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Aims Long QT syndrome type 2 (LQTS2) is associated with inherited variants in the cardiac human ether-a-go-go-related gene (hERG)
K" channel. However, the pathogenicity of hERG channel gene variants is often uncertain. Using CRISPR—Cas9 gene-edited hiPSC-
derived cardiomyocytes (hiPSC-CMs), we investigated the pathogenic mechanism underlying the LQTS-associated hERG R56Q
variant and its phenotypic rescue by using the Type 1 hERG activator, RPR260243.

Methods The above approaches enable characterization of the unclear causative mechanism of arrhythmia in the R56Q variant (an
and results N-terminal PAS domain mutation that primarily accelerates channel deactivation) and translational investigation of the potential
for targeted pharmacologic manipulation of hERG deactivation. Using perforated patch clamp electrophysiology of single
hiPSC-CMs, programmed electrical stimulation showed that the hERG R56Q variant does not significantly alter the mean action
potential duration (APDgg). However, the R56Q variant increases the beat-to-beat variability in APDgg during pacing at constant
cycle lengths, enhances the variance of APDyg during rate transitions, and increases the incidence of 2:1 block. During paired S1-52
stimulations measuring electrical restitution properties, the R56Q variant was also found to increase the variability in rise time and
duration of the response to premature stimulations. Application of the hERG channel activator, RPR260243, reduces the APD
variance in hERG R56Q hiPSC-CMs, reduces the variability in responses to premature stimulations, and increases the post-repo-

larization refractoriness.

Conclusion Based on our findings, we propose that the hERG R56Q variant leads to heterogeneous APD dynamics, which could result in spatial
dispersion of repolarization and increased risk for re-entry without significantly affecting the average APDqq. Furthermore, our data
highlight the antiarrhythmic potential of targeted slowing of hERG deactivation gating, which we demonstrate increases protection
against premature action potentials and reduces electrical heterogeneity in hiPSC-CM:s.
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1. Introduction

Human ether-a-go-go-related gene (hERG) voltage-gated K* channels are
critical for repolarization of the cardiac membrane |:>otentia|.1 Inherited
genetic variants in KCNH2, the gene that encodes hERG channels, often
cause channel dysfunction that reduces hERG currents. Loss of hERG
channel function delays repolarization and prolongs the action potential
duration (APD), which increases vulnerability to early after-
depolarizations, which can result in triggered activity and arrhythmia.>
Such APD prolongation underlies long QT syndrome (LQTS) and predis-
poses individuals to a lethal ventricular arrhythmia; torsades de pointes.’
LQTS Type 2 (LQTS2) is caused by genetic variants in hERG channels
and accounts for ~35% of all LQTS cases.*

Despite the development of genotype-guided risk stratification profiles
and therapeutic strategies,® evaluating an individual’s risk of a cardiac event
can be challenging® In addition, ~25% of individuals that are genotype posi-
tive for an LQTS-causing variant have a normal QT inter'val,7 and the pre-
cipitating factor(s) that may trigger a cardiac event can be elusive.® An
encouraging opportunity to address these issues has recently been realized
through the generation and analysis of patient-derived and isogenic
human-induced pluripotent stem-cell-derived cardiomyocytes (hiPSC-
CMs).? This system facilitates electrophysiological scrutiny of the electrical
consequences of specific channel variants and the opportunity for the iden-
tification of targeted pharmacological correction.”'

Several studies have highlighted the promise of using hERG variant-
carrying hiPSC-CMs to investigate treatment with hERG-specific small
molecule activators.”'® However, Type 2 hERG activators, which primarily
reduce channel inactivation, are associated with an overcorrection of
hERG function and predisposition to early repolarization-induced arrhyth-
mia.'®"" Similarly, using a trafficking chaperone, lumacaftor, which may fa-
cilitate hERG channel expression, produced an apparent variant-sensitive
exacerbation of the phenotype and/or lack of translation of the improved
phenotype back to the patient.'? While these approaches have been asso-
ciated with a potential risk for proarrhythmia, Type 1 hERG activators,
such as RPR260243, which primarily slow down channel deactivation,
may provide safer targeted antiarrhythmic actions.”*™* Our previous
HEK cell and in silico studies using the hERG R56Q LQTS-associated variant
showed that RPR260243 rescued lost hERG protective currents in re-
sponse to premature depolarizations, producing a targeted increase in
hERG repolarizing drive in the early refractory period without APD short-
ening.'* In the present study, we explore the targeted antiarrhythmic po-
tential of the Type 1 hERG activator RPR260243 in hiPSC-CMs by
investigating three aims: (i) utilizing CRISPR—Cas9 technology to engineer
the hERG R56Q*'~ variant in isogenic hiPSC-CMs; (ii) characterizing the ef-
fects of the hERG R56Q"'~ variant on the markers of arrhythmogenicity;
and (iii) exploring the antiarrhythmic potential of the classical Type 1
hERG activator, RPR260243.

