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ABBREVIATIONS

AF: Atrial fibrillation

AP: Action potential

APA: Amplitude of action potential

APD: Action potential duration

APD50: Action potential duration at 50% repolarization
APD90: Action potential duration at 90% repolarization
ARVC: Arrhythmogenic right ventricular cardiomyopathy
BrS: Brugada syndrome

CCh: Carbachol

CHO: Chinese hamster ovary

Cm: Membrane capacitance

CRP: C-reactive protein

DAD: Delayed afterdepolarization

DCM: Dilated cardiomyopathy

EAD: Early afterdepolarization

EAG: ether-a-go-go

ECG: Electrocardiogram

ELK: eag-like K* channel

Epi: Epinephrine

ERG: eag-related gene

ESCs: Embryonic stem cells

HCM: Hypertrophic cardiomyopathy

HEK: Human embryonal kidney

hERG: Human ether a’-go-go-related gene



hESCs: Human embryonic stem cells

hiPSCs: Human-induced pluripotent stem cells
hiPSC-CMs: Human-induced pluripotent stem cell-derived cardiomyocytes
HQ: Hydroquinidine

ICD: Implantable cardioverter defibrillator

Ica-L: L-type calcium channel current

IPSCs: Induced pluripotent stem cells

INa: Sodium current

Incx: Na/Ca exchanger current

Ik1: Inward rectifier potassium channel current

IkatP: ATP-sensitive potassium channel current

Ikr: Rapidly activating delayed rectifier potassium current
Iks: Slowly activating delayed rectifier potassium current
Isk: Calcium-activated small conductance potassium channel current
Iso: Isoprenaline

I/R: Ischemia/reperfusion

LPS: Lipopolysaccharide

LQTS: Long QT syndrome

NAC: N-Acetyl-L-cysteine

NADPH: Nicotinamide adenine dinucleotide phosphate
NCX: Na/Ca exchanger

PKA: Protein kinase A

PKC: Protein kinase C

QT: QT interval

QTc: QT interval (corrected)


https://en.wikipedia.org/wiki/NADPH

ROS: Reactive oxygen species
RP: Resting potential

Rs: Series resistance

SCD: Sudden cardiac death

SQTS: Short QT syndrome
SQTS1: Short QT syndrome type 1
SQTS2: Short QT syndrome type 2
SQTSS3: Short QT syndrome type 3
SQTS4: Short QT syndrome type 4
SQTS5: Short QT syndrome type 5
SQTS6: Short QT syndrome type 6
TTS: Takotsubo syndrome

Vmax: Maximal depolarization velocity of action potential
VF: Ventricular fibrillation

VT: Ventricular tachycardia

WT: Wild type



1. INTRODUCTION

1.1. Short QT syndrome

Short QT syndrome (SQTS) is a rare, genetic channelopathy representing short QT
interval (QTc) and sudden cardiac death (SCD). The first clinical cases of the SQTS
were reported in 2000, showing that four patients with short QT interval suffered from
atrial fibrillation (AF) and/or SCD caused by ventricular tachycardia (VT) or ventricular
fibrillation (VF) % SQTS is diagnosed usually in asymptomatic adults with a family
history of SCD. About 250 cases and nearly 200 families worldwide have been reported
2. Due to the limited number of reported cases and the possibility of overlooking SQTS
cases, the real prevalence of SQTS is difficult to be determined in the world population.
However, recent studies suggest a prevalence between 0.02 and 0.1% in adults and
0.05% in pediatric population 3. Iribarren et al. stated that the prevalence of short QT
interval (<300 ms) in Africa Americans was highest (5.8 per 100,000), followed by
Caucasians (3.2 per 100,000), Latinos (1.8 per 100,000), and Asian/Pacific Islanders
(1.6 per 100,000 persons)*. Lethal events may occur in both genders, but a slight male
predominance probably exists. Data from analyzing 145 patients diagnosed with SQTS
between 2000 and 2017 showed that male patients presented syncope more often
than females °. This suggests that higher testosterone levels in male may contribute to
QTc interval regulation & 7. Arrhythmogenic events associated with SQTS were
documented in ages from infants to 80-year-old patients, but the first year of life seems
to be the most risk with a 4% rate of cardiac arrest 2 8. The chance of a first syncope,
is nearly 40% by age 40. It was suggested that there exist two high-risk peaks of SCD:
(1) in the first year of life and (2) from 20 to 40 years old °.

Clinical manifestations associated with SQTS include asymptomatic (around 40% of
cases) feature, dizziness, AF, ventricular arrhythmias, syncope and even SCD 2.
Clinical symptoms may be severe, especially in children, and can cause SCD in infants.
Since it is a genetic disease, diagnosed patients frequently have a family history of
syncope or SCD in a young, first or second-degree relative 2. Hence, clinical
examination is recommended in all family members. Asymptomatic patients carrying a
pathogenic variant associated with SQTS are also at high risk because the first

manifestation of the disease can be the SCD 2 19,



The SQTS diagnosis criteria have been debated since the last decade. The main
question in clinical diagnosis is how to define the cut off value at the lower end of the
QTc. In guidelines/consensus established in 2011 ' and 2013 *?, the SQTS was
defined as: “a genetic arrhythmogenic disorder characterized by a short and uniform
QT/QTc intervals (<330 ms) on the ECG, with absent or minimal ST segments, with an
interval from J point to T wave peak (Jp-Tp) measured in the precordial lead with the
T wave of greatest amplitude<120 ms, possible tall T waves with narrow base similar
to the T wave of moderate hyperkalemia (“desert tent T waves”), frequent early
repolarization pattern, prolongation of T peak-T end interval, and possible presence of
prominent U waves in the absence of structural heart disease and others disturbances
that cause repolarization abnormalities” 2. Currently, according to the European
Society of Cardiology (ESC) guidelines in 2015 3, a clinical diagnosis of SQTS can be
made by a QTc<340 ms, or a QTc<360 ms accompanied by one or more of the
following: A. a confirmed pathogenic mutation; B. a family history of SQTS; C. a family
history of sudden death at age 40 years; D. survival from a VT/VF episode in the
absence of heart disease. Importantly, SQTS could be overlooked in ECG, therefore
caution is required, especially in case of unclear syncope, arrhythmia, or the presence

of paroxysmal or persistent atrial fibrillation in young patients 14,

For the treatment of SQTS, implantable cardioverter defibrillator (ICD) is the first choice
for prevention and treatment of SCD in SQTS patients. It is recommended for those,
who are surviving cardiac arrest or at high risk of SCD. However, ICD has numerus
disadvantages, such as an increased risk of inappropriate shock due to sinus
tachycardia, T-wave oversensing or lead failure and AF 1517, Therefore, drug therapy
is required, especially for young patients who rejected or are contraindicated with ICD
implantation, as an alternative therapy.

So far, a few drugs such as disopyramide, nifekalant, quinidine, flecainide, sotalol,
ibutilide and propafenone have been used in vivo studies on SQTS 18 among which
only quinidine was shown to be effective for the treatment %23, Hydroquinidine (HQ)
was shown to prolong the QTc interval and to be effective in preventing ventricular
tachyarrhythmias during long-term follow-up 2% 23 24 |t can be considered in SQTS

patients, who refuse to receive or cannot receive ICD.



Roles of genetic mutations and pathophysiological mechanisms that underlie the
SQTS development remain unclear. The ability to identify specific gene mutations in
individual cases of SQTS is of great importance in determining causality and potential
treatments. SQTS is inherited autosomal dominant with genetic heterogeneity. So far,
different types of SQTS have been described. Three genes encoding potassium
channels (KCNH2, KCNQ1, KCNJ2) and three genes encoding calcium channels
(CACNALC, CACNB2, CACNA2D1) were found to be associated with SQTS, which
are called SQTS type 1 to 6, respectively 8. In addition, SCN5A gene was also linked
to a subclinical phenotype Brugada syndrome (BrS) and short QT interval in ECG 25,
This was described as SQTS7 22326 |n 2017, Thorsen et al described a mutation in
the anion exchanger Solute Carrier Family 4 Member 3 (SLC4A3) gene, encoding a
Cl, HCOS3-exchanger (AE3), as a novel genetic etiology for SQTS 2. This mutation
could change the function of AE3 and increase intracellular pH (pHi) and reduce
intracellular CI- concentration ([CI]i). High pHi and low [CI]i shorten cardiac action
potential in zebrafish embryos 28, which confirmed functional association of AE3 with
SQTS. Currently, although a large number of mutations have been reported to be
possibly related to SQTS, only a small part of them have been investigated
experimentally to explore their functional significance. Using data from the literature,
Campuzano et al. analyzed the significance of all reported gene variants detected in
SQTS-patients and revealed that only 28.12% of reported variants has a conclusive
pathogenic role for SQTS 29,

SQTS type 1 (SQTS1) is the most frequently described form. SQTS1 was firstly
reported by studying three families with hereditary SQTS in 2004 . In the three
families, 2 different missense mutations that lead to the same amino acid change
(N588K) at the S5-Pore loop region of the cardiac hERG (KCNH2) channel were
detected. The genetic mutations in hERG attenuate the inactivation and increase
hERG channel current (Ikr) leading to shortening of the repolarization and QT intervals
29,31 A second mutation (C1853T) in the KCNH2 gene, resulting in an amino acid
change of T618l, was found in a Chinese family with a markedly short QT interval
(QTc=316 + 9 ms) and a strong family history of sudden death 32. Both mutations cause

a gain-of-function (an increase in channel current) of hERG channels.

SQTS type 2 (SQTS2) is caused by a gain-of-function mutation in KCNQ1 gene

encoding slowly activating delayed rectifier K channel (lks). A mutation with the G>C
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substitution at nucleotide 919 in the KCNQ1 gene, which results in the substitution of
the valine at position 307 by leucine (V307L), was detected in SQTS2-patients 33,
Another mutation, KCNQ1-V141M, was linked to APD-shortening and bradyarrhythmia
34, 35 An additional rare variant R259H has been identified as being potentially
associated with SQTS 2 36,

Inward rectifier potassium (I, Kir2) channels are linked to SQTS type 3 (SQTS3).
Priori et al. reported this form of SQTS, which was associated with a D172N
substitution in the Kir2.1 channel and characterized by asymmetrical T waves. The
mutation in the KCNJ2 gene (encoding Kir2 channels) significantly increases the
outward component of Iki1, which was exhibited by transfecting Chinese Hamster
Ovarian (CHO) cells with Kir2.1 WT- or D172N-mutant DNA ¥, Furthermore, another
KCNJ2 gain-of-function mutation, M301K, was also shown to be associated with
SQTS3 38, In addition, it was described that the E299V mutation and the V93| mutation
in KCNJ2 gene are associated with AF but not with VT/VF in SQTS, although the

reason for these findings needs to be further analyzed 342,

SQTS type 4-6 (SQTS4 and SQTS5 and SQTS6) are caused by loss-of-function of L-
type Ca?* channels. In 2007, Antzelevitch et al. reported missense mutations in
CACNAI1C (A39V and G490R) gene coding the a subunit and CACNB2b (S481L) gene
coding the B subunit of the Ca?* channel as being linked to SQTS type 4 and SQTS
type 5 overlapped with Brugada syndrome (BrS) 2 42, In 2011, Templin et al identified
SQTS type 6 (SQTS 6) as being related to a variant in CACNA2D1 gene encoding the
y-subunit of the voltage-dependent L-type Ca?* channel. They found that the
heterozygous transition ¢.2264G>C in CACNA2D1 gene predicting replacement of
serine by threonine at position 755 (p.Ser755Thr) is associated with SQTS 4.

A mixed SQTS and BrS phenotype caused by a heterozygous missense mutation
R689H in SCN5A gene was first reported in 2012 2. The patient with a short QT
interval (QT of 320 ms at 71 beats min-!) was found to have a Brugada-like ECG and
biophysical analysis showed that SCN5A protein containing the R689H mutation was
unable to mediate Ina, indicating loss-of-function of Na* channels. However, there is no

conclusive data with respect to the association of this variant with SQTS.


https://pubmed.ncbi.nlm.nih.gov/?term=Templin+C&cauthor_id=21383000

In spite of rapid progress in searching for genetic factors in SQTS, a convincing proof
of genotype-phenotype correlation remains lacking for most SQTS forms. Functional
roles of most gene mutations or variants associated with SQTS have not clarified. Of
note, only around 30% SQTS-patients have been proven to carry the disease-
associated gene mutation and arrhythmias appear only under certain conditions even
in patients carrying a clear pathogenic mutation, suggesting roles of environmental
factors. Studies regarding roles of environmental factors in occurrence of arrhythmias
of SQTS remain spars. Whether the SQTS-associated mutation can influence effects

of environmental factors in cardiac electrophysiology is unknown.

Since SQTSL1 results from an increased (a gain-of-function) hERG channel (Ikr) current,
an Ikr inhibitor should prolong QT interval or suppress the occurrence of arrhythmias
in SQTS1-patients. However, some typical Ikr inhibitors such as sotalol and ibutilide
showed no effect on QTc in SQTS1-patients 23 24, indicating possible roles of the Ik
channel mutation for drug drugs. It is known that some drugs like sotalol and ibutilide
exert effect on Ikr only when the channel is inactivated and the mutation leads to an
inactivation defect and in turn decrease drug effects on Ik %4 . Quinidine has effects on
both the activated and inactivated Ik channels and can still reduce Ikr even when the
channel inactivation is impaired. Hence, several studies investigated influences of
mutations on channel sensitivity and/or affinity of hERG channels to drugs, but the
change of sensitivity may not be the only reason for the change of drug effects. For
instance, amiodarone, propafenone and quinidine suppressed N588K-Ikr with a similar
efficacy, but only quinidine can prolong APD/QTc or reduce arrhythmic events in
SQTS1-patients or SQTS1-cardiomyocytes 4 45, suggesting that extra mechanisms
might also play critical roles for drug effect in SQTS1-patients. Thus, we expect that
besides the drug affinity the channel gating kinetics may be also critical for the efficacy
of a drug. It is known that the N588K mutation in the Ikr channel can change drug
effects by impairing the channel inactivation, but it is not known whether N588K also

change other gating parameters of Ikr and in turn change drug effects.
1.2. The hERG channel

The ether-a-go-go (EAG; Kv10-Kv12) channels encoded by KCNH genes belong to a
superfamily of voltage-gated K* channels (figure 1A). The EAG gene was first

discovered in Drosophila melanogaster 4647, It was identified in a mutant that exhibited



rhythmic leg shaking under ether anesthesia, reminiscent of a go-go dance 4" 48,
Thereafter, eight mammalian EAG channel subtypes encoded by the KCNH gene
family have been discovered (figure 1A) 5. According to sequence similarities, the
EAG channels were divided into three subfamilies including two EAG (Kv10), three
ERG (eag-related gene; Kvll) and three ELK (eag-like K* channel; Kv12) channel
members 4%, The diversity of EAG channels can be increased further by the formation
of heteromeric channels, which is possible within each subfamily 46:50-52, The human
ether a’-go-go-related gene (hERG or KCNH2) was originally cloned from a human
hippocampal cDNA library by homology to Drosophila EAG “°. The hERG gene
encodes the pore-forming subunit of the rapidly activating delayed rectifier potassium
channel (lkr, also called hERG or Kv11.1 channel).

N588K
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Figure 1. (A) Phylogenetic tree of the EAG superfamily members. (B) The hERG structure.
(C) The sequence of pore region of hERG channel comparing with other channels.

The hERG channel is mainly expressed in cardiac tissue, but exists also in other
tissues including the hippocampus neurons #°, jejunal smooth muscle °3 and pancreatic
B-cells 4. In addition, increasing evidences show that hERG is up-regulated in several

animal and human tumors and tumor cell lines 55 56,



The hERG channel plays a critical role in the repolarization of cardiac action potentials
(APs) 57:58 The ventricular action potential duration (APD) reflects the QT interval (QT)
on an electrocardiogram (ECG). Inhibition of hERG channel current can prolong
APD/QT and lead to LQTS, which may cause fatal ventricular arrhythmia torsades de
pointes and sudden death 5% 60, Numerus loss-of-function mutations in hERG have
been detected in humans, which reduce the hERG current and lead to type 2 genetic
LQTS 6%, Inhibition of hERG channel current may also cause acquired LQTS. For
instance, many drugs can inhibit hERG and hence lead to drug-induced LQTS 9.
Moreover, a reduction in the serum K* concentration (hypokalemia) can suppress
hERG function and expression, resulting in LQTS 92, On the other hand, gain-of-
function mutations in hERG channel have been identified SQTS-patients 2. Increase in
hERG channel current, either by genetic factors or environmental factors or by drugs,
can shorten APD/QT and cause SQTS, either genic or acquired.

