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I. SUPPLEMENTAL METHODS
1. Study cohorts
We studied five unrelated Japanese SQTS families consisting of 10 affected members.
The QT interval was corrected for heart rate using Bazett’s equation (QTc=QT/(√(RR)).
The diagnosis of SQTS was made based on QTc ≤ 330 ms or QTc < 360 ms with
presence of VF episode, pathogenic mutations, or family history of SQTS or SCD
before age of 40 years [1]. All individuals who participated in the study gave written
informed consent prior to genetic and clinical investigations in accordance with the
standards of the Declaration of Helsinki and the local ethics committees at each
participating institution. To further characterize the genotype-specific characteristics,
we created an additional cohort, which consisted of 132 SQTS patients (80 men and 52
women; age of manifestation: 25 ± 19 years) including five families (10 cases) from the
current study, 33 families (61 cases) from a review by Gollob et al [2], and an additional
36 SQTS families (61 cases) that have been previously reported and available on
PubMed as of May 2014 [2-18]. (Supplemental Table S1)
2. Genetic analysis
Genomic DNA was extracted from the blood using Gentra Puregene Blood Kit (Qiagen,
Venlo, Netherland). All the exons of KCNH2, KCNQ1, and KCNJ2 were PCR amplified
as previously described [19-21]. The primer sequences for KCNJ2 are available in the
supplemental Table S2. In some cases, additional genetic screenings were performed for
mutations in Brugada syndrome candidate genes, including SCN5A, HCN4, KCND3,
KCNE3, SCN1B, SCN3B, SCN10A, and TRPM4 [22-28]. Direct sequencing was
performed using the ABI Genetic Analyzer 3130 (Life Technologies, Carlsbad, CA) and
results were verified against a control group of 200 healthy subjects and publicly
available variation databases including dbSNP, 1,000 Genomes project, Exome Variant
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Server, and Human Genetic Variation Database (HGVD, exome sequencing data of
1,208 Japanese individuals, http://www.genome.med.kyoto-u.ac.jp/SnpDB/).
3. Biophysical analysis of KCNH2-I560T
Site-directed mutagenesis was performed using the QuikChange site-directed
mutagenesis kit (Agilent Technologies, Santa Clara CA) on human KCNH2 cDNA (a
gift from Gail Robertson, University of Wisconsin) cloned in an expression plasmid
pcDNA3.1. (Life Technologies) Oligonucleotide sequences are available in
supplemental Table S2. Plasmids were then sequenced to verify creation of the mutation
and to exclude polymerase errors. The COS-7 cell lines were transiently transfected
with wild-type (WT) or I560T KCNH2 plasmid (1.5 µg) together with pEGFP-C1 (0.5
µg) (Takara Bio Inc., Otsu, Japan) using Lipofectamine LTX. (Life Technologies)
Twenty-four hours after transfection, the potassium current were recorded from the cells
by whole-cell patch-clamp techniques at 2 kHz with a low pass filter set to 1 kHz using
Axopatch 200B (Molecular Devices, Sunnyvale, CA) and pClamp 8 software
(Molecular Devices). Holding potential was -90 mV. The cells were superfused with
normal Tyrode (in mmol/L) (NaCl 145, KCl 4, CaCl2 1.8, MgCl2 1, HEPES 10, glucose
10, pH=7.35) at 37 °C. The micropipette had resistance of 3-4 MΩ when filled with a
pipette solution containing (in mmol/L) K-asparate 100, Na2-creatine phosphate 5, KCl
30, MgATP 5, EGTA 3, HEPES 5 (pH=7.2).
Current-voltage relationship and voltage-dependent activation were determined by test
pulses from -40 mV to 40 mV in 10 mV steps for 4 sec followed by a pulse of -60 mV,
and peak potassium current for WT and I560T mutant KCNH2 channel were measured.
Steady-state inactivation was measured with three-pulse protocol consisting of a +40
mV depolarizing pulse for 2 sec, then followed by a voltage array from -100 mV to +80
mV, followed by a test pulse at +40 mV. The current-voltage relationship was obtained
by normalized peak tail current amplitude at each test pulse in 10 mV steps.
Voltage-dependence of activation and steady-state inactivation data were fitted to the
Boltzmann equation: I/Imax = [1 + exp((V1/2 -V )/k)]-1 to determine the membrane
potential for half maximal inactivation (V1/2) and the slope factor k [3]. Data were
analyzed using Clampfit 10 (Molecular Devices) and SigmaPlot11.2 (SYSTAT
software, San Jose, CA).
4. Western blotting
The novel SQTS mutation KCNH2-I560T is neighboring an LQTS mutation A561V
[29], which is characterized by its trafficking instability resulting in a loss of channel
function. To test if the I560T mutant channel has trafficking abnormalities, HeLa cells
were transfected with 0.5 µg of KCNH2 plasmid of either WT, I560T, or A561V using
Lipofectamine LTX. Forty-eight hours after transfection, cells were harvested and
protein was extracted by a lysis buffer (1% Nonidet-P40, 1 mM EDTA, 150 mM NaCl,
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10 mM Tris-HCl, pH=7.8) supplemented with 25x Complete lysis solution (Roche
Applied Science, Penzburg, Germany) at 4° C. Protein concentration was determined
using BCA Protein Assay Reagent kit. (Pierce, Rockford, IL) Thirty micrograms
cellular extracts were separated on sodium dodecyl sulfate polyacrylamide gel
electrophoresis gel and transferred to polyvinyl difluoride membranes. After blocking
with 5% skim milk in phosphate buffered saline (PBS) for one hour, membranes were