2. Methods

2.1 Generation of CRISPR-Cas9 gene-edited

cell lines

CRISPR-Cas9 editing of WiCell iPS(IMR90)-1 hiPSCs was performed by
transfecting cultured cells at a density of 100 000-200 000 cells per well
of a 24-well plate with R56Q sgRNA, Cas9, and GFP cloned into a modified
pCCC vector (see Supplementary Material for detailed methods). A
127 bp ssODN complementary to the sense strand, with 38 bases
(PAM-distal) and 89 bases (PAM-proximal) on either side of the expected
double-stranded break site, was used to provide the template for
homology-directed repair and included the hERG c167G>A
(p.Arg56GIn) mutation, as well as a silent mutation (c.174G > A) in the
PAM site. Following Accutase (STEMCELL Technologies, 07920;
Burnaby, Canada) dissociation, GFP-positive cells were selected by FACS
(Becton Dickinson FACSAria Fusion Cell Sorter; East Rutherford, New
Jersey), seeded onto Matrigel® (Corning, Glendale, Arizona, CLS356234)

and cultured in mTeSR™ Plus (STEMCELL Technologies, 100-0276) sup-
plemented with penicillin—streptomycin (Life Technologies, Carlsbad,
California, 15140122) and CloneR™ (STEMCELL Technologies, 05888).
After 7-10 days in culture, individual colonies were transferred into a
96-well plate for further growth and analysis. Once confluent, a sample
from each individual clone was lysed using DirectPCR lysis reagent with
proteinase K solution (Viagen, Los Angeles, California, 301-C and
501-PK), and the lysate was used as the polymerase chain reaction
(PCR) template to amplify the region around the hERG R56 site for
Sanger sequencing genotyping (GENEWIZ, Azenta Life Sciences, South
Plainfield, New Jersey). Selected clones were expanded and cryopreserved
using mFreSR™ (STEMCELL Technologies, 05855). Top-ranked potential
off-target sites predicted using CRISPOR (http:/crispor.tefor.net/)' were
also sequenced, and no off-target mutations were identified.

2.2 Directed differentiation of hiPSCs to
cardiomyocytes

Differentiation of hiPSC clones was performed following the standardized
STEMdiff™ Ventricular Cardiomyocyte Differentiation Kit protocol
(STEMCELL Technologies, 05010), as per the manufacturer’s guidelines.
Briefly, hiPSC clones were seeded as small aggregates onto Matrigel® and
cultured with mTeSR™ Plus and the ROCK inhibitor 10 uM Y-27632
(Biogems, West Lake Village, California, 1293823) prior to timed media
changes as per the kit protocol. Beating monolayers could be identified
~7-10 days after the start of differentiation and were dissociated following
procedures in the STEMdiff™ Cardiomyocyte Dissociation Kit (STEMCELL
Technologies, 05025). Briefly, following washing in Dulbecco’s Phosphate
Buffered Saline (D-PBS, VWRL0119-0500, Radnor, Pennsylvania), the cells
were treated with STEMdiff™ Cardiomyocyte Dissociation Medium for
7-10 min and then resuspended in STEMdifff™ Cardiomyocyte Support
Medium onto 12 mm glass coverslips (VWR, 89015-725) coated with
10 pg/mL  fibronectin  (Gibco, Waltham, Massachusetts, PHE0023).
Electrophysiological and immunocytochemical analyses of the cells were per-
formed 4-10 days after replating. Data were obtained from cells derived
from several differentiations (5 in the case of wild-type (WT) sham, and 4
in the case of hERG R56Q).

2.3 Cellular phenotyping of hiPSC-CM clones
Cardiomyocyte markers were evaluated using immunocytochemistry (see
Supplementary Material for detailed methodology). Briefly, following per-
meabilization, the cells were probed overnight at 4°C with mouse mono-
clonal anticardiac troponin T (cTnT; 1:1000; Invitrogen, VWaltham,
Massachusetts, MA5-12960) and rabbit monoclonal anti-a-actinin
(Invitrogen, 710947), followed the next day by 2 h incubation at room tem-
perature with the secondary antibodies, Alexa Fluor 488-conjugated goat
antimouse (1:1000; Invitrogen, A-11029) and Alexa Fluor 555-conjugated
goat antirabbit (1:1000; Invitrogen, A32732). Cell nuclei were counter-
stained with Hoechst 33342 (Abcam, Cambridge, UK, ab228551).
Following fixation, the cells were mounted using ProLong Glass Antifade
Mountant (Thermo Scientific, Waltham, Massachusetts, P36980), and
images were acquired on a Nikon Ti-E inverted epifluorescence micro-
scope. Reverse transcriptase—PCR (RT—PCR) was used to evaluate qualita-
tive transcript levels of pluripotency and cardiomyocyte markers in
undifferentiated hiPSCs and differentiated hiPSC-CMs (see Supplementary
Material). Western blot was used to determine the relative expression of
hERG1a and hERG1b proteins from the monolayers of hiPSC-CMs from dif-
ferent methods of differentiation. Divergence in N-terminal protein se-
quence enabled isoform-specific immunolabelling of hERG1a (Cell
Signaling Technology, Danvers, Masschusetts, D1Y?2), rabbit monoclonal,
1:1000) and hERG1b (Enzo Life Sciences, Farmingdale, New York,
ALX-215-51, rabbit polyclonal, 1:1000).

2.4 Electrophysiology

Electrophysiological recordings were performed as outlined in
Supplementary Material. Briefly, signals were acquired at 37°C from single-
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beating cardiomyocytes using an Axon Instruments 200B amplifier
(Molecular Devices, San Jose, California) and perforated patch clamp.
Borosilicate glass electrodes with a tip resistance of 2.5-3 MQ were filled
with an internal solution supplemented with 140-170 pg/mL amphotericin
B. The rapidly activating potassium current (k) was recorded during 2 s
voltage clamp steps from —60 to +40 mV in 20 mV increments (holding
potential was —40 mV), followed by a 3 s step to —40 mV to monitor de-
activation. Ten micromolar of nifedipine was used to stop beating, and I,
was measured in the absence and presence of 10 uM dofetilide. The
dofetilide-sensitive lg, current was used for analysis.