The hERG channel is a member of the family of voltage-gated potassium channels,
which contain six transmembrane segments (S1-S6) and a pore helix that is
interposed between S5 and S6 (figure 1 B). The positively charged S4 acts as the
voltage sensor for the channel activation 4° 83, Unlike other members of the voltage-
gated K* channel family, the hERG channel possess the feature of slow activation,
very rapid voltage-dependent inactivation and rapid recovery from inactivation 57 6465,
Four hERG a-subunits assemble with a modulatory subunit MiRP1 (encoded by
KCNEZ2, stoichiometry unknown) to form a functional channel, which underlie the
rapidly activating delayed rectifier potassium current (Ixr). The hERG channel functions
as an inward rectifier, i.e., it conducts small outward currents at but large inward

currents 63,

The inactivation of the hERG channel is caused by conformational changes in the outer
pore region %567 and involves so-called “collapse of the pore” 6368 The pore region of
hERG, including the pore helix, a selectivity filter, and S6, is highly homologous to that
of other members of the voltage-dependent K* channel family 4% % and also to the
bacterial K* channel KcsA (figure 1 B-C) 67 70, This feature provides the possibility to
construct homology models of hERG channels based on the KcsA structure 7°.
However, the extracellular loop connecting the pore helix to the top of S5 (S5-pore
loop) in hERG is very different from that in other voltage-dependent K* channel family

members. First, the S5-pore linker of the hERG channel is unusually long (43 amino
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acids) compared with the linkers of other voltage-gated K* channels (10—-23 amino
acids) % 7t, Second, many mutations in the S5-pore loop disrupt the inactivation
process in hERG ¢7 72, Third, it possesses the binding site for scorpion toxins (e.g.
BeKm-1) that selectively block hERG channel 73. Therefore, the S5-pore loop of hERG
is a critical region of the protein for channel functions.

Numerous genetic mutations in hERG gene have been reported as possible modulator
of hERG channels. Most mutations were identified in patients with long QT syndrome
(LQTS) 74. The mutations detected in LQTS-patients are associated with a change
called loss-of-function of the channel, i.e., a reduction of the hERG channel current,
which prolong APD in cardiomyocytes and QT interval in ECG. Some mutations such
as N588K3°, T61813% 32, R1135H"°, Glu50Asp’®, 1560T3* in hERG gene have been
identified in SQTS patients. Functional studies showed that these mutations increased

the hERG channel current, implying they lead to gain-of-function of hERG channel.

Besides genetic mutations, the hERG channel can be regulated by some intracellular
signaling factors. It was shown that PKA and PKC activation can inhibit the hERG
channel current, but not through phosphorylation of the channel, instead, through
ROS-induced signaling 7. However, other studies showed that the inhibition was
mediated by direct phosphorylation of the channel protein 788, On the contrary, it was
also shown that PKA activation by cAMP can enhance hERG channel current by
phosphorylation of the channel . It was shown that diacylglycerol potently inhibited
the hERG current, which is mediated by a protein kinase C-evoked endocytosis of the
channel protein and dependent on the dynein-dynamin complex 82. High-glucose
caused hERG channel deficiency via the inhibition of channel trafficking . Data
showed that hERG channels interact with caveolin-1 and are negatively regulated by
this interaction 84, It was reported that when hERG channels were expressed in
Xenopus oocytes with 3-catenin, a multifunctional protein regulating the expression of
a wide variety of genes relevant for cell proliferation and cell survival, the hERG
channel activity and protein level in cell membrane were enhanced 8. Hypoxia can
reduce hERG channel current and mature hERG channel expression through calpain
up-regulation 8. Extracellular pH value can modulate hERG channel gating kinetics
87,88 The body temperature can also change the hERG channel gating 8% °°. Besides,
many drugs target the hERG channel, inhibit hERG channel current, and lead to
acquired LQTS °%. Drug-induced SQTS has been rarely reported %% %, Together, the
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hERG channel can be modulated by some environmental factors via either direct effect
on the channel or indirect regulation through different intracellular signaling. However,
whether and how a genetic mutation can influence the regulation of hERG channels

by environmental factors are unclear so far.
1.3. Human-induced pluripotent stem cell-derived cardiomyocytes

Embryonic stem cells (ESC), a type of cells with properties of self-renewal and
pluripotency, were reported for the first time in the study of Evans et al. in 1981 °4,
ESCs were successfully derived from human blastocysts in 1998 %. Although ESCs
provide advantages for basic researches and clinical applications, destroying the early
embryos in the process of ESC preparation causes ethical problems. In addition, the
tissue rejection also limits the use of human ESCs. Shinya Yamanaka’s research group
improved the situation by generating induced pluripotent stem (iPS) cells. They found
that somatic cells from mice and humans could be reprogrammed to a pluripotent state
through introduction of four transcription factors (OCT-4, SOX-2, KLF-4 and C-MYC)
9. 97 The iPS cells generated from somatic cells possess the properties of unlimited
self-renewal and pluripotency character like ESCs, and they avoid the ethical issues
caused by embryo destruction and may reduce tissue rejection by using iPSC cells
generated from the same patient. Nowadays, iPS cells that can differentiate to specific
cell types are commonly used in studies in different fields by different differentiation

methods.

In 2008, Narazaki et al successfully differentiated iPS cells into cardiomyocytes %.
Since then, human iPS cell-derived cardiomyocytes (hiPSC-CMs) have been wildly
used for studies regarding disease modeling, pathogenesis and drug testing for toxic
or therapeutic effects. hiPSC-CMs possess properties and ion channel expression
profiles similar to native cardiomyocytes °°. Strikingly, they can recapitulate some
important features of some cardiac diseases such as long QT syndrome (LQTS) 19
101 Brugada syndrome (BrS) 1% 102, 103 grrhythmogenic right ventricular
cardiomyopathy (ARVC) 104 105 dijlated cardiomyopathy (DCM) 106, hypertrophic
cardiomyopathy (HCM) 107, Takotsubo syndrome (TTS) 1% and septic cardiomyopathy
109 Hence, hiPSC-CMs provide a good opportunity for studying human cardiomyocyte
properties in cell culture models, including physiology, pathophysiology and drug

testing.
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Human mature cardiomyocytes are optimal for studying ion channel functions or their
roles for human heart diseases. However, the availability and ethical issues limit the
experimental studies using human cardiomyocytes, especially, the ventricular
cardiomyocytes. Therefore, animal models or animal cells have been widely used for
such studies. Given the differences between humans and animals, animals or animal
cells are far from optimal for studying human cardiac diseases. Besides animal cells,
some heterologous expression systems, like HEK293, CHO and HelLa cells, have been
employed for studying ion channel functions 1% 11 These non-cardiac cells are also
far from being optimal as they cannot generate APs and they obviously lack some
signaling proteins that are important for regulating ion channel functions in
cardiomyocytes. Therefore, in this study we used hiPSC-CMs as the most relevant

study platform.
1.4. Aims of the Study

Since the modulation of hERG channel gating kinetics by the mutation of N588K and
the influence of the mutation on the channel modulation by environmental factors are
unclear, we hypothesized that (1) the mutation N588K detected in the SQTS patient
might affect the channel gating in addition to the inactivation, (2) the mutation might
enhance modulatory effects of some environmental factors and (3) the mutation might

change some drug effects on hERG channel gating kinetics.
To test our hypotheses, we designed the experimental setups to investigate:

(1) The hERG channel gating kinetics in hiPSC-CMs from healthy donors and a
SQTS-patient carrying the mutation N588K in the hERG channel.

(2) The modulation of the hERG channel current and gating kinetics by some
environmental factors in hiPSC-CMs from healthy donors and the SQTS-patient

carrying the mutation N588K in the hERG channel.

(3) The Influence of the N588K mutation on drug effects with respect to hERG

channel gating kinetics.

In general, the study aimed to clarify whether a) the N588K mutation change hERG
channel gating kinetics besides inactivation, b) whether some important factors

including adrenergic and muscarinic stimulation, frequency, pH value, hyperthermia
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and inflammatory factors can modulate hERG channel current and gating, c) whether
the mutation change the modulation of hERG channel by environmental factors and d)
whether the mutation change drug effects on hERG channel gating kinetics. Thus, the
study may provide new insights into the arrhythmogenic potential of hERG channels
and might identify new therapeutic targets for the treatment of SQTSL1.

2. METHODS AND MATERIALS

2.1. Ethics statement

The written informed consents were obtained before skin biopsies from the healthy
donors and SQTS1-patient. The study was approved by the Ethical Committee of the
Medical Faculty Mannheim, University of Heidelberg (approval number: 2018-565N-
MA) and by the Ethical Committee of University Medical Center Gottingen (approval
number: 10/9/15). The study was performed following the approved guidelines and

conducted in accordance with the Helsinki Declaration of 1975, as revised in 1983.
2.2. Study design

To investigate possible modulations of hERG channel gating kinetics in SQTS1-hiPSC-
CMs, the flowing experiments were designed (figure 2). First, the hERG channel
current and gating kinetics were analyzed in healthy donor cells (D-hiPSC-CMs) and
SQTS1-hiPSC-CMs to explore the modulation of hRERG channel gating by the mutation
N588K. Second, possible regulatory effects of some environmental factors including
adrenergic and muscarinic stimulator, frequency, pH value, hyperthermia and
inflammatory factors on hERG channel gating were investigated and compared
between healthy and diseased cells to explore roles of the mutation for the channel
modulation by environmental factors. Third, drug (quinidine, ivabradine, ajmaline,
amiodarone, mexiletine, flecainide and ranolazine) effects on hERG channel gating
were investigated and compared between healthy and diseased cells to explore roles

of the mutation on drug effects.
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2. Enviromental factor modulation

|

SQTS1-hiPSC-CMs '[
(N588K) T

1. hERG gating (genetic modulation)

D-hiPSC-CMs  — \

\

3. Drug modulation

Figure 2. Schematic plan of the study.
2.3. Generation of human iPS cells

The human induced pluripotent stem cells (hiPSCs) were generated from primary
human fibroblasts derived from skin biopsies. The hiPSC line from healthy donor 1 (D1)
was generated by using lentiviral particles carrying the transactivator rtTA and an
inducible polycistronic cassette containing the reprogramming factors OCT4, SOX2,
KLF4, and c-MYC. The hiPSC lines from healthy donor 2 (D2) and donor 3 (D3) were
generated in feeder-free culture conditions using the integration-free episomal 4-in-1
CoMiP reprogramming plasmid (Addgene, #63726) with the reprogramming factors
OCT4, KLF4, SOX2, c-MYC, and short hairpin RNA against p53, as previously
described with modifications 2. Generated hiPSCs were cultured under feeder free
conditions. For examining the pluripotency, hiPSCs were subjected to a teratoma-

formation assay.

The SQTS1 cell lines were generated from fibroblasts from a patient with SQTS
carrying the mutation N588K in hERG channel. Three hiPSC lines isSTQSal.7
(GOEI091-A.7, the SQTS1 cell line used in the study), isSQTSal.8 (GOEi091-A.8) and
isSQTSal.15 (GOEIi091-A.15) were generated from fibroblasts with the integration-
free CytoTune-iPS 2.0 Sendai Reprogramming Kit (Thermo Fisher Scientific, #A16517)
containing the reprogramming factors OCT4, KLF4, SOX2, c-MYC following
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manufacturer’s instructions with some modifications. Shortly, 1.5x10* early passage
fibroblasts were plated in two wells of a Matrigel-coated 24-well plate with HFBM
medium two days before transduction. Cells were transduced at 40-50% confluence
with Sendai virus cocktail (hKOS: hc-Myc: hKIf4) at a MOI of 10:10:6 depending on the
counted cell number of extra well (typically 2.5x10% cells/well) in HFBM. Virus was

removed after 24 h and HFBM was changed every two days.

At day 7 after transduction/transfection, cells were replated in different density in
Matrigel-coated 6-well plates in HFBM supplemented with 500 uM sodium butyrate and
2 UM Thiazovivin. From day 8 on, medium was changed to E8 medium (Thermo Fisher
Scientific, #A1517001) supplemented with 500 uM sodium butyrate (day 8-day 11) and
the medium was changed every day. Cells were detected for morphology change and
appearance of colonies (typically after 2-3 weeks). Individual colonies with iPSC-like
morphology were picked mechanically in Matrigel-coated 12-well plates in E8 medium
supplemented with 2 uM Thiazovivin. Generated iPSC lines were passaged with
Versene solution (Thermo Fisher Scientific, #15040066) and cultured in E8 medium
supplemented with 2 uM Thiazovivin. After at least ten passages, iPSC cells were

used for pluripotency characterization and differentiation experiments.

To examine pluripotent characteristics of generated hiPSCs, cell morphology, alkaline
phosphatase activity, expression of endogenous pluripotency markers and
spontaneous differentiation potential were assessed. The hiPSC lines from the healthy
donor and SQTS1 patient displayed a typical morphology for human pluripotent stem
cells and were positive for alkaline phosphatase. Comparing with fibroblasts,
generated hiPSC lines showed expression of endogenous pluripotency markers SOX2,
OCT4, NANOG, LIN28, FOXD3 and GDF3 at mRNA level measured by RT-PCR.
Human embryonic stem cells (hESCs) were used as positive control, mouse embryonic
fibroblasts (MEFs) were used as negative control. The expression of pluripotency
markers OCT4, SOX2, NANOG, LIN28, SSEA4 and TRA-1-60 was detected in
generated iIPSC lines. Spontaneous differentiation potential of iPSC lines was
examined by embryoid body (EB) formation. Germ layer-specific genes like a-
fetoprotein (AFP) and albumin (ALB) (endoderm), cTnT and a-MHC (mesoderm), and
tyrosine hydroxylase (TH) and MAP2 (ectoderm) were detected in a developmental
manner during differentiation of EBs (days 0, 8, or 8+25), while endogenous OCT4

expression was reduced during spontaneous differentiation. Immunocytochemical
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staining of spontaneously differentiated hiPSC lines showed expression of endodermal
marker AFP, mesodermal-specific a-SMA and ectodermal BllI-tubulin. All data together

confirmed the pluripotency and differentiation potential of generated hiPSCs.

The above process was conducted in the Stem Cell Unit, Clinic for Cardiology and
Pneumology, University Medical Center Goéttingen. The iPS cell lines were then

transported to our lab and stored in the liquid nitrogen tank.
2.4. Generation of hiPSC-CMs

Frozen aliquots of hiPSCs were thawed and cultured without feeder cells and
differentiated into hiPSC-CMs as described with some modifications 113,

For the differentiation, the following steps were performed.
One day before thawing cells, a T-25 flask coated with Matrigel was put in the incubator.

Mix medium (13 ml E8 medium + 6.5 ul from 10 mM stock solution of Rock inhibitor)
was prepared. 2.5ml mix medium was added in the T-25 flask and put into incubator.
Frozen hiPS cells were taken out from liquid nitrogen tank and thawed in hand until
only small lumps of ice exist. Then, the cell suspension was transferred to a 50 ml-
falcon prepared with 5 ml of mixed medium. The cell suspension was centrifuged at
250 x g (1200 rpm), 4 min, 20 °C. The supernatant was discarded and 2.5 ml mix
medium was added. After 4x pipetting up and down, the cell suspension was
transferred into the T-25 flask with 2.5 ml mix medium. The flask stayed into incubator

until the next day.

On the next day, the medium in T-25 flask was changed to E8 medium without ROCK
inhibitor. Then, the E8 medium was changed every two days. 2 to 4 days later, when

cells reached 85-95% confluence, the differentiation was started.

First, cells were treated with EDTA and dissolved in E8 Medium. Then, the cells were
counted and plated on Matrigel / Geltrex coated plates (optimal cell density for plating
is cell line dependent; 15.000 cells/cm? - 26.000 cells/cm? = 150.000-260.000 cells per
6-well). Lastly, E8 medium was added to final volume (3 ml per 6-well with 5 uM ROCK
inhibitor). The plate was shaken and then incubated at 37°C with 5% CO?2.

Day -x to -1: daily medium change with E8 medium was performed.
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Day 0: when cell density reached 85-95% confluence, the medium was changed to
cardiac medium (consisting of RPMI, 1% sodium pyruvate, 1% Pen / Strep, 2% B27
and 200 uM ASC) freshly enforced with 1 uM CHIR, 5 ng / ml BMP4, 9 ng / ml activin
A, 5ng/ ml FGF.

Day 2: after around 48h, the medium was changed to cardiac medium freshly enforced
with 5 uM IWP4.

Day 4 and later: the medium was changed every 2-3 days to cardiac medium only.
Normally, on day 8 of differentiation some cells start to beat.

Day 13: the cardiac medium was changed to selection medium (consisting of RPMI
without glucose and glutamine ,1% Pen / Strep) freshly added with 440 mM Sodium
Lactate Stock and 50 mM 2-mercaptoethanol. The selection medium was changed

every day for 4-7 days.

