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Pause-Dependency of the }-Wave in ldiopathic VF

patients. The presence of pause-dependent augmentation of
J waves was highly diagnostic for idiopathic VF.

Discussion

Fifty-four patients with idiopathic VF were admitted to
Niigata University Hospital, and | waves were observed in
24 (44.4 %); another 16 similar patients were recruited from
8 other institutions.

Of the 40 patients, we were able to assess the instanta-
neous dynamicity of ] waves after pauses in 27 patients
(67.5%), and pause-dependent augmentation of the | waves
was observed in 15 (55.6%) of 27 patients but not in any of
the control patients. Augmentation of ] waves was associ-
ated with depression of the ST-segment or inversion of the
T-wave, and the beats just after the post-pause beat revealed
attenuated | waves. The pause-dependent augmentation of
J waves was highly specific and had highly predictive value,
Effects of isoproterenol were reconfirmed.

The age and sex of the patients with idiopathic VF were
similar to those reported previously (8-10). Prevalence of
the J-wave was also similar to that reported by earlier
researchers varying from 31% to 65%. This prevalence was
higher than that of the Japanese (11% to 27%) (19)
compared with the non-Japanese control subjects (5.0% to
34%) (5,8~12). Because of the frequent presence of | waves
in the general population, it is urgent to establish a standard
to distinguish “benign J waves” from “malignant” ones. So
far, several characteristics of ] waves involving idiopathic VI
have been reported.

Extensive location or a large amplitude of J waves was
statistically shown to be a risk factor for arrhythmic death
(11); however, overlapping was remarkable between the
patients with idiopathic VF and the control.

In addition, marked fluctuation of the J-wave might be
observed in idiopathic VF especially before VF episodes
(8,10,20-22), and the J-wave might develop new or disap-
pear over time. This seems to be in contrast to ER or J
waves in healthy individuals: 280% subjects exhibited the
same type of J-wave after an interim of 5 years (11,23,24).
Whether attenuation of the J-wave amplitude by isoproter-
enol or quinidine is specific to ] waves with idiopathic VF
needs be established (8,10,25-27).

Another striking feature of the J-wave in patients with
idiopathic VF is an accentuation of J waves after a sudden
prolongation of the R-R interval: that is, the pause depen-
dency. This phenomenon was described in our first report in
1992 (7). Since then, data from similar cases have been
collected. Among the 27 patients who were able to be
analyzed with respect to pause-dependency, the pause-
dependent augmentation of | waves was confirmed in 37.5%
(15 of 40) patients with J waves, but such pause-dependent
augmentation of | waves was not observed in any of the
non-VF subjects. Notably, we would be able to proveke pauses
by programmed stimulation during electrophysiological study
and analyze the pause-dependency (15,28).
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To date, only a few such cases have been reported (22,25).
Although rare, a striking pause-dependent augmentation of
J waves in the inferolateral leads has been observed in a
patient with Brugada syndrome (29). During the follow-up
of 2 years, he developed electrical storms from VF.

The presence of early repolarization with a horizontal/
descending ST-segment was found to be able to predict
arrhythmic death in a large population study (13). The
presence of J waves was associated with a history of
idiopathic VF with an odds ratio of 4.0, but the combina-
tion of J waves and a horizontal/descending ST-segment
yielded an odds ratio of 13.8 for patients with idiopathic VF
(14). In the present study, the ST-segment or T waves
became more negative when ] waves were accentuated after
a pause (Fig. 2). Regarding the discordant relationship
between the J-wave amplitude and ST-segment, delayed
epicardial repolarization causing the epicardium to repolar-
ize after endocardium seems to be responsible (30,31).

Experimentally, ] waves are well explained by the trans-
mural voltage gradient of the myocardial cells in phase 1 of
the action potential of myocardial cells, which is created by
transient outward currents (Ito) (32,33). Accentuated Ito is
shown to result in accentuation of | waves on the surface
ECG and Ito is known to be augmented at a slower rate.
The bradycardia-dependent augmentation of the J-wave
amplitude in idiopathic VE could be well explained by Ito
(32,33). Delayed activation due to phase 4 block (block at a
slow rate) may mimic ] waves appearing at a slower rate and
can be differentiated from the J-wave (34,35). Phase 4 block
can be affected by the recovery characteristics of Ito, which
permit a greater action potential overshoot and amplitude, and
therefore a greater source current early in diastole (36).

At this point, we may be able to characterize the [-wave
associated with idiopathic VF as follows: 1) large amplitude
(often >0.2 mV) (11); 2) recent appearance (7,8); 3)
remarkable fluctuation without any apparent cause (8,10); 4)
extensive distribution (8); 5) response to isoproterenol or
quinidine (8,10,24-27); 6) a concomitant horizontal/
descending ST-segment (13,14); and 7) pause-dependent
augmentation (7).

Study limitations. This was a small case series, and our
conclusions must be confirmed in a larger number of
patients. However, this study represents 20 years of experi-
ence. A worldwide survey is needed for further elucidation.

The response of the J-wave was analyzed in one-half of
the patients because some did not have their situation
complicated by benign arrhythmias. However, the pause-
dependency of J waves might be evaluated in a systematic
manner during electrophysiological study after giving elec-
trical stimuli to either the atrium or the ventricle, inducing
pauses (29). The causes of the waxing and waning nature of
the J-wave were not determined. The possible role of a
latent pathological process such as myocarditis as the cause
of the J-wave appearing for weeks or longer should be
excluded.
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Finally, genetic abnormalities have been noted in some

patients with idiopathic VI (37-40), but the present study
did not include genenc screening. A systematic survey is of
great importance in this respect.

Conclusions

Regarding the dynamicity of the J~wave in idiopathic VF,
the pause-dependent augmentation was highly specific with
high predictive values. This simple phenomenon may be
used for the risk stratification of | waves.

Reprint requests and correspondence: Dr. Yoshifusa Aizawa,
Niigata University Graduate School of Medical and Dental Sci-
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1. Introduction

Sudden cardiac arrest {SCA) is a major cause of mortality in developed
countries, accounting for about 10% of all deaths.” The majority of
sudden cardiac deaths are caused by acute ventricular tachyarrhyth-
mias,” which often occur in persons without known cardiac disease,
structural heart disease, or coronary artery disease.’™® Long QT

syndrome (LQTS) was initially described as a rare inherited disease
causing ventricular tachyarrhythmia. Subsequently, many patients have
been identified and now we know that ventricular tachyarrhythmia in
LQTS is apparently common among sudden death syndromes. The
reported incidence of LQTS is one in 2000, but this may underestimate
the disease because many cases are not properly diagnosed because of
the rarity of the condition and the wide spectrum of symptoms.7

* Corresponding author. Tel: +81 3 5363 3874 (KF.)/+-81 3 5363 3373 (5.Y)); fax: +81 3 5363 3875 (KF), Email: kfukuda@sc.itckeic.acjp (KF)/ yuasa@aBkeiojp (S.Y.).
Published on behalf of the Furopean Society of Cardiology. All rights reserved. @ The Author 2012. For permissions please email: journals.permissions@oup.com.
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Human-induced pluripotent stem cells (hiPSCs) have become a
promising tool for analysing human genetic diseases.®’ Many studies
have already shown that apparent cellular phenotypes of familial
genetic disorders are recapitulated by disease-specific iPSC-derived
cells in vitro. In some of these, cardiomyocytes differentiated from
LQTS-specific iPSCs (LQTS-iPSCs) were used to recapitulate
disease phenotypes in LQTS patients who were previously character-
ized as having mutated channel profiles.’®~"? In reality, many patients
have novel mutations and no such specific information regarding their
disease phenotype is matched by the respective genotypes. To
address whether iPSC technology could be used to characterize a
novel mutated gene, we selected LQTS patients without family
history and previous disease characterization.