Selected cells for action potential recordings demonstrated a negative dia-
stolic membrane potential and a long plateau phase as characteristic features
of ventricular-like action potentials. Cells that failed to exhibit a prominent
plateau phase and more negative membrane potential were excluded
from the experiment. To further validate the selection of ventricular-like
cells, the APDgo—APDso/APDy ratio, the repolarization fraction, was mea-
sured.'® The mean repolarization fraction of the cells used in this study was
0.29 + 0.01, which is indicative of ventricular-like cells.” To record action
potentials, 2 ms current pulses were applied at 1.5-2X%, the stimulation
threshold. $1-S2 paired stimulations were applied at coupling intervals ran-
ging from 110 to 500 ms following a train of eight S1 stimuli. A dynamic
stimulation procedure involved stimulating cells for 30 beats at progressively
shorter basic cycle lengths (BCLs) from 500 to 167 ms.

2.5 Data analysis and statistics

Exponential fits of Iy, deactivation and action potential peak detection and
parameter measurement [maximum diastolic potential (MDP), action po-
tential amplitude, APD3o, APDgg, and rise time] were conducted using
Clampfit software (Axon Instruments). The diastolic interval (DI) was mea-
sured as the difference in time interval between the stimulus and the
APDgq of the preceding action potential. The effective refractory period
(ERP) was measured as the longest cycle length that failed to capture a ven-
tricular response. We defined the loss of ventricular response as a depolar-
ization with a rise time of >2 ms and a decay time of 30% from the peak of
>40 ms. The post-refractory repolarization period (PRRP) was measured
as the difference between the ERP and the APDyg of the preceding action
potential.

All data are expressed as mean + SEM (n=sample size). Data were
tested for normality (Shapiro—Wilk) and data sets that failed normality
were log-transformed prior to statistical testing. The box plots represent
the first quartile, median, and third quartile. Whiskers represent minimum
and maximum values, and the dashed line indicates the mean. Statistical
comparisons between means were conducted using one-way or two-way
analysis of variance (ANOVA) with a Holm-Sidak post hoc test and re-
peated measures as appropriate, with P < 0.05 used as an indicator for stat-
istical significance. Sample variance, o, was calculated as the SD2, and
significant differences in sample variance were determined using a two-
tailed F-test with P < 0.05 as an indicator of a difference. Regression ana-
lyses were performed using Pearson correlations for normally distributed
data and Spearman correlations for non-parametric tests.

3. Results

3.1 hiPSC-CMs harbouring the
CRISPR-edited hERG R56Q*'~ variant
display rapidly deactivating I, that is slowed
by the hERG activator, RPR260243

We used CRISPR-Cas9-induced homology-directed repair mechanisms in
cultured hiPSCs to engineer a precise a.167G > A heterozygous edit in the
hERG gene that generated the LQTS2-associated hERG p.Arg56Gin
(R56Q+/7) PAS domain variant (Figure 1A and B). hiPSC clones were differ-
entiated into beating hiPSC-CM monolayers that stained for cTnT and
alpha-actinin (ACTN2) in both monolayer format (see Supplementary
material online, Figure ST) and when plated as individual cells (Figure 1C).

RT-PCR measures (see Supplementary material online, Figure ST) further
demonstrated successful transcript reprogramming. The use of WT sham
hiPSCs, i.e. un-edited hiPSCs following CRISPR, provided a stringent isogenic
control that reduces the confounding effects of putative off-target Cas9
edits. Introduction of the hERG R56Q+/_ edit did not affect the relative
membrane expression ratio of hERG1a and hERG1b protein (Figure 1D).
Figure 1E—G shows representative recordings of dofetilide-sensitive Iy,
from WT sham and hERG R56Q hiPSC-CMs during voltage clamp of single
cells. Consistent with the well-described phenotypic gating disturbance of
the LQTS-associated hERG R56Q variant,'® deactivation kinetics were accel-
erated in hERG R56Q cells: the 7 of deactivation was reduced from 1.43 +
0.2 s in WT sham cells (n=3) to 0.33 +0.05 s in hERG R56Q cells (n=5;
P=0.008, one-way ANOVA with Holm-Sidak post hoc test; Figure 1H).
Since one aim of this study was to investigate the antiarrhythmic potential
of targeting hERG channels with the selective activator, RPR260243, we
also measured its effect on I, in these cells. Figure 1G and H shows that
the application of 10 uM RPR260243 slowed deactivation in hERG R56Q
hiPSC-CMs: the 7 of deactivation at 40 mV was increased to 1.30 +0.26 s
(n=5; P=0.011 when compared with R56Q cells without RPR260243, one-
way ANOVA, with Holm-Sidak post hoc test). These data demonstrate that
I deactivation is accelerated in hERG R56Q hiPSC-CMs and that the hERG
channel activator, RPR260243, slows deactivation of I, in hiPSC-CMs.