Day 18: the selection medium was changed to cardiac medium (consisting of RPMI,
1% sodium pyruvate, 1% Pen / Strep, 2% B27 and 200 uM ASC) and then the cardiac

medium was changed every 2-3 days.
From Day 40: cells were ready for experiments.
2.5. Calcium transient measurement

To measure the intracellular Ca?* transients, cells were loaded with the fluorescent
Ca?*-indicator Fluo-3 AM. First, 1.5 ml PSS (see below) was added into a petri dish
with hiPSC-CMs cultured for 2 to 4 days. The following steps were executed in a dark
room due to the light sensitivity of the fluorescent Ca?* indicator Fluo-3. 50 ug of the
membrane permeable acetoxymethyl ester derivative of Fluo-3 (Fluo-3 AM) was
dissolved in 44 pl of the Pluronic F-127 stock solution (20% w/v in DMSO) to get a 1
mM Fluo-3 AM stock solution, which can be stored at -20 °C for a maximum of 1 week.
Next, 15 pl of the Fluo-3 AM stock solution were added into 1.5 ml PSS resulting in a
final concentration of 10 uM Fluo-3 and the dish was agitated carefully. The cells were
incubated at room temperature for 10 minutes. Thereafter, the PSS was carefully
sucked out and discarded and the cells were washed with PSS for 4-5 times. Finally,
the cells in PSS were kept at room temperature for about 30 minutes for de-
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esterification before measurements. After de-esterification, the fluorescence of the
cells was measured by using Cairn Optoscan calcium imaging system (Cairn Research,
UK). The fluorescence is excited by 488 nm and emitted at 520 nm. The rhythm of
calcium transients and arrhythmic events like EAD (early afterdepolarization)- or DAD
(delayed afterdepolarization)-like or trigger activity events were analyzed. The

measurement was carried out at 37°C.
2.6. Single cell contraction measurement

Single-cell shortening was recorded by a single cell contraction system (MyoCam-S™
ION OPTIK). The shortening of spontaneously beating cells was recorded in PSS (see
below) at 37°C. To enhance the occurrence of arrhythmic events, epinephrine of 300
UM was added, which can more frequently induce arrhythmic events. The rhythm and
arrhythmic events like extrasystoles, EAD-or DAD-like events were analyzed in
absence and presence of a drug.

2.7. Patch-clamp

Whole-cell patch clamp recording was used to measure the action potentials (APs) and
hERG channel current (Ixr). Borosilicate glass capillaries (MTW 150F; world Precision
Instruments, Inc., Sarasota, FL) were pulled to form patch electrodes by using a DMZ-
Universal Puller (Zeitz-Instrumente Vertriebs GmbH, Martinsried, Germany) and then
filled with pipette solution (see below) before measurements. Current and AP
recordings were performed at 37 °C with an EPC-7 amplifier (HEKA Elektronik),
connected via a 16-bit A/D interface to a Pentium IBM clone computer. The signals
were sample at 5 kHz after low-pass filtered at 1 kHz. The 1SO-3 multitasking patch-

clamp program (MFK M. Friedrich) was used for data acquisition and analysis.

To establish whole-cell recording configurations, patch-pipettes with resistances
ranged from 1-2 MQ (for current measurements) and 3-4 MQ (for AP-measurements)
were used. The electrode offset potentials were zero-adjusted before the patch pipette
touched the cell. After the patch pipette was slowly moved on the cell surface by a
micromanipulator, a gentle suction was given to obtain high-resistance (Giga-Ohm)
seal between cell membrane and the pipette wall (Giga-seal). Then, the fast
capacitance current was compensated and the membrane in the pipette tip was

disrupted by a stronger suction to establish the whole-cell configuration. In order to
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examine the cell capacitance, a voltage pulse from —80 to -85 was given to record the
capacitance transient current for calculating the membrane capacitance (Cm).
Thereafter, the Cm and series resistance (Rs) were compensated (60-80%). The liquid
junction potentials were not corrected. To reduce the influence of rundown of recorded
currents on experimental results, we carefully checked the time-dependent change of
ion channel currents. Recordings were started when currents reached a steady state,

normally within 1 to 3 minutes.

APs were recorded in the current-clamp mode. The duration of APs at 50% (APD50)
and 90% repolarization (APD90) were analyzed (figure 3).
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Figure 3. Parameters and corresponding ion channel currents in action
potentials. The numbers in red present the phases of action potentials, 0 (phase 0), 1
(phase 1), 2 (phase 2), 3 (phase 3) and 4 (phase 4). APA: amplitude of action potentials.
Vmax: the maximal velocity of depolarization. APD50: action potential duration at 50%
repolarization. APD90: action potential duration at 90% repolarization. Ina: peak Na*

channel current. IcaL: L-type Ca?* channel current. lo: transient outward K* channel
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current. Ikr: rapidly activating delayed rectifier K* channel (hERG) current. Iks: slowly

activating delayed rectifier K* channel current. Iki: inward rectifier K* channel current.

The action potential is divided into five phases, which contain contributions of different
ion channel currents (figure 3). Phase 0 is a rapid depolarization of the cell membrane
from a negative resting potential to a positive potential, caused by peak Ina resulting
mainly from the activation of Na* (Navl1l.5) channel. Phase 1 is short and rapid
repolarization due to inactivation of the Na* channels and activation of the transient
outward current (lo) channel. Phase 2 is also known as plateau period, which is
determined by the inward currents, mainly the L-type calcium channel current (lca-L),
and outward currents, mainly the rapidly activating delayed rectifier K* current (Ix).
Phase 3 is the rapid repolarization phase due to increased outward K* channel currents
including Ikr and Iks (the slowly activating delayed rectifier K* current). Phase 4 (the
resting potential) is mainly determined by the inward rectifier potassium current (Ik1).
The depolarization velocity (Vmax) of APs predominantly determines the speed of
excitation conduction. A reduction of peak Ina can cause conduction defect and hence
arrhythmias, for example, in Brugada syndrome. The repolarization velocity mainly
determines the duration of APs (APD) and in turn the QT interval in ECG. An increase
in inward current (lca-L Or late Ina) or a decrease in outward current (lwo, Ikr, Iks) can
prolong APD/QT, resulting in LQTS. By contrast, a decrease in the inward or an

increase in the outward current will shorten APD/QT, leading to SQTS.

The hERG channel gating includes 5 processes, i.e., resting state, activation,
inactivation, recovery from inactivation and deactivation (figure 4). When cell
membrane potential is depolarized (from pl to p2, figure 4), the channel will be
activated (the activation gate is opened, current increases) and immediately
inactivated (inactivation gate is closed, current decays). When the potential is
repolarized (from p2 to p3, figure 4), first, the inactivated channel will recover from
inactivation (the inactivation gate is open, tail current increases) and then the
recovered channel will deactivate (the activation gate is closed, tail current decays). Of
note, all the process are voltage- and time-dependent. It means that at different levels
(potentials) of depolarization or repolarization, different amounts of channels are
opened or closed, resulting in different amplitude of current; besides, each gating
process needs certain time, depending on the speed of a process. Therefore,
analyzing the Ikr at different potentials of depolarization or repolarization and the time
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constants of Ikr increasing or decaying over time can examine physical properties of

hERG channel gating kinetics.
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Figure 4. Schematic representation of hERG channel gating states. (A) Example
of current trace showing the activation (b) and inactivation (c) as well as the recovery
(d) and deactivation (e). (B) Gating states of hERG channel including resting state
(activation gate is closed, a), activation (activation gate opens and an outward current
appears, b), inactivation (inactivation gate closes and the outward current decays, c),
recovery (inactivation gate opens and an inward tail current appears, d) and
deactivation (activation gate closes and the inward tail current decays, e). Of note,
when the channel is open, the direction of ion flow (either inward or outward) depends
on the driving force. In depolarization, the driving force facilitates outward current, while
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in repolarization to -90 mV (or lower than the ion reverse potential) the driving force
facilitates inward current. (C) Protocol for changing membrane potential from resting
potential (pl) to depolarization (p2) and then back to resting potential (repolarization,

p3), which induce the gating changes of hERG channels.

The bath solution (PSS) for AP measurements contained (mmol/l): 5.9 KCI, 130 NacCl,
11 glucose, 2.4 CaClz, 10 HEPES, 1.2 MgClz, pH 7.4 (NaOH). The pipette solution
contains (mmol/l): 6 NaCl, 126 KClI, 1.2 MgClz, 5 EGTA, 10 HEPES, 11 glucose and 1
MgATP, pH 7.2 (KOH).

To separate the Ikr from other currents, the Cs* currents conducted by hERG
channels were measured. The bath solution contains (mM): 140 CsCl, 2 MgClI2, 10
HEPES, 10 Glucose, pH=7.4 (CsOH). The pipette solution is same as the bath solution.

2.8. Drugs

H20:2 (Fisher Scientific) stock solution of 30% H202 was diluted to achieve the final
concentrations used in this study. A fresh solution was prepared for each experiment
and protected from light to prevent degradation. LPS (Lipopolysaccharides from E. coli,
source strain ATCC 12740, serotype 0127: B8, gel filtrated, gamma irradiated, cell
culture tested, Sigma L 4516) was dissolved in water. N-acetylcysteine (NAC),
chelerythrine chloride were dissolved in DMSO. Phorbol 12-myristate 13-acetate (PMA),
chelerythrine chloride, ivabradine, flecainide, amiodarone, mexiletine, quinidine, and
ranolazine were from Sigma, ajmaline from MP Biomedicals, Sp-8-Br-cAMPS from
Biolog. The tested concentrations were selected according to literatures and our

previous studies in hiPSC-CMs.
2.9. Statistics

Data are shown as mean £ SEM and were analyzed using InStat© (GraphPad, San
Diego, USA) as well as SigmaPlot 11.0 (Systat GmbH, Germany). By analyzing the
data with the Kolmogorov Smirnov test, it was decided whether parametric or non-

parametric tests were used for analysis. Unpaired Student’s t-test was used for
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comparisons of two independent groups with normal distribution. The paired t-test was
used for comparison before and after application of a drug. For parametric data of
more than two groups, one-way ANOVA with Holm-Sidak post-test for multiple
comparisons (all treated groups versus control) was performed. P <0.05 (two-tailed)

was considered significant.

3. RESULTS

3.1. Phenotypic features were recapitulated by hiPSC-CMs from the patient of
SQTS1

To examine whether hiPSC-CMs from the patient with SQTS1 carrying the N588K
mutation in hERG channel could recapitulate disease features, the action potentials
and beating rhythm were analyzed in cells from three healthy donors and the SQTS1-
patient. The results showed that the action potential duration at 50% repolarization
(APD50) and at 90% repolarization (APD90) were shortened in cells from the patient
(SQTS1-hiPSC-CMs) (figure 5 A-C). Strikingly, SQTS1-hiPSC-CMs displayed more
arrhythmic events like EAD (early afterdepolarization), DAD (delayed
afterdepolarization) and trigger activity (figure 5 D-E). Since the changes of action
potential duration (APD) reflect changes of ECG at organ level (QT interval) and the
main phenotypic changes in SQT-patients are shortening of QT interval and
occurrence of arrhythmias, the data imply that the SQTS1-hiPSC-CMs recapitulated
the main phenotypic features of SQTS.
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Figure 5. APD shortening and arrhythmic events in SQTS1-hiPSC-CMs. Action potentials
in cells paced at 1 Hz were recorded by patch clamp whole cell recording technique. To detect
arrhythmic events, calcium transients in spontaneously beating cells were recorded. (A)
Representative action potentials recorded in hiPSC-CMs derived from healthy donors (D1, D2
and D3) and the SQTS1-patient (SQT). (B)-(C) Mean values of action potential duration at
50 % repolarization (APD50) and at 90 % repolarization (APD90) in healthy and the diseased
hiPSC-CMs. (D) Percentage of cells showing arrhythmic events such as early
afterdepolarization (EAD)-like (red arrow in E) or delayed afterdepolarization (DAD)-like events
(black arrow in E). (E) Representative calcium transients recorded in control (D1, D2 and D3)
and the SQTS1-hiPSC-CMs (SQT). The arrows indicate arrhythmic events. The n number in
B and C present the numbers of measured cells, the numbers in D present the numbers of
cells showing arrhythmic events versus totally measured cells. *P<0.05 versus D1 according
to one-way ANOVA with Holm-Sidak post-test (B, C) or Fisher-test (D).

3.2. Gain-of-function of hERG channels in SQTS1-hiPSC-CMs

The SQTS1-patient recruited for the study carries a mutation (N588K) in hERG
channels and previous studies showed that this mutation could enhance the hERG

channel current in CHO cells #*. We checked whether this mutation exerts the same
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effect in cardiomyocytes. Indeed, the hERG channel currents in SQTS1-hiPSC-CMs
were much larger than that in cells from the healthy donors (D-hiPSC-CMs) (figure 6),
suggesting that the mutation N588K caused a gain-of-function of hERG channels in
SQTS1-hiPSC-CMs.

Of note, the basal electrical features including action potentials and hERG channel
current (Ikr) were very similar in hiPSC-CMs from the three healthy donors, indicating
the individual variability is not large under our experimental conditions. Therefore, the

following experiments used hiPSC-CMs from the first donor (D1) as healthy controls.
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Figure 6. The hERG channel current was enhanced in SQTS1-hiPSC-CMs. The hERG
channel current (lx)) was recorded by patch clamp whole cell recording technique with the
protocol shown in A (inset). The steady state current was measured at the end of depolarizing
pulse. (A) Representative traces of I recorded in a D1-hiPSC-CM. (B) Representative traces
of lkr recorded in a SQTS1-hiPSC-CM (SQT). (C) Current-voltage relationship (I-V) curves of
Ikr in healthy (D1, D2 and D3) and the SQTS1-hiPSC-CM (SQT). (D) The mean values of Ik, at
40 mV in healthy (D1, D2 and D3) and the SQTS1-hiPSC-CM (SQT). The n numbers given C
present the numbers of measured cells for C-D. *P<0.05 versus D1 according to one-way
ANOVA with Holm-Sidak post-test.
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3.3. Effects of adrenergic stimulation on action potential and hERG channel

current

Due to the importance of adrenergic/muscarinic regulation for heart electrophysiology,
we examined whether the hERG-N588K mutation influences their regulatory effect on
cardiomyocytes. For this purpose, we used isoprenaline (Iso, 10 uM) and carbachol
(CCh, 10 uM) to mimic the adrenergic and muscarinic stimulation and analyzed their
effects on APs and hERG channel currents. The results showed that Iso shortened
APD in both healthy and SQTS1-cells (figure 7 A, C-D), whereas CCh had no effect
(figure 7 B E-F). However, Iso failed to inhibit Ikr in both SQTS1- and D-hiPSC-CMs
(figure 7 G-H). CCh showed no effect either (figure 7 1-J).
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Figure 7. Effects of adrenergic and muscarinic stimulation on action potential and hERG
channel current. To simulate adrenergic and muscarinic stimulation of cardiomyocytes,
isoprenaline (Iso, 10 uM) or carbachol (CCh, 10 uM) was applied to hiPSC-CMs. Action
potentials (APs) and the hERG channel current (Ix;) were recorded by patch clamp whole cell

recording technique. (A) Representative traces of APs recorded at 1 Hz in donor cells (Healthy)
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and SQTS1-hiPSC-CMs (SQT) before (Ctr) and after application of Iso. (B) Representative
traces of APs recorded in donor cells (Healthy) and SQTS1-hiPSC-CMs (SQT) before (Ctr)
and after application of CCh. (C) Mean values of action potential duration at 50 %
repolarization (APD50) in healthy and the diseased hiPSC-CMs before (D1-Ctr and SQT-Ctr)
and after application of Iso (D1-Iso and SQT-Is0). (D) Mean values of action potential duration
at 90 % repolarization (APD90) in healthy and the diseased hiPSC-CMs before (D1-Ctr and
SQT-Ctr) and after application of Iso (D1-Iso and SQT-Iso). (E) Mean values of action potential
duration at 50 % repolarization (APD50) in healthy and the diseased hiPSC-CMs before (D1-
Ctr and SQT-Ctr) and after application of CCh (D1-CCh and SQT-CCh). (F) Mean values of
action potential duration at 90 % repolarization (APD90) in healthy and the diseased hiPSC-
CMs before (D1-Ctr and SQT-Ctr) and after application of CCh (D1-CCh and SQT-CCh). (G)
Current-voltage relationship (I-V) curves of Ik, recorded at 0.2 Hz in D1 (Healthy) hiPSC-CMs
before (Ctr) and after application of Iso. (H) I-V curves of Ik in SQTS1 (SQT) hiPSC-CMs
before (Ctr) and after application of Iso. (1) I-V curves of Ik, in D1 (Healthy) hiPSC-CMs before
(Ctr) and after application of CCh. (J) I-V curves of Ik, in SQTS1 (SQT) hiPSC-CMs before (Ctr)
and after application of CCh. The numbers given present the numbers of measured cells. The
numbers given in C and E present the numbers of measured cells also for D and F. *P<0.05
versus Ctr according to paired t-test.

3.4. Effects of stimulation frequency on action potential and hERG channel

current

Itis known that in SQTS-patients the adaptation of QT interval to the frequency of heart
beats is attenuated, which may be a substrate for occurrence of arrhythmias. To
examine whether this phenomenon can be mimicked in SQTS1-hiPSC-CMs, APs were
measured in cells stimulated by electrical pulses at different frequencies. We observed
that in hiPSC-CMs from healthy donors, the APD shortened when the stimulation
frequency was increased from 1 to 3 Hz (figure 8 A-B). In SQTS1-hiPSC-CMs, however,
APD only slightly shortened (figure 8 A-B), suggesting that the adaptation of APD to

the increase in frequency was reduced.