2. Methods

2.1 Human iPSC generation

iPSCs were established as described previously.® We used lentiviral to
introduce mouse solute carrier family 7, a member 1 (Slc7aT) gene encod-
ing the ecotropic retrovirus receptor. Transfectants were plated at 2 x
10° cells per 60 mm dish. The next day, OCT3/4, SOX2, KLF4, and
-MYC were introduced by retroviral. Twenty four hours after transduc-
tion, aspirated off the virus-containing medium, then continued to
culture under fibroblast condition. Six days later, the cells were harvested
and plated at 5 x 10* cells per 100 mm dish. The celis were cultured for
another 20 days. At day 25, embryonic stem cell-like colonies were mech-
anically dissociated and transferred to a 24-well plate on the mouse em-
bryonic fibroblast feeders.

2.2 Patient consent

All subjects provided informed consent for blood testing for genetic ab-
normalities associated with hereditary LQTS. lIsolation and use of
patient and control fibroblasts was approved by the Ethics Committee
of Keio University (20-92-5), and performed only after written consent
was obtained. Our study also conforms with the principles outlined in
the Declaration of Helsinki for use of human tissue or subjects.M

2.3 In vitro differentiation

Cells were harvested using 1 mg/ml collagenase IV (Invitrogen, CA, USA),
and transferred to ultra-low attachment plates (Corning, NY, USA) in dif-
ferentiation medium.'® The medium was replaced every second day. The
time window of differentiation for analysing the beating embryoid bodies
(EBs) and cardiomyocytes was 30—60 days and 150 days from starting the
differentiating conditions.

2.4 Immunofluorescence

The immunostaining was performed using the following primary anti-
bodies and reagents: anti-OCT3/4 (sc-5279, Santa Cruz, CA, USA),
anti-E-cadherin  (M108, TAKARA BIO, Otsu, Japan), anti-NANOG
(RCABOQO3P, ReproCELL, Yokohama, Japan), anti-SSEA 1(sc-21702,
Santa Cruz), anti-SSEA 3 (MAB4303, Millipore, MA, USA), anti-SSEA 4
(MAB4304, Millipore), anti-Tra1-60 (MAB4360, Millipore), anti-Tra1-81
(MAB4381, Millipore), anti-a-Actinin {A7811, Sigma-Aldrich, MO, USA),
anti-ANP  (s¢-20158, Santa Cruz), anti-MHC (MF20, Developmental
Studies Hybridoma Bank, 1A, USA), anti-TNNT (13-11, Thermo Scientific,
NeoMarkers, MA, USA), anti-GATA4 (sc-1237, Santa Cruz), anti-NKX2.5
(5¢c-8697, Santa Cruz), anti-KCNQ1 (s37A-10, ab84819, Abcam, Cam-
bridgeshire, UK), anti-WT-KCNQ1 (APC-022, Alomone Labs, jerusalem,
Israel), fluorescent phallotoxins (A22283, Molecular Probes, OR, USA),
Wheat Germ Agglutinin Conjugates*®"” (W11262, Molecular Probes)
and DAP! (Molecular Probes). Signal was detected using a conventional
fluorescence laser microscope (BZ-9000, KEYENCE, Osaka, |apan)

equipped with a colour charge-coupled device camera (BZ-9000,
KEYENCE).

2.3 Reverse transcription—polymerase chain
reaction

Total RNA samples were isolated using the TRIZOL reagent (Invitrogen)
and RNase-free DNase | (Qiagen, Tokyo, Japan). cDNAs were synthe-
sized using the Superscript First-Strand Synthesis System (Invitrogen).
Real-time quantitative reverse transcription—polymerase chain reaction
(RT-PCR) was performed using 7500 Real-Time PCR System (Applied
Biosystems, CA, USA), with SYBR Premix ExTaq (Takara, Otsu, Japan).
The amount of mRNA was normalized to GAPDH mRNA. Primer
sequences are listed in the Supplementary material online, Table.

2.6 Teratoma formation

The mice were anaesthetized using a mixture of ketamine (50 mg/kg),
xylazine (10 mg/kg), and chiorpromazine (1.25 mg/kg). The adequacy of
anaesthesia was monitored by heart rate, muscle relaxation, and the
loss of sensory reflex response, i.e. non-response to tail pinching. hiPSCs
(at a concentration corresponding to 25% of the cells from a confluent
150 mm dish) were injected into the testis of severe combined immuno-
deficiency disease (SCID) mice (CREA Japan, Tokyo, Japan). At 6-8
weeks post-injection, teratomas were dissected, fixed in 10% paraformalde-
hyde overnight, and embedded in paraffin. The sections were stained with
haematoxylin and eosin. All experiments were performed in accordance
with the Keio University animal care guidelines and approved by the
Ethics Committee of Keio University (20-041-4), which conforms to the
Guide for the Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication no. 85-23, revised 1996).

2.7 Karyotype analysis

Karyotype analysis was performed using standard Q-banding chromo-
some analysis according to the Central Institute for Experimental Animals.

2.8 Genomic sequence

Genomic DNA was isolated from the patient, control volunteers, control
iPSC colonies, and LQTS-iPSC colonies. The relevant KNCQ1 gene frag-
ment was amplified by PCR reaction using 100 ng genomic DNA. PCR
products were then sequenced.

2.9 Cell culture and transient transfection

Human embryonic kidney (HEK) cells were obtained from the American
Type Cell Collection and seeded in 35 mm dishes 1 day before transfec-
tion and then transfected with various plasmids using FUGENE 6 Transfec-
tion Reagent (Roche Applied Science, Penzberg, Germany). Aliquots of 1
or 0.5 ug of WT-KCNQT andfor 1 or 0.5 pg of P631fs/33-KCNQT, to-
gether with 1 g of WT-KCNET and 0.2 pg of GFP, were transfected
into HEK cells. Cells were studied at 4872 h after transfection.

