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Aims Current long QT syndrome (LQTS) therapy, largely based on beta-blockade, does not prevent arrhythmias in all patients;
therefore, novel therapies are warranted. Pharmacological inhibition of the serum/glucocorticoid-regulated kinase 1 (SGK1-
Inh) has been shown to shorten action potential duration (APD) in LQTS type 3. We aimed to investigate whether SGK1-
Inh could similarly shorten APD in LQTS types 1 and 2.

Methods Human-induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) and hiPSC-cardiac cell sheets (CCS) were ob-

and results tained from LQT1 and LQT?2 patients; CMs were isolated from transgenic LQOT1, LQT2, and wild-type (WT) rabbits. Serum/
glucocorticoid-regulated kinase 1 inhibition effects (300 nM—10 uM) on field potential durations (FPD) were investigated in
hiPSC-CMs with multielectrode arrays; optical mapping was performed in LQT2 CCS. Whole-cell and perforated patch
clamp recordings were performed in isolated LQT1, LQT2, and WT rabbit CMs to investigate SGK1-Inh (3 pM) effects
on APD. In all LQT2 models across different species (hiPSC-CMs, hiPSC-CCS, and rabbit CMs) and independent of the dis-
ease-causing variant (KCNH2-p.A561V/p.A614V/p.G628S/IVS9-28A/G), SGK1-Inh dose-dependently shortened FPD/APD
at 0.3-10 pM (by 20-329%/25-30%/44-45%). Importantly, in LQT2 rabbit CMs, 3 pM SGK1-Inh normalized APD to its
WT value. A significant FPD shortening was observed in KCNQ7-p.R594Q hiPSC-CMs at 1/3/10 pM (by 19/26/35%) and
in KENQ1-p.A341V hiPSC-CMs at 10 pM (by 29%). No SGK1-Inh-induced FPD/APD shortening effect was observed in
LQT1 KCNQ1-p.A341V hiPSC-CMs or KCNQ1-p.Y315S rabbit CMs at 0.3-3 pM.

Conclusion A robust SGK1-Inh-induced APD shortening was observed across different LQT2 models, species, and genetic variants but
less consistently in LQT1 models. This suggests a genotype- and variant-specific beneficial effect of this novel therapeutic
approach in LQTS.
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lllustrated are the effects of SGK1-Inh at 3 uM in the different models/different variants.

What’s new?

® Pharmacological inhibition of the serum/glucocorticoid-regulated ki-
nase 1 has beneficial, shortening effects on repolarization in LQT2
human-induced pluripotent stem cell-derived cardiomyocytes
(hiPSC-CMs), hiPSC-cardiac cell sheets, and rabbit CMs.

® Serum/glucocorticoid-regulated kinase 1 inhibition leads to a nor-
malization of action potential duration to healthy levels in LQT2 in
rabbit CMs.

® Serum/glucocorticoid-regulated kinase 1 inhibition has a variable im-
pact on repolarization in LQT1 models, suggesting a gene- and
variant-specific effect that warrants further exploration.

® Serum/glucocorticoid-regulated kinase 1 inhibition deserves further
evaluation as a promising novel therapeutic approach in long QT
syndrome.

Introduction

On paper, the clinical management of long QT syndrome (LQTS)
should be rather straightforward."? Beta-blockers are extremely effect-
ive, and whenever patients appear not fully protected, there are still
three useful remaining tools: mexiletine (particularly in long QT types
2 and 3),** left cardiac sympathetic denervation (LCSD),> and implan-
table cardioverter defibrillator (ICD).® Unfortunately, however, the
situation is complicated by the fact that a significant subset of patients
does not sufficiently benefit from beta-blockers, poorly tolerates beta-
blockers, or has a clear contraindication to the latter.” Indeed, in ~15%
of the LQTS patients who experienced an aborted cardiac arrest while
untreated, a further cardiac arrest occurred within 5 years after starting
beta-blocker treatment, when no ICDs were implanted® Fatal

arrhythmias may also occur as the first manifestation of the disease; in-
dividuals who survive typically receive an ICD,® which however nega-
tively impacts quality of life and is often associated with severe
complications such as inappropriate shocks, infections, lead rupture
or dislocation, and vascular complications, particularly when implanted
already at a young age. Clearly, a pharmacological alternative that nor-
malizes cardiac repolarization would address an unmet need.

These considerations have recently led to the search for precision
medicine approaches, which are essentially represented by gene- or
variant-specific therapies largely based on drug studies in patient-
specific human-induced pluripotent stem cell-derived cardiomyocytes
(hiPSC-CMs)*™"" or in LQTS animal models."*"* In addition to ap-
proaches targeting mutated channels, novel approaches include pre-
vention of the pro-arrhythmic events secondary to action potential
duration (APD) prolongation and resulting in the disruption of normal
sodium (Na*) and calcium (Ca®") homeostasis. Although alterations in
intracellular Na* and Ca®" homeostasis have been linked to arrhythmo-
genesis in LQTS in general,"* they have not been investigated as a po-
tential therapeutic target in the different LQTS genotypes. Only in
LQTS3, in which the enhancement of the late sodium current (late
Ina) arises as the mutation’s primary consequence, the use of sodium
channel blockers such as mexiletine demonstrated long-term benefit.'®
Novel therapies that tackle the pathophysiological mechanisms respon-
sible for arrhythmogenesis are therefore clearly warranted—particu-
larly for treating LQTS patients at the highest risk for potentially
lethal ventricular arrhythmias or those in whom conventional ap-
proaches have failed.

The serum/glucocorticoid-regulated kinase 1 (SGK1) was recently
identified as an important regulator of cardiac Na* channels and other
ionic transporters; its activation can lead to a marked alteration in the
Na® flux, an increased late I\, and a prolongation of APD if
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pathologically up-regulated.'® Consequently, the inhibition of SGK1
was demonstrated to shorten APD in LQT3 hiPSC-CMs.!”