incubated overnight at 4° C with primary anti-KCNH2 polyclonal antibodies (1:400,
Life Technologies) for KCNH2 staining. Membranes were also incubated with primary
anti-β actin polyclonal antibodies (1:200, Cell Signaling Technology, Danvers, MA) for
overnight at 4° C. After three washes with PBS + 0.1% Tween-20, both membranes
were also incubated with anti-rabbit IgG horseradish peroxidase-conjugated second
antibodies (1:1000, GE Healthcare, Little Chalfont, UK) for one hour at 37° C. After
washing with PBS + 0.1% Tween-20, signals were visualized by ECL Prime Detection
Reagent (GE Healthcare) and Imager Fluorchem FC2 (Cell BioSciences, Santa Clara,
CA).
5. Computer simulation of action potential shortening and abbreviated QTc in 1-D
model
Through in silico methods, we can determine the tissue level electrophysiology by using
the in vitro experimental data of a given mutation’s ion channel kinetics. O’Hara-Rudy
dynamic is a ventricular cell model based on experimental undiseased human
ventricular cell data [30]. By using this model, we are able to calculate the action
potential duration and simulate ECG for WT and KCNH2-I560T on a human level. This
process can evaluate whether the relatively small shift of I560T shift inactivation in the
absence of activation properties can cause the clinically observed shortened QT interval
in our patient.
To elucidate the effects of the KCNH2-I560T mutation on the human ventricular action
potentials, we conducted simulations of paced propagation in a 0.9 cm bidomain
myofiber with transverse conductivity, mimicking transmural section of left ventricular
free wall consisting of 0.06 cm endocardial, 0.6 cm midmyocardial, and 0.24 cm
epicardial layers [31]. Membrane kinetics were basically represented by the
O’Hara-Rudy dynamic human ventricular model [30]. To adjust the conduction velocity
of the excitation wavefront, maximum conductance of the original fast INa was
multiplied 3-fold, which did not change the action potential form of repolarization
phases. Furthermore, the original IKr was replaced by the following Markovian IKr
(µA/µF) with WT or I560T mutation based on our experimental data:
IKr = GKr × PO × (Vm – EK),
where GKr (mS/µF) is the maximum conductance of IKr; PO is the open probability of
IKr; Vm (mV) is the membrane potential; and EK (mV) is the reversal potential for K+.
The GKr values for KCNH2-WT and KCNH2-I560T mutation are given by:
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For WT,
GKr = 0.0243 × [K+]o0.59
For I560T,
GKr = 0.035235 × [K+]o0.59
where [K+]o is the extracellular potassium concentration. The Markovian IKr, of which
basic structure was originally reported by Clancy and Rudy [32], includes an open state
(O), an inactivation state (I), and 3 closed states (C1, C2, and C3). Between each state is
a forward and backward transition rates. Forward: α=α0 × exp(Zα × Vm/(RT/F))
Backward: β=β0 ×exp(-Zβ × Vm/(RT/F)), α0, β0 = rate coefficient at Vm= 0 V, Vm =
transmembrane voltage, Z=equivalent valence, R= universal gas constant, T= absolute
temperature, F=Faraday’s constant.
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The basic Clancy-Rudy structure was used with modified transition rates in accordance
to our experimental data or transition rates reported by Adeniran et al [33]. In the
present study, the transition rates between the states in cases of WT and I560T mutation
are given by the following formulations:
For both WT and I560T,
C1→O or C1→I ααo = ααi = 0.00655 × exp(0.027735765 × (Vm - 46))
C2→C1
αin = 2.172
C2←C1
βin = 1.077
C3→C2
α = 0.001332 × exp(0.05547153 × (Vm - 12))
C3←C2
β = 0.002357 × exp(-0.036588 × Vm)
O←I
αi = 0.4829 × exp(-0.029988 × (Vm + 60)) ×(4.5 / [K+]o)
C1←I
µ = (αi × ββ × ααi) / (ααo × βi)
For WT,
C1←O
ββ = 0.00117428 × exp(-0.0148902 × Vm)
O→I
βi = 0.2624 × exp(0.0007065 × (Vm + 35)) × (4.5 / [K+]o)0.3
For I560T,
C1←O
ββ = 0.5×0.001178428 × exp(-0.0148902 × Vm)
O→I
βi = 0.5 × 0.2624 × exp(0.0007065 × (Vm + 35)) × (4.5 / [K+]o)0.3
The time discretization and spatial discretization were 5 µs and 7.5 µm, respectively.
The extracellular and intracellular tissue conductivities (get and git) were 2.36 mS/cm
and 0.38 mS/cm, respectively, except that epicardial git was decreased by 34% [34].
Pacing stimuli of 2 ms and strength twice-diastolic threshold were applied
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transmembranously to the endocardial end at a cycle length of 1,000 ms. To get ECG
similar to the left precordial ECG, a unipolar recording electrode was located 2 cm
above the epicardial end of the tissue. The method for calculating ECG was described
elsewhere [35].
6. Computer simulation of VF inducibility in KCNH2-I560T
To demonstrate the relative arrhythmogenicity of KCNH2-I560T mutation, we
additionally conducted simulations of VF in the bidomain endocardial sheet in the
presence or absence of the mutation. The model consisted of a homogeneous and
isotropic bidomain endocardial myocardial sheet 3×3 cm (90,000 discrete myocardial
units). The time discretization and spatial discretization were 5 µs and 10 µm,
respectively. The extracellular and intracellular tissue conductivities were 4.305 mS/cm
and 0.965 mS/cm, respectively. As a model of VF, a spiral wave reentry was induced by
an S1-S2 cross-field protocol [36]. The ECG was simulated as being recorded by a
unipolar electrode located 2 cm above the center of the myocardial sheet.