2.10 Field potential recordings using the
on-chip multi-electrode array system

Multi-electrode array (MEA) chips from Multi Channel Systems
(Germany) were coated with fibronectin (F1141; Sigma-Aldrich). EBs
were plated and incubated at 37°C. MEA measurements were performed
at 37°C. The signals were initially processed, and the obtained data were
subsequently analysed with MC_Rack (Multi Channel Systems). Data for
analysis were extracted from 2—5 min of the obtained data. The recorded
extracellular electrograms were used to determine local field potential
duration (FPD), defined as the time interval between the initial deflection
of the FP and the maximum local T wave. FPD measurements were nor-
malized (corrected FPD: cFPD) to the activation rate using Bazett's cor-
rection formulae: cFPD = FPD/(RR interval)?, where RR indicates the
time interval (in seconds) between two consecutive beats.”® E4031

€107 ‘s Areniqa uo AIeiqr 90USI0g [eOIPSIA JO AJiseAtun) eSIyg 18 /510 s[euinolpioyxo:se10seA0ipres;/:duy woly papeojumoq



Disease characterization using iPSCs

421

(M5060; Sigma-Aldrich), chromanol 293B (C2615; Sigma-Aldrich), barium
chloride (Fluka 34252; Sigma-Aldrich), isoproterenol hydrochloride
(16504;  Sigma-Aldrich), and propranolol hydrochloride (P0884;
Sigma-Aldrich) were prepared as 1 or 10 mM stock solutions. The FPs
were recorded for 5 min. Drug was then added to the medium. After
5~10 min of incubation, the FPs were measured for 5—-10 min. MEA
recordings were performed by investigators blinded to the genotype of
the cells.

2.11 Whole-cell patch-clamp electrophysiology
The external solution used to measure KV currents in iPSC-derived
cardiomyocytes was composed of the following (in mM): N-methyl-p-
glucamine 149, MgCl, 5, HEPES 5, and nisoldipine 0.003. IKs were sepa-
rated by applying chromanol 293B. In HEK cells, Tyrode's solution used
to measure KCNQ1 channel currents comprised (in mM): NaCl 143,
KCl 5.4, CaCl; 1.8, MgCl; 0.5, NaH,PO4 0.25, HEPES 5.0, and glucose
5.6; pH was adjusted to 7.4 with NaOH. The glass pipette had a resistance
of 3—5 M after filling with the internal pipette solution containing (in
mM) KOH 60, KCl 80, aspartate 40, HEPES 5, EGTA 10, Mg ATP 5,
sodium creatinine phosphate 5, and CaCl, 0.65 pH 7.2. KCNQ1
channel currents were recorded using Axopatch 200B, Digidata 1440A,
and pClamp 10.2 (Axon Instruments, Foster City, CA, USA) for data amp-
lification, acquisition, and analysis, respectively. For Kt current measure-
ment in iPSC-derived cardiomyocytes, depolarizing pulses for 3 s from
—60 to 60 mV were applied from the holding potential at —60 mV at
0.1 Hz. The tail current was measured on repolarization back to
—40 mY. KCNQ1 channel currents were elicited by 3 s depolarizing
steps from a holding potential of —80 mV to potentials ranging from
=50 to +60 mV in 10 mV increments. This was followed by a 2's repo-
larization phase to —40 mV to elicit the tail current. Pulse frequency was
0.1 Hz. Whole-cell patch-clamp recordings were performed by investiga-
tors blinded to the genotype of the cells.

2.12 Statistical analysis

Data are expressed as mean - SEM. Unless otherwise noted, statistical
significance was assessed with Student’s t-test and Fischer’s exact test
for simple comparisons, and ANOVA followed by Bonferroni’s test for

multiple comparisons. The probability level accepted for significance
was P < 0.05 (*P < 0.05, **P < 0.01).

3. Results

A 13-year-old boy was admitted to our institution with SCA experi-
enced during physical exercise at school. He subsequently underwent
successful resuscitation using an automated external defibrillator , the
data from which showed ventricular fibrillation, a fatal arrhythmic
event (see Supplementary material online, Figure S1A). Electrocardio-
gram showed a significantly prolonged QT interval and QT interval
corrected for heart rate, QTc (see Supplementary material online,
Figure S1B). He had no family history of previous syncope episodes
or significant QT interval abnormality (see Supplementary material
online, Figure S1C). Since the clinical findings on syncope and the elec-
trocardiogram morphology suggested type 1 LQTS, B-blockers were
initially administered to reduce the risk of cardiac sudden death.”” The
epinephrine provocation test increases the accuracy of diagnosis of
type 1 LQTS:* however, this test can be affected by B-blocker admin-
istration (see Supplementary material online, Figure S1D); thus, type 1
LQTS being the most probable diagnosis in our patient was not defini-
tive*’ To elucidate whether this patient is type 1 LQTS caused by a
KCNQ 1 mutation, KCNQ T was directly sequenced. A heterozygous de-
tetion mutant in KCNQT, 1893delC (P631fs/33), was identified in our
patient (see Supplementary material online, Figure STE and F). We also

confirmed that no other mutation was present in the major
LQTS-related genes: KCNH2, SCN5A, KCNET, and KCNE2. Although
the KCNQT 1893delC mutation was previously reported, its functional
characteristics remain unknown.”* To obtain electrophysiological
properties, drug responses, and some valid data on which to base
useful medical therapy, we tested the validity of iPSCs for disease
characterization.

To generate iPSCs, we used dermal fibroblasts from our patient
and two healthy volunteers, and reprogrammed these cells using
retrovirus-mediated gene transfer of SOX2, OCT3/4 (also known as
POUSFT), KLF4, and MYC. Several clones were generated, expanded,
and stored. All iPSC lines showed typical iPSC morphology and
expressed human pluripotency markers (Figure 1A and B). Quantita-
tive RT—PCR (qRT—PCR) analyses confirmed that all lines adequately
expressed endogenous pluripotency markers and silenced exogenous
genes (Figure 1C and D). To examine pluripotency, iPSCs were
injected into SCID mice. Injected iPSC-derived teratomas contained
the cell derivatives of all three germ layers, such as cartilage, intestine,
muscle, and neural tissue (see Supplementary material online, Figure
$2A and B). AlliPSC lines maintained a normal karyotype (see Supple-
mentary material online, Figure S2C and D). We selected two LQTS
and two control iPSC lines for further characterization and cardiac
differentiation.

We used an EB culture system to differentiate iPSCs into cardio-
myocytes.’lr"23 After 1 week of floating culture, spontaneous beating
EBs were observed, and the efficiency of beating EBs showed no sig-
nificant difference between control- and LQTS-iPSCs at days 30 and
60 (data not shown). Immunofluorescence staining for dissociated
cardiomyocytes showed clear immunopositivity for cardiac-specific
gene products in control- and LQTS-iPSC-derived cardiomyocytes
(Figure 2A and B). Electron microscopy also revealed a typical cardio-
myocyte structure in both control- and LQTS-iPSC-derived cardio-
myocytes, including sarcomeric organization and gap junctions (see
Supplementary material online, Figure S3A and B). Similarly, qRT-
PCR analyses confirmed the expression of cardiac-specific genes
and ion channels (Figure 2C). lon channel expression in iPSCs was
compatible with previous reports of multiple jon channels expressed
in pluripotent stem cells.**** To elucidate electrophysiological prop-
erties, we used an MEA system that enables easy measurement of the
surface electrogenic activities of cell clusters and can be adapted to
automatic high-throughput systems.*® MEA analyses revealed that
control- and LQTS-iPSC-derived EBs showed similar rhythmic elec-
trical activity and spontaneous beating rate (Figure 3A and B). FPD
in MEA analysis is analogous to a QT interval in an electrocardio-
gram®® The cFPD (normalized to beating frequency) of
LQTS-IPSC-derived EBs was significantly longer than that of controls
(Figure 3C and D), suggesting that iPSC-derived cardiomyocytes from
both control and LQTS cells have cardiac-specific functional
properties.