Further, the effect of stimulation frequency on Ikr was assessed. Higher frequency
increased Ikr in healthy donor hiPSC-CMs (figure 8 C), but failed to increased Ikr in
SQTS1-hiPSC-CMs (figure 8 D).
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Figure 8. Effects of frequency on the action potential duration and hERG channel
current. Action potentials (APs) and the hERG channel current (I,) in cells paced by electrical
pulses at 1 Hz, 2 Hz and 3 Hz were recorded by patch clamp whole cell recording technique.
(A) Mean values of action potential duration at 50 % repolarization (APD50) in healthy donor
(Healthy) and the SQTS1-hiPSC-CMs (SQT) paced at 1 Hz, 2 Hz and 3 Hz. (B) Mean values
of action potential duration at 90 % repolarization (APD90) in healthy donor (Healthy) and the
SQTS1 hiPSC-CMs (SQT) paced at 1 Hz, 2 Hz and 3 Hz. (C) Mean values of Ix,at 60 mV in
healthy hiPSC-CMs paced at 1 Hz, 2 Hz and 3 Hz. (D) Mean values of Ik, at 60 mV in SQTS1-
hiPSC-CMs paced at 1 Hz, 2 Hz and 3 Hz. The n numbers given present the numbers of
measured cells. *P<0.05 versus 1 Hz according to one-way ANOVA with Holm-Sidak post-test.

3.5. Effects of pH values on action potential and hERG channel current

The intra- and extracellular pH value is important for cell functions including cardiac
electroactivities, which led us to examine whether the N588K mutation can change
effects of acidosis in SQTS1 patient cells. In healthy donor and SQTS1-hiPSC-CMs,
acidosis (pH=6) shortened APD (figure 9 A-C) and the extent of APD shortening in
both cell lines was similar (figure 9 F). Surprisingly, the acidosis inhibited I«r in both
healthy donor and SQTS1 patient cells (figure 9 D-E), The inhibition was also similar
in healthy donor and SQTS1 patient cells (figure 9 F).
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Figure 9. Effects of extracellular pH on the action potential duration and hERG channel
current. Action potentials (APs) and the hERG channel current (Ix,) were recorded by patch
clamp whole cell recording technique. The pH value of extracellular solution was changed from
7.4 (Ctr) to 6.0. APs and I« were recorded before (pH 7.4) and after solution change (pH 6) in
same cells. (A) Representative traces of APs recorded in a cell from healthy donor (Healthy)
and an SQTS1-hiPSC-CM (SQT) in solution with pH value of 7.4 and 6.0. (B) Mean values of
action potential duration at 50 % repolarization (APD50) in healthy (D1) and the SQTS1-hiPSC-
CMs (SQT) in solution with pH value of 7.4 (D1-Ctr, SQT-Ctr) and 6.0 (D1-pH6, SQT-pH®6). (C)
Mean values of action potential duration at 90 % repolarization (APD90) in healthy (D1) and
the SQTS1-hiPSC-CMs (SQT) in solution with pH value of 7.4 (D1-Ctr, SQT-Ctr) and 6.0 (D1-
pH6, SQT-pH6). (D) Mean values of Ik, at 20 mV in healthy donor hiPSC-CMs in solution with
pH value of 7.4 (Ctr) and 6.0 (pH 6.0). (E) Mean values of Ik, at 20 mV in SQTS1-hiPSC-CMs
in solution with pH value of 7.4 (Ctr) and 6.0 (pH 6.0). (F) Percent inhibition of Ik, and percent
shortening of APD 50 and APD90 induced by pH 6.0. The percent inhibition or shortening was
calculated as: %=(V7.4-V6.0)/V7.4*100, where V7.4 is the value at pH 7.4, V6.0 is the value
at pH 6.0. The data in F resulted from calculations of the data from B-E. The n numbers given

present the numbers of measured cells. *P<0.05 versus Ctr according to paired t-test.
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3.6. Effects of hyperthermia on hERG channel current

It is known that fever can be a trigger for arrhythmias in some cardiac disorders such
as Brugada syndrome and it was reported that fever can influence Ik 4. Thus,
possible effects of hyperthermia on SQTS phenotype features were investigated in the
current study. As expected, Ikr was enhanced when the temperature of bath solution
of measured cells was elevated from 37 °C to 40 °C (figure 10 A-B). Compared to
healthy donor hiPSC-CM, in SQT1-hiPSC-CMs, a stronger effect was detected (figure
10 C).
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Figure 10. Temperature sensitivity of hERG channel current in healthy and SQTS1-
hiPSC-CMs. The hERG channel current (Ix,) in cells paced by electrical pulses at 0.2 Hz were

recorded by patch clamp whole cell recording technique at 37 °C and 40 °C. (A) I-V curves of
I«r recorded in healthy donor (Healthy) hiPSC-CMs at 37 °C and 40 °C. (B) I-V curves of Ik
recorded in SQTS1-hiPSC-CM (SQT) at 37 °C and 40 °C. (C) Percent increase of Ik, at +40
mV induced by increasing temperature to 40 °C. The n numbers given present the numbers

of measured cells. *P<0.05 versus Healthy according to t-test.

3.7. Effects of LPS on hERG channel current

Inflammation can cause arrhythmias, which led us to examine whether inflammation
effects can be enhanced in SQTS patients. Cells were treated for 24 hours with 2 pg/ml
lipopolysaccharide (LPS), an endotoxin existing as a glycolipid component of the outer

cell wall of gram-negative bacteria, to mimic a bacterial infection. LPS increased Ikr in
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healthy and SQT1-hiPSC-CMs (figure 11 A-B). Notably, the LPS effects in SQTSL1 cells

were lager than that in healthy donor cells (figure 11 C).
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Figure 11. LPS increased hERG channel current in healthy and SQTS1-hiPSC-CMs. The
hERG channel current (I« in cells paced at 0.2 Hz were recorded by patch clamp whole cell
recording technique in absence (Control) and presence of LPS (2 pg/ml for 24 h). (A) Current-
voltage relationship (I-V) curves of Ik recorded in healthy donor (Healthy) hiPSC-CMs in
absence (Control) and presence of LPS. (B) I-V curves of Ik recorded in SQTS1-hiPSC-CM
(SQT) in absence (Control) and presence of LPS. (C) Percent increase in Ik at +40 mV induced
by LPS. The n numbers given present the numbers of measured cells. *P<0.05 versus Healthy
according to t-test.

3.8. Roles of ROS for LPS effect on hERG channel current

Sine reactive oxygen species (ROS) are important signaling factors related to
inflammation, possible roles of ROS for arrhythmogenesis in SQTS1 were explored.
First, a ROS blocker N-Acetyl-L-cysteine (NAC, 1 mM) was applied together with LPS
for 24 h treatment of hiPSC-CMs, and then Ik was analyzed. Interestingly, in the
presence of NAC, LPS did not enhance, instead, slightly but not significantly inhibited
Ikr (figure 12 A-C). Next, cells were treated for 2 hours with 100 uM H202, which is the
main form of endogenous ROS. H202 enhanced I« in healthy donor and SQTS1-
hiPSC-CMs (figure 12 D-E). The effects of H202in SQTS1 cells were larger than that
in healthy donor cells (figure 12 F).
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Figure 12. NAC abolished and ROS mimicked LPS effect on hERG channel currents in
healthy and SQTS1-hiPSC-CMs. To examine possible role of ROS (reactive oxygen species)
in LPS effect, a ROS blocker N-Acetyl-L-cysteine (NAC, 1 mM) was applied together with
LPS (2 pg/ml for 24 h) for the treatment of hiPSC-CMs. To confirm ROS effect, cells
were treated with H,O; (100 uM), the main form of endogenous ROS, for 2 h. The hERG
channel current (Ik,) in cells was recorded by patch clamp whole cell recording technique. (A)
I-V curves of Ik, recorded in healthy donor (Healthy) hiPSC-CMs in absence (Control) and
presence of LPS plus NAC. (B) I-V curves of Ik recorded in SQTS1-hiPSC-CM (SQT) in
absence (Control) and presence of LPS plus NAC. (C) Percent inhibition of Ik, at +40 mV
induced by LPS plus NAC. (D) I-V curves of Ik recorded in healthy donor (Healthy) hiPSC-
CMs in absence (Control) and presence of H20,. (E) I-V curves of Ik recorded in SQTS1-
hiPSC-CM (SQT) in absence (Control) and presence of H,O.. (F) Percent increase of Ik at

+40 mV induced by H.O,. The n numbers given present the numbers of measured cells.
*P<0.05 versus Healthy according to t-test.

3.9. NADPH oxidases were involved in effects of LPS

Since ROS production is related to numerus intracellular signaling, we tried to identify

a signaling factor responsible for the elevated ROS induced by LPS. It was
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demonstrated that in some cardiovascular diseases, the production of ROS is related
to the activation of NADPH oxidase ''°. So, we employed diphenyleneiodonium
(DPI,10 uM), an inhibitor of NADPH oxidases, for treating hiPSC-CMs together with
LPS. We observed that the DPI prevented the effects of LPS on Ik (figure 13). These
data indicate that NADPH oxidases are involved in LPS induced ROS generation.
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Figure 13. NADPH oxidases were involved in effects of LPS effect on hERG channel
currents in healthy and SQTS1-hiPSC-CMs. DPI (10 uM) together with LPS (2 pug/ml) was
used for the treatment (24h) of hiPSC-CMs. The hERG channel current (lk,) in cells was
recorded by patch clamp whole cell recording technique. (A) Representative traces of Ik at 40
mV recorded in healthy donor (Healthy) hiPSC-CMs in absence (D1-Ctr) and presence of LPS
plus DPI (D1-DPI-LPS). (B) Representative traces of Ik, at 40 mV recorded in SQTS1-hiPSC-
CMs in absence (SQT-Ctr) and presence of LPS plus DPI (SQT-DPI-LPS). (C) Mean values

of Ixr at +40 mV. The n numbers given present the numbers of measured cells.

3.10. Protein kinase C was involved in effects of LPS

Considering that protein kinase A (PKA) and protein kinase C (PKC) were reported to
regulate Ik /7, we examined the possible role of PKA and PKC in the LPS effect on Ik.
H89, an inhibitor of PKA and some other kinases (H89, 10 uM) failed to change LPS
effect (LPS still increased Ixr) (figure 14 A-B, I-J), whereas a broad range PKC-inhibitor
(chelerythrine, 5 uM) suppressed the effects of LPS in both healthy and SQTS1-hiPSC-
CMs (figure 14 C-D, I-J), suggesting a possible involvement of PKC in LPS effect. Next,
a PKC activator phorbol-12-myristate-13-acetate (PMA) was applied to the cells and
caused effects on Ikr similar to that of LPS (figure 14 E-F, I-J). The effect of PMA was
prevented by the treatment of cells with the chelerythrine (figure 14 G-J).
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Figure 14. PKC likely mediates the LPS effect on hERG channel currents in healthy
donor and SQTS1-hiPSC-CMs. Cells were treated with vehicle (Ctr) or LPS (2 pg/ml) plus
H89 (10 uM) or LPS plus chelerythrine (Che, 10 uM) or with a PKC activator (PMA, 10 uM) or
PMA plus chelerythrine (PMA+Che). The hERG channel current (I:) in cells was recorded by
patch clamp whole cell recording technique. (A) Representative traces of Ik, at 40 mV recorded
in healthy donor hiPSC-CMs in absence (D1-Ctr) and presence of LPS plus H89 (D1-
LPS+H89). (B) Representative traces of Ik, at 40 mV recorded in SQTS1-hiPSC-CMs in
absence (SQT-Ctr) and presence of LPS plus H89 (SQT-LPS+H89). (C) Representative traces
of Ikr at 40 mV recorded in healthy donor hiPSC-CMs in absence (D1-Ctr) and presence of
LPS plus chelerythrine (D1-LPS+Che). (D) Representative traces of Ik, at 40 mV recorded in
SQTS1-hiPSC-CMs in absence (SQT-Ctr) and presence of LPS plus chelerythrine (SQT-
LPS+Che). (E) Representative traces of Ik, at 40 mV recorded in healthy donor hiPSC-CMs in
absence (D1-Ctr) and presence of PMA (D1-PMA). (F) Representative traces of Ik, at 40 mV
recorded in SQTS1-hiPSC-CMs in absence (SQT-Ctr) and presence of PMA (SQT-PMA). (G)
Representative traces of Ik, at 40 mV recorded in healthy donor hiPSC-CMs in absence (D1-
Ctr) and presence of PMA plus chelerythrine (D1-PMA+Che). (H) Representative traces of Ik,
at 40 mV recorded in SQTS1-hiPSC-CMs in absence (SQT-Ctr) and presence of PMA plus
chelerythrine (SQT-PMA+Che). (I) Mean values of Ik, at +40 mV of each group in healthy donor
hiPSC-CMs. (J) Mean values of Ik, at +40 mV of each group in SQTS1-hiPSC-CMs. The n
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numbers given present the numbers of measured cells. *P<0.05 versus Ctr according to one-
way ANOVA with Holm-Sidak post- test.

3.11. Protein kinase C acted as a downstream factor of ROS

Considering that both ROS and PKC were involved in LPS effect on Ikr, we tried to
examine whether PKC is a downstream or upstream factor of ROS in LPS-relating
signaling. Cells were challenged by H202 in presence and absence of chelerythrine or
by PMA in absence and presence of NAC, and Ikr was analyzed. The results showed
that the chelerythrine suppressed the effects of H202 (Figure 15), whereas NAC had
no effect on PMA effect, suggesting that PKC is a downstream signaling factor of ROS
in the signal pathway.
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Figure 15. The ROS effect was attenuated by chelerythrine, but the PMA effect was not
changed by NAC. Cells were treated for 2 h with vehicle (Ctr) or H.O, (100 uM) or H2O: plus
5 UM chelerythrine (H.O, +Che) or 10 uM PMA or PMA plus 1 mM N-Acetyl-L-cysteine
(PMA+NAC). The hERG channel current (I in cells was recorded by patch clamp whole cell
recording technique. (A) Mean values of Ik at +40 mV of each group in healthy donor hiPSC-
CMs. (B) Mean values of Ik at +40 mV of each group in SQTS1-hiPSC-CMs. The n numbers
given present the numbers of measured cells. *P<0.05 versus Ctr and #P<0.05 versus H>0»

according to one-way ANOVA with Holm-Sidak post- test.
3.12. Changes of hERG gating kinetics in SQTS1-hiPSC-CMs

To explore the mechanism underlying changes of hERG channel currents in SQTS1-
hiPSC-CMs caused by the N588K mutation and environmental factors, the hERG
channel gating kinetics including activation, inactivation, recovery from inactivation and

deactivation were analyzed.

36



First, the difference between wild-type (healthy donor cells) and N588K (SQTS1
patient cells) channel activation was analyzed. The voltage-dependent activation
evaluated by the values of voltage at 50% activation (V0.5) was slightly reduced,
showing a slight shift of activation curve to a more positive potential (figure 16 A-B). In
addition, the time-dependent activation evaluated by the time to peak of Ikr was slowed,
showing that longer time was needed to reach the peak of Ikr in SQTS1-hiPSC-CMs
(figure 16 C-D).
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Figure 16. Change of hERG channel activation in SQTS1-hiPSC-CMs. The hERG channel
currents (lk) in cells were recorded by patch clamp whole cell recording technique with protocol
as shown in figure 6A (inset). The conductance (G) was obtained by G=I/V, where | is the peak
current of Ik, V is the voltage of pulses. G was normalized to the maximal value (Gmax) and
then the activation curve was obtained by plotting G/Gmax against voltages of testing pulses.
The activation curves were fitted by Boltzmann equation to obtain the voltage at 50% activation

(V0.5). The time to peak was defined as the time between the pulse start (blue arrows) and
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the peak of the current (red arrows). (A) Activation curves of Ik, in healthy donor 1 (Healthy)
and SQTS1 patient (SQT) hiPSC-CMs. (B) Mean values of voltages at 50% activation (V0.5)
of Iy in healthy and SQTS1 patient hiPSC-CMs. (C) Representative traces of Ik, in a healthy
donor (black) and an SQTS1 (red) hiPSC-CM. (D) Mean values of time to peak of Ik, at different
potentials (from 20 to 80 mV). The n numbers given present the numbers of measured cells.

*P<0.05 versus Healthy according to t- test.

