (c). Overall, we
found significant heterogeneity in the extent of electric
coupling, although the measurements of Gj correlated with
the localization of proteins in transfected cells. These results
indicate that the Q58L mutation significantly impairs the
ability of cells to form gap junction plaques, although the
effect is not purely dominant when both WT and mutant
proteins are coexpressed.

Subcellular Distribution of WT and Q58L Cx40 in
Transiently Transfected Cells

To further analyze the subcellular distribution of Cx40-WT
and Cx40-Q58L. proteins, the C terminal of Cx40-WT was
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Figure 5. Subcsllular distribution of connexind0 (Cx40)-WT and Cx40-Q58L in transiently transfected cells. Hela cells were transiently
transfected with pEGFPN1-Cx40-WT (3.0 pg) (A), pPCMV-FLAG-Cx40-Q58L. (3.0 ng) (B), or pEGFPN1-Cx40-WT (1.5 ug) plus pCMV-
FLAG-Cx40-Q58L (1.5 ug) (C); immunostained for the respective tag protein; and visualized by confocal laser scanning microscopy.
Notice that gap junction plaques (A) are absent in Q58L transfectants (B) and present in some (D) but not all (C) cotransfected cells.

Bar=20 um. WT indicates wild type.

tagged with GFP, whereas the C terminal of Cx40-Q58L was
FLAG tagged. After transfection of N2A cells with the tagged
constructs, the distribution of each protein was examined by
confocal microscopy. As shown in Figure 5, green color
indicates the position of GFP-tagged molecules, whereas red
indicates the position of FLAG-tagged molecules. In cells
transfected only with GFP-tagged Cx40-WT, fluorescence
was consistently detected at sites of cell-cell apposition,
following the pattern previously described for GFP-labeled
gap junction plaques (Figure SA). A similar distribution was
found when cells were transfected with FILLAG-tagged
Cx40-WT (not shown). In contrast, most FLAG-tagged
Cx40-Q58L signals were evenly distributed around the cell in
the vicinity of the plasma membrane (Figure 5B). Biotinyla-
tion experiments showed that the Q38L mutation did not
prevent the Cx40 protein from inserting into the membrane
and presenting a domain-reachable form in the extracellular
space (online-only Data Supplement Figure II). Micoscopy
experiments in cells coexpressing GFP-tagged Cx40-WT and
FLAG-tagged Cx40-Q58L proteins yielded results interme-
diate to those obtained when only 1 construct was expressed.
Nearly one half of cell pairs showed that both proteins
distributed homogenously at or near the cell membrane,
without the formation of well-defined gap junction plaques
(Figure 5C). These images resembled those obtained when

only Cx40-Q58L proteins were expressed (Figure 5B,
FLAG). In contrast, other cell pairs showed clustering of
fluorescent signals within closely confined areas that ap-
peared to be gap junction plaques (Figure 5D).

The experiments described herein led us to speculate that
the distribution and function of heteromeric connexons is
determined by their mutant subunit content, whereby forma-
tion (or not) of plaques and channels are determined, at least
in part, by the abundance of expression of one protein over
the other. As an initial step to probe this hypothesis, we took
advantage of the characteristics of the bicistronic plasmid
pIRES, in which the expression rate of the upstream gene is
several-fold greater than that of the downstream gene,? and
explored the functional properties of heteromeric connexons.
Cx40-WT and GFP-tagged Cx40-Q58L were subcloned into
the pIRES vector, either alone or in combination, in the
specific orientations shown in Figure 6A. Protein expression
levels of Cx40-WT and Cx40-Q58L. were determined by
immunochemistry. In contrast to the data obtained when
Cx40-WT and GFP-tagged Cx40-Q58L plasmids were
cotransfected at a 1:1 ratio (lane 6), expression of heteromeric
pIRES plasmids WT-IRES-QS8L-EGFP (lane 3) and Q58L-
EGFP-IRES-WT (lane 4) resulted in uneven protein expres-
sion levels of WT (40 kDa) and QS5S8L-EGFP (67 kDa),
depending on their orientation in the pIRES vector. Based on
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(bottom). The number in each lane corresponds to the plasmid noted below the image. Samples from cells cotransfected with plasmids
1 and 2 (1.5 pg each) were loaded on lane 8. Double bands of Cx40-WT (40 kDa) and Q58L-EGFP (67 kDa) are shown in lanes 3, 4, 6,
and 7. Results were repeated in 3 separate experiments. Overexposure (lane 7) confirmed expression of the high-molecular-weight pro-
tein in lane 3. B, Junctional conductance of homomeric and heteromeric constructs (WT-IRES-Q58L. and Q58L-IRES-WT). Conductance
of cell pairs expressing WT-IRES-WT (n=17) was comparable to heteromeric construct WT-IRES-Q58L. (n=17). However, converse het-
eromeric construct Q58L-IRES-WT (n=15) showed significantly reduced conductance (P<0.001 versus WT-IRES-WT and WT-IRES-