We next tested several drugs known to affect QT prolongation to
elucidate the electrophysiological properties of EBs. The IKr blocker,
E4031, significantly prolonged cFPD in a dose-dependent manner
when added into the culture medium of control and LQTS cells
(Figure 4A and B). E4031 administration induced significantly more fre-
quent early-after depolarizations (EADs) in the LQTS-iPSC-derived
beating EBs compared with the control EBs; these are spontaneous
membrane depolarizations that confer risk of ventricular arrhythmias
(Figure 4C and Supplementary material online, Figure S4A). In addition,
higher doses of E4031 induced arrhythmic events such as

€107 °s Arernuqe, uo Areiqr 9ousIog [eoIpajA JO Asioaruf) e31yS Je /810" S[eino/pJoIx0°sa.10seA0IpIeo//: A1y WOl POPROUMO(



T. Egashira et al.

422

pepres

pision

Downloaded from http://cardiovascres.oxfordjournals.org/ at Shiga University of Medical Science Library on February 5, 2013

@ end OCT34
@ end 80X2
@ NANOG

W FGR4

W end KLF4
@ end cMYC
% exo DOTIM

W exo SOX2

B oo KLF4
# exo oMYC

v ® o 5 © @ @ %
yre 91 11D wun Kengry nun Alesyigly
o0




Disease characterization using iPSCs

423

TMERGE

NKX2.8

Day 0

Day 60

NKX2.5

MYHE
Day0 Day6o

KenQt

Day &

Day 60

NNT2
Day 80

SN G

—83—

€107 ° AIBNIGe,] U0 ATRIQUT 9OUIOS [EDIPOJ JO ANSIOATU[} SIS 16 /B10°S[RHINO[PIOJX0'50I08BAOIpIRY// 1Y WO} POPEOUMOC



424

T. Egashira et al.

R R
10 sec

R~ S

§3--

D
{msec)

cFPD

Average of FP

b2

Gt geTs ot gh 4 b 8%
il

<.

Time ()

polymorphic ventricular tachycardia (PVT)-like arrhythmia (Figure 4D
and Supplementary material online, Figure S4A).*’ E4031-induced
PVT-like arrhythmias were never observed in control-iPSC-derived
beating EBs. We then found that another major repolarization potas-
sium current relating to LQTS, IKs, was blocked by chromanol 2938,
which significantly prolonged ¢FPD in control-iPSC-derived beating
EBs, but not in LQTS-iPSC-derived beating EBs (Figure 4E and F).
These data indicated that LQTS-iPSC-derived cardiomyocytes have
IKs channel dysfunction and/or chromanol 293B insensitivity. We
also examined the inwardly rectifying potassium current K1 by the
IK1-blocking barium administration. The application of barium pro-
longed FPD in both control- and LQTS-iPSC-derived cardiomyocytes
(see Supplementary material online, Figure $4B). However, barium ad-
ministration did not induce arrhythmogenic events in control- and
LQTS-iPSC-derived beating EBs. These findings suggested that repo-
larization of LQTS-iPSC-derived cardiomyocytes would be mainly
controlled by IKr. Taken together with IKr and IKs blocker administra-
tion, we proposed that IKs channels were not only genetically but

functionally impaired and that IKr channels compensated for this
effect in the patient-derived iPSCs, which is also known as the repo-
larization reserve in cardiomyocytes % IKs channel impairment is
diagnosed as type 1 LQTS. And it is well known that B-stimulant
increases the risk of fatal arrhythmia and that B-blockers would effect-
ively prevent long-QT-related arrhythmia in typel LQTS The
B-stimulant isoproterenol increased the beating rate in a dose-
dependent manner in control and LQTS cells, and induced EAD
and ventricular tachycardia (VT)-like arrhythmogenic events in
LQTS-iPSC-derived beating EBs (see Supplementary material online,
Figure S5A and B and Figure 4G). Interestingly, the non-selective
B-blocker propranolol obviously decreased the incidence of arrhyth-
mogenic events (Figure 4H). These data strongly suggested that our
patient has a functional impairment in the IKs channel system. We
confirmed a heterozygous deletion mutant in KCNQ1, 1893delC
(P6311s/33), was identified in the LQTS-iPSCs (see Supplementary
material online, Figure $5C).

To confirm a possible dominant-negative role of the KCNQT
1893delC mutation in IKs channel function, we conducted precise
electrophysiological characterizations in iPSC-derived cardiomyo-
cytes. IKs currents can be recorded by subtraction of baseline and
the IKs blocker (chromanol 293B) addition. In control, chromanol
293B (30 M) addition apparently decreased the recorded current,
and IKs current was recorded by subtraction (Figure 5A). In
LQTS-derived cardiomyocytes, chromanol 293B addition did not
show apparent differences and IKs current was subtly recorded by
subtraction (Figure 5A). The IKs peak and tail current densities of
the LQTS-derived cardiomyocytes were evidently smaller than
those of control (Figure 5B). To clarify the mechanisms underlying
such effects, we examined KCNQ1 protein expression in
LQTS-iPSC-derived cardiomyocytes. We conducted immunofluores-
cent staining using an antibody that recognizes a C-terminal epitope
on KCNQT downstream of P631fs/33. Immunostaining in control
showed cell peripheral expression of KCNQ1, which suggested
normal shuttling of the KCNQ1 protein into the cell membrane
(Figure 5C). In LQTS-iPSC-derived cardiomyocytes, the KCNQ1
protein was accumulated at the perinuclear cytoplasm and nucleus,
instead of at the cell periphery (Figure 5C). These data indicated
that KCNQ1 expression is downregulated at the membrane periph-
eral site (Figure 5D), which suggests that KCNQ1 1893delC has a
dominant-negative effect via a trafficking deficiency.