While late In, is not primarily affected by LQT1 and LQT2 muta-
tions, several findings suggest that late Iy, may be enhanced also in gen-
otypes associated with loss of function of K* channels,"®° as recently
demonstrated by the effectiveness of late Iy, blockers in animal models
and patients with LQTZ.19 In addition, SGK1 has been shown to be ac-
tivated by Ca®*—calmodulin-dependent kinase Il (CaMKIl), suggesting
that calcium homeostasis may play a role in the regulation of repolari-
zation by SGK1.%

This considered, we aimed to comprehensively assess the effects of
SGK1 inhibition in a set of in vitro and ex vivo models of the two most
common LQTS genotypes—LQT1 and LQT2—which account for
more than 85% of the genotyped LQTS cases.?

Here, we have harnessed the advantages of these complementary
models’ to (i) identify a potential range of concentrations of a potent
SGK1 inhibitor (SGK1-Inh) to shorten the repolarization duration in
LQT1 and LQT2 hiPSC-CMs, (ii) validate the most effective concentra-
tion in adult CMs from transgenic rabbits carrying additional LQT1 and
LQT?2 variants, and (jii) validate the concentrations in advanced human
cardiac cell sheets (CCS) carrying a further LQT2 variant.

Methods
Ethical aspects

All animal experiments were performed in compliance with EU legislation
(directive 2010/63/EU) and Swiss Animal Welfare Ordinance after approval
by the Cantonal Veterinary Office and the Animal Welfare Officer (Kanton
Bern, approval number BE132-20). Animal housing and handling were in ac-
cordance with good animal practice as defined by the Federation of
European Laboratory Animal Science Associations (FELASA). Animal stud-
ies were reported in compliance with the ARRIVE guidelines.

All the patients involved in this study signed appropriate informed con-
sent forms, and the study has been reviewed and received approval by
the following Ethical Committees: Istituto Auxologico Italiano IRCCS in
Milan; Fondazione IRCCS Policlinico San Matteo in Pavia; University of
Stellenbosch, Tygerberg (South Africa); and Helsinki Committee of
Rambam Medical Center.

Compounds

The SGK1-Inh (provided by Thryv Therapeutics) was dissolved in DMSO
(vehicle) to obtain a 10 mM stock solution and further diluted in
RPMI-based medium or Tyrode solution to obtain the following concentra-
tions: 10, 3, and 1 pM and 300 nM. Of note, its selectivity for SGK1 inhib-
ition had been examined in a biochemical assay, which assessed the
kinase reactivity in a 50-kinase panel, and in a cell-based in vitro screening
assay to determine its selectivity across a broad range of kinases, non-kinase
enzymes, ion channels, G-protein-coupled receptors, and transporter pro-
teins, all indicating that SGK1-Inh is highly selective. In all solutions, the final
DMSO concentration was <0.1%, found to be devoid of effect on field po-
tential durations (FPD) in multielectrode array (MEA) studies (see Figure 1)
and in isolated rabbit CMs. For the other type of measurement, SGK1-Inh
was compared to the DMSO-containing one (vehicle).

Human-induced pluripotent stem cell lines

Human-induced pluripotent stem cell lines derived from two LQT1 and
three LQT2 patients were used in this study. Clinical characteristics of
the patients are provided in Supplementary material online, Table S7.
Three LQT1 hiPSC lines carry the heterozygous KCNQ1-p.A341V vari-
ant.>*?* The other LQT1 line, previously published,? carries a heterozy-
gous KCNQ7-p.R594Q variant. One LQT?2 line carries a heterozygous
trafficking-deficient  variant in the hERG channel, namely the
KCNH2-p.A561V variant.”¢~® This line was generated and kindly provided
by Joseph C. Wu, MD, PhD, at the Stanford Cardiovascular Institute, funded
by NHLBI BhiPSC-CVD 75N9202D00019. A second LQT?2 line carries the
branch point mutation KCNH2-IVS9-28A/G, which disrupts the acceptor

splice site definition of intron 9 and was associated with trafficking defi-
ciency.?>3® A third LQT2 line, used for optical mapping experiments,
has been previously described'® and is carrying the KCNH2-p.A614V
variant—a heterozygous missense variant in the pore-forming region of
the hERG channel resulting in both trafficking defect and altered channel in-
activation proper“cies.31

All pathogenic variants present in the different LQT1 and LQT2
hiPSC-CM (and rabbit) models are summarized in Table 1.

Human-induced pluripotent stem cell culture

and cardiac differentiation

Human-induced pluripotent stem cell differentiation for
multielectrode array experiments

Human-induced pluripotent stem cells were maintained in Essential8 Flex
(ThermoFisher) on multiwell plates (Greiner) coated with recombinant human
vitronectin (rhVTN, ThermoFisher) and replated two times a week at low
density. Cardiac differentiation was achieved by the protocol previously pub-
lished by Lian et al.* with minor modifications. Beating areas appeared after
7/9 days after inducing the cardiac differentiation. Cardiomyocytes were meta-
bolically selected with glucose-deprived RPMI (Gibco) supplemented with B-27
(Gibco) and 4 mM (0.036% v/v) lactic acid (from 90%, Merck) from Days 9 to
12 after starting the differentiation, which has previously been shown to in-
crease the purity of hiPSC-CM populations up to 99% as verified by the amount
of cTnT+ cells by flow cytometry.*” Human-induced pluripotent stem cell-
derived cardiomyocytes were then cryopreserved directly after the metabolic
starvation. Metabolically selected CMs were later thawed, and their yield was
increased as published by Buikema et al.*® Human-induced pluripotent stem
cell-derived cardiomyocytes were cultured in RPMI 1640 (Euroclone) supple-
mented with B-27™ Supplement Minus Insulin (1X, Gibco) from Days 0 to
5. From Day 5 onwards, hiPSC-CMs were maintained in RPMI 1640 supple-
mented by B-27™ Supplement (1X, Gibco) and 1% KnockOut™ Serum
Replacement (ThermofFisher), which was refreshed twice per week. After 2
weeks, hiPSC-CMs were dissociated into single cells with TrypLE Select 5X
(ThermoFisher) and either cryopreserved or used for further experiments.
Our previously published patch clamp data* demonstrate that, in these con-
ditions, hiPSC-CMs exhibit a mature phenotype, and the relative amount of
non-CMs as well as non-ventricular-like hiPSC-CMs is consistently very low.