An inactivation defect was detected in CHO cells expressing N588K-HERG channels
44 We assessed both voltage- and time-dependent inactivation of Ikr in hiPSC-CMs.
We found that the inactivation was slowed (the time constant of inactivation was
increased) in SQTS1 patient-cells (figure 17 B-D). Consistent with previously reported
data, a large shift of voltage-dependent inactivation curve to a more positive potential
was also detected in our SQTS1-hiPSC-CMs (figure 17 E-F), implying an inactivation

defect.
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Figure 17. Change of hERG channel inactivation in SQTS1-hiPSC-CMs. The hERG
channel current (lk) in cells was recorded by patch clamp whole cell recording technique with
the protocol as shown in A. A pre-pulse of 1 second from -80 mV (the holding potential) to +60
mV followed by a short (20 ms) repolarization to -120 mV was given for channel activation,
inactivation and recovery to an open state. Before deactivation occurs, test pulses of 2 second

from -40 mV to +80 mV (10 mV increments) were started to evaluate the inactivation of
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channels. The time constant (Tau) of inactivation was obtained by fitting the current trace with
single exponential decay fit. To analyze the fraction of inactivated Ik, at different voltages, I«
was measured at the beginning (peak current, a) and end (steady current, b) of test pulses as
shown in B and C. The current of inactivated channels (linact) Was calculated as: linact =la-Ib,
where la is the peak current, Ib is the steady current. When linact is larger than zero, it means
inactivation occurred. When linact €quals or is smaller than zero, it means no inactivation
occurred. linact at different potentials were measured and normalized to the maximal current
(linactvax). TO plot the inactivation curves in a usual way (the curve decays with increasing
voltages), the relative current was calculated by 1=1- linact /linactvax. Finally, | was normalized to
the maximal value Inax and plotted against voltages to obtain an inactivation curve. The
inactivation curves were then fitted by Boltzmann equation to obtain the voltage value at half
maximal inactivation (V0.5). (A) Protocol for measuring lk. (B) Representative traces of Ik
measured in an SQTS1-hiPSC-CM. (C) Representative traces of Ik, measured in a healthy
donor hiPSC-CM. (D) Mean values of time constant (Tau) of Ik, inactivation in healthy donor
(Healthy) and SQTS1 (SQT) hiPSC-CMs. (E) Inactivation curves of Ik in healthy donor
(Healthy) and SQTSL1 (SQT) hiPSC-CMs. (F) Mean values of voltage at 50% inactivation (V0.5)
of Ik, in healthy (Healthy) and SQTS1 (SQT) hiPSC-CMs. The n numbers given in F present
the numbers of measured cells for D-F. *P<0.05 versus Healthy according to t- test.

Next, we assessed the recovery from inactivation of Ikr in hiPSC-CMs. For this purpose,
Ikr was first evoked by a pulse from -80 mV to +80 mV for 2 second to let channels be
activated and inactivated. Then, the pulse potential was repolarized to different
potentials (from -20 mV to -100 mV) to let the inactivated channel to recover. The
currents conducted by the recovered channels (the increased parts of the tail currents)
were recorded and fitted by single exponential function to obtain the tau value of the
recovery time course. The results showed that the recovery from inactivation of Ikr was
faster in SQT1 patient-hiPSC-CMs comparing with healthy donor hiPSC-CMs,
significantly different at -20 mV to -80 mV (figure 18 F-G).
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Figure 18. Change of hERG channel recovery from inactivation in SQTS1-hiPSC-CMs.
Ikr was evoked by a 2 s-long pre-pulse from -80 mV to 80 mV to let hERG channels be activated
and inactivated. Then, 500 ms test-pulses from -20 mV to -100 mV (10 mV increments) were
started. Currents induced by test pulses (tail currents) were used for analyzing the recovery or
deactivation of Ix,. When the tail current increased, i.e., “b” is larger (more negative) than “a”,
the current was defined as recovered current. The curves were fitted by single exponential
decay to obtain time constants (Tau) of recovery from inactivation. From -50 mV to -100 mV,
deactivation became obvious. i.e., the current decrease again (the current at “d” is smaller than
that at “c”). The change point “b/c” is defined as the end of recovery and the start of the
deactivation. Of note, only the part of recovery of tail current as shown in D and E was fitted
for obtaining the Tau of recovery. (A) Protocol for measuring Ik.. (B) Representative traces of
tail I, evoked by the protocol in an SQTS1-hiPSC-CM. (C) Representative traces of tail Ik
evoked by the protocol in a healthy donor hiPSC-CM. (D) The traces of tail Ik, presenting the
part of recovered current in an SQTS1 patient cell. (E) The traces of tail Ik, presenting the part
of recovered current in a healthy donor cell. (F) Mean values of Tau of Ik recovery from
inactivation at different voltages in donor (Healthy) and SQTS1 (SQT) hiPSC-CMs. (G) Mean

values of Tau of Ik, recovery from inactivation at -80 mV in healthy donor (Healthy) and SQTS1
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patient (SQT) hiPSC-CMs. Shown are mean = SEM, n represents the number of measured

cells. The statistical significance was examined by t-test, *p<0.05 versus Healthy.

Next, we assessed the deactivation of Ikr in hiPSC-CMs. For analysis of the
deactivation, the same recording protocol as that used for analyzing the recovery was
used. The difference is that only the decreased (less negative) part of the tail current,
which resulted from the deactivation of hERG channels, was analyzed (figure 19 D-E).
Strikingly, the deactivation of Ikr was faster (Tau value is decreased) in SQTS1-hiPSC-
CM than that in healthy donor cells (figure 19 F-G)
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Figure 19. Change of hERG channel deactivation in SQTS1-hiPSC-CMs. Ik was evoked
by using the protocol as in A, which is similar to that used in figure 18. Of note, only the part
of the deactivated current as shown in D and E was fitted for obtaining time constant (Tau) of
deactivation. (A) Protocol for measuring k.. (B) Representative traces of tail Ik, evoked by the
protocol in an SQTS1-hiPSC-CM. (C) Representative traces of tail Ik, evoked by the protocol
in a healthy donor hiPSC-CM. (D) The traces of tail Ik, presenting the part of the deactivated
current in an SQTS1 patient cell. (E) The traces of tail Ik, presenting the part of deactivated
current in a healthy donor cell. (F) Mean values of Tau of Ik, deactivation at different potentials
in healthy donor (Healthy) and SQTS1 patient (SQT) hiPSC-CMs. (G) Mean values of Tau of
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Ik, deactivation at -80 mV in healthy donor (Healthy) and SQTS1 (SQT) hiPSC-CMs. Shown
are mean = SEM, n represents the number of measured cells. The statistical significance was

examined by t-test, *p<0.05 versus Healthy.

3.13. Influence of N588K on modulation of hERG channel gating by

environmental factors

Subsequently, the effects of some environmental factors on hERG channel gating
kinetics were assessed and compared between wild-type and SQTS1-N588K cells.
For comparison, changes of Ik gating parameters (delta values or values normalized

to control) induced by a factor were calculated and analyzed statistically.

No factor except hyperthermia (40 °C) showed a significant effect on the time to peak.
Increasing the temperature from 37 °C to 40 °C accelerated (reduced time to peak) Ir
activation (figure 20 A-B). Acidosis (pH®6) shifted the activation (V0.5) to more positive
potential, while hyperthermia, LPS and ROS shifted the activation curve (V0.5) to more
negative potentials in healthy donor and SQTS1-hiPSC-CMs (figure 20 C-D). Iso and
CCh showed no significant effect on V0.5 of activation (figure 20 C-D).

Acidosis accelerated the inactivation (reduced the tau of inactivation) of Ikr in both
healthy and SQTS1 cells, whereas hyperthermia, LPS and ROS decelerated
(increased the tau of inactivation) the inactivation only in SQTS patient cells (figure 20
E-F). Acidosis shifted the inactivation curve in healthy donor and in SQTS1 patient
cells to a more negative potential, while hyperthermia, LPS and ROS shifted the V0.5
of inactivation curve to a more positive potential in both healthy donor and SQTS1

patient cells (figure 20 G-H).

An effect of hyperthermia on the recovery from inactivation of Ikr was detected, by
showing an acceleration (reduction of tau value) of the recovery in both healthy donor
and SQTS1 patient cells (figure 20 1-J). All other factors had no influence on the time
constant of recovery (figure 20 1-J). Finally, the time constant of deactivation of Ikr was
analyzed. Only significant effects of LPS and ROS in SQTS1 patient cells occurred,
showing an acceleration (reduction of tau value) of the deactivation of Ik: (figure 20 K-
L).
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Figure 20. Effects of different factors on hERG channel gating kinetics in healthy and
SQTS1-hiPSC-CMs. To examine effects of some factors including isoprenaline (Iso),
carbachol (CCh), acidosis (pH6), hyperthermia ((40°C), lipopolysaccharide (LPS) and
H202 (ROS) on Ik gating, the gating kinetic parameters including the time to peak, voltages
of 50% (V0.5) activation and inactivation, time constants (Tau value) of inactivation, recovery
and deactivation were analyzed. For comparison of time to peak and time constants, relative
value (normalized to control value) was calculated as: Vf/Vc, where Vf is the value in presence
of an experimental factor, Vc is the value in absence of the factor (control). For comparison of
V0.5, the delta value was calculated as: Vf-Vc. (A) Effects of factors on the time to peak in
healthy hiPSC-CMs. (B) Effects of factors on the time to peak in SQTS1 patient-hiPSC-CMs.
(C) Effects of factors on V0.5 of activation (Delta value) in healthy donor hiPSC-CMs. (D)
Effects of factors on V0.5 of activation (Delta value) in SQTS1-hiPSC-CMs. (E) Effects of
factors on the time constant (Tau) of inactivation in healthy donor hiPSC-CMs. (F) Effects of
factors on the time constant (Tau) of inactivation in SQTS1-hiPSC-CMs. (G) Effects of factors
on V0.5 of inactivation (Delta value) in healthy donor hiPSC-CMs. (H) Effects of factors on
V0.5 of inactivation (Delta value) in SQTS1-hiPSC-CMs. (l) Effects of factors on Tau of
recovery from inactivation in healthy donor hiPSC-CMs. (J) Effects of factors on Tau of
recovery from inactivation in SQTS1-hiPSC-CMs. (K) Effects of factors on the Tau of
deactivation in healthy donor hiPSC-CMs. (L) Effects of factors on the Tau of deactivation in
SQTS1-hiPSC-CMs. Shown are mean £ SEM, n represents the number of measured cells.
The statistical significance was examined by one-way ANOVA with Holm-Sidak post-test,

*p<0.05 versus Ctr.
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3.14. Effects of antiarrhythmic drugs on hERG channel gating in SQTS1-hiPSC-
CMs

The aforementioned data showed that the hERG mutation N588K changed hERG
channel gating kinetics and also modulated effects of some environmental factors on
the channel gating, which suggest a possible modulation of drug effects in SQTS1
patient cells. Therefore, we examined effects of some clinically used drugs in healthy
donor and SQTS1-hiPSC-CMs.

First, the influence of clinically used antiarrhythmic drugs on arrhythmic events were
assessed in the hiPSC-CM model. Since at base line, not every cell of SQTS1-hiPSC-
CMs showed arrhythmic events, 10 uM epinephrine (Epi) was applied to cells to induce
arrhythmic events for establishing a cellular model of arrhythmias. Single cell
contraction was measured to monitor arrhythmic events. Actually, many SQTS1-
hiPSC-CMs but not healthy donor hiPSC-CMs treated with Epi showed arrhythmic
events including EAD, DAD and trigger activity. In cells showing arrhythmic events, the
drug to be tested was applied directly to the cell by a micro-perfusion system and its
effect was analyzed. Strikingly, quinidine, ajmaline, ivabradine and mexiletine but not
amiodarone, ranolazine and flecainide reduced arrhythmic events induced by Epi
(figure 21).
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Figure 21. Effects of antiarrhythmic drugs on arrhythmic events induced by epinephrine
in SQTS1-hiPSC-CMs. Single cell contraction was measured to monitor arrhythmic events.
Epinephrine (10 uM) was applied to spontaneously beating SQTS1 patient-hiPSC-CMs to
induce arrhythmic events (indicated by red arrows in A). In cells showing arrhythmic events,
10 pM quinidine (Qui),10 uM ivabradine (lva), 30 uM ajmaline (Ajm), 100 pM mexiletine (MeXx),
10 puM amiodarone (Ami), 30 uM ranolazine (Ran) or 30 uM flecainide (Fle) was applied to the
measured cells. (A) Representative traces of single cell contraction measurements in SQTS1-
hiPSC-CMs in absence (Ctr) and presence of epinephrine (Epi) and epinephrine plus quinidine
(Epi+Qui). (B) Mean values of arrhythmic events in SQTS1-hiPSC-CMs in absence (Ctr) and
presence of epinephrine (Epi) and epinephrine plus quinidine (Epi+Qui). (C) Mean values of
arrhythmic events in SQTS1-hiPSC-CMs in absence (Ctr) and presence of epinephrine (Epi)
and epinephrine plus ivabradine (Epi+lva). (D) Mean values of arrhythmic events in SQTS1-
hiPSC-CMs in absence (Ctr) and presence of epinephrine (Epi) and epinephrine plus ajmaline
(Epi+Ajm). (E) Mean values of arrhythmic events in SQTS1-hiPSC-CMs in absence (Ctr) and
presence of epinephrine (Epi) and epinephrine plus mexiletine (Epi+Mex). (F) Mean values of
arrhythmic events in SQTS1-hiPSC-CMs in absence (Ctr) and presence of epinephrine (Epi)
and epinephrine plus amiodarone (Epi+Ami). (G) Mean values of arrhythmic events in SQTS1-
hiPSC-CMs in absence (Ctr) and presence of epinephrine (Epi) and epinephrine plus
ranolazine (Epi+Ran). (H) Mean values of arrhythmic events in SQTS1-hiPSC-CMs in absence
(Ctr) and presence of epinephrine (Epi) and epinephrine plus flecainide (Epi+Fle). Shown are

mean = SEM, n represents the number of measured cells. The statistical significance was
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examined by one-way ANOVA with Holm-Sidak post-test, *p<0.05 versus Ctr, #p<0.05 versus
Epi.

Next, to unveil the reasons for the difference among those drugs regarding their
antiarrhythmic effects in SQTS1-hiPSC-CMs, three series experiments were
performed to assess 1) their effects on action potential duration (APD), 2) their effects

on hERG channel currents (Ikr) and 3) their effects on hERG channel gating kinetics in
both healthy donor and SQTS1-hiPSC-CMs.

We found that in healthy donor cells, quinidine, ivabradine, ajmaline, mexiletine and
amiodarone significantly prolonged APD, whereas ranolazine, flecainide and
mexiletine shortened APD (figure 22 A). In SQTS1-hiPSC-CMs, quinidine, ivabradine,
ajmaline and mexiletine significantly prolonged APD to a similar extent, whereas
amiodarone, flecainide and ranolazine did not alter APD (figure 22 B). All tested drugs
inhibited Ikr, but the extent of inhibition of all tested drugs (percent inhibition caused by

a drug) was significantly smaller in SQTS1 patient cells than that in healthy donor cells
(figure 22 C).
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Figure 22. Drug effects on the action potential duration and Ik in healthy and SQTS1-
hiPSC-CMs. Action potentials (APs) and Ik, were recorded by patch clamp whole cell recording
technique. 10 pM quinidine (Qui), 10 uM ivabradine (lva), 30 pM ajmaline (Ajm), 100 uM
mexiletine (Mex), 10 uM amiodarone (Ami), 30 uM ranolazine (Ran) or 30 uM flecainide (Fle)
was applied to measured cells by a perfusion pipette. (A) Mean values of action potential
duration at 90 % repolarization (APD90) in absence (Ctr) and presence of a drug in healthy
donor hiPSC-CMs. (B) Mean values of APD90 in absence (Ctr) and presence of a drug in
SQTS1-hiPSC-CMs. (C) Mean values of percent inhibition of I, by a drug in healthy donor and

SQTS1-hiPSC-CMs. Shown are mean + SEM, n represents the number of measured cells.
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The statistical significance was examined by one-way ANOVA with Holm-Sidak post-test (A-
B) or t-test (C), *p<0.05 versus Ctr (A-B) or Healthy (C).

In order to reveal mechanisms underlying the difference of effects of the tested drugs
on APD and Ikr, the drug effects on the channel gating kinetics were analyzed in both

SQTSL1 patient and healthy donor cells.