3.2 Effect of the hERG R56Q variant and
RPR260243 on action potential
characteristics in hiPSC-CMs

To explore the phenotypic consequences of the R56Q variant and
RPR260243, we recorded action potential characteristics in single-beating
WT sham and hERG R56Q hiPSC-CMs in the absence and presence of
10 uM RPR260243. Steady-state action potentials recorded during a
stimulation train at 2 Hz (500 ms BCL) were ventricular-like in morph-
ology (Figure 2A). We observed no differences in the MDP or peak action
potential amplitude (Figure 2B and Table 1) between WT sham and hERG
R56Q cells (P=0.434 and 0.965, respectively; two-way ANOVA with
Holm-Sidak post hoc test). The average APD at 90% repolarization
was 253+ 11 ms in WT sham cells and 278 + 19 ms in hERG R56Q
(P =0.288; two-way ANOVA with Holm-Sidak post hoc test). While the
mean APDyg values were not statistically different, there was marked vari-
ability in the APDgg in hERG R56Q hiPSC-CMs that was not present in WT
sham cells, or in other parameters, i.e. MDP, and amplitude (Figure 2B). The
variance, o (SD?), of the APDgq was increased from 1375 ms” in WT sham
cells to 3805 ms? in hERG R56Q cells (P=0.051, F-test). Similarly, while the
mean APD3q value was not affected by the hERG R56Q variant [APDsg
values were 139+ 6 ms in WT sham cells and 139+ 13 ms in hERG
R56Q (P=0.974; two-way ANOVA with Holm-Sidak post hoc test)], the
variance of APD3, was increased from 469 ms? in WT sham cells to
1834 ms? in hERG R56Q cells (P=0.017, F-test). The mean index of triangu-
lation (APDgo—APD3) was not different in hERG R56Q cells compared with
that in WT sham cells (Figure 2B; P = 0.084; two-way ANOVA with Holm—
Sidak post hoc test). The hERG channel activator, RPR260243, had no signifi-
cant effects on steady-state action potential characteristics in either WT
sham or hERG R56Q hiPSC-CM lines (Figure 2, Table 1) consistent with pre-
vious observations in animal models.'”

3.3 Effects of the R56Q variant and
RPR260243 on the ventricular response to

premature stimulations in hiPSC-CMs

Our working hypothesis is that R56Q variant pathogenicity may result
from reduced protection against premature depolarizations, rather than
effects on steady-state action potential characteristics. To test this, we in-
vestigated action potential restitution properties in WT sham and hERG
R56Q hiPSC-CMs using a standard S1-S2 stimulation paradigm to deter-
mine how the APDgq of the response to the S2 stimulation depended
on the preceding DI (Figure 3). These standard electrical restitution curves
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Figure 1 Generation of the hERG R56Q variant in hiPSCs. (A) The hERG R56Q variant is located within the PAS domain of the hERG channel.
(B) Chromatograms from the sequencing of a WT sham clone and a heterozygous hERG R56Q clone with the G to A substitution at both the mutation
site causing the R to Q amino acid change and at the PAM site where the substitution creates a silent mutation that disrupts the PAM binding site and prevents
further Cas9 binding in edited cells. (C) Selected WT sham and hERG R56Q clones were successfully differentiated into beating cardiomyocytes that stained for
the cardiac markers cTNT and ACTN2. (D) Example western blots showing isoform-specific immunolabelling of hERG1a or hERG1b in WT sham and hERG
R56Q hiPSC-CMs. The average ratio of fully glycosylated (mature) and core glycosylated (immature) protein from densitometry measurement of bands from
three different cell lysate samples is shown. (E and F) Representative Iy, traces recorded from WT sham (E), hERG R56Q (F), and hERG R56Q with 10 uM
RP260243 (G; hERG R56Q + RPR) during the voltage clamp protocol shown in the inset. (H) Box plot of deactivation time constant (t) at —40 mV. WT sham
n=3; hERG R56Q n =5; hERG R56Q + RPR260243 n =>5. #p<0.05 (one-way repeated measures ANOVA with Holm-Sidak post hoc test).

(ERCs) describe adaptation of cellular action potentials to acute changes
in DI. In WT sham cells, the maximum ERC slope was 3.1+0.6
(Figure 3A; n=7). To the best of our knowledge, this is the first report
of the maximal ERC slope in hiPSC-CMs. The maximum ERC slope in
hERG R56Q cells was 3.4 + 0.5 (Figure 3B; n=15), which was not signifi-
cantly different from that observed in WT sham cells (P = 0.789; two-way
repeated measures ANOVA with Holm—Sidak post hoc test; Table 2). In the
presence of RPR260243, the maximal slope of the ERC was 2.5+0.3
(Figure 3G, n=7) in WT sham cells and 4.0 + 0.8 (Figure 3D; n=15) in
hERG R56Q cells (P =0.573 and 0.750, respectively, compared with pre-
drug control, two-way repeated measures ANOVA with Holm-Sidak
post hoc test).