We showed this patient has a mutation in KCNQ7 and that
LQTS-iPSC-derived cardiomyocytes have a functional disturbance in
KCNQ?1 channels. However, it remains unclear whether this mutation
directly contributed and whether other mutations could be involved
in the IKs current disturbance. To test for a pure dominant-negative
role of the KCNQT 1893delC mutation in IKs channel function, we
also conducted electrophysiological and histochemical characteriza-
tions in HEK cells expressing exogenous wild-type and/or mutated
KCNQ1. Cells with 100% incorporation of the wild-type KCNQT
(WT) gene recorded typical IKs currents and 50% WT KCNQT
gene introduction slightly reduced the IKs currents (Figure 6A). Intro-
duction of 100% mutant KNCQ1 genes (P631fs/33) (MT) significantly
reduced IKs currents (Figure 6A). Moreover, 50% WT and 50% MT
gene introductions had dominant-negative effects on IKs current
(Figure 6A). The IKs peak and tail current densities of the 100% MT
and 50/50% WT and MT were evidently smaller than those of
100% WT and 50% WT (Figure 6B and C). Then we also examined
KCNQ1 protein expression in KCNQ7-transfected HEK cells. Cells
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carrying 100% WT and 50% WT gene introduction showed cell per-
ipheral expression of KCNQ1, which suggested normal shuttling of
the KCNQ1 protein into the cell membrane (Figure 6D and E and Sup-
plementary material online, Figure 56). In contrast, 100% MT and 50/
50% WT and MT gene introduction induced KCNQ1 protein accu-
mulation around the perinuclear cytoplasm, instead of at the cell

periphery (Figure 6D and E and Supplementary material online,
Figure $6). These data indicated that MT-KCNQ1 expression is down-
regulated at the membrane peripheral site, which suggests that
KCNQ1 1893delC has a dominant-negative effect via a trafficking
deficiency.

4. Discussion

Human iPSCs have become a promising tool to analyse genetic dis-
eases. Some previous reports indicated that disease-specific iPSCs
recapitulated the disease phenotypes.'®™ ™ However, most patients
for generating iPSCs in previous reports were already diagnosed
with responsible genes andfor had familial history."®"3%32 we
showed here that iPSCs can recapitulate the phenotype of a sporadic
patient with LQTS typel. We also performed functional analysis of
the novel mutation by using patient-specific iPSCs, which may
support the diagnosis of LQTS type 1 with novel mutation. Moreover,
using this system allowed us to perform several drug administration
tests on the iPSC-derived cardiomyocytes, which would be a realistic
risk to such a patient in real medical practice. Patients with LQTS type
1 have to take B-blockers throughout their lives, and thus to confirm
that B-blockers truly prevent arrhythmic events in the patients with
novel mutations, patient-specific iPSC-derived cardiomyocytes could
also be used for drug evaluation and monitoring,

We generated iPSCs from a sporadic LQTS patient with a novel
heterozygous mutation located in the KCNQ1T gene, 1893delC, and
differentiated into cardiomyocytes. The electrophysiological function
was measured by the MEA system, and we confirmed that ¢FPD
was markedly prolonged in LQTS, as compared with control. Next,
we tried to confirm the responsible channel for disease phenotype
by precise examination of several drug responses. IKr is responsible
for the main potassium current in cardiomyocytes and the IKr
blocker significantly prolonged cFPD in LQTS- and control-iPSC-
derived beating EBs. But interestingly, we observed more frequently
the arrhythmaogenic events like EAD in LQTS-derived beating EBs,
and PVT-like arrhythmia findings recorded only in LQTS. In addition,
JKs is another important potassium current in cardiomyocytes but the
IKs blocker did not affect ¢FPD in LQTS, though it significantly pro-
longed control's ¢cFPD in a dose-dependent manner. In general, IKr
and IKs channels work in a complementary fashion in cardiomyocytes,
which is known as repolarization reserve.®***3 Taken together with
IKr and IKs administration, we could propose that IKs channels were
functionally impaired and that IKr channels would compensate for this
effect in the patient-derived iPSCs. It was also supported that the diag-
nosis of our patient may be LQTS type1 because of the onset of the
ventricular fibrillation caused by exertional stress.”™*! It is important
to elucidate whether the disease phenotype is reproducible in the
same clinical situation, but it should be better to avoid reproducing
ventricular fibrillation in those patients because of the high risk of
sudden death. Therefore, we examined whether adrenergic stimula-
tion can cause arrhythmogenic events in LQTS-iPSCs-derived cardio-
myocytes. We successfully reproduced that the B-stimulant,
isoproterenol, induced VT-like arrhythmia only in LQTS, which was
totally blocked by the B-blocker, propranolol. These findings strongly
suggested that patient’s IKs channels were functionally impaired and
we focused on the identification of the responsible gene mutation
in the KCNQT gene. To confirm the dominant-negative role of the
KCNQ71 1893delC mutation in IKs channel function, we examined
electrophysiological and histochemical analyses in iPSC-derived
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cardiomyocytes, and showed that KCNQT 1893delC has a dominant-
negative effect via a trafficking deficiency. And there remains a possi-
bility that other mutated genes might be involved in disease pheno-
types. So we examined electrophysiological and histochemical
analyses in HEK cells in which WT and MT KCNQT genes were trans-
ferred, and showed that KCNQT 1893delC has a dominant-negative
effect via a trafficking deficiency.

This study had several limitations with respect to basic research and
clinical application. In our study, the control subjects were two healthy
volunteers who were unrelated to the patient. The type of such con-
trols that are optimal to use in disease modelling using patient-specific
iPSCs remains under discussion.™® To examine pure functions of the
mutated genes, it would seem better to compare patient’s family
members who do not harbour the mutation, although related family
members share genetic information including single nucleotide poly-
morphisms, and this could affect disease phenotypes. A recent study
also showed that ideal control iPSCs can be obtained by mutated
gene correction using a targeting strategy.35 However, it is sometimes
difficult to establish iPSCs from family members and correct a mutated
gene in human iPSCs. In our study, we used control iPSCs from healthy
unrelated volunteers and also performed functional analysis of the
mutated genes using gene transduction. Another important issue for
routine clinical application of disease modelling using iPSCs is the
time path. It takes a few months to generate iPSCs from the patient’s
dermal fibroblasts, and another few months to differentiate iPSCs
into cardiac myocytes. Thus, a minimum of half of year is required to
generate iPSC-derived cardiomyocytes that reproduce the patient’s
phenotype. Although iPSC technology is an attractive tool for analysing
human diseases, it is clear that technological innovation remains neces-
sary for the use of iPSCs in routine medical practice.

In the present study, we showed that patient-derived iPSCs could
recapitulate disease phenotype in a case of sporadic LQTS. Important-
ly, this study demonstrated that iPSCs could be useful to characterize
the electrophysiological cellular phenotype of a patient with a novel
mutation. In terms of effort, cost, and time, such a method for char-
acterizing a phenotype should overcome several problems that
remain in realizing the routine clinical application potential of patient-
derived iPSC technology, and in turn, the promise of personalized
medicine in the future clinical setting.