Ajmaline, amiodarone, ivabradine and ranolazine decelerated the Ik activation
(increased the time to peak) in healthy donor and SQTS1-hiPSC-CMs (figure 23 A-B).
Quinidine and mexiletine showed the opposite effect (figure 23 A-B). Flecainide
increased the time to peak only in healthy donor cells (figure 23 A-B). In SQTS1-hiPSC-
CMs, quinidine, ajmaline and ivabradine shifted the activation curve (V0.5) of Ikr to
more depolarized potentials, while ranolazine shifted the activation curve (V0.5) to
more hyperpolarized potentials. Amiodarone, flecainide and mexiletine displayed no
effect (figure 23 C). In healthy hiPSC-CMs, quinidine, ajmaline, amiodarone,
ivabradine and mexiletine shifted the activation curves to more depolarized potentials,
whereas ranolazine showed an opposite effect (figure 23 D). Flecainide showed no
effect (figure 23 D).
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Figure 23. Drug effects on the activation of I, in healthy and SQTS1-hiPSC-CMs. Ik in
cells was recorded by patch clamp whole cell recording technique with the protocol as shown
in figure 6. 10 UM quinidine (Qui), 10 uM ivabradine (lva), 30 uM ajmaline (Ajm), 100 uM
mexXiletine (Mex), 10 uM amiodarone (Ami), 30 uM ranolazine (Ran) or 30 uM flecainide (Fle)
was applied to measured cells by a perfusion pipette. Activation curve and time to peak were
analyzed as described in figure 16. (A) Mean values of time to peak in absence (Control) and
presence of drugs in SQTS1-hiPSC-CMs. (B) Mean values of time to peak in absence (Control)
and presence of drugs in healthy donor hiPSC-CMs. (C) Mean values of V0.5 of activation in
absence (Control) and presence of drugs in SQTS1-hiPSC-CMs. (D) Mean values of V0.5 of
activation in absence (Control) and presence of drugs in healthy donor hiPSC-CMs. Shown
are mean = SEM, n represents the number of measured cells. The statistical significance was
examined by paired t-test (comparison between before and after application of a drug), *p<0.05
versus Control. Numbers given in A and B present numbers of measured cells also for C and

D, respectively.

To examine drug effects on Ikr inactivation, the voltage-dependent inactivation curves
of Ikr and the time constant (Tau) of the current decay due to channel inactivation were
analyzed. The inactivation curves (V0.5 values) were shifted to more hyperpolarized

potentials by quinidine, ajmaline, ivabradine, mexiletine, and ranolazine but not
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significantly changed by amiodarone and flecainide in SQTS1-hiPSC-CMs (figure 24
A-H). In healthy donor hiPSC-CMs, the inactivation curves were shifted to more
hyperpolarized potentials by quinidine, ajmaline, flecainide, mexiletine and ranolazine

and to more depolarized potentials by amiodarone and ivabradine (figure 24 I-P).
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Figure 24. Drug effects on the inactivation of Ik in healthy and SQTS1-hiPSC-CMs. Ik in
cells was recorded by patch clamp whole cell recording technique with the protocol as shown
in figure 17. 10 uM quinidine (Qui), 10 uM ivabradine (lva), 30 uM ajmaline (Ajm), 100 uM
mexiletine (Mex), 10 uM amiodarone (Ami), 30 uM ranolazine (Ran) or 30 uM flecainide (Fle)
was applied to measured cells by a perfusion pipette. The inactivation curves and V0.5 values
were analyzed as described in figure 17. (A)-(G) Inactivation curves of I, before (Control) and
after application of a drug in SQTS1-hiPSC-CMs. (H) Mean values of V0.5 of inactivation
curves before (Control) and after application of a drug in SQTS1-hiPSC-CMs. (1)-(O)
Inactivation curves of Ik, before (Control) and after application of a drug in healthy donor hiPSC-
CMs. (P) Mean values of V0.5 of inactivation curves before (Control) and after application of a
drug in healthy donor hiPSC-CMs. Shown are mean + SEM, n represents the number of

measured cells. The statistical significance was examined by paired t-test (comparison
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between before and after application of a drug in same cells), *p<0.05 versus Control. Data in

H and P are calculated from data in A-G and I-O, respectively.

Furthermore, in SQTS1-hiPSC-CMs, ajmaline, flecainide and ranolazine reduced the
speed of the inactivation (the time constant was increased), whereas amiodarone and
ivabradine accelerated it (figure 25 A-G). Quinidine and mexiletine had no significant
effects (figure 25 A-G). In healthy donor hiPSC-CMs, quinidine, ajmaline, amiodarone
and flecainide decelerated the inactivation (the time constant was increased), while
ivabradine, mexiletine and ranolazine increased the speed of inactivation (the time

constant was decreased) (figure 25 H-N).
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Figure 25. Drug effects on the time constant of Ik, inactivation in healthy and SQTS1-
hiPSC-CMs. To evaluate drug effects on the fast phase of inactivation, Ik-was induced by a 1
s-long pre-pulse from -80 mV to 80 mV for activation and inactivation of channels, then

returned to -120 mV for 20 ms for recovery of channels, and then 500 ms test-pulses from 20

50



mV to 80 mV (10 mV increments) were started, as shown in figure 17. Currents induced by
test pulses were fitted by single exponential decay to obtain the time constant (Tau) of Ik, fast
inactivation. (A)-(G) Mean values of Tau of Ik inactivation in SQTS1-hiPSC-CMs before
(Control) and after application of quinidine (Qui, 10 uM), ajmaline (Ajm, 30 uM), amiodarone
(Ami, 10 uM), ivabradine (lva, 10 uM), flecainide (Fle, 30 uM), mexiletine (Mex, 100 uM) and
ranolazine (Ran, 30 uM). (H)-(N) Mean values of Tau of Ik, inactivation in healthy donor hiPSC-
CMs before (Control) and after application of each drug. Shown are mean + SEM, n represents
the number of cells. The statistical significance was determined by paired t-test, *p<0.05 versus

Control.

Due to the possibility that the shift of activation or inactivation curves may change the
window current, we analyzed drug effects on the Ikrwindow current. In SQTS1-hiPSC-
CMs, quinidine, ivabradine, ajmaline and mexiletine decreased the Ikr window current,
while amiodarone, flecainide and ranolazine showed no effect (figure 26 A-G). In
healthy hiPSC-CMs, quinidine, ajmaline and mexiletine, but not ivabradine, ranolazine,
amiodarone and flecainide, decreased the window current (figure 26 H-N). Notably,
the window current in SQTS1-hiPSC-CMs is larger than that in healthy donor hiPSC-
CMs (figure 26 O).
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Figure 26. Drug effects on window currents of I, in healthy and SQTS1-hiPSC-CMs. The
activation and inactivation curves were plotted in the same figure. The window current was
defined as the current under the crossover of activation and inactivation curves. For
comparison, the window currents in absence (black and red symbols and lines) and presence
(blue symbols and lines) of drugs were overlapped in the same plot. (A)-(G) Widow currents
in SQTS1-hiPSC-CMs before (Control) and after application of quinidine (Qui, 10 uM), ajmaline
(Ajm, 30 uM), amiodarone (Ami, 10 uM), ivabradine (lva, 10 uM), flecainide (Fle, 30 puM),
mexiletine (Mex, 100 uM) and ranolazine (Ran, 30 pM). (H)-(N) Widow currents in healthy
donor hiPSC-CMs before (Control) and after application of each drug. (O) Window currents in
healthy donor and SQTS1-hiPSC-CMs before application of drug.

To assess drug effect on the Ik recovery, the time constant (Tau) of tail currents
reflecting the recovery of hERG channels was analyzed (figure 27 A-B). In healthy
donor hiPSC-CMs, the Tau value of recovery was increased by quinidine, ivabradine
and ranolazine, decreased by amiodarone but not significantly changed by ajmaline,
flecainide and mexiletine (figure 27 A). In SQTS1-hiPSC-CMs, ajmaline, amiodarone

and mexiletine decreased the Tau value of recovery, whereas flecainide and quinidine
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increased it (figure 27 B). lvabradine and ranolazine did not change the Tau of recovery
(figure 27 B).
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Figure 27. Drug effects on time constants of Ik, recovery and deactivation in healthy and
SQTS1-hiPSC-CMs. The time constant (Tau) of recovery and deactivation was analyzed as
described in figure 18 and 19. (A) Mean values of Tau of Ik, recovery from inactivation at -60
mV in healthy hiPSC-CMs before (Control) and after application of quinidine (Qui, 10 uM),
ajmaline (Ajm, 30 uM), amiodarone (Ami, 10 uM), ivabradine (Ilva, 10 uM), flecainide (Fle, 30
uM), mexiletine (Mex, 100 uM) and ranolazine (Ran, 30 uM). (B) Mean values of Tau of Ik
recovery from inactivation at -60 mV in SQTS1-hiPSC-CMs before (Control) and after
application of each drug. (C) Mean values of Tau of Ik, deactivation at -80 mV in healthy donor
hiPSC-CMs before (Control) and after application of each drug. (D) Mean values of Tau of Ik,
deactivation at -80 mV in SQTS1-hiPSC-CMs before (Control) and after application of each
drug. Shown are mean £ SEM, n represents the number of cells. The n-numbers given in A

are for A-D. The statistical significance was determined by paired t-test, *p<0.05 versus Control.

Finally, the deactivation of Ikr was analyzed in hiPSC-CMs (figure 27 C-D). In healthy
donor hiPSC-CMs, amiodarone decreased the time constant (Tau) of deactivation,

whereas ivabradine, quinidine and mexiletine increased it (figure 27 C). Ajmaline,
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flecainide and ranolazine showed no effect on the channel deactivation (figure 27 C).
In SQTS1-hiPSC-CMs, quinidine, ajmaline, ivabradine and mexiletine increased the
Tau of deactivation of Ik, but amiodarone, flecainide and ranolazine did not change it
(figure 27 D).

4. DISCUSSION

4.1. Clinical relevance of study

The study investigated changes of cellular electrical activity in hiPSC-CMs carrying the
mutation N588K in hERG channels and the mutation-related changes of the regulation
of hERG channels by some environmental factors and antiarrhythmic drugs. The main
findings are that: 1) the hERG channel current (Ikr) was enhanced, the APD was
shortened and arrhythmic events were increased in SQTS1 patient-hiPSC-CMs
carrying the hERG channel mutation; 2) the activation and inactivation of hERG
channels were attenuated, while the recovery from inactivation and the deactivation
were enhanced in SQTS1 patient-hiPSC-CMs; 3) acidosis, high frequency,
hyperthermia, LPS and ROS influenced hERG channel current and gating kinetics in
SQTS1 patient-hiPSC-CMs and these effects differed from that in healthy donor
hiPSC-CMs; 4) the effect of LPS on hERG channels was mediated by a NADPH
oxidase-ROS-PKC pathway and enhanced in SQTS1-hiPSC-CMs compared to
healthy donor cells; 5) quinidine, ajmaline, ivabradine, mexiletine but not amiodarone,
flecainide and ranolazine prolonged APD and reduced arrhythmic events in SQTS1-
hiPSC-CMs; 6) the drug effects on hERG channel current and gating kinetics in
SQTS1-hiPSC-CMs differed from that in healthy donor hiPSC-CMs.

Although SQTS is a rare disease, it can cause life-threatening arrhythmias, especially
in young persons. The mechanisms by which arrhythmias occur in SQTS-patients are
still not clearly clarified. Therefore, optimal therapy for SQTS is still lacking. So far, the
implantable cardioverter defibrillator (ICD) is recommended as the first choice for
preventing life-threatening arrhythmias in SQTS-patients 2. However, ICD is not
applicable or suitable for some patients, who therefore require drug therapy. Up to date,
only a limited number of drugs were tested in small number of SQTS-patients and only

quinidine was shown to be effective for prolonging QT interval or reducing occurrence

54



of arrhythmias 16, Quinidine is not acceptable or contradicted in some patients due to
its severe side effect. Thus, more effective drugs are needed for the treatment of SQTS.
In search for new effective alternatives, a detailed investigation of the underlying
mechanisms of arrhythmogenesis in SQTS patients may provide help. The pathogenic
role of N588K for SQTS1 has been confirmed by different studies including a gene
editing study 7. Although it has been known that this mutation causes an inactivation
defect, which can contribute to the enhancement of Ikr (gain-of-function), whether the
mutation also change other gating parameters of hERG channel in cardiomyocytes is
not clear. The fact that the SQTS-patient with the gene mutation suffered from
arrhythmias only under certain condition suggests roles of co-factors for the
occurrence of arrhythmias. Whether environmental factors modulate wild-type (healthy)
and N588K-hERG channel differentially has not been investigated. This study, using
hiPSC-CMs generated from an SQTS1-patient, investigated the mechanisms behind
changes of hERG channel currents and the modulations of hERG channels by some
environmental factors and drugs, focusing their difference between cells obtained from
healthy donors and the patient. Therefore, the study may put new insights into the
arrhythmogenesis of SQTS, especially SQTS1 with the N588K hERG mutation. It may

help search for new effective drugs for SQTS-treatment.
4.2. Possible mechanisms underlying arrhythmias in SQTS1-hiPSC-CMs

The main phenotype features of SQTS are shortened QT interval and arrhythmias. The
former is persistent, the latter is conditional, suggesting that short QT interval is not the
only and direct cause for the occurrence of arrhythmias, but rather a substrate for
arrhythmias. It is well-known that QT-prolongation (long-QT syndrome) can cause
arrhythmias and the mechanism has been well investigated. QT prolongation in ECG
means APD prolongation in cardiomyocytes. The prolonged APD can augment
opening of calcium channels at phase 2. The enhanced Ca?* influx can stimulate the
Na*/Ca?* exchanger, generating an inward current (3 Na* influx versus 1 Ca?* efflux).
The inward Ca?* and Na*/Ca?* exchanger currents can cause depolarizations even
when the membrane potential has not been repolarized to resting potential. This
phenomenon is called early afterdepolarization (EAD). EAD can cause torsades de
pointes, tachycardia or other forms of arrhythmias 18 119, |n SQTS, however, APD is

shortened, suggesting different mechanisms for the arrhythmogenesis in SQTS.
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When APD is shortened, the resting phase (interval between two APS) is prolonged,
which increases the chance for occurrence of extra depolarizations. The extra
depolarizations that appear before the next normal AP occurs are called delayed
afterdepolarization (DAD). DADs arise from the resting potential after full repolarization
of an action potential (phase 4) and they may reach threshold for activation and induce
extra excitations 11°. DAD can be caused by elevated cytosolic Ca?* concentrations,
classically seen with digoxin toxicity 1?°. The overload of Ca?* in the sarcoplasmic
reticulum (SR) can increase spontaneous Ca’* release after repolarization. The
elevated intracellular Ca?* may trigger the Na*/Ca?*-exchanger, resulting in a net
inward current. In addition, high intracellular Ca?* can also activate non-specific cation
channels, generating inward currents 119, The inward currents generate the DAD,
which may trigger arrhythmias. This means that DAD can be one mechanism for the
arrhythmogenesis in SQTS. In our study, more DAD events and trigger activities
(clusters of DAD or EAD) were observed in SQTS1-hiPSC-CMs, which is in agreement
with this concept. The open question, however, is how DAD are triggered in SQTS1

patient cells.

A Ca?* overload needs a substrate or trigger such as APD-prolongation or drugs that
can elevate the intracellular Ca?* level. Both were lacking in our hiPSC-CMs at base
line (without any trigger), but still some cells displayed DADs. The reason for DADs in
SQTS1-hiPSC-CMs at base line is not clear. One possibility could be the consequence
of ion channel remodeling resulting from the changes in SQTS1-cells. We know that
normal APs warrant normal cardiac functions, either the electrical or the mechanical.
The AP is determined by both inward and outward currents conducted through different
ion channels. A change of one or some currents can change APs and hence cardiac
function, which may cause compensatory reaction in cells. In SQTS1-hiPSC-CMs, the
N588K mutation in hERG gene caused a gain-of-function and increased Ikr and hence
shortened APD. It could be possible that these alterations caused a compensatory
reaction in cells. Since an increase in inward current can prolong APD, it is possible
that some intracellular signaling or ion channels were remodelled in favor of increasing
the inward current. If the inward currents are large enough, especially when phase 3
is shortened, DADs may appear. Which signaling or ion channels are remodelled and
responsible for DADs in SQTS1-hiPSC-CMs needs to explored in future studies.
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Of note, EADs were also detected in SQTS1-hiPSC-CMs in absence or presence of
epinephrine even though APD was shortened. We know that EAD usually appears
when APD is prolonged, which favors opening of Ca channels. In other words, APD-
shortening should reduce opening of Ca?* channels and reduced the chance of EADs.
The reason for the observed EADs in SQTS1-hiPSC-CMs could be the observed
abnormal Ca?* release at phase 3 of APs which subsequently caused EADs. The
reason for this abnormal Ca?* release in SQTS1-hiPSC-CMs is still unclear and needs

to be revealed in future studies.