Q58L). *™P<0.001. NS indicates not significant; WT, wild type.

these observations, we constructed a homomeric Cx40-WT
plasmid (WT-IRES-WT) and heteromeric plasmids of
Cx40-WT and Cx40-Q58L with different orientations (WT-
IRES-Q58L and QS5S8L-IRES-WT) (Figure 6B). The junc-
tional conductance of cell pairs expressing WT-IRES-Q58L
(25.32.8 nS, n=17) was nearly indistinguishable from that
of the homomeric plasmid WT-IRES-WT (27.8+14 nS§,
n=17, P not significant). By contrast, the converse hetero-
meric construct Q38L-IRES-WT showed substantially re-
duced junctional conductance (0.29%0.12 nS, n=15,
P<0.001) comparable with that of the homomeric Q58L
(0.5620.34 nS) (Figure 3A). These results suggest that the
final electrophysiological properties of the heteromeric con-
nexons are determined predominantly by the numbers of
mutant subunits in each gap junction rather than defined by a
dominant-negative effect.

Discussion
Genetic screening confirmed the association of SCN5A and
SCNIB with PEHB1!2-15 and revealed novel mutations within
these genes (online-only Data Supplement Table I). More
importantly, we identified a particularly severe, early onset
‘case of PFHBI associated with a germ line mutation in GJAS
in 2 blood relatives (proband and sister) given a clinical
diagnosis of PFHBI. The data also indicate that the protein
expressed (Cx40-Q5S8L) failed to form functional gap junc-

tions in an exogenous expression system and decreased the
probability of gap junction formation in cells coexpressing
the WT protein.

So far, SCN5A, SCBIB, and TRPM4 are the only genes
associated with PFHB1.!%.13.14 The National Human Genome
Research Institute database shows no association of GJAS
single-nucleotide polymorphisms with arrhythmias or con-
duction system diseases. PR interval and QRS have been
associated with several loci, including SCN3A, SCNIOA,
NKX2.5, and TBX52122 but not GJAS, which is located at
chromosome 1q21.1. Overall, the present results suggest that
GJAS is a candidate gene associated with PFHBI, likely in a
small fraction of the affected population. Yet, given the
limited cosegregation observed in the reported family, we
remain cautious in assigning a causative nature to the GJAS
mutation. It will be of great interest to expand the screening
of GJAS at the research level to identify other cases associ-
ated with amino acid changes in Cx40, although it may be
premature to include GJAS as a part of the routine diagnostic
screen.!” The present results also emphasize the importance
of Cx40 in the maintenance of normal cardiac rhythm.

To our knowledge, this is the first report of a germ line
mutation in Cx40 associated with a high risk of ventricular
arrhythmias (online-only Data Supplement Figure II). Other
studies have shown somatic mutations of Cx40 or Cx43 in
patients with idiopathic atrial fibrillation>23; those mutations
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were confined to the atria, and conduction abnormalities in
the ventricles or His-Purkinje system were not observed. On
the other hand, as in all cases involving identified genetic
substrates for disease, the possibility of compound mutations
in unexamined genes cannot be excluded. We do emphasize
that the mutation led to a severe cellular phenotype in an
exogenous expression system, supporting the argument that
just the Q58L substitution can impair the formation of gap
junctions necessary for propagation of action potentials be-
tween cells.