Human-induced pluripotent stem cell differentiation for
optical mapping experiments

Colonies of hiPSCs were cultured on 1:200 growth factor—reduced
Matrigel using hESC mTeSR-1 cell culture medium. Cardiomyocyte differ-
entiation was induced using the monolayer differentiation system as previ-
ously described.>**" To induce differentiation, 3-5 days after passaging or
when the cells reached 80-90% confluence, the culture medium was
switched to differentiation medium CDM3 [RPMI 1640, recombinant hu-
man serum albumin 500 pg/mL, 213 pg/mL L-ascorbic acid 2-phosphate,
and 1% penicillin/streptomycin (100 U/mL and 100 g/mL, respectively) sup-
plemented with 6 umol/L CHIR99021] for 2 days. On Day 2, the medium
was replaced with CDM3 medium (without CHIR) supplemented with
2 umol/L WNT-C59 for additional 2 days. From Day 5 onwards, the cells
were cultured with CDM3 medium, and the medium was refreshed every
other day. On Days 8-10, spontaneous contraction could be identified in
the differentiating monolayers. Routine flow cytometry analysis of the se-
lected differentiations revealed highly enriched differentiated CMs (>80%
cardiac troponin T positive), of which the vast majority (>85-90%) ex-
pressed the ventricular isoform MLC2v. These were then dissociated to sin-
gle cells and reseeded as dense 20 pL drops containing ~700 000 cells on
Matrigel-coated 35 mm plastic dishes to yield homogenous hiPSC-CCS.
Cells were left to attach to the plates for at least 6 h and then flooded
with 2 mL RPMI/B-27. The medium was replenished twice a week.

Multielectrode array measurements

After dissociation, hiPSC-CMs were plated on 24-well multiwell MEA plates
coated with bovine fibronectin (40 pg/mL, Merck) as previously described*
and maintained in RPMI 1640 medium (see above); the medium was re-
freshed twice a week. Field potentials (FP) were recorded after 2 weeks.
Recordings were performed at 37°C with a multiwell MEA system
(Multichannel Systems) for 2 min. The time points considered for the
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analysis were: baseline (before the addition of either the DMSO vehicle or
SGK1-Inh) and 3, 24, 48, and 168 h (7 days) after drug addition. The medium
containing DMSO or SGK1-Inh was refreshed every 48 h.

The field potential duration, RR interval, and peak-to-peak amplitude
(PtPAmpl) were obtained with Multiwell-Analyzer. Raw FPD values were
corrected for the RR interval to obtain corrected FPD (cFPD) using
Bazett’s formula.>” Corrected field potential durations were internally nor-
malized by dividing each cFPD data point by its respective cFPD at baseline.

Cardiomyocyte isolations

Adult New Zealand White wild-type (WT), transgenic LQT1
(KCNQ1-Y315S), and transgenic LQT2 (KCNH2-G628S) rabbits (Table 1)
of both sexes (3—6 months, 13 rabbits)>® were anaesthetized with an i.m.
injection of ketamine S (12.5 mg/kg) and xylazine (3.75 mg/mL). Standard
enzymatic digestion was used to isolate ventricular CMs.>* After euthanasia
with pentobarbital injection i.v., hearts were rapidly excised, cannulated by
the aorta, and mounted on a Langendorff perfusion system, where they
were washed with oxygenated, body-temperature Tyrode solution.
Shortly afterwards, 0.1 mM EGTA-supplemented Tyrode was perfused
for 5-7 min, followed by a 20-25min step of collagenase digestion
(Worthington type 1) in 80 uM Ca* Tyrode. The heart was then removed
from the perfusion system, and the left ventricle was reduced into small
pieces. The process was followed by sequential 5 min steps of collagenase
digestion in 80 pM Ca®* Tyrode buffered with 15 mM BSA. Cells were
seated in 0.2 mM Ca** at room temperature (RT) and used within 6 h.

Patch clamp measurements

Action potential (AP) recordings in isolated left ventricular rabbit CMs were
performed using an Axopatch 200B amplifier (Molecular Devices, USA).
Voltage control, data acquisition, and data analysis were performed with
pClamp 11.1/Clampfit (Axon Instruments). Borosilicate glass patch pipettes
with a tip resistance of 3—3.6 MQ were used. Action potentials were filtered
at 2 kHz and digitized at 20 kHz. The SGK1-Inh was solubilized in DMSO as
a stock solution of 10 mM; the final DMSO concentration was <0.001% in
both SGK1-Inh solution and control bath solution. Patch clamp experi-
ments were performed in single CMs after 2—-6 h of incubation at RT
with either DMSO or SGK1-Inh (3 pM).

Action potential measurements in whole-cell configuration
In single isolated rabbit CMs, APs were measured at RT using normal Tyrode
solution. Pipettes were filled with (in mM) 125 KCl, 5 NaCl, 1 MgCl, (H,O)6,
5 K,ATP, 10 HEPES, and 0.5 EGTA, pH 7.2 (KOH). Action potentials were
elicited at 1 Hz by 3 ms, &1.5X threshold current pulses through the patch
pipette. We analyzed resting membrane potential (RMP), AP amplitude
(APA), maximal AP upstroke velocity (dV/dt,x), and APD at 90% repolar-
ization (APDgo). Data from x50 consecutive APs were averaged, and due to
the small liquid junction potential (5 mV), no correction was necessary.>® In
LQT2 CMs, repolarization was very unstable at 37°C with plenty of early
afterdepolarizations, which made measurements of APD difficult; to address
this problem, the experiments were performed at RT.