Beside EAD and DAD, re-entry can be another mechanism for arrhythmogenesis in
SQTS. Shinnawi et al. established 2-dimensional hiPSC-CM modeling approach to
investigate the tissue’s electrophysiological properties in hiPSC-CMs from an SQTS1-
patient 7. To this end, they induced arrhythmias in the different hiPSC-CM groups
through a systematic electrical programmed stimulation approach. Using this protocol,
they could robustly induce sustained re-entrant arrhythmias in the SQTS-hiPSC-CMs,
indicating that re-entry may be an important mechanism for the occurrence of
arrhythmias in SQTS as well. As our study is based on single-cell measurements we

cannot investigate re-entry induced arrhythmias in our model system

Although DAD, EAD and re-entry all might contribute to the occurrence of arrhythmias,
the APD-shortening is the basic and most important substrate for arrhythmogenesis in
SQTS. Hence, exploring mechanisms underlying the APD/QT-shortening is of
importance for preventing and treating arrhythmias in SQTS. Previous studies showed
the N588K mutation led to inactivation defect of hERG channels and enhanced Ik %,
which can explain the APD/QT-shortening in SQTS-patients. However, several
guestions remain open. First, the inactivation defect and gain-of-function was detected
in non-cardiac cells. Whether the mutation causes the same changes in
cardiomyocytes is not known. Second, the gating kinetics were not fully investigated
before. Whether the mutation changed hERG gating kinetics besides inactivation was
not clearly addressed. One aim of the current study is to address these two issues. In
our SQTS1-hiPSC-CMs, Ikr was enhanced and the inactivation of Ikr was largely
reduced by a large shift of the inactivation curve to a more positive potential. These
data, from cardiomyocyte like cells, now confirmed the previously reported data. In
addition, we found that due to the N588K mutation in cardiomyocytes like hiPSC-CMs,

the time-course of inactivation was slowed, the activation was reduced (activation
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shifted to a more positive potential, time to peak prolonged), whereas the recovery
from inactivation and the deactivation of hERG channel were accelerated. The slowed
inactivation and accelerated recovery from inactivation may contribute to the enhanced
Ikr. The reduced speed and right-shift of the activation suggest that Ikr may be
enhanced mainly when the membrane potential is depolarized to high potentials. As a
slow deactivation of Ikr may exert a protective effect against premature arrhythmogenic
depolarizations like EADs or DADs 1%% 123 the accelerated deactivation may reduce
the outward current at the end of phase 3 or beginning of phase 4 for counteracting
the inward currents at the same time and hence increase the chance of the occurrence
of DAD or EAD in SQTSL1 patient cells.

4.3. Possible roles and mechanism of environmental factors for arrhythmias in
SQTS1-hiPSC-CMs

Besides genetic factors, non-genetic (environmental) factors are important for the
arrhythmogenesis of SQTS as arrhythmias appear only under certain circumstances.
In SQTS-patients, arrhythmias occur usually at rest or at night, indicating that a trigger,
probably changes of adrenergic/muscarinic stimulation, plays an important role. In a
recent study, it was detected that carbachol (CCh) triggered arrhythmic events 24,
Herein, epinephrine (Epi) increased arrhythmic events in SQTS1 patient but not
healthy donor hiPSC-CMs, confirming the importance of a trigger for the occurrence of
arrhythmias in SQTS. The trigger effect of Epi can be apprehended as it can increase
Ca?* influx by activating L-type Ca channels, which is a well-known mechanism for
positive inotropic effect of adrenergic stimulation on cardiomyocytes. By contrast, how
CCh triggered arrhythmias in SQTS1-hiPSC-CMs is difficult to understand. When CCh
was applied to hiPSC-CMs, no effect on APs or Ikr was observed, which cannot explain
the arrhythmia-inducing effect of CCh. One possibility is that CCh may influence other
channel currents. In our previous study, we checked CCh effect on inward (Ina, Ica, Incx)
and outward currents (lo, Iks, Ik1, IkaTtp, Iski-3, Iska), which can influence APs, and no
effect was detected °°. Another possibility is that CCh may change Ca?* handling and
cause abnormal Ca?* release from the SR in SQTS1 patient but not healthy donor cells.
The abnormal Ca?* release could cause DADs and triggered arrhythmias. Indeed, in
our study, Ca?* transient measurements detected abnormal Ca?* transients (DAD-like
or EAD-like), which displayed as arrhythmic events, in SQTS1-hiPSC-CMs. This
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suggests that CCh-triggered arrhythmias might at least partially result from

dysfunctional Ca?* handling.

Besides adrenergic/muscarinic stimulation, other factors including high temperature
(e.g., fever), pH value (e.g., acidosis), inflammation or oxidative stress may contribute
to the occurrence of arrhythmias. Therefore, it was interesting to examine whether
those environmental factors can be potential triggers for arrhythmias in SQTS patient
cells. To this end, we investigated the effects of those factors on APs and hERG
channel current and gating kinetics in healthy donor and SQTS1 patient cells to figure
out whether the mutation of N588K renders hERG channel more sensitive to such

environmental factors.

In acidosis (pH=6.0), APs were shortened and Ikr was reduced in both healthy donor
and SQTS1-hiPSC-CMs. The AP shortening and Ixr reduction induced by acidosis
were consistent with previously reported data 1251%7, Hirayama et al found that in the
low pH solution at 6.4, APD was markedly shortened and the amplitude of lci.ca (Ca?*-
activated CI- channel current) was increased at all membrane potentials and concluded
that the APD-shortening caused by acidosis resulted from the activation of Ca?* -
activated CI- currents'?®, Terai et al investigated the effect of external acidosis on hERG
current expressed in Xenopus oocytes. They found that the steady-state activation was
shifted by about 20 mV in a depolarized (more positive potential) direction with a
change from pH(o) 7.6 to 6.0, while steady-state inactivation was not significantly
changed. The activation time constants were increased, the deactivation and recovery
time constants were decreased, while those of inactivation showed no significant
change '?6. The results indicated that external acidosis suppressed hERG current
mainly by shifting the voltage-dependence of the activation and deactivation kinetics,
and partly by decreasing slope conductance 6. Du et al found that hERG channel
current (Inerc) recorded in hHERG-expressing Chinese Hamster Ovary cells using action
potential clamp was rapidly suppressed by reducing external pH from 7.4 to 6.3; steady
state lherc activation curve was shifted by ~+6 mV; the voltage-dependence of Iherc
inactivation was little-altered; fast and slow time-constants of Iherc deactivation were
smaller across a range of voltages at pH 6.3 than at pH 7.4; a modest acceleration of
the time-course of recovery of Iherc from inactivation was observed, but time-course of
activation was unaffected '?’. These data as well as our own data, which show an

inhibition of Ik, cannot explain the APD-shortening because the Ik-inhibition should
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prolong APD. The APD-shortening in acidosis resulted probably from changes of other
channel currents. Of note, changes of APs and Ikr and Ikr gating kinetics in our healthy
and SQTS1 patient cells are similar, implying that the mutation of N588K may not
increase the risk of acidosis-triggered arrhythmias in SQTS patients.

Fever can trigger arrhythmias in some patients, especially in some patients with
Brugada syndrome. To check whether fever might be a potential trigger for SQTS, the
effects of temperature variation on Ixr were investigated in healthy donor and SQTS1-
hiPSC-CMs. Thus, to mimic fever conditions, Ikr was recorded at 40°C. As expected,
at 40°C, Ikr was enhanced. Our results differed from previously reported data from
isolated rat cardiomyocytes. The disparity may result from species and gene mutation
differences. It was reported that compared with culture at 37°C, culture at 40°C
decreased the hERG expression and Ikrand thus prolonged the APD %28, Another study
investigated the effect of fever in Ikr in LQT-2 patients with A558P and F640V missense
mutation in the hERG channel 114, In that study, the ECG displayed a prolongation of
QTc with fever in both patients. When WT, A558P, and WT+A558P hERG channels
were expressed in HEK293 cells, A558P proteins showed a trafficking-deficient
phenotype and the co-expression of WT+A558P displayed a dominant-negative effect,
thus selectively accelerating the rate of channel inactivation and reducing the
temperature-dependent increase of current compared to the WT current. The
temperature induced increase in WT+A558P current was smaller than that in the WT
current, leading to larger current density differences at higher temperatures. A similar
temperature-dependent phenotype was seen for co-expression of the trafficking-
deficient LQT-2 F640V mutation. The authors thus postulated that the weak increase
in the hERG current density in WT-mutant co-assembled channels contributes to the
development of QTc prolongation and arrhythmias at higher temperatures and
concluded that fever is a potential trigger for arrhythmias in LQT-2 patients 4. In
agreement with this concept, we detected that the Ikr enhancement by higher
temperatures in SQTS1 patient cells were larger than that in healthy donor cells. In
addition, we found that higher temperatures accelerated the time to peak, shifted the
activation curve to more negative, the inactivation curve to more positive potential, and
accelerated the recovery of Ik in healthy donor as well as SQTS patient cells.
Nevertheless, the effects of hyperthermia on activation and inactivation curves in
SQTS patient cells were larger than in healthy donor cells, indicating that the N588K

mutation renders hERG channels more sensitive to fever, and hence that fever may
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be another potential trigger for SQTS. Whether fever prolong or shorten APD/QTc may
be determined by mutations in hERG channels or the total effects of higher

temperature on a variety of channels contributing to the APD.

Malignant tachy- and brady-arrhythmia in myocarditis patients have been observed for
quite a long time, indicating that inflammation might induce arrhythmic events as well
129 Different factors in inflammatory responses, such as endotoxin, cytokines and C-
reactive protein (CRP) may affect the electrophysiology of cardiomyocytes, either
directly or indirectly 1?°. To examine whether inflammation is a possible trigger for
arrhythmias in SQTS, we investigated the effects of LPS treatment on Ikr in healthy
donor and SQTS1-hiPSC-CMs. LPS treatment enhanced Ikr in both healthy donor and
SQTS1-hiPSC-CMs, but importantly, the effect of LPS treatment was more
pronounced in SQTS1 patient than that in healthy donor cells., Divergent effects of
LPS treatment were reported from studies using different animal models. A study in a

pig model showed that LPS induced a shortening of the APD that resulted from a

decrease in Ica and an increase in Ik 130, Another study observed that LPS induced a
prolongation of action potential associated with enhanced Ca?* efflux via the Na*/Ca?*
exchanger in isolated rat cardiomyocytes 3. Wondergem et al found that LPS
prolonged the APD and suppressed Ikr in atrial HL-1 mouse cardiomyocytes 2. In our
study, using hiPSC-CMs, we found that LPS shifted the activation curve of Ikr to more
negative and the inactivation curve to more positive potentials. These data are in
accordance with the enhanced I«r after LPS treatment. Moreover, LPS treatment
accelerated Ikr deactivation in SQTS1 patient but not in healthy donor cells. The
enhanced Ik likely shortens APD/QT and in addition, the acceleration of Ikr deactivation
may facilitate the occurrence of DAD. Therefore, our data indicate, that inflammation
may be indeed a trigger for arrhythmias in SQTS1 patients, at least in those carrying
the N588K mutation.

It is well known that reactive oxygen species (ROS) play critical roles in cell signaling.
ROS is involved in different pathological process, including inflammation,
neurodegeneration, diabetes, atherosclerosis and aging. The phenomenon that LPS
can increase ROS production in cardiomyocytes has been widely described 133 134,
ROS may also be involved in the process of ion channel regulation via direct or indirect
modulation. It was reported that ROS increased the peak sodium current in rat muscle

afferent DRG neurons through an unknown mechanism 135 Another study
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demonstrated that an increased ROS production was associated with the reduction of
peak Ina in HEK cells and cardiomyocytes 3. To investigate the role of ROS in LPS-
induced changes of Ik in hiPSC-CMs, we assessed the effects of NAC, a strong
reducing agent, and H202, a main content of ROS in cells. Indeed, NAC attenuated
and H202 mimicked the effects of LPS on Ikr. In addition, H202 exerted effects on Ir
gating kinetics, similar to the effects of LPS treatment. These data indicate that ROS
likely mediate the effects of LPS treatment on Ikr. A study reported that H202 exposure
significantly prolonged the APD due to significantly decreased lw and Ik1 resulting in
frequent early afterdepolarizations (EADs) in mouse cardiomyocytes 3. In accordance,
another study detected that an increased ROS production is associated with APD-
prolongation in mouse cardiomyocytes 138, Also, Chen et al observed a marked
attenuation of Ik and a significant prolongation of APD by simulating
ischemia/reperfusion (I/R) with sodium dithionite (Na2S204) in ventricular myocytes of
guinea pigs. The authors showed that the Ixr amplitude was inhibited by 64% and the
APD was increased by 87%. The inhibition of Ikr was attributed to ROS overproduction
during I/R, which indicate that the inhibition of Ikr is one of the underlying mechanisms
of the prolongation of the QT interval and the APD in I/R . Taking together, those
studies demonstrated that ROS can prolong APD by affecting ion channel currents
including Ikr, which differs from the results of our study in hiPSC-CMs. The discrepancy
may result from species or tissue difference. However, our study revealed that the
mutation N588K enhanced the effect of ROS effect on Ikr, suggesting the effects ROS
may vary in different patients carrying different gene mutations. To explore the source
of ROS occurring from LPS treatment, we examined the effect of DPI, an inhibitor of
NADPH oxidases, important enzymes for ROS generation. In fact, DPI prevented
effect of LPS treatment on Ikr, suggesting that NADPH oxidases might mediate the
effects of LPS treatment, at least in hiPSC-CMs.

Protein kinase A (PKA) as well as protein kinase C (PKC) were reported to regulate Ikr,
and thus their involvement in the effect of LPS treatment on Ikr was assessed.
Chelerythrine, an alkaloid which besides multiple other effects inhibits PKC but not
PKA, attenuated the effect of LPS treatment, whereas H89, a strong inhibitor of PKA
with only minor influence on PKC, did not. These data argue for an involvement of PKC
in the regulation of Ikr by LPS in hiPSC-CMs. In accordance, phorbol-12-myristate-13-
acetate (PMA), a PKC activator, mimicked the effect of LPS on Ikr in a chelerythrine

sensitive manner. Considering that both PKC and ROS participated in the effect LPS
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treatment on Ikr, we tried to explore whether ROS is a downstream or upstream factor
of PKC within the cascade. As chelerythrine suppressed the effect of H202, a ROS
substitute, but the antioxidant N-acetylcysteine (NAC) failed to alter of the stimulation
of Ikr by PMA, the data indicate that the PKC activation occurs downstream of ROS
production. Taken together, our study demonstrated that LPS treatment can enhance
Ir in hiPSC-CMs likely via a pathway involving NAPDH, ROS and PKC.

To explore the mechanism for loss of rate adaptation of APD/QTc in SQTS, we
analyzed Ikr at different frequencies. We detected a larger enhancement of Ikr at high
(3Hz) frequency in healthy donor hiPSC-CMs compared to SQTS1-hiPSC-CMs. This
difference might explain the loss of rate adaptation in SQTS. Normally, when heart
beat increases, the APD/QTc will shorten in order to warrant regular beats. This
phenomenon is called rate adaptation. The high frequency increases Ikr that can
shorten the APD and hence facilitates the rate adaptation in healthy cardiomyocytes.
However, in cardiomyocytes, carrying the N588K mutation (SQTS1- hiPSC-CMs) the
increase of Ikr was less pronounced, thus the APD was less shortened, which in turn
would affect the rate adaptation in a diseased heart. The reason for the reduced Ikr
increase at high frequency in SQTS1-hiPSC-CMs is likely due to the accelerated
deactivation caused by N588K mutation detected in SQTS1-cells. We know that Ik
deactivates very slow in healthy donor (wild-type) cells. At high frequency, not all
channels are completely deactivated, thus the residual currents likely accumulate and
hence increase the current at phase 3 of APs which shortens the APD. In contrast, in
the N588K mutant-cells, the deactivation is much faster, and in consequence much
less residual current can accumulate. In agreement, a smaller enhancement of Ixr at
high frequency was observed in SQTS1-cells. Since at high frequency (3 Hz or higher),
the time frame for measuring Ikr is too short (totally<333 ms) for detecting differences
between healthy donor and SQTSL1 cells regarding the effects of high frequency on the
channel gating, especially the recovery from inactivation and the deactivation, the data

with respect to gating kinetics at high frequency were not analyzed in the current study.
4.4. Mechanisms of differential drug effects

To explore whether the SQTS1- hiPSC-CM model offer the possibility to evaluate of
the effects of known antiarrhythmic drugs effects on hERG channels with gene

mutation, we established a cellular arrhythmia model by challenging cells with
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epinephrine and then characterized the influence of different drugs. Indeed, quinidine,
ajmaline, ivabradine and mexiletine, but not amiodarone, flecainide or ranolazine,
prolonged the APD and decreased the probability for arrhythmic events in SQTS1-cells.
In healthy donor cells, Ikr was inhibited by almost all of the tested drugs to a similar
extent. Only amiodarone was less effective. In SQTS1 cells, however, the inhibitory
effect of all drugs was reduced. Especially the inhibition by amiodarone, mexiletine,
flecainide and ranolazine, was largely affected, whereas quinidine, ajmaline and
ivabradine still displayed an inhibitory effect of more than 40%. This might explain why
these drugs still showed antiarrhythmic effects. Albeit we observed that the
suppression of the N588K-hERG channel current amplitude by all drugs is different
from that of the wild type hERG current, whether those drugs exhibit different effects
on N588K-hERG channel gating kinetics, still needs to be addressed.