The implications of the ERC slope are debated; however, because a
slope of >1 has been associated with the development of alternans and
ventricular fibrillation (VF) in humans and other mammals, we measured
and compared the minimum DI at which the ERC slope became >1 in
the different cell lines and conditions. In WT sham cells, the ERC slope be-
came >1ata Dl of 48.3 & 4.5 ms, which was not significantly different from
that in hERG R56Q cells (61.4 + 8.2 ms; P = 0.263; Table 2). The presence
of RPR260243 had no significant effect on the DI at which the slope >1 in
either cell line: the DI was 51.6. £ 4.2 ms in WT sham cells and 74.5 +
6.1 ms in hERG R56Q cells (P =0.612 and 0.099, respectively, compared
with pre-drug control, two-way repeated measures ANOVA with
Holm-Sidak post hoc test).
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Figure 2 Steady-state action potential properties. (A) Representative steady-state action potential recordings at 500 ms BCL from WT sham and hERG
R56Q hiPSC-CMs in the absence and presence of 10 yM RPR260243. The final action potential in the train of 20 is shown. (B) Box plot representations
of steady-state action potential characteristics. MDP, maximum diastolic potential; APD30, action potential duration at 30% of repolarization; APDgg, action
potential duration at 90% of repolarization; triangulation index, APDgo—APD3q (see A). WT sham n=5; WT sham + RPR n=5; hERG R56Q n=9; hERG
R56Q +RPR n=9. Each dot represents the average of 20 steady-state action potentials in one cell. The variance, & (ms?), of each parameter is indicated.
There were no significant differences in any action potential parameter between different groups (two-way repeated measures ANOVA with Holm—Sidak
post hoc test). *Significantly different variance between groups (P<0.05; F-test).

Table 1 Steady-state action potential characteristics in WT sham and hERG R56Q hiPSC-CMs recorded at 2 Hz

WT sham (n=12)

Amplitude (mV) 963 +26 104.5+29
MDP (mV) —-628+15 —-683+25
APD30 (ms) 13916 142+ 16
APDgg (ms) 253+ 11 245+33
APDgo—APD34 (ms) 114+8 103+18

WT sham + RPR260243 (n = 5)

hERG R56Q (n=11) hERG R56Q + RPR260243 (n=9)

99.1+23 1029 +37
—-629+14 —66.0+25
139+13 162+12
278 +19 290+20
139+ 11 128 +13

No significant differences between parameters were observed.

3.4 The R56Q variant and RPR260243
application affect the membrane response to

premature depolarizations

While the maximal steepness of the ERC relationship was not greatly influ-
enced by the R56Q variant or by RPR260243 application, analysis of the
membrane voltage responses to paired $1-S2 stimulations enabled quan-
titative assessment of cellular responses to premature depolarization. We
measured the difference between the ERP and the APDg of the action po-
tential initiated by the penultimate S1, which yields the post-repolarization
refractory period (PRRP = ERP — APDg) that is a known indicator of ar-
rhythmogenicity.”%*" In WT sham cells, the PRRP was —19.6 + 4.3 ms
(n = 6), indicating that short-coupled S2 stimuli arriving prior to 90% repo-
larization of the S1 action potential are capable of eliciting action potentials,
i.e. encroachment occurs (Figure 4A and B). We hypothesized that the fast

repolarization of I, in the hERG R56Q variant would reduce repolarizing
drive in the early refractory period and allow earlier capture of S2-initiated
action potentials. However, while in some hERG R56Q cells, the PRRP was
more negative than in WT sham cells; in others, the PRRP was longer such
that the average PRRP in hERG R56Q cells was —8.9 + 6.8 ms (n = 15). As
a result, while the mean value was not significantly different from that in
WT sham cells (P=0.402, two-way repeated measures ANOVA), the
cell-to-cell variability in PRRP in hERG R56Q was significantly greater
than in WT sham cells (Figure 4B): o was 110.9 ms* in WT sham and
696.9 ms? in hERG R56Q cells (P = 0.026, F-test).

We assessed whether the high variance in the PRRP in hERG R56Q
cells was related to the high variance in steady-state action potential char-
acteristics observed in these cells in Figure 2. We found that hERG R56Q
cells with a more negative PRRP had a prolonged steady-state APDgg and
increased triangulation index (Figure 4E and F). Indeed, Figure 4G
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Figure 3 Standard electrical restitution properties of hiPSC-CMs. (A-D) Left: Overlay of voltage traces recorded from a representative cell in each condition
in response to the current stimulus protocol shown. Membrane responses were recorded during eight S1 stimuli at a BCL of 500 ms followed by a single
premature stimulus (S2) at progressively shorter S1-S2 intervals ranging from 500 down to 110 ms. Some captured responses at longer S1-S2 intervals
have been removed for clarity. Right: Representative standard APDg, restitution curves from an example hiPSC-CM cell in each case. The data were fitted
with a sigmoidal function (solid line) and symbols indicate measured APDgg at each DI. Mean maximum slope and minimum DI at which the slope became

>1 from all 7 WT sham cells and 15 hERG R56Q cells are indicated.

demonstrates a significant correlation between the PRRP in R56Q hERG
cells and both the APDgg (R =78, P=0.001) and the triangulation index
(R=0.72, P=0.003). There was also a correlation in these cells between
the PRRP and the ERP/APDgyq ratio (R=0.97, P < 0.0001), where cells
with a more negative PRRP had a low ERP/APDgyq ratio indicative of sus-
ceptibility to premature ventricular activity and arrhythmogenicity in cells
showing encroachment.”®?? There was no correlation between the
PRRP and the MDP in R56Q hERG cells (R=0.33, P =0.3844). These
findings suggest the presence of heterogeneity in the balance of repolar-
ization and refractoriness in hERG R56Q cells that was not present in
WT sham cells. Application of RPR260243 increased the PRRP in both

WT sham and hERG R56Q cells (Figure 4C and D). This effect was
observed regardless of the heterogeneity in hERG R56Q behaviour.
The presence of 10 pM RPR260243 increased the PRRP by 13.1 + 4.8
and 26.8+7.7ms in WT sham (P=0.040) and hERG R56Q (P<
0.001) cells, respectively. In hERG R56Q variant cells with a negative
PRRP, RPR260243 not only reduced the encroachment, but also de-
creased both the APDgg and the triangulation index (Figure 4E and F,
Table 3).