Supplementary material

Supplementary material is available at Cardiovascutar Research online.
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1. Introduction

Short-QT syndrome (SQTS) is a recently recognized disorder, char-
acterized by a shortened QT interval in the electrocardiogram
(ECG), and associated with a high incidence of atrial fibrillation
{AF), syncope, and sudden death due to ventricular tachyarrhythmias
without structural cardiac abnormalities. The syndrome was first

described by Gussak et al.' in 2000 within the context of a familial
AF case associated with short-QT interval. SQTS is a genetically het-
erogeneous disease, and five ion channel genes (SQT1-6) have been
identified as causative genes thus far: KCNH2 encoding the
a-subunit of the rapidly activating delayed rectifier potassium chan-
nels, I, (SQT1 Y2 KCNQT encoding the a-subunit of the slowly activat-
ing delayed rectifier potassium channels, I, (SQT2)% KCNJ2 encoding

* Corresponding author. Tel: +-81 75 751 3196; fax: +-81 75 751 3289, Email: makiyama@kuhp kyoto-u.ac.jp
Published on behalf of the European Society of Cardiology. All rights reserved. © The Author 2011, For permissions please emait: journals.permissions@oup.com.
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the Kir2.1 channels that underlie the inward rectifier potassium cur-
rents, lgr (SQT3)% CACNATC, CACNB2b, and CACNA2D1, which
encode the a1C, B2b, and a28-1-subunits of cardiac L-type calcium
channels (SQT4, SQT5,* and SQT6®), respectively. SQT4 and SQT5
are considered clinical entities with the combined phenotypic charac-
teristics of SQTS and Brugada syndrome, manifesting in a | point and
ST-segment elevation in the right precordial ECG leads.

Regardless of the extensive genetic screening carried out on SQTS
patients, genetic mutations have been identified in a small number of
cases. 277 In 2005, Priori et al.? first reported that a KCNJ2 mutation
was responsible for SQTS (SQT3); however, no additional SQT3 var-
iants have been reported thus far. This lack of progress has significant-
ty hindered our advances in understanding the mechanisms underlying
this disease. In the present study, we describe a novel KCNJ2 mutation
which impaired the inward rectification of Kir2.1 currents. This is a
novel KCNJ2 gain-of-function mechanism leading to SQTS.

2. Methods

2.1 Genetic analysis

Genetic analysis was performed after written informed consent in accord-
ance with the study protocol approved by the Kyoto University ethical
committee. The investigation conforms to the principtes outlined in the
Declaration of Helsinki. Genomic DNA was isolated from blood tympho-
cytes, and screened for the entire open-reading frames of KCNQT,
KCNH2, KCNET-3, KCNJ2, CACNATC, and SCN5A by denaturing high-
performance liquid chromatography using a WAVE System Model 3500
(Transgenomic, Omaha, NE, USA). Abnormal conformers were amplified
by polymerase chain reaction and sequencing was performed on an ABI
PRISM 3100 Genetic Analyzer (Applied Biosystemns, Foster City, CA,
USA), and compared with 400 Japanese control alleles.

2.2 Neonatal rat ventricular myocyte isolation

This investigation was performed in accordance with the Guide for the
Care and Use of Laboratory Animals, published by the National Institutes
of Health (NIH Publication No. 85-23, revised 1996), and was approved
by the Kyoto University Animal Experimentation Committee. A standard
trypsin dissociation method was used to prepare neonatal rat ventricular
myocytes (NRVMs).” The hearts were removed from 1- to 2-day-old
Wistar rats euthanized by decapitation. The ventricles were minced,
and the myocytes were dissociated with trypsin. Dispersed cells were pre-
plated on 100 mm culture dishes for 1h at 37°C in 5% CO; to remove
fibroblasts. Non-attached, viable myocytes were collected, and placed
on 35 mm culture dishes.

2.3 Mutagenesis and transient transfection
of KCNJj2 plasmids

The entire coding region of the KCNJ2 was subcloned into the
pCMS-EGFP vector (Clontech, Palo Alto, CA, USA) using methods previ-
ously described.’® The mutation was introduced by site-directed muta-
genesis using the QuikChange Mutagenesis Kit (Stratagene, La Jolla, CA,
USA). We sequenced the entire plasmid to confirm the presence of the
mutation and the absence of any unwanted variations. To assess the func-
tional modulation of mutant channels, human embryonic kidney (HEK)
293 cells were transiently transfected with KCNJ2 WT and/or mutant plas-
mids using FUGENE 6 (Roche, Indianapolis, IN, USA) as directed in the
manufacturer’s instructions. In order to investigate the mutant’s
effects on myccyte action potentials, plasmids were transfected 1 day
after plating NRVMs, using Lipofectamine 2000 (invitrogen, Carlsbad,
CA, USA)."

2.4 Cell surface expression of KCNJ2

Immunofluorescence microscopy was used to detect the presence of
KCNJ2 channels on the plasma membrane of HEK 293 cells. A haemagglu-
tinin - (HA) epitope (YPYDVPDYA) was introduced into the
pCMS-EGFP-KCNJ2 [wild-type (WT) and mutant] construct between
residues Ala-115 and Ser-116 (extracellular loop between TM1 and
TM2)."%"? HEK 293 cells were transfected with 1.0 pg of WT or
mutant plasmids, or 0.5 pg of each WT and mutant plasmids to assess
a heterozygous condition in 35 mm glass-bottom dishes. Two days
later, the cells were fixed with 4% paraformaldehyde solution, and
images were taken at x40 magnification on an LSM 510 confocal
microscope (Carl Zeiss, Jena, Germany).

2.5 Electrophysiological analysis

For voltage-clamp experiments, a total of 0.75 pg of WT and/or mutant
KCNJ2 plasmids were transfected in HEK 293 cells; 4872 h after transfec-
tion, functional assays were conducted on GFP-positive cells by a conven-
tional whole-cell configuration of patch-clamp techniques at 37°C, using
an Axopatch 200A patch clamp amplifier and a Digidata 1322A digitizer
(Axon Instruments, Foster City, CA, USA).* Pipettes were filled with a
solution (in mM): 140 KCl, 2 MgCl,, 1 EGTA, and 10 HEPES (pH 7.3
with KOH). The bath solution was composed of (in mM): 135 NaCl,
5 KCL, 1 MgCly, 10 glucose, and 10 HEPES (pH 7.4 with NaOH).

In order to record action potentials on NRVMs, 3 pg of WT, or a
mixture of 1.5 pg WT and 1.5 pg mutant KCNJZ plasmids, were trans-
fected; 48—72 h after transfection, functional assays were conducted on
non-transfected or transfected cells that were recognized by their
obvious green fluorescence, using a whole-cell patch-clamp technique at
37°C with the same devices. Action potentials were evoked by 2 ms
supra-threshold current pulses at 10 Hz in a current-clamp mode. The
pipette solution contained (in mM): KCI 140, MgCl, 1, MgATP 4, NaCl
10, and HEPES 10 (pH 7.2 with KOH). Tyrode solution contained (in
mM): NaCl 140, KCl 4, CaCl, 2, MgCl; 1, HEPES 10, and glucose 10
(pH 7.4 with NaOH). Action potential duration {APD) was measured
as the time from the overshoot to 90% repolarization (APDsgq).

2.6 Statistics

All the data are shown as mean + standard error of the mean. For mean
value and comparisons between two sample groups, an unpaired Stu-
dent’s t-test was used to evaluate statistical significance. For comparisons
between multiple groups, we applied a Steel—Dwass test. For either evalu-
ation, a P-value <0.05 was considered significant.