Quinidine is an antiarrhythmic drug with a known Ikr-blocking property, but severe side
effects limit its clinical application. Yet, when it was demonstrated to be effective for
SQTS-treatment, the interests of physicians and researchers in this dug was reinstated.
It was observed that the mutation N588K rendered hERG channel resistant to many
antiarrhythmic drugs including classical Ikr blockers, with quinidine as an exception. In
addition, different from other drugs that inhibit only inactivated Ikr channels, quinidine
inhibits Ikr conducted by both activated and inactivated channels. The N588K mutation
leads to an inactivation defect and hence decrease the effects of inactivation-affecting
drugs 44 140, However, our study has added novel information: we found that besides
known inactivation defect, the activation was also attenuated, the recovery and
deactivation were accelerated in SQTS1-cells with N588K. In addition, we observed
that the quinidine effects on activation (time to peak and V0.5 of activation), on
inactivation (the tau of inactivation and V0.5 of inactivation), on the recovery from
inactivation and the deactivation as well as on the window current of the hERG channel
were similar in healthy donor and SQTS1-hiPSC-CMs, which may also be an
explanation for the efficacy of quinidine. These data demonstrate that not only the
inactivation defect but also changes in other gating kinetics caused by the N588K

mutation contribute to differential drug efficacy, at least in our model.

The class la anti-arrhythmic drug ajmaline is commonly used in ECG diagnosis to
unmask the phenotypic changes of Brugada syndrome (BrS). Ajmaline attenuates

several currents, including Ina, lto and Ikr 141 142, This suggests that ajmaline might bear
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the potential for treating patient carrying the SQTS1 mutation. In our study, ajmaline
suppressed lkr, prolonged APDs and decreased the occurrence of arrhythmic events
in SQTS1-hiPSC-CMs. In HEK293 cells and Xenopus oocytes recombinantly
expressing hERG channels, ajmaline suppressed Ikr, but the mutations Y652A and
F656A attenuated the efficacy of ajmaline 143, Ajmaline shifted the activation curve to
more hyperpolarized potentials but did not significantly change Ikr inactivation,
although it decreased Tau of the inactivation *3. The influence of the N588K on the
efficacy of ajmaline was, however, not assessed in that study. Here, we obtained new
data about the influence of ajmaline on the gating kinetics of WT- and N588K-hERG
channels in hiPSC-CMs. The influence of ajmaline on Ikr activation (time to peak and
V0.5 of activation), on inactivation (Tau of inactivation and V0.5 of inactivation) and on
the window current are similar in healthy donor and SQTS1-hiPSC-CMs, whereas an
alteration on the recovery and the deactivation by ajmaline could only be detected in
SQTS1-hiPSC-CMs.

In the clinical setting, amiodarone alone failed to prolong QTc, but it prolonged QTc in
an SQTS-patient when it was used together with metoprolol 2°. Hence, whether SQTS
patients benefit from treatment with amiodarone is still unclear. In our study,
amiodarone did not prolong APD and did not suppress the occurrence of arrhythmic
events. Although it is known that amiodarone can inhibit Ik, the influence of
amiodarone on the gating kinetics of hERG channels carrying the N588K mutation was
not investigated before. Hence, no data were available to understand why quinidine
but not amiodarone exerts beneficial effects in SQTS1-patients. Our study revealed a
possible reason, i.e., that quinidine decreased the window current, slowed the recovery
and deactivation, whereas amiodarone displayed no or opposite effects on those

parameters.

Ivabradine prolonged the QT interval and reduced the occurrence of arrhythmias in a
rabbit model of SQTS 44, Ivabradine as a funny channel (Ir) inhibitor exerts no negative
inotropic effects and can maintain stable hemodynamics. It is clinically used to reduce
heart rate in patients with heart failure not tolerating p-adrenoceptor antagonist
treatment. lvabradine can also inhibit Ik 14°. In a previous study, hERG channels, either
WT or mutant, were expressed in HEK cells and the influence of ivabradine on the
channels was assessed 6. The authors reported that ivabradine suppressed wild-type

as well as mutant hERG channel currents. Whereas the N588K and S624A mutations
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altered the efficacy of ivabradine weakly, the Y652A and F656A mutation had a more
severe influence. Further, it was shown that ivabradine shifted the activation and
inactivation curve to a more hyperpolarized potential without any effect on the time
constant of inactivation of the wild-type hERG channel. In our study, we found that the
inhibitory effect of ivabradine on Ikr was reduced and the inactivation curve was shifted
to a more hyperpolarized potential in SQTS1-cells, which data are in agreement with
the previous study. However, we observed that ivabradine shifted the activation curve
to a more depolarized potential, which is different from the results of the Melgari study.
Further, we detected that ivabradine increased the time to peak, decreased Tau of the
inactivation and increased Tau of the deactivation in healthy donor and SQTS1-cells.
It decreased the window current in SQTS1-cells but not in healthy donor cells, and

increased Tau of the recovery in healthy donor cells but not in SQTS1-cells.

Mexiletine was reported to reduce arrhythmias in a rabbit model of SQTS 47, In our
study, we also detected beneficial effects of mexiletine, showing APD-prolonging and
arrhythmia-suppressing effects in the SQTS1-hiPSC-CMs. It is known that mexiletine
inhibited recombinantly expressed Ikr, but its effect on Ikr and channel gating in
cardiomyocytes has not been studied. In a study of Gualdani et al, wild-type and
mutant hERG channels were expressed in HEK and CHO cells and mexiletine effects
were investigated 8. The study showed that 1) mexiletine suppressed Ik in a time-
and voltage-dependent way; 2) the inhibition was attenuated by the Y652A and F656A
mutations; 3) mexiletine decreased Tau of the activation but increased Tau of the
deactivation, implying that it accelerates the activation and slows the deactivation; 4)
mexiletine did not alter the channel inactivation. However, the effects of mexiletine on
N588K-hERG gating were not assessed in that study. Our data revealed that the effect
of mexiletine was largely attenuated in SQTS1-hiPSC-CMs. Mexiletine decreased time
to peak in both healthy donor and SQTS1-hiPSC-CMs, indicating an acceleration of
activation, which date are in agreement with the Gualdani’s study. Mexiletine also
decelerated the deactivation which is also in agreement with the previous study. In
contrast to the data reported by Gualdini and colleagues, mexiletine accelerated the
inactivation in both healthy donor and SQTS1-hiPSC-CMs. This difference between
our data and those reported previous study is most likely caused by use of recombinant
expression models in the older study and to the use of cardiomyocyte like hiPSC-CMs
herein which express the hERG channels at levels similar to that in native
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cardiomyocytes. In addition, in our hands, mexiletine accelerated the recovery and

reduced the window current, which data have not been reported so far.

Flecainide was reported to prolong the APD and the refractory period but was unable
to decrease the occurrence of ventricular arrhythmias in a rabbit model of SQTS 4. In
a clinical study, flecainide treatment slightly prolonged the QT interval 2. In our model,
it reduced Ikrto a minor extent, but showed no effect on the APD and the occurrence
of arrhythmic events in SQTS1-hiPSC-CMs. In an earlier study, it was observed that
flecainide decreased Ikr of recombinantly expressed hERG channels in HEK293 cells,
but the N588K mutation prevented this effect of flecainide °°. In this study, flecainide
failed to change the inactivation curve but increased Tau of the inactivation of WT-
hERG channels 1*0. Flecainide also shifted the activation curve to a more
hyperpolarized potential without effect on Tau of the deactivation of WT-hERG
channels 1, Flecainide effects on N588K-hERG gating are still unknown. In our model
we detected that 1) the effect of flecainide was decreased in SQTS1-hiPSC-CMs, 2)
the time to peak of Ikr was increased in healthy donor but not in SQTS1-hiPSC-CMs
and 3) the inactivation curve was shifted to a more hyperpolarized potential in healthy
donor but not in SQTS1-hiPSC-CMs. Flecainide showed no effect on the Ikr window
current. It slowed the recovery of Ikr without an effect on the Ikr deactivation in SQTS1-
cells. Taken together, flecainide displayed a week inhibitory effect on Ikr due to its week
effect on inactivation and window current. Thus, in SQTS1-cells flecainide displayed
no antiarrhythmic effects which might explain its failure in the treatment of SQTS-

patients.

Ranolazine, an inhibitor of the late sodium current, is an antianginal drug with beneficial
effects in heart failure patients and additional antiarrhythmic effects 152 153, |t displayed
potent antiarrhythmic effect in the rabbit model of SQTS %% Ranolazine was also
reported to inhibit Ik in dog cardiomyocytes %% 156, In HEK293 cells expressing wild-
type and mutant hERG channels, ranolazine reduced Ixr and its effect was attenuated
by several mutants including N588K 157, In the presence of ranolazine the activation
curve of wild-type Ikr was shifted to a more hyperpolarized potential 157 158, |t was also
reported that ranolazine decreased Tau of the inactivation, but did not alter Tau of the
recovery of Ikr of recombinantly expressed hERG channels in HEK293 cells 1%,
Additional effects of ranolazine on other Ikr gating parameters have not been reported.
The current study investigated the effects of ranolazine on the activation, inactivation,
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recovery and deactivation of Ikr in both healthy donor and SQTS1-cells. We detected
that both the activation and inactivation curves were shifted in the same direction and
hence the window current was not changed. The time to peak and Tau of the
deactivation were similar in healthy donor and SQTS1-cells, whereas Tau of the
inactivation and recovery was differentially attenuated by ranolazine in healthy donor
and SQTS1-cells.

In summary, all the tested drugs inhibited the Ikrin both healthy donor and SQTS1-
cells. The inhibitory effect of each drug was reduced in SQTS1-hiPSC-CMs, although
to a different extent, indicating the importance of hERG gene mutations for individual
drug effects. Although the tested drugs showed different effects on the hERG channel
gating kinetics in healthy donor and SQTS1-cells, we detected important properties: 1)
quinidine, ajmaline, ivabradine and mexiletine but not amiodarone, flecainide and
ranolazine decreased the window current in SQTS1-cells, 2) quinidine, ajmaline,
ivabradine and mexiletine but not amiodarone, flecainide and ranolazine decelerated
the deactivation of Ikr. Given that quinidine, ajmaline, ivabradine and mexiletine but not
amiodarone, flecainide and ranolazine had APD-prolonging and antiarrhythmic effects
in SQTS1-cells, we assume that the window current-reducing and deactivation-slowing
effect may allow for antiarrhythmic therapy in SQTS1-paptients carrying the hERG
N588K mutation. Since it is possible that effects of individual drugs on other channel
currents besides Ikr may also contribute to the antiarrhythmic effects observed in
SQTS1-hiPSC-CMs and side effects cannot anticipate in our model, the potential use
of quinidine, ajmaline, ivabradine and mexiletine in SQTS1 patients needs to be

verified in clinical studies.
4.5. Study limitations

Cells from only one SQTS1-patient and three healthy donors were used for this study.
Individual differences should be considered when interpreting the data from this study.
However, AP parameters and Ik in hiPSC-CMs from the three healthy donors were
very similar, indicating that the interindividual variability of hiPSC-CMs generated in
our lab is not large. Since it is difficult to recruit SQTS-patients carrying the same
mutation, the study used cells from a single patient only. Moreover, in the present study,
isogenic control cells were lacking. Taking data from the literature into account, it is
highly likely that the differences detected between healthy donor and SQTS1-hiPSC-
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CMs resulted from the hERG mutation. Nevertheless, the CRISPR/Cas9-mediated
genome editing technology to introduce the mutation into healthy donor cells on the
one hand and to correct the N588K mutation in SQTS1-hiPSC-CMs on the other hand
should be performed in future experiments to clarify this issue. Furthermore, the
immature hiPSC-CMs possess similarities but also differences comparing with adult
human cardiomyocytes. The possibility that some factors or drugs exert effects on Ixr

in mature cardiomyocytes different from that in hiPSC-CMs cannot be excluded.

In addition, the concentration of the drugs used in the study was higher than those
occurring in the blood stream of patients under therapy. Although, it is possible that
lower concentration of an individual drug is needed to exert same or similar effects in
vivo than on hiPSC-CMs in culture, the exploration of effective concentrations of these
drugs for SQTS patient treatment need to be clinically evaluated, also with regard to
the possibility of severe side effects.

4.6. Conclusions

From the results we conclude that (1) the hERG mutation N588K changes hERG
channel gating kinetics and causes a gain-of-function of hERG channels, leading to
APD-shortening and the SQTS phenotype; (2) the mutation alters the effects of some
environmental factors and drugs on APs and hERG channel current or gating; (3)
inflammation and fever can be potential trigger for arrhythmias in SQTS patients and
(4) window current-reduction as well as a deceleration of the deactivation are likely
critical properties of antiarrhythmic drugs for their potential use in SQTS1-paptients
carrying the hERG-N588K mutation. Thus, our findings may help to understand the
pathogenesis of SQTS and allow for the search for potential drug candidates to treat
SQTS1-patients.
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5. SUMMARY

Background-Short QT syndrome (SQTS) is a rare, inheritable heart disease
representing abbreviated corrected QT interval (QTc) and sudden cardiac death (SCD).
The short QT syndrome type 1 (SQTS1) is linked to hERG channel mutations. An
optimal therapy for SQTS is still lacking. An implantable cardioverter defibrillator (ICD)
Is recommended as first choice for the treatment, but it is not applicable to every patient.
Therefore, drug therapy is required for some, especially young patients. So far, only a
small number of drugs has been tested in SQTS-patients and only quinidine has been
shown to be effective. Searching new effective drugs for SQTS is of clinical importance.
In spite of rapid progress in searching for genetic factors in SQTS, a convincing proof
of genotype-phenotype correlation remains lacking for most SQTS forms. Functional
roles of most gene mutations or variants associated with SQTS have not clarified. Of
note, only a small part of SQTS-patients has been proved to carry the disease-
associated gene mutation and arrhythmias appear only under certain conditions even
in patients carrying a clear pathogenic mutation, suggesting roles of environmental
factors. Studies regarding roles of environmental factors in occurrence of arrhythmias
of SQTS remain spars. Whether and how the SQTS-associated mutation influence
effects of environmental factors in cardiac electrophysiology are unknown. It is known
that N588K in hERG can change drug affinity, but it is not known if it can change the

drug effects on channel gating kinetics in cardiomyocytes.

Aims-The study was designed to assess the changes of hERG channel current and
gating kinetics caused by genetic mutation and some environmental factors and drugs

using healthy donor and SQTS1-cardiomyocytes carrying the N588K mutation.

Methods-Human-induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs)
from three healthy donors and an SQTS1-patient carrying the N588K mutation were
generated and patch clamp, single cell contraction and calcium transient measurement

techniques were used in these cells for the study.

Results-The hiPSC-CMs from the SQTS1-patient (SQTS1-hiPSC-CMS) showed
enhanced hERG channel current (Ikr), shortened action potential duration (APD) and
arrhythmic events, the main features of SQTS. Both the activation and inactivation of

Ikr were attenuated. Time constants of activation and inactivation were increased and
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the curves of activation and inactivation were shifted to more positive potentials,
whereas the recovery from the inactivation and the deactivation of Ikrwere accelerated
in SQTS1-hiPSC-CMs. Hyperthermia (40°C), Lipopolysaccharide (LPS) and reactive
oxygen species (ROS) increased Ikr with shifts of the activation and inactivation curves.
The alterations in SQTS1-hiPSC-CMs were larger than that in healthy donor hiPSC-
CMs. The effect LPS on Ik could be blocked by diphenyleneiodonium, N-
acetylcysteine and chelerythine, suggesting that the effect of LPS treatment was
mediated by an activation of NADPH oxidase/ROS/PKC involving pathway. High
frequency (3Hz) electrical stimulation increased Ixr in healthy donor but not in SQTS1-
hiPSC-CMs, which may be one reason for the loss of frequency-adaptation in SQTS.
Stimulation with isoprenaline and carbachol had no effect on Ik. Acidosis (pH6)
inhibited Ikr similarly in healthy donor and SQTS1-hiPSC-CMs. Ajmaline, amiodarone,
ivabradine, flecainide, quinidine, mexiletine and ranolazine inhibited the hERG channel
current (Ikr) less effective in SQTS1-cells when compared with healthy donor cells.
Quinidine and mexiletine decreased, but ajmaline, amiodarone, ivabradine and
ranolazine increased the time to peak of Ikr similarly in healthy donor and SQTS1-
hiPSC-CMs. With respect to the shift of the activation and inactivation curves, the
tested drugs showed differential effects in healthy donor and SQTS1-cells. Quinidine,
ajmaline, ivabradine and mexiletine but not amiodarone, flecainide and ranolazine
decreased the window current in SQTS1-cells. Quinidine, ajmaline, ivabradine and
mexiletine affected the time constant of the recovery from inactivation differentially, but
all of these drugs decelerated the deactivation of Ikr in SQTS1-hiPSC-CMs.

Conclusion-Both the genetic and non-genetic factors can modulate hERG channel
gating. The N588K mutation enhances the effect of hyperthermia, LPS, ROS and some
drugs on hERG channel gating. Inflammation and fever may thus be potential triggers
for the occurrence of arrhythmias in SQTS. Apparently, the window current-reduction
and the deceleration of the deactivation of hERG channels may be critical properties
for antiarrhythmic drugs such as ajmaline, ivabradine, quinidine and mexiletine to

suppress the occurrence of arrhythmic events in SQTS1-hiPSC-CMs.
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