The results show that Cx40-Q58L was abundantly ex-
pressed in an exogenous system. The protein reached the
vicinity of the cell membrane but failed to form gap junction
plagues (Figure 5B). This result may be due to impaired
docking of mutant hemichannels within the intercellular
space because of the mutation in the extracellular loop
(Figure 1C). During trafficking, connexin subunits oligomer-
ize to form a hemichannel (or connexon). Once at the site of
cell contact, connexons from apposing cells dock, sealing the
hydrophilic path (the channel pore) from the extracellular space.
The locking of 2 connexons into 1 gap junction channel is
believed to stabilize connexin subunits in place, facilitating
aggregation of other oligomers into their vicinity and eventually
forming a plaque. Amino acid substitutions within the extracel-
lular loop, as in Q58L, can prevent hemichannel docking and,
thus, plaque formation.?* The present biotinylation experiments
indicate that the QS8L protein integrates into the cell membrane,
supporting the notion that the inability of the Q58L mutation to
form functional gap junctions is related to events that occur after
the oligomer is delivered to the cell membrane and before a
functional dodecamer converts into a functional channel in a gap
junction plaque.

Results obtained in cells coexpressing both mutant and WT
proteins clearly show that one subunit can significantly
influence the fate of the other (Figure 5). This suggests that
Cx40-Q58L subunits retain their ability to oligomerize not
only with other mutant subunits, but also with the WT
protein. The results also present an interesting paradigm in
that neither the WT nor the mutant construct exerted a
dominant effect over the other. After transfection with equal
amounts of cDNA, we found cells where both WT and mutant
proteins displayed the phenotype of the mutant construct,
whereas in other cases, junctional plaques could be easily
discerned (although an outline of the cell, likely resulting
from the presence of the FLAG-tagged mutant protein, could
still be observed [see red signal in Figure 5D]). These results
can be explained if we assume that the probability of proper
targeting and integration of a connexon into a plaque de-
creases as a function of the number of mutant subunits
contained. For cotransfection, we used equal amounts of
c¢DNA; however, it is very likely that each cell was trans-
fected with variable amounts of each construct and, thus,
expressed variable amounts of each protein. We speculate
that a majority (though of unknown stoichiometry) of WT
connexin subunits are required in a connexon for proper
formation of functional gap junctions. Thus, if a cell captures
an abundance of Q581 cDNA, most oligomers will contain an
excess of mutant subunits, and gap junction formation will
fail. If, on the other hand, that cell captures and expresses

Connexind) Mutation in Familial Heart Block 171

more of the WT cDNA, the distribution of the subunits within
the oligomer will contain a majority of WT connexins, and
the connexon will be properly integrated into a channel. This
hypothesis will require further testing, although data present-
ed in Figure 6 support the concept that success or failure of
functional channel formation may relate to relative abun-
dance of each protein (WT or mutant). If our hypothesis is
correct, it suggests that the distribution of functional gap
junctions in the His-Purkinje network of affected individuals
could vary significantly among cells, depending on the extent
of expression of each allele in each cell. The resulting
phenotype may be that of a Purkinje network where gap
junction-mediated coupling could be heterogeneous, setting
the stage for local conduction block, microreentry, and
ventricular arrhythmias at the Purkinje network or at the
Purkinje-muscle junction.!-2

Overall, we show that both proband and sister have a
genotype that (1) is absent in hundreds of control subjects and
in the unaffected parent (the father), (2) disrupts an important
functional domain of the protein, and (3) disrupts the forma-
tion of gap junction channels. The data therefore support the
notion of an association between the Cx40 mutation and the
clinical phenotype and emphasize the importance of future
studies to assess the possible involvement of Cx40 mutations
as causative of the disease.
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CLINICAL PERSPECTIVE