3. Results

3.1 Clinical features

An 8-year-old girl with a markedly shortened QT interval (QT =
172 ms, QTc¢ = 194 ms; Figure A) had been suffering from multiple
disorders, such as severe mental retardation, abnormal proliferation
of oesophageal blood vessels, epilepsy, and Kawasaki disease. Upon
presentation during a routine check-up, her treating physician
noticed an irregular heart rhythm. Her 12-lead ECG showed AF
(Figure 1B), and she underwent external electrical cardioversion
because intravenous infusion of procainamide (15 mg/kg) failed to
recover sinus rhythm. The echocardiography revealed no significant
abnormality. During further evaluation with right-heart catheteriza-
tion, the Swan—Ganz catheter induced supra-ventricular tachycardia
when it was inserted in the right atrium, and ventricular fibrillation
occurred at the position of the right ventricular outflow tract,
which suggested the presence of increased myocardial irritability.
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She was diagnosed with SQTS from these clinical features (i.e. a mark-
edly shortened QT interval, paroxysmal AF, and VF inducibility).

The proband had a family history of perinatal death in her elder
sister (Figure 1C), but her family did not undergo genetic investigation
or further clinical evaluation with the exception of ECGs taken for her
father, elder brother, and younger sister. Genetic investigations could
not be carried out due to a lack of informed consent. The ECGs for
the family members displayed normal QTc intervals (410, 430, and
390 ms, respectively; Figure 10).

3.2 Genetic analysis

In this patient, we screened for candidate cardiac ion channel genes
(KCNQ1, KCNH2, KCNE1-3, KCNJ2, CACNATC, and SCN5A). As a
result of the genetic analysis, we identified a novel heterozygous mu-
tation, a single-base substitution at nucleotide 902 (c.902T>A) in the
KCNJ2 gene, resulting in an amino acid change from methionine to
tysine at 301 in the Kir2.1 potassium channel (Figure 2A). Met-301 is
located in the C-terminal cytoplasmic domain of the channel

(Figure 2B)." The amino acid at codon 301 (methionine) is highly con-
served among different species (Figure 2C). Furthermore, this mutation
was absent in 400 Japanese control alleles. We failed to identify muta-
tions in any other candidate genes.

3.3 Cell surface expression of KCNJ2
mutants

In order to investigate whether the M301K mutations affect intracel-
lular Kir2.1 trafficking, we introduced an HA epitope into the extracel-
lular domain of KCNJ2, and examined the subcellular distribution of
channels in transfected HEK 293 cells using confocal microscopy10
(Figure 2D). Figure 2D illustrates the typical results of confocal
imaging. HEK 293 cells were successfully transfected with either
HA-KCNJ2 WT, KCNJ2 WT/HA-M301K, or HA-M301K (Figure 2D,
upper panels). All types of HA-tagged Kir2.1 proteins exhibited red
fluorescence at the plasma membrane (Figure 2D, middle and lower
panels), indicating that both homo- and heterozygous mutant chan-
nels were trafficking-competent.
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3.4 Cellular electrophysiology

We performed a functional characterization of the mutant channels in
HEK 293 cells. Figure 3A shows representative current traces from cells
expressing KCNJ2 WT, M301K, or WT/M301K, elicited by voltage-
clamp steps (duration 400 ms) from —120 to +100mV (10mV
step), applied from a holding potential of —60 mV. The currents
were normalized to cell capacitance and were plotted as a function
of test potentials (Figure 38). As previously reported, expression of
the KCNJ2 WT in HEK 293 cells resulted in normal inward rectifying
potassium currents (Figure 3A left panel and blue symbols in
Figure 3B). When M301K mutant channels were expressed alone,
they were entirely non-functional (Figure 3A middle panel and green
symbols in Figure 3B). In contrast, when cells were co-transfected
with both equimolar WT and M301K, ample potassium currents
showing a very weak inward rectification could be recorded
{Figure 3A right panel and red symbols in Figure 3B). Average current
densities were significantly smaller than those of WT Kir2.1 channels
at potentials between ~ 120 and —90 mV (P << 0.05), and significantly
larger at potentials between —30 and +100 mV (P < 0.05).

3.5 Contribution of amino acid charge
at residue 301 to Kir2.1 currents

Methionine at 301 is located within the G-loop that forms the nar-
rowest segment of the cytoplasmic pathway,'™™* and negatively
charged amino acids on the inner wall of the cytoplasmic pore,
where the G-loop is located, are known to be important for the
strength of the inward rectification.”~"* We therefore speculated

Human-NWVILEG
Mouse~{VVILEG]
Dog-IVVILEG]
Plig-WYILEGE
Boving-{VWVILE!
Rat-IWWILEG]
Chicken-VVILEG]
Kenopus—PAVILEGH

that the amino acid charge at this position may be crucial for the
inward rectification of Kir2.1 channels, and that its change from me-
thionine (neutrally charged) to lysine (positively charged) may result
in functional changes in Kir2.1 currents. In order to analyse the con-
tribution of the amino acid charge at 301 to inward rectification, we
changed the amino acid at M301 to another positively charged amino
acid, arginine, and to another neutral amino acid, alanine, for compari-
son. Figure 4A illustrates the whole-cell Kir2.1 currents in homo- and
heterozygous mutant conditions for M301R (left panel) and M301A
(right panel). Homozygous M301R mutant channels displayed no
functional currents, whereas WT/M301R attenuated the inward recti-
fication (Figure 4A left panel). These observations suggest that the cur-
rents through the M301R channels are similar to those of the M301K
channels (Figure 3) under both homo- and heterozygous conditions.
On the other hand, in the M301A channels—in which the residual
charge remained neutral-—the currents showed normal inward recti-
fication in both homo- and heterozygous conditions similar to those
produced by WT Kir2.1 channels (Figure 4A right panel). In order to
evaluate the intensity of inward rectifying properties, we assessed the
rectification index, along with the ratio of the current amplitudes at 0
and —100 mV." Figure 4B shows the rectification indexes obtained
from WT, M301A (0.10 £ 0.02, n=10), WT/M301A (0.073 +
0.015, n=11), WT/M301K (1.12 4 0.16, n= 11), and WT/M301R
(0.99 + 0.14, n=11). Although the rectification indexes for WT/
301A and M301A showed no significant difference, the indexes for
both WT/M301K and WT/M301R were significantly increased in
comparison with WT (0.061 + 0.01, n= 15, P<<0.001, left-most
bar in Figure 48).
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3.6 Action potentials recording in
KCNJj2-M301K-transfected NRVMs

We investigated the impacts of M301K mutant Kir2.1 channels on
NRVMs' action potentials using a transient transfection method.
Figure 5A shows typical action potentials recorded for non-transfected
(control) NRVMs (Figure 5A, left panel), and NRVMs transfected with
KCNJ2 WT or WT/M301K (Figure 5A middle and right panels, respective-
ly). Phase 3 repolarization was accelerated in the KCNJ2 WT- and WT/
M301K-overexpressed groups (Figure 5A middle and right panels,
respectively) and we could further note that the dome is nearly lost in
the WT/M301K group. APDgq was significantly abbreviated in the
KCNJ2 WT-overexpressed group (28.2 + 34 ms, n= 10, P<0.001,
Figure 5A, middle panel) in comparison with the control group
(123.3 4 122 ms, n = 11, Figure 5A, left pane; bar graphs in Figure 5B).
Additionally, APD90 was significantly shorter in the WT/M301K
mutant-overexpressed group (94 +21ms, n=16, P<0.001,
Figure 5A, right panel; bar graph in Figure 5B) than in the
WT-overexpressed group.