Action potential measurements in perforated patch
configuration

In a second set of experiments in isolated rabbit CMs, we switched to the
perforated patch method (by using amphotericin-B 0.44 mM). Using this ap-
proach, which prevents intracellular dialysis by pipette content, repolariza-
tion was more stable, and we could run whole-cell measurements at
37°C. Action potentials were measured using a modified Tyrode solution
containing (in mM) 140 NaCl, 5.4 KCI, 1.8 CaCl,, 1.0 MgCl,, 5.5 glucose,
and 5 HEPES, pH 7.4 (NaOH). Pipettes were filled with (in mM) 125
K-gluconate, 20 KCI, 5 NaCl, 10 HEPES, and 0.44 amphotericin-B, pH 7.3
(KOH). Action potentials were elicited at 1 Hz by 3 ms, ~1.5X threshold
current pulses through the patch pipette. We analyzed RMP, APA, dV/dt .,
and APDgyg. Data from 10 consecutive APs were averaged, and potentials
were corrected for the calculated liquid junction potential (15 mV).>®

Optical mapping
The optical mapping setup consisted of a high-speed EMCCD camera
(Evolve® 512 Delta, Photometrics, 512x 512 pixels) mounted on a

fluorescent microscope (MVX10, Olympus) equipped with 0.25 NA
6.3X-63X (MVPLAPO 1X, Olympus). The default field of view achieved
for illumination and imaging by setting the zoom body on 3.2X was
6.7 mm. The hiPSC-CCS were loaded with the voltage-sensitive dye
FluoVolt diluted 1:1000 in RPMI/B-27 culture media at 37°C for 30 min.
The tissues were excited using LEDs (X-Cite® TURBO, Excelitas
Technologies) with a peak wavelength of 475, and emission was passed
through 495 long-pass dichroic mirrors and filtered using a 525/50 band-pass
filter (all from Chroma). Fluorescence was acquired at 4 X 4 binning with a
3.84 ms sampling interval (~260 frames/second). An IDL-based custom-
written software, courtesy of Prof. Bum-Rak Choi (Brown University),
was used for the acquisition and analysis of optical mapping videos as previ-
ously described.>® Analysis included the derivation of APD at 80% repolar-
ization (APDgg) maps along with the calculation of mean APDgg for each
specimen—the mean of APDg values obtained from each pixel within the
CCS studied. The APDgg was defined as the time interval between the local
activation time (the point of the local maximum of the first derivative) and
the time point of 80% repolarization. Human-induced pluripotent stem cell-
derived cardiac cell sheets were incubated at 37°C with either the vehicle
(DMSO, 0.01%) or SGK1-Inh (300 nMand 3 uM) for 4-6 h. Optical mapping
experiments were carried out at a physiological temperature of 37°C while
the tissues were electrically stimulated at a constant frequency of 1 Hz. For
each hiPSC-CCS, the absolute mean APDgq value was calculated as well as
the percentage of change in mean APDgy compared to the average of
mean APDgg values of DMSO-treated hiPSC-CCS in each independent
experiment.

Statistical analysis

All data were expressed and plotted as the mean + standard error of the
mean (SEM). All statistical analyses were performed with GraphPad
Prism, and statistical significance was defined as P < 0.05.

Multielectrode array measurements

Data were collected from three independent differentiations for the
LQT2-p.A561V and LQT1-p.R594Q hiPSC lines. Data for LQT1-p.A341V
were obtained by pooling four independent differentiations of three
KCNQ1-p.A341V  hiPSC lines (see Supplementary material online,
Table S1), generating a small cohort of carriers of the same variant. Sample
sizes of the experiments are reported in the figure legends. Comparison
with DMSO was calculated for the complete time course with two-way
ANOVA followed by Dunnett’s test to correct for multiple comparisons.

Rabbit cardiomyocyte action potential measurements

Comparisons between the vehicle (DMSO)- and SGK1-Inh-treated cells
were obtained by unpaired Student’s t-test. The comparisons between
the vehicle (DMSO) WT and LQT2 and SGK1-Inh-treated LQT2 cells
were obtained with one-way repeated-measures ANOVA followed by
Tukey's test for post hoc analysis.

Optical mapping experiments

For each CCS, a mean APDg value was obtained, representing the mean of
optical APD values measured for each pixel within the cell sheet.
Comparison of the three treatment groups—uvehicle (DMSO), 300 nM,
and 3 pM—was obtained with one-way repeated-measures ANOVA fol-
lowed by Tukey’s test for post hoc analysis.

Results

Differential effects of serum/
glucocorticoid-regulated kinase 1 inhibition
on field potential durations in LQT1 and
LQT2 human-induced pluripotent stem

cell-derived cardiomyocytes

We first investigated the effects of SGK1-Inh in LQT1 and LQT2 in
hiPSC-CM-based models, allowing for concentration-finding experi-
ments at different time points. The spontaneous beating rate was af-
fected by SGK1-Inh with a dose-dependent shortening of RR
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Figure 1 Effect of SGK1-Inh on LQT1 hiPSC-CM:s. (A) Dot plot comparing normalized cFPD after 3 h of incubation with DMSO or 0.3, 1, 3, or 10 uM
of SGK1-Inh in hiPSC-CMs carrying the KCNQ7-p.A341V variant. N = 9, at baseline from four independent differentiations of three KCNQ1-p.A341V
hiPSC lines. (B) Dot plot comparing raw cFPD data after 3 h of incubation with DMSO or 0.3, 1, 3, or 10 uM of SGK1-Inh in hiPSC-CMs carrying the
KCNQ1-p.A341V variant. (C) Representative corrected FP traces after 3 h of incubation with DMSO or either 300 nM or 3 uM of SGK1-Inh in
hiPSC-CMs carrying the KCNQ7-p.A341V variant. (D) Dot plot comparing normalized cFPD after 3 h of incubation with DMSO or 0.3, 1, 3, or
10 pM of SGK1-Inh in hiPSC-CMs with the KCNQ17-p.R594Q variant. N = 12, at baseline from three independent differentiations. (E) Dot plot com-
paring raw cFPD data after 3 h of incubation with DMSO or 0.3, 1, 3, or 10 pM of SGK1-Inh in hiPSC-CMs with the KCNQ1-p.R594Q variant. (F)
Representative corrected FP traces after 3 h of incubation with DMSO or either 300 nM or 3 uyM of SGK1-Inh in hiPSC-CMs with the
KCNQ1-p.R594Q variant. *P < 0.05 vs. DMSO. All samples are compared to the respective DMSO. Comparison with DMSO was calculated for the
whole time course with two-way ANOVA followed by Dunnett’s test to correct for multiple comparisons. cFPD, corrected field potential duration;
FP, field potential; hiPSC-CMs, human-induced pluripotent stem cell-derived cardiomyocytes; ns, not significant; SGK1-Inh, serum/
glucocorticoid-regulated kinase 1 inhibitor.