Progressive familial heart block type I, also known as progressive cardiac conduction defect, is an inherited form of cardiac
conduction system dysfunction that can lead to severe heart thythm disturbances, including sudden cardiac death. The
genetic causes of this disease are poorly understood. Here, we genetically screened 156 patients with progressive familial
heart block type 1. In addition to mutations in genes of the voltage-gated cardiac sodium channel complex (SCN5A and
SCNIB), we found a novel germ line mutation in GJAS, the gene encoding the gap junction protein connexind(. The
disease had an early onset and was associated with otherwise unexplained sudden cardiac death in the proband and his
mother. The proband’s sister is also affected. Cellular phenotype analysis revealed impaired gap junction formation at
cell-cell interfaces and marked reduction of junctional conductance in cells expressing the mutated connexind0 protein. The
results emphasize the importance of connexin40 in normal electrical propagation in the cardiac conduction system and open
the possibility of including GJAS as a target gene for study in patients with progressive familial heart block type I
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BACKGROUND Short QT syndrome is one of the underlying disor-
ders associated with ventricular fibrillation. However, the precise
prognostic implication of a short QT interval remains unclear.

OBJECTIVE The purpose of this study was to investigate the
prevalence and long-term prognosis in patients with a shorter-
than-normal QT interval in a large hospital-based population.

METHODS We chose patients with a short Bazett QTc interval from
a database consisting of 114,334 patients to determine the clin-
ical characteristics and prognostic value of a short QT interval.

RESULTS A total of 427 patients (mean age 43.4 = 22.4 years)
had a short QT interval with about a 1.2 times higher male
predominance (234 men). The QTc interval was significantly longer
in female than in male patients (363.8 = 6.1 ms vs 357.1 * 5.8
ms, P <.0001). The age-specific prevalence of patients with short
QT interval was biphasic, peaking at young and old age. Atrial
fibrillation and early repolarization were complicated with short QT
interval in 39 (9.1%) and 26 (6.1%) patients, respectively. The
prognosis of 327 patients (182 men; mean age, 46.4 = 27.3 years)

with a short QT interval could be assessed (mean follow-up period,
54.0 = 62.0 months). During the follow-up, 2 patients, 1 of whom
had early repolarization, developed life-threatening events, in
contrast to 6 patients who died of noncardiac causes and did not
have early repolarization.

CONCLUSION The prevalence of a short QT interval showed a
slight male preponderance and biphasic age-dependent distribu-
tion in both genders. The complication rate of atrial fibrillation
was higher in those with a short QT interval than in general
populations. The long-term outcome suggested that early repolar-
ization in a short QT interval might be associated with potential
risk of lethal arrhythmia.

KEYWORDS Electrocardiography; QT interval; Prevalence; Progno-
sis; Repolarization

ABBREVIATIONS AF = atrial fibrillation; €I = confidence inter-
val; ECG = electrocardiogram

(Heart Rhythm 2012;9:66-74) © 2012 Heart Rhythm Scciety. All
rights reserved.

Introduction

The QT interval is an invaluable prognostic marker for
evaluating whether ventricular arrhythmia occurs.'™ Long
QT syndrome is characterized by ventricular cells that fail
to repolarize sufficiently quickly. On the other hand, short
QT syndrome manifests an extremely abbreviated QT in-
terval.*> Genetic mutations underlie both syndromes, in
which sudden cardiac death occurs.®” It was reported that
short QT syndrome complicated other electrocardiogram
(ECG) abnormalities, such as atrial fibrillation (AF)* and
early repolarization.® Although close attention must be paid

Address reprint requests and correspondence: Dr. Hideki Hayashi,
Department of Cardiovascular and Respiratory Medicine, Shiga University
of Medical Science, Otsu, Shiga 520-2192, Japan. E-mail address:
hayashih @belle.shiga-med.ac.jp.

1547-5271/$ -see front matter © 2012 Heart Rhythm Society. All rights reserved.

to short QT interval, there may be overlap between normal
QT interval and abnormally short QT interval.’ In addition,
the prognostic value of short QT syndrome in relation to AF
or early repolarization is yet to be determined.