The characteristics of the earliest captured ventricular response
(ECVR) to short-coupled $S1-S2 stimulation pairs in hERG R56Q cells
also displayed substantial heterogeneity compared with WT sham cells
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Table 2 ERC properties

WT sham (n=7)

WT sham + RPR260243 (n=7)

hERG R56Q (n = 15)

hERG R56Q + RPR260243 (n = 15)

Standard ERC

Max slope 31+06 25+03 34+05 40+08
Dl at slope >1 (ms) 483 +45 51.6+42 614+82 745+ 6.1
Dynamic ERC
Max slope 20+03 17+02 21+141 23+04
Dl at slope >1 (ms) 578+ 6.6 707 £43 702+ 6.0 819+73
” ERP/APD,, <1 ERPIAPD, >1
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Figure 4 PRRP and the ERP/APDgy ratio. (A) Annotated descriptions of the ERP, PRRP, and ERP/APDgg ratio. Note that a negative PRRP reflects encroach-
ment and an ERP/APDgg ratio <1, while a positive PRRP reflects that the APDgq is shorter than the ERP (ERP/APDg ratio >1). (B—D) Box plot representations
showing the effect of the hERG R56Q variant and 10 pM RPR260243 on the PRRP. (B) Comparison of WT sham (n=7) with hERG R56Q (n=15).
(C) Comparison of the PRRP in WT sham cells (n =7) with and without RPR260243 (n = 7). Drug effect (A) indicates the difference. (D) Comparison of
the PRRP in hERG R56Q variant cells with (n = 15) and without RPR260243 (n = 15). (E and F) Comparison of steady-state APDgq (E) and triangulation index
(F) in WT sham, hERG R56Q ERP/APDyq < 1, and hERG R56Q ERP/APDgq > 1 cells in the absence and presence of RPR260243. (G) Linear regression plots
describing the relationship between PRRP and APDgg or triangulation index across all hERG R56Q variant cells. Solid lines represent regression fits [r* values
were 0.61 (P=0.001) and 0.52 (P =0.003) for APDgg and triangulation index, respectively] and dashed lines reflect 95% confidence intervals. In all box plots,
each dot represents data from a single cell. #Significantly different mean value (two-way repeated measures ANOVA with Holm-Sidak post hoc test; P<0.05).

(Figure 5). The average rise time of the ECVR in WT sham cells was 23.7
+ 1.4 ms with a variance of 11.9 ms? (n = 7), while the rise time was 37.1

+ 6.3 ms in hERG R56Q cells (P = 0.276; compared with WT sham, two-
way repeated measures ANOVA) with a ¢ of 600.0 ms> (P=0.0002,
F-test; n=15). The average APDgyy of the earliest captured response

also tended to be prolonged by the R56Q variant: the average APDgq
of the earliest captured response was 106 + 15 ms in WT sham com-
pared with 163 +17 ms in hERG R56Q cells (P =0.045; two-way re-
peated measures ANOVA). Other properties, such as MDP and
amplitude, were not significantly different between the WT sham and
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Table 3 Biomarkers of arrhythmogenicity in hERG R56Q cells

WT sham WT sham + hERG R56Q ERP/ hERG R56Q ERP/ hERG R56Q ERP/ hERG R56Q ERP/
RPR APDy < 1 APDyy < 1+RPR APDyo > 1 APDy, > 1+RPR
PRRP (ms) -19.6 +43 —64+19° -394+68 +0.1+23.0° +63+4.5° +268+49°
APDgq (ms) 229.7 £ 151 2145+203 3354+ 25.1° 286.9 +25.6* 2167 +12.1° 2014 +£16.5
Triangulation (ms) 103.0+9.2 952+11.0 176.0 + 19.4° 140.0 + 12.2° 973+ 70° 85.6 +6.9
*Significantly different from untreated control.
bSignificantly different from hERG R56Q ERP/APDgg < 1.
SSignificantly different from WT sham.
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Figure 5 The ECVRs during close-coupled S1-S2 stimulation. (A) Representative examples of ECVRs in WT sham, hERG R56Q, and hERG R56Q with
10 pM RPR260243 (hERG R56Q + RPR) during close-coupled S1-S2 stimulations. Insets show the response to the S2 stimulation on a faster time base to
highlight the rise time. (B—E) Box plot representations of ECVR properties. WT sham n=7; WT sham + RPR n=7; hERG R56Q n = 15; hERG R56Q +
RPR n = 15. Each dot represents data from a single cell and the variance of each group is given. *Significantly different mean value (two-way repeated measures
ANOVA with Holm-Sidak post hoc test; P<0.05). *¥Significantly different sample variance (P<0.05, F-test).