Table 1 Summary of pathogenic variants investigated in the study

Gene Pathogenic Location of the variant Effects of the variant on channel function Model system
variants within channel protein
KCNQ1 p.A341V S6 segment Normal protein trafficking. Mild dominant negative. Impaired hiPSC-CMs
(LQTT) PKA-dependent I, stimulation®~>*
p.R594Q C-terminus Trafficking deficiency®>~® hiPSC-CMs
p.Y315S Pore region Dominant negative loss of function®” Transgenic rabbit
KCNH2 p.A561V S5 segment Trafficking deficiency. Dominant negative. Rescue not successful hiPSC-CMs
(LQT2) with E4031, low temperature, or thapsigargin®’“*~
IVS§9-28A/G (Intronic) Trafficking deficiency. Rescued by the proteasome inhibitor hiPSC-CMs
ALLN and lumacaftor®®*?
p.A614V Pore region Trafficking deficiency and altered inactivation. Not rescued by hiPSC-CCS
E4031, low temperature, or thapsigargin'®3"#14344
p.G628S Pore region Dominant negative loss of function®® Transgenic rabbit

hiPSC-CCS, human-induced pluripotent stem cell-derived cardiac cell sheets; hiPSC-CMs, human-induced pluripotent stem cell-derived cardiomyocytes.
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intervals, i.e. a fastening of the spontaneous beating rate, in all variants,
requiring a rate correction of the FPD using Bazett’s formula®? (see
Supplementary material online, Figures S1 and $2).

The SGK1-Inh had heterogeneous effects on the corrected cFPD of
LQT1 hiPSC-CMs, with effects emerging mostly at high concentrations.

In LQT1 hiPSC-CMs carrying the KCNQ1-p.A341V variant, 1-10 pM
of SGK1-Inh numerically reduced the raw and normalized cFPD at 3 h,
only reaching statistical significance at 10 pM (by 26%) (Figure 1A-C; see
Supplementary material online, Figure STA-C).

In LQT1 hiPSC-CMs carrying the KCNQ1-p.R594Q variant, 300 nM
SGK1-Inh did not alter normalized cFPD. Conversely, 1, 3, and 10 pM
SGK1-Inh significantly decreased raw and normalized cFPD
by 26-56% (Figure 1D-F, see Supplementary material online,
Figure S1D—F). The effect of SGK1-Inh decreased with time in LQT1
hiPSC-CMs and lasted for 48 h in KCNQ7-p.A341V and for 7 days
in KCNQ17-p.R594Q, statistically significant only at the highest
concentration tested (10 uM) (see Supplementary material online,
Figure S3).

In LQT2 hiPSC-CMs, SGK1-Inh induced a prominent time- and
concentration-dependent cFPD shortening, which lasted until 24 h
(1 uM), 48 h (3 pM), or 7 days (10 pM) (see Supplementary material
online, Figure $4).

In LQT2 hiPSC-CMs carrying the KCNH2-p.A561V variant, 300 nM
SGK1-Inh did not affect cFPD. Normalized cFPD was decreased by 1,
3, and 10 uM SGK1-Inh after 3 h (by 18—-44%) (Figure 2A-D). Due to
the very pronounced variation of raw cFPD in the different experi-
ments, 300 nM and 1 and 3 pM showed no significant effect on raw
cFPD after 3 h (Figure 2B; see Supplementary material online,
Figure S3A-C). And 10 pM SGK1-Inh significantly shortened also raw
cFPD at all time points considered (Figure 2A-C).

In LQT2 hiPSC-CMs carrying the KCNH2-IVS9-28A/G splicing vari-
ant (Figure 2D—F), normalized cFPD was significantly shortened by all
the concentrations from 300 nM to 10 pM of SGK1-Inh at 3 h by
27-40%. Similarly, raw cFPD data showed a significant reduction after
3 h treatment at all concentrations from 300 nM to 10 uM (Figure 2E
and F; see Supplementary material online, Figure S3D—F).

KCNH2-p.A561V
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Figure 2 Effect of SGK1-Inh on LQT2 hiPSC-CMs. (A) Dot plot comparing normalized cFPD after 3 h of incubation with DMSO or 0.3, 1, 3, or 10 uM
of SGK1-Inh in hiPSC-CMs with the KCNH2-p.A561V variant. N > 12, from three independent differentiations. (B) Dot plot comparing raw cFPD data
after 3 h of incubation with DMSO or 0.3, 1, 3, or 10 pM of SGK1-Inh in hiPSC-CMs with the KCNH2-p.A561V variant. (C) Representative corrected FP
traces after 3 h of incubation with DMSO or either 300 nM or 3 pM of SGK1-Inh in hiPSC-CMs with the KCNH2-p.A561V variant. (D) Dot plot com-
paring normalized cFPD after 3 h of incubation with DMSO or 0.3, 1, 3, or 10 pM of SGK1-Inh in hiPSC-CMs with the KCNH2-IVS9-28A/G variant. N >
12 at baseline from three independent differentiations. (E) Dot plot comparing raw cFPD data after 3 h of incubation with DMSO or 0.3, 1, 3, or 10 pM
of SGK1-Inh in hiPSC-CMs with the KCNH2-IVS9-28A/G variant. (F) Representative corrected FP traces after 3 h of incubation with DMSO or either
300 nM or 3 pM of SGK1-Inh in hiPSC-CMs with the KCNH2-1VS9-28A/G variant. *P < 0.05 vs. DMSO. All samples are compared to the respective
DMSO. Comparison with DMSO was calculated for the whole time course with two-way ANOVA followed by Dunnett’s test to correct for multiple
comparisons. cFPD, corrected field potential duration; FP, field potential; hiPSC-CMs, human-induced pluripotent stem cell-derived cardiomyocytes; ns,
not significant; SGK1-Inh, serum/glucocorticoid-regulated kinase 1 inhibitor.
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Figure 3 Effects of SGK1-Inh on AP characteristics in isolated ventricular rabbit CMs in whole-cell configuration at RT. (A—C) Representative AP
traces triggered at 1 Hz in WT (A), LQT1 (B), and LQT2 (C) isolated rabbit CMs treated with DMSO (vehicle) and after 2—6 h of incubation at RT
with SGK1-Inh (3 uM). (D—F) Average values for APA, RMP, dV/dt,.,, and APDgg with DMSO and after SGK1-Inh incubation (3 uM) in WT (five rab-
bits), LQOT1 (two rabbits), and LQOT2 (one rabbit). Results are expressed as mean + SEM, and every dot represents an individual value derived from one
CM (n). N, number of animals. ***P < 0.001. Unpaired Student’s t-test. AP, action potential; APA, AP amplitude; APDgg, action potential duration at
90% repolarization; CMs, cardiomyocytes; dV/dt, .., maximal AP upstroke velocity; ns, not significant; RMP, resting membrane potential; RT, room
temperature; SEM, standard error of the mean; SGK1-Inh, serum/glucocorticoid-regulated kinase 1 inhibitor; WT, wild type.