In our university hospital, more than 350,000 ECGs
obtained from more than 110,000 patients are available for
digital analysis. Using this large hospital-based population,
we aimed: (1) to determine the distribution of the QT
interval in the entire population, (2) to determine the clinical
and ECG characteristics in individuals with short QT inter-
val, and (3) to investigate the prognostic value of short QT
interval.

Methods

The research protocol was approved by the Ethical Com-
mittee of Shiga University of Medical Science.

doi:10.1016/j.hrthm.2011.08.016
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Database

We analyzed resting 12-lead ECGs recorded in the univer-
sity hospital of Shiga University of Medical Science. The
114,334 consecutive patients (55,091 female and 59,243
male patients) who had undergone ECG recordings between
January 1983 and July 2010 were enrolled in the present
study. A total number of 359,737 ECG recordings were
obtained during this period. The 12-lead ECG was recorded
for 10 seconds at a sweep speed of 25 mm/s, calibrated to 1
mV/cm in the standard leads. Twelve leads were simulta-
neously acquired. The ECG signals were recorded with a
temporal sampling interval of 2 ms (i.e., 500 Hz). Digital
data were stored in a server computer with 12-bit resolution.

Digital analysis of ECG

MUSE7.1 (GE Marquette Medical Systems, Inc., Milwau-
kee, Wisconsin) detected an identical P wave and QRS
complex with a template matching technique. When AF
(defined as irregular RR intervals with fibrillatory waves)
was present, only QRS complex was identified by template-
matching technique. ECG variables measured were com-
posed by the averaged value during a 10-second recording
time. QT interval was measured from the earliest detection
of depolarization in any lead (QRS onset) to the latest
detection of repolarization in any lead (T wave offset). T
wave offset was determined by the time when 98% of the
integrated area of T wave was over, which corresponded to
a point where the T wave downsloping limb nearly joined
the baseline. U wave was excluded. The QTc interval was
calculated after correction for heart rate with the Bazett
formula. Early repolarization was defined as an elevation at
the junction between QRS complex and ST-segment =0.1
mV from baseline level in at least 2 leads. ST-segment
elevation should be present in at least 2 consecutive beats to
identify early repolarization. ECG recordings of a mean
heart rate <50 or >100 beats/min were excluded from the
analysis in the first analysis, and then the prevalence of short
QT interval in patients with sinus bradycardia <50 beats/
min was additionally investigated. ECGs with ventricular
pacing were also excluded. Because all measurements of
12-lead ECG were digitally performed by virtue of soft-
ware, neither intraobserver nor interobserver variability oc-
curred in this study. To determine whether the automatic
measure of QT interval correlates with the manual measure
of QT interval, 1,000 ECGs were randomly selected, and
then we compared the automatic and manual measure of the
QT interval. The manual measure of the QT interval was
performed by a standard tangential method in lead V5. The
manual QT interval measurement was obtained by averag-
ing the QT interval of 3 consecutive beats.

Data analysis

First, we constructed histograms according to QTc¢ interval.
QTc interval divided by 5 ms and the number of ECGs or
patients used for frequency density were shown on the
abscissa and the ordinate, respectively. Second, the preva-
lence of patients with a short QTc interval in association

with age and gender was determined. Third, clinical and
ECG characteristics of patients with a short QTc interval
were determined. The prevalence of AF and early repolar-
ization complicated by short QT interval was determined.
Fourth, the prognostic value of a short QTc¢ interval was
assessed. Long-term outcome was determined by assessing
whether sudden cardiac death, life-threatening ventricular
arrhythmia, or any cause of death occurred. Patients were
considered to have died suddenly if death was observed and
had occurred within 1 hour after new or more serious
complaints of probable cardiovascular cause. Life-threaten-
ing ventricular arrhythmia was determined by documented
ECG. We reviewed the medical records of patients with
short QT interval to evaluate their physical health status. In
patients whose medical records were not available to deter-
mine prognosis, we gathered information on health status by
a postal questionnaire. We performed gene analysis (see
Supplementary Materials) in patients who developed life-
threatening events with short QT interval.