hERG R56Q lines. Moreover, application of RPR260243 to hERG R56Q
cells reduced the variability of the ECVR (Figure 5B). In the presence of
10 uM RPR260243, the rise time of the earliest response in hERG
R56Q cells was significantly reduced to 253 +27ms (n=15 P=
0.014 when compared with hERG R56Q in the absence of RPR260243,
two-way repeated measures ANOVA), and the variance, g, was reduced
to 106.7 ms? (P=0.001, F-test). RPR260243 also significantly increased

the DI of the ECVR and decreased the diastolic potential reached be-
tween S1 and S2 stimuli in both WT sham and hERG R56Q cells
(Figure 5D and E), suggesting that the hERG activator reduced excitability.
These observations suggest that the hERG R56Q variant increased het-
erogeneity in the response to premature stimulations and that
RPR260243 reduced this variability and protected against the formation
of premature action potentials.
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3.5 Effects of the hERG R56Q variant and
RPR260243 on action potential adaptation

to dynamic rate changes in hiPSC-CMs

The data so far describe the impact of the R56Q variant and RPR260243
application on steady-state action potentials and membrane responses to
premature depolarizations. We next investigated action potential re-
sponses during dynamic adaptation to progressively shortened BCLs.
Initial measurements of the slope of the relationship between APDgq
and DI during rate changes (dynamic ERC) showed no effect of the
hERG R56Q variant, or the application of RPR260243 (Table 2).
However, consistent with altered refractoriness in the hERG R56Q vari-
ant, we observed a greater incidence of loss of capture at shorter BCLs
than in WT sham cells. In both WT sham and hERG R56Q cells, 1:1 capture
of action potentials occurred at longer BCLs, but as the BCL, shortened 2:1
capture was observed, presumably because the BCL became shorter than
the absolute refractory period. The loss of 1:1 capture occurred sooner in
hERG R56Q cells than in WT sham cells (see Supplementary material
online, Figure S2). For example, 1:1 capture was lost in 60% of hERG
R56Q cells at a BCL of 333 ms, while 100% of WT sham cells maintained
1:1 capture at this BCL.

We also observed significant differences in how APDgq responded to
transitions in cycle length in WT sham and hERG R56Q cells (Figure 6).
Example diary plots of APDgg recorded from a WT sham cell in the ab-
sence and presence of 10 uM RPR260243 (Figure 6A) highlight low
APDgq variance during BCL transitions (Figure 6D). In hERG R56Q cells,
we observed more heterogeneous unstable responses to rate changes.
hERG R65Q cells with a high PRRP and ERP/APDyg ratio showed low vari-
ance, but hERG R56Q cells with a negative PRRP and low ERP/APDgy ratio
showed a high APDyq variance with BCL transitions (Figure 6B—D). This
heterogeneous response to abrupt rate change was reduced by the appli-
cation of RPR260243, which stabilized rate transitions, decreasing the dis-
persion of APDgg in hERG R56Q cells (Figure 6B). For example, the
percentage of hERG R56Q cells in 2:1 capture at 333 ms BCL was in-
creased from 40% in control to 60% with 10 uM RPR260243.

In addition to greater instability during rate transitions, we also ob-
served increased beat-to-beat variability in the APDgq during constant cy-
cle length pacing in hERG R56Q cells with a negative PRRP and low ERP/
APDgq ratio. This is represented by Poincaré plots and SD1 analyses in
Figure 7. The beat-to-beat variability of APDgg in WT sham cells was rela-
tively low, but as expected, it slightly increased at the shorter BCL of
250 ms as alternans and 2:1 capture was observed in some cells at this
high stimulation rate. The effect of RPR260243 was minor, but it is note-
worthy that the hERG activator reduces alternans and stabilizes action
potential responses in 2:1 capture at shorter cycle lengths in cells showing
less stable APDgq beat-to-beat variability (see BCL 250 ms, Figure 7A).
While the beat-to-beat variability in hERG R56Q cells with a higher
PRRP and ERP/APDyq ratio was low, the SD1 values describing
beat-to-beat variability were significantly higher in hERG R56Q cells
with a negative PRRP and low ERP/APDg, ratio at each BCL
(Figure 7C—F, Table 4). In hERG R56Q cells with a low ERP/APDg ratio,
we observed unstable, variable (dispersed) beat-to-beat APDgyq values,
particularly as the cycle lengths shortened, e.g. 333 ms BCL. Figure 7G—I
shows that the beat-to-beat variance in APDyg was significantly corre-
lated with the PRRP in R56Q variant cells. In R56Q variant cells,
RPR260243 reduced the beat-to-beat variability, favouring stable 2:1 cap-
ture of action potential firing in place of ectopic action potentials with er-
ratic, variable, APDqq (Figure 7C and D).

4. Discussion

This study provides novel evidence for mechanisms of pathogenicity in
LQTS2 variant carriers where the QTc is borderline or normal, i.e. con-
cealed LQTS, and does so using hiPSC-CMs, which have high potential
for translation to humans. The highly studied hERG R56Q variant has an
uncertain mechanism of arrhythmogenicity despite being associated with
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Figure 6 APDy, adaptation to abrupt rate transitions. (A—C) Diary
plots of measured APDyq values from an example WT sham cell (A),
hERG R56Q cell with an ERP/APDgyq ratio <1 (B), and hERG R56Q
cell with an ERP/APDgq ratio >1 (C) in the absence and presence of
10 uM RPR260243. APDg values are plotted during rate transitions

from a BCL of 500 to 333 ms (left) and from 333 to 250 ms (right). In

each case, the APDyy from the final five beats at the longer BCL and

the initial five beats at the new BCL are shown. (D) Box plot representa-
tions of the variance of the APDgg of the first five beats following BCL
transition from 500 to 333 ms (left) and from 333 to 250 ms (right).