7. Comparison of clinical characteristics of genotyped SQTS patients
PubMed database was searched for SQTS relevant English publications before May
2014. In study cohort of 132 patients, 65 patients were genotype-positive (6 from the
current study and 59 from previous reports [2-13]) of whom 30 (46%) were male and
had a mean age of manifestation of 28 ± 20 years (ranging from 0 and 72). SQTS
patients had causative mutations in KCNH2 (SQT1; n=34), KCNQ1 (SQT2; n=8),
KCNJ2 (SQT3; n=9), CACNA1C (SQT4; n=5), CACNB2 (SQT5; n=6), and CACNA2D1
(SQT6; n=3) (Supplemental table S1). Available clinical variables for each reported
patient were extracted for sex, age of manifestation, QT, QTc, heart rate, causative gene
and mutation, and clinical history: AF, SCD/aborted cardiac arrest, palpitations/syncope,
and SSS/bradycardia. Bradycardia for adult patients was evaluated based on heart rate <
50 bpm. For children, bradycardia was determined based on heart rate < 100 bpm for
ages 0 to 3 years and on heart rate<60 bpm for ages 3-9 years [37]. A patient was
considered symptomatic in the presence of the before mentioned clinical episodes. Age
of manifestation and QTc values were compared among SQT1, SQT2, and SQT3-6.
Due to limited number of SQTS patients, other clinical variables were compared
between genotype-specific subgroups and the remainder of SQTS genotype-positive
patients; SQT1 vs non-SQT1 and SQT2 vs non-SQT2.
8. Statistical analysis
Data are reported as mean ± SD and analyzed by one-way ANOVA with Bonferroni
post-hoc analysis using JMP10 (JMP, Cary, NC). The univariate clinical variables are
presented as percentages, and analyzed by χ2-test or Fisher extract test. Statistical
significance was set at P<0.05.
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Figure S1. Twelve-lead ECGs of Japanese SQTS patients.
(A) The proband of family 1, carrying KCNH2-I560T, displayed short QTc of 319 ms
with paroxysmal AF and atrial flutter.
(B) The proband of family 2, a VF survivor carrying KCNH2-T618I, showed short QTc
of 322 ms.
(C) The proband of family 3, carrying KCNQ1-V141M, exhibited SSS and short QTc
of 280 ms.
(D) Father of the family 3 proband had chronic AF with bradycardia with QTc of 375
ms, despite carrying the KCNQ1 mutation V141M identical to the proband.
(E) The proband of family 4, a VF survivor, showed short QTc of 330 ms.
(F) The proband of family 5 displayed short QTc of 340 ms. Saddle-back ST elevation
on the right precordial leads was converted to coved-type ST elevation
characteristic for Brugada syndrome during the pilsicainide provocation test.
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Supplemental figure S2: Simulated current traces of KCNH2-I560T

Figure S2: Simulated current traces of KCNH2-I560T
(A) IKr current traces of WT and KCNH2-I560T obtained from modified Markov IKr
model.
(B) Representative traces of I560T obtained from simulated multi-pulse protocol to
determine channel availability.
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V. SUPPLEMENTAL VIDEOS
1.

Video S1: Arrhythmogenicity in KCNH2-WT.
We conducted a simulation of VF reentry with 2-D human ventricular cell model
with biodomain endocardial sheet with absence of mutation. Spiral wave was
triggered by S1-S2 cross-field stimulations, and spiral wave self-terminated.
Curved thin white lines show trajectory of wave. Snapshots are in Figure 4E.

2.

Video S2: Arrhythmogenicity of spiral wave reentry in KCNH2-I560T.
We conducted a simulation of VF reentry with 2-D human ventricular cell model
with biodomain endocardial sheet with I560T. Reentry was triggered by S1-S2
cross-field stimulations, and spiral wave reentry persisted after stimulation. Curved
thin white lines show trajectory of spiral wave. Snapshots are in Figure 4F.
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