Differential effects of serum/
glucocorticoid-regulated kinase 1
inhibition on action potential duration in
LQT1/LQT2 rabbit cardiomyocytes

As a second step, we tested the effect of SGK1-Inh on AP parameters in
isolated left ventricular LQT1 (KCNQ7-Y315S) and LQT2
(KCNH2-G628S) rabbit CMs to investigate whether we could observe
similar genotype-specific effects. As we saw consistent significant APD
shortening effects of SGK1-Inh in both LQT?2 hiPSC lines starting from
300 nM/3 pM as well as in one LQT1 hiPSC-CM line at 3 pM, we pro-
ceeded with using a similar concentration of 3 uM for the rabbit CM
experiments.

We initially performed patch clamp experiments using the whole-cell
configuration (Figure 3). Of note, as we observed plenty of early after-
depolarizations using this method in LQT2 CMs at 37°C, we had to
perform these experiments at RT.

In healthy WT and LQT1 CMs treated with SGK1-Inh, no effect was
observed on APDgg compared to DMSO vehicle cells. Similarly, none of
the other AP characteristics investigated—such as APA, RMP, and
dV/dt,,.—were altered (Figure 3A, B, D, and E).

In contrast, SGK1-Inh incubation (3 uM) led to a significant shorten-
ing of APDgg in LQT2 CMs (Figure 3C and F). Similar to that in the
hiPSC-CMs, this shortening was by 26%; and—importantly—led to a
normalization of APD in the SGK1-Inh-treated LQT2 CMs to the
WT level (Figure 5A and C).

In a second set of experiments, we performed similar AP experi-
ments using the perforated patch clamp technique (Figure 4). This con-
figuration is known to prevent changes in membrane currents due to

diffusional exchange between the cytoplasm and the content of the pip-
ette (‘washout’)®’” resulting in more stable conditions also in LQT2
CMes, allowing us to perform these experiments at 37°C. Thus, we
could also test the impact of the compound on cardiac AP in a more
physiological condition—and investigate a potential impact of the tem-
perature on the drug’s efficacy.

Similar to that at RT, in WT CMs, no SGK1-Inh effect on APDgyq or
any of the other AP parameters studied (e.g. APA, RMP, and dV/dt,.,)
was observed compared to baseline and DMSO vehicle cells (Figure 4A
and Q).

In LQT2 CMes, in contrast, also at 37°C, SGK1-Inh had a significant
APDyq shortening effect of 21% (Figure 4B and D). And importantly,
here again, the treatment with SGK1-Inh led to a normalization of
the APDgg in LQT2 CMs to the WT level (Figure 5B and C).

Effects of serum/glucocorticoid-regulated
kinase 1 inhibition on repolarization in
LQT2 human-induced pluripotent stem

cell-derived cardiac cell sheets

Finally, we assessed the effect of SGK1-Inh on repolarization properties
in a two-dimensional (2D) LQT?2 cardiac tissue model.>"*® Specifically,
we utilized the previously established KCNH2-p.A614V-LQT2
hiPSC-CM cell line'® for generating a 5 mm-diameter CCS consisting
of nearly 700000 cells each. These specimens were incubated for
4-6 h at 37°C with either 300 nM or 3 uM SGK1-Inh or DMSO
(0.01%) as a vehicle control and were then studied under an optical
mapping system.
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Figure 4 Effects of SGK1-Inh on AP characteristics in isolated ventricular rabbit CMs in perforated patch configuration at 37°C. (A and B)
Representative AP traces elicited at 1 Hz WT (A) and LQT2 (B) isolated rabbit ventricular CMs treated with DMSO (vehicle) and after 2—6 h of incu-
bation at 37°C with SGK1-Inh (3 pM). (Cand D) Average values for APA, RMP, dV/dt; .., and APDgg with DMSO and after SGK1-Inh incubation (3 pM)
in WT (three rabbits) and LQT?2 (three rabbits). Results are expressed as mean + SEM, and every dot represents an individual value derived from one
CM (n). N, number of animals. #*¥P < 0.005. Unpaired Student’s t-test. AP, action potential; APA, AP amplitude; APDqg, action potential duration at 90%
repolarization; CMs, cardiomyocytes; dV/dt, .., maximal AP upstroke velocity; ns, not significant; RMP, resting membrane potential; SEM, standard error
of the mean; SGK1-Inh, serum/glucocorticoid-regulated kinase 1 inhibitor; WT, wild type.

LQT?2 hiPSC-CCS pre-treated with 3 uM SGK1-Inh had a significant-
ly shorter mean APDgq (267.6 +26.7 ms vs. 369 & 27.8 ms, 1 Hz pa-
cing, P<0.05, Figure 6A-C) when compared to DMSO
vehicle-treated tissues. The APD shortening effect was ~30%
(Figure 6D, P < 0.0001), similar to the effect observed in MEA studies
of hiPSC-CMs and patch clamp studies in rabbit CMs harbouring differ-
ent LQT2 pathogenic variants. Treatment of LQT2 hiPSC-CCS with a
lower concentration of 300 nM SGK1-Inh failed to shorten APDgg in a
statistically significant manner [326.1 & 23.1 vs. 369 + 27.8 ms, P = non-
significant (ns)]. However, when evaluating the % APD shortening, a sig-
nificant 12% shortening of APDgy was observed (Figure 6D, P < 0.05),
indicating a dose-dependent effect of SGK1-Inh on APD shortening.