Each dot represents data from a single cell. WT sham (n=7), WT
sham with 10 uM RPR260243 (n =7, WT sham + RPR), hERG R56Q
with an ERP/APDgg ratio <1 (n=>5, R56Q < 1), hERG R56Q with an
ERP/APDgy ratio <1 with 10 uM RPR260243 (n =5, R56Q < 1+ RPR),
hERG R56Q with an ERP/APDgy ratio >1 (n=10, R56Q > 1),
hERG R56Q with an ERP/APDgg ratio >1 with 10 uM RPR260243
(n=10, R56Q > 1+RPR). *Significant difference (In all box plots,
each dot represents data from a single cell). *Significantly different
mean value (two-way repeated measures ANOVA with Holm-Sidak
post hoc test; P<0.05).
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Figure 7 Beat-to-beat variability of APDgg in hiPSC-CMs during constant pacing. (A, C, and E) Poincare plots of the nth APDgq during the nth action potential
plotted against that during the (n + 1) action potential during 20 steady-state beats at a range of BCLs in an example WT sham cell (A), a hERG R56Q cell with an
ERP/APD90 ratio <1 (R56Q < 1; C),and a hERG R56Q cell with an ERP/APD90 ratio >1 (R56Q > 1; E). Data are shown in the absence and presence of 10 yM
RPR260243. (B, D, and F) Box plot representations of short-term variability, SD1, values calculated from ellipses constrained by the data with 95% confidence
drawn for each individual cell (not shown) at each BCL in each cell. Each dot represents the SD1 value of a single cell. #Significant difference from WT sham (in
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across  all variant  cells.

95% confidence intervals. r* values were 0.27 (P = 0.0045), 0.42 (P = 0.009), and 0.34 (P = 0.022) for the SD1 variance at 2, 3, and 4 Hz, respectively.

LQTS2. We show that, without significant effect on mean APDyg, the
hERG R56Q variant: (i) introduces marked beat-to-beat variability in
APD during constant cycle length pacing; (ii) enhances variance of APD
during rate transitions; and (iii) results in more variable membrane re-
sponses to premature stimulations. These findings indicate that the
hERG R56Q variant induces pathogenicity by facilitating heterogeneous
APD dynamics within individual cells that could provide the substrate for
the spatial dispersion of repolarization underlying arrhythmic events. In
addition, we found that application of the Type 1 hERG channel activator,
RPR260243, reduces the APD variance, increases the post-repolarization
refractoriness and increases the protection against action potential firing
in response to premature stimulation in hERG R56Q hiPSC-CMs. These
findings illustrate the potential protection afforded by hERG activator com-
pounds that slow channel deactivation against both triggered activity and
electrical heterogeneity, which occurs without significant APDgg shorten-
ing and the associated risk of early repolarization.

4.1 An hiPSC-CM model to test the
consequences of targeted manipulation of

hERG channel deactivation gating

Study of the hERG R56Q variant and the effects of application of
RPR260243 enabled assessment of the pathogenic consequences of accel-
erated deactivation and targeted pharmacological rescue of slow deactiva-
tion in hiPSC-CMs and their implications on indices of arrhythmogenicity.
Dofetilide-sensitive I, recordings from hERG R56Q hiPSC-CMs showed
the fast-deactivating channel phenotype and subsequent slowing of deacti-
vation following application of RPR260243. Accelerated deactivation gating
is the most pronounced characteristic of the R56Q variant,'® although re-
cent evidence suggests that the membrane stability of channel protein
might be affected by the variant, resulting in a modest (~20%) reduction
in surface expression,”® which is supported by a possible trend towards re-
duced expression observed in Figure 1D. At the concentration used in the
current study (10 uM), the effect of RPR260243 is reasonably specific to
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Table 4 Poincare SD1 values of beat-to-beat APDg variability

SD1 values at WTsham WT sham + hERG R56Q ERP/

BCL (ms) RPR APDy, < 1
500 17128 19.6 4.7 508+ 153°

333 212457 159 +45 2933 +130.7°

250 590+249  1316+728 451.7 + 865

hERG R56Q ERP/ hERG R56Q ERP/ hERG R56Q ERP/

APDy, < 1+RPR APDgo > 1 APDy, > 1+RPR
451+ 141 209 +32° 187 +15°
343.5 +140.2 150+ 1.8° 958+ 57.0°
345.1+ 1294 105.0 +45.7° 176.9 + 66.2

*Significantly different from WT sham.
®Significantly different from hERG R56Q ERP/APDqgq < 1.

hERG channel deactivation, although higher concentrations reduce hERG
inactivation,™ and the effects of RPR260243 on hERG channels are re-
ported to be specific, with little effect on other cardiac ion channels.'”
Thus, this study not only provides the first demonstration of the phenotyp-
ic effects of the hERG R56Q variant and of the RPR260243 activator in
hiPSC-CMs but also enables functional testing of targeted manipulation
of hERG deactivation gating.

4.2 Steady-state action potential responses

Previous studies have reported or predicted differing effects of the R56Q
variant on the APD with some observations of APD prolongation®* and
others showing no effect.™ This has made understanding the pathogenic
mechanism challenging