4. Discussion

4.1 Major findings

In the present study, we identified a novel heterozygous KCNJ2 muta-
tion, M301K, in a patient with a markedly shortened QT interval. The
QT interval, 172 ms, of this patient is the shortest among previous
SQOTS reports,2‘7'16 to our knowledge. The methionine at position

e WTMBONK (1=11)

301 is located in the C-terminus of Kir2.1 channel, and is considered
to form a pore-facing loop region.” Functional assays using a heterol-
ogous expression system revealed that homozygous M301K Kir2.1
channels carried no currents with preserved plasma membrane ex-
pression; however, heterozygous WT/M301K Kir2.1 channels attenu-
ated inward rectifying properties, which resulted in increased outward
currents for positive voltages and negative voltages down to —30 mV.
Significant increases in outward currents within the voltage range of
the action potentials shortened APD by accelerating membrane repo-
larization as shown in Figure 5, which is implicated in increased cardiac
vulnerability.

4.2 Impaired inward rectification

of Kir2.1 currents: a novel mechanism
predisposing SQTS

In 2005, Priori et al.* first reported a heterozygous gain-of-function
KCNJ2 mutation, D172N, in a patient with SQTS. In the report, homo-
zygous D172N Kir2.1 channels displayed larger outward currents
compared with WT Kir2.1 alone, and heterozygous channels
yielded intermediate results. In both homozygous and heterozygous
D172N mutant channels, the inward rectification properties of
Kir2.1 currents were preserved. In heterozygous M301K mutant chan-
nels identified in our patient, however, the inward rectification was
significantly reduced, allowing ample outward potassium currents at
positive potentials. In addition, it should be emphasized that the
homozygous M301K mutant channels were non-functional. These
functional changes, such as the impaired inward rectification of the
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Kir 2.1 currents resulting in increased outward currents, are a novel
KCNJ2 gain-of-function mechanism predisposing SQTS.

The phenotypic characteristics of our index patient somewhat
differ from those of the KCNJ2-D172N mutation carriers.* No appar-
ent arrhythmias were recorded with D172N mutation carriers. On
the other hand, our M301K patient showed paroxysmal AF and mul-
tiple disorders. Additionally, mechanical stimulation by a Swan—Ganz
catheter induced paroxysmal supraventricular tachycardia and VF.
Moreover, the QTc interval in our patient was much shorter
(QTc = 194 ms, Figure 1) than that of the D172N carriers (QTc =
315 and 320 ms).* Another gain-of-function KCNJ2 mutation, V93],
was reported in a familial AF case.”” Their functional analysis
showed a similar result with D172N, but the affected members had
normal QT intervals. These diverse clinical manifestations may be
related to the extent and the different gain-of-function mechanisms
of the Kir2.1 currents.

4.3 Relationship between impaired
inward rectification and charged amino
acid residues at 301

Kir currents exhibit strong inward rectification, which is thought to be
due to pore blocking induced by multivalent ions from intracellular

WT/M301R ’/// 7 e
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Mg2+.m”7'° ‘Channel blockade by physiological concentrations of
Mg*" is influenced by the electrostatic negativity within the cytoplas-
mic pore.”‘ Negative charges on the inner wall of the cytoplasmic
pore are therefore key determinants of the strength of the inward
rectification. Many amino acid residues inside the pore demonstrate
interactions with the ion over long distances, suggesting that muta-
tions potentially affect ion or blocker energetics over the entire
pore profile.*#' The M301K mutation causes the change of the
amino acid residue at 301 from a non-charged amino acid residue, me-
thionine, to a positively charged residue, lysine. In order to evaluate
the importance of the charge at 301, additional whole-cell patch-
clamp recordings were carried out on M301A (remained neutral)
and M301R (neutral to positive) (Figure 4). Inward rectification of
Kir2.1 currents was well preserved in both homozygous and hetero-
zygous M301A channels. Heterozygous M301R channels, however,
attenuated inward rectification, and homozygous M301R channels
were non-functional similar to that of the M301K channels. These
electrophysiological results indicate that the neutral amino acid
residue at 301 plays an important role in generating Kir2.1 inward rec-
tification. The decrease in the net negative charge within the cytoplas-
mic pore may facilitate the reduction in both the susceptibility of the
channel to Mg?™ block and the voltage dependence of the blockade. It
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remains unknown why only tentative hetero-multimers of WT and
M301K are active and lose their inward rectification properties. in
homozygous M301K channels, all of the tetrameric subunits must
have a positively charged lysine at 301, which may impair potassium
ion permeation due to a conformational change in the near-pore
region.

4.4 Heterozygous KCNJ2-WT/M301K
overexpression shortened APD in NRVMs

In cardiomyocytes, Kir2.1, Kir2.2, and Kir2.3 channels are supposed to
be able to co-assemble in order to modulate their channel proper-
ties.?* Thus, there can be a multitude of Kir2.x heteromuttimers,
and to date a wide range of single-channel conductances of inward
rectifier channels have been reported in studies conducted on
various mammalian myocytes, including human =% This variety at
the individual channel level may contribute to the different stoichiom-
etry of the tetrameric channels.”® Because Kir2.1 is a major compo-
nent of IK1 in the myocardium, we overexpressed the KCNJ2
M301K mutant channels in NRVMs to examine the effects of the mu-
tation on APD. Overexpression with WT alone resulted in shorter
APD in comparison with non-transfected myocytes (Figure 5B).
These results are consistent with a previously published report.?’
Notably, heterozygous overexpression with WT and M301K further

amplified the shortened APD (Figure 5C). These results were compat-
ible with the electrophysiological changes assessed in HEK 293 cells,
because the heterozygous WT/M301K channels showed a larger
outward current than WT Kir2.1 channels under the physiological
range of membrane potentials (Figure 3). Weak inward rectification
observed in the heterozygous WT/M301K channels suggests that po-
tassium ion can get through Kir2.1 channel at depolarized potential,
probably resulting in loss of the action potential dome recorded in
the KCNJZ2 WT/M301K-overexpressed group. The experiments
were performed using a transient overexpression system that was dif-
ferent from the patient’s heart, and the amount of overexpressed
channels was difficult to be estimated accurately. But, these results
are beneficial in understanding that the heterozygous KCNJZ M301K
mutation could abbreviate APD and cause an extremely short-QT
interval in the patient’s ECG.

4.5 Clinical features of the index patient
with KCNJ2-M301K

Regarding the clinical criteria for the diagnosis of SQTS, they have yet
to be defined. However, we should consider SQTS in a patient pre-
senting with a QTc <340 ms and other factors suggestive of arrhyth-
mia (such as syncope or family history of sudden death).”® A
prominent clinical manifestation of SQTS is arrhythmias, such as AF
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