Discussion

We investigated a novel therapeutic strategy for LQTS in a unique ap-
proach employing both hiPSC-CM and rabbit models of LQT1 and
LQT?2. Previously, inhibition of SGK1 was found to shorten APD in
LQTS type 3 hiPSC-CMs."” We here demonstrate that pharmacologic-
al SGK1 inhibition also has a marked beneficial effect in LQT2, inducing
a consistent shortening of the APD by 20-30% in different model sys-
tems (hiPSC-CMs, isolated CMs, and hiPSC-derived 2D tissues), in dif-
ferent species (human and rabbit), and with different KCNH2
pathogenic variants (dominant negative pore mutations and trafficking
defects). The fact that similar concentrations of the SGK1-Inh, e.g.

3 uM, caused a similar degree of APD shortening in the different model
systems and species further underlines that this effect may be general-
izable. Importantly, when comparing the APD in LQT2 rabbit CMs
treated with 3 uM of SGK1-Inh to the APD in healthy WT CMes, it be-
came evident that SGK1 inhibition can normalize the APD completely,
strongly suggesting that it is a promising novel treatment approach also
in LQT2. However, further future investigations on potential anti-
arrhythmic effects on the tissue, whole-heart, and in vivo levels are of
course warranted to investigate its full translational potential.

In addition to LQT3, secondary intracellular pro-arrhythmic changes
leading to abnormal Na* and Ca** homeostasis have also been demon-
strated in LQT2.°® Moreover, late In;, was also identified as a potential
target for novel anti-arrhythmic agents in LQT?2, as it was demonstrated
that the late Iy, inhibitor GS967 could suppress polymorphic VT for-
mation in transgenic LQT?2 hearts by accelerating Na*/Ca*" exchanger
(Inex)-mediated Ca* efflux, shortening Ca?* transient duration, and
reducing Ca**-mediated EADs.? Similarly, Na*-channel blockers such
as mexiletine were shown to be able to shorten APD and reduce
pro-arrhythmic APD heterogeneity in drug-induced canine wedge pre-
parations®” and to shorten QTc in human LQT?2 patients,'® while rano-
lazine was shown to shorten APD and prevent cellular indices of
arrhythmogenicity in a LQT2 hiPSC-CM  model."®  Serum/
glucocorticoid-regulated kinase 1 is activated during pathological condi-
tions such as haemodynamic stress and heart failure,60 and mice with
cardiac-specific deletion of SGK1 are protected from the development
of heart failure, cardiac dilation, and fibrosis after pressure overload.'®
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Figure 5 Normalization of APD in isolated LQT2 CMs to the WT level after treatment with SGK1-Inh. Action potentials were recorded either at RT
in whole-cell patch configuration (A and C) or at 37°C (body temperature) in perforated patch configuration (B and D). (A and B) Representative AP
traces triggered at 1 Hz in WT and LQT?2 isolated rabbit CMs incubated with DMSO (vehicle) and LQT?2 isolated rabbit CMs after 2—6 h of incubation
with SGK1-Inh (3 pM). (C and D) Average values for APDgg in WT and LQT2 CMs treated with DMSO and in LQT2 CMs after SGK1-Inh incubation
(3 uM) from Figures 3 and 4 are plotted to evaluate whether SGK1-Inh can restore APD to normal WT levels. Results are expressed as mean + SEM, and
every dot represents an individual value derived from one CM (n). N, number of animals. ** P < 0.01; *** P < 0.001; ****P < 0.0001. One-way ANOVA
followed by Tukey’s test for post hoc analysis. AP, action potential; APD, action potential duration; APDgg, APD at 90% repolarization; CMs, cardio-
myocytes; ns, not significant; RT, room temperature; SEM, standard error of the mean; SGK1-Inh, serum/glucocorticoid-regulated kinase 1 inhibitor;

WT, wild type.

Conversely, mice with constitutively active SGK1 showed increased ar-
rhythmia susceptibility and AP prolongation.'® The latter could be pre-
vented by the late I\, inhibitor ranolazine, and SGK1 activation was
found to be associated with increased late I\,, potentially through its
direct binding to Na,1.5 and consequent impact on channel gating.'”
Hence, a pathologically up-regulated SGK1 can lead to a marked alter-
ation in the Na* flux, an increased late Iy, and an APD prolongation.'®
The SGK1-mediated increase of late Iy, may additionally lead to an in-
crease of cytosolic calcium, which activates the CaMKIl and thus further
increases SGK1 activity and late Ina ' This deleterious feed-forward
loop might be interrupted by a pathway-targeted approach by
SGK1-Inh. Moreover, other consequences of SGK1 inhibition may con-
tribute to the observed effects on repolarization, which requires future
investigation. In line with our observations, a recent publication demon-
strated a successful APD shortening by SGK1 inhibition also in
drug-induced LQTS due to lx, blockade,®" which might be linked to
the observation that I¢. blockade may augment late Iy, via
PI3K-dependent mechanisms.®

In contrast to our findings in LQT?2, the effect of SGK1 inhibition in
LQT1 seems to be more complex with variable effects in three differ-
ent KCNQT variants, suggesting genotype-specific differences—similar
to those observed for ECG-based risk descriptors in LQTS patients.®?
Interestingly, while we observed no APD/FPD shortening in LQT1 in
two KCNQT variants at 0.3-3 pM, a significant shortening was observed
in the KCNQ1-p.R594Q variant at 1-10 pM and in the KCNQ1-p.A341V
LQT1 variant only at the highest 10 uM concentration. Importantly,

these differences cannot be attributed to potential species differences,
as a reduced APD/FPD shortening efficacy was observed in different
KCNQ1 variants in both rabbit CMs and hiPSC-CMs. While it is known
that differences in the extent of repolarization prolongation/baseline
APD can explain differences in the extent of APD shortening effects
of a given drug in general with more pronounced APD shortening ef-
fects in conditions with longer baseline APD,** this does not explain
the differences among KCNQ1 variants as the LQT1 hiPSC-CMs with
less obvious SGK1-Inh effects have a longer baseline cFPD—and inter-
estingly, we do see similar FPD shortening effects in the different LQT2
KCNH2 variants despite the baseline differences in their FPD.
Moreover, variability in FPD among the different hiPSC-CM differentia-
tions at baseline exhibited comparable levels between the
KCNQ1-p.A341V variant, on which the effects of SGK1-Inh were re-
duced, and the LQT?2 variants, which conversely showed robust effects
when treated with the SGK1-Inh, indicating that FPD dispersion cannot
account for potential differences in the observed FPD shortening ef-
fects. Thus, while we cannot definitively exclude that a modest effect
on the raw cFPD of the KCNQ1-p.A341V was masked by variability in
the FPD, the differences in normalized cFPD data are more likely due
to a potential variant-specific effect in LQT1, possibly due to differential
regulation of SGK1 in LQT1 vs. LQT?2 cells.

Another potential explanation for variable APD shortening effects in
LQT1 may be provided by ancillary Ix, blockade by SGK1-Inh, which
may counteract late I\,-blocking effects in LQT1. In LQT1, Ix, prevails
in supporting repolarization due to the genetic reduction of g, thus
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Figure 6 Action potential duration shortening in LQT2 hiPSC-CCS carrying the KCNH2-p.A614V variant. (A) Representative optical AP traces from
a single pixel within LQT?2 hiPSC-CCS after 4—6 h incubation at 37°C with either DMSO as a vehicle or 3 uM SGK1-Inh. (B) Representative colour-
coded APD pixel maps showing the average APDgg within each pixel as calculated for at least eight consecutive beats. (C) Summary of mean APDgg
values. (D) Percentage of change in APDgg as calculated for each hiPSC-CCS exposed to DMSO as a vehicle (n = 8 from N = 3 differentiations) or either
300 nM or 3 pM (n =10 from N = 3 differentiations each) of SGK1-Inh. Results are expressed as mean + SEM, and every dot represents an individual
value derived from one hiPSC-CCS. Data are derived from N = 3 independent differentiations with n > 8 as stated. *P < 0.05, ****P < 0.0001. Statistical
analysis was carried out using one-way repeated-measures ANOVA followed by Tukey’s test for post hoc analysis. AP, action potential; APD, action
potential duration; APDgo, APD at 80% repolarization; hiPSC-CCS, human-induced pluripotent stem cell-derived cardiac cell sheets; ns, not significant;
SEM, standard error of the mean; SGK1-Inh, serum/glucocorticoid-regulated kinase 1 inhibitor.

making even partial I inhibition more likely to prolong it.®> This might
outbalance late Iy, reduction in setting the effects of SGK1-Inh on re-
polarization; nonetheless, the beneficial effects of reducing Na* influx
would be retained. In LQT2 models with already-marked I, reduction
or even absent I, in contrast, this l-blocking property might not have
such a big additional effect on cardiac repolarization. However, the lack
of an effect of SGK1 inhibition on APD in the wild-type rabbit may ar-
gue against this hypothesis. Another explanation for the variant-specific
differences in the efficacy of SGK1-Inh in LQT1 might lie in the fact that
SGK1 may interact with KCNQ1 channels directly via its N-terminal
juxta-membranous domain, as demonstrated by Seebohm et alt®
The point mutations of the pathogenic KCNQ1 variants included in
our study, however, are all located outside the N-terminus of

KCNQT1, so either they have no direct effect on SGK1 binding or they
may provide conformational or long-distance interactions with the
SGKT1 binding site on KCNQ1. Molecular modelling would be required
to further elucidate this aspect.

A more potent SGK1-Inh might also have a more consistent benefit
in LQT1, as recently reported with a different SGK1-Inh in LQT1 and
LQT2 hiPSC-CMs, demonstrating a significant APD shortening in both
genotypes.®’ In that study, however, only one single pathogenic KCNQ1
variant was investigated, so it remains unclear whether the efficacy is
due to different molecules or due to intrinsic properties of the
KCNQT1 variant used in this study.

Overall, the exact mechanism by which the SGK1-Inh exerts consist-
ent APD shortening effects in LQT2—and why this is not consistently



Gene- and variant-specific efficacy of SGK1 inibition in LQTS

1

observed in the three studied LQT1 variants—awaits further
exploration.

Limitations

No isogenic controls were used as the focus of the hiPSC-CM investi-
gations was screening experiments to assess whether SGK1 inhibition
had an effect in various KCNQ1 and KCNH?2 variants and at which con-
centrations. This provided us with a valuable concentration range to
proceed further with experiments in rabbits. Moreover, it has been
previously shown that the beneficial effects of SGK1-Inh were re-
stricted to LQT3 hiPSC-CMs, while no effects were observed in WT
hiPSC-CM controls."”

The exact mechanism by which SGK1-Inh shortens APD/FPD in
LQTS and—particularly—the causes for variant-specific sensitivities
in LQT1 have not yet been identified. Here, detailed mechanistic studies
are clearly warranted. Our combined use of multiple different cellular,
cell sheet, and animal models will allow us to conduct further future
studies on potential anti-arrhythmic effects also on the tissue and
whole-heart levels, and potentially in vivo, which are mandatory prere-
quisites before translating these findings into first-in-men clinical pilot
studies.

Conclusions

In conclusion, this study demonstrates that the beneficial effect of SGK1
inhibition is not limited to LQTS type 3, which is primarily based on I,
enhancement, but it extends to LQTS subtypes associated with patho-
genic variants in K channel genes. We observed a robust APD short-
ening effect in a variety of different models and species, independent of
the underlying KCNH2 mutation in LQTS type 2, resulting even in a
complete APD normalization in LQT2 rabbit models—but a variable
APD shortening in three different LQTS type 1 variants, suggesting a
gene- and variant-specific efficacy of SGK1 inhibition in LQTS. This ob-
servation further underlines the importance of genetic testing in LQTS
to guide future specific therapies.®® Serum/glucocorticoid-regulated ki-
nase 1 inhibition may be a promising novel treatment option in LQT2
and LQT3, in which beta-blockade provides a lower anti-arrhythmic ef-
ficacy compared to LQT1,” thereby filling the current gap in available
treatment options. The mechanisms underlying the observed variable
SGK1 inhibition in LQT1 need further exploration. Additionally, further
investigations on potential anti-arrhythmic effects in tissue, whole-
heart, and in vivo levels are warranted to investigate its full translational
potential and potential unwanted side effects.
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Supplementary material is available at Europace online.
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