Statistical analysis

The data are presented as mean = SD. A comparison be-
tween 2 groups was performed with the Student 7 test or the
nonparametric Mann-Whitney U test, as appropriate. Cate-
gorical variables were compared with x* test. Kolmogorov-
Smirnov test was performed to determine whether QTc
interval distribution fit to a normal distribution. All tests
were 2-tailed, and a value of P <.05 was considered statis-
tically significant.

Results

In the database, there were 11,416 and 21,450 ECGs with
heart rate of <50 and >100 beats/min, respectively. We
excluded these ECGs from this study, thus 301,345 ECGs
derived from 105,824 patients (56.0% men; mean age,
52.6 * 20.7 years) were included for the analysis of this
study. The autonomic QT interval measure was a little but
significantly longer than the manual QT interval measure
(421.8 = 23.2 ms vs 418.0 £ 24.5 ms, P <.0001).

The mean difference between the manual and automatic
QT interval measure was 3.8 ms (median 3.7 ms), and there
was a significant linear correlation (r = 0.95, P <.00001)
between the manual and autonomic measure of QT interval
(Supplementary Figure 1), indicating the accuracy of the
computer-assessed measure of QT interval.

Prevalence of QT interval

Figure 1 shows the distribution of the QTc¢ intervals of total,
male, and female patients. The histograms that were con-
structed as a function of the number of ECGs are shown in
the upper row of Figure 1. The mean QTc interval was
421.4 = 25.7 ms (95% confidence interval [CI] 382 to 482
ms, range 329 to 693 ms) in total patients; 418.9 *= 25.7 ms
(95% CI 380 to 480 ms, range 331 to 693 ms) in male
patients; and 424.7 = 25.3 ms (95% CI 387 to 483 ms,
range 329 to 687 ms) in female patients. The QTc interval
was significantly (P <.0001) longer in female patients than
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Figure 1

Distribution of Bazett QTc interval according to the number of patients (upper row) and the number of ECGs (lower row). Histograms of total,

male, and female patients in this study population are displayed in panels A and D, B and E, and C and F, respectively.

in male patients. The QTc interval distributions did not fit a
normal distribution curve (P <.01 for each) because the
distributions were asymmetrical and right skewed. The his-
tograms of QTc interval that were generated as a function of
the number of patients are shown in the lower row of Figure
1. Similarly, the histograms of the QTc interval were right-
skewed, which failed to fit to a normal distribution (P <.01
for each). The mode of QTc interval was 401 to 405 ms
(range 329 to 693 ms), 401 to 405 ms (range 331 to 693 ms),
and 406 to 410 ms (range 329 to 687 ms) in total, male, and
female patients, respectively. Table 1 shows the lowest
percentiles of QTc interval. The QTc interval at the
lowest 2.5 percentile was longer than the lower limit of
normal QTc interval previously reported.” The QTc in-
terval'®'! at the lowest 0.15 percentile was similar to the
lower border of QTc interval. We therefore adopted a
definition of short QT on the basis of previous studies,
the cutoff value matching the 0.15 percentile of our
whole population (234 male patients with QTc interval
=362 ms, 193 female patients with QTc interval =369
ms). Furthermore, we divided the short QT population
into percentiles and selected the 2.5 percentile of the
short QT population as the very short QT (Table 2).

Clinical characteristics of short QT interval

Four hundred twenty-seven patients with short QT interval
were chosen for the analysis according to the abovemen-
tioned rationale. The prevalence of patients with a short QT
interval was about 1.2 times higher in male patients (N =
234) than in female patients (N = 193). The mean age was
not different between male and female patients (41.9 = 21.5
years vs 45.2 * 23.4 years). Table 3 shows clinical char-
acteristics of the patients with short and very short QTc
intervals. The mean age was not different between short and

Table 1  The lowest percentiles of Bazett QTc interval for this
study population

Bazett QTc interval (ms)

Percentile Male Female
2.5 380.0 387.0
2.0 378.0 386.0
1.0 373.0 381.0
0.5 369.0 376.0
0.15 362.0 369.0
0.1 361.0 367.0
0.0 331.0 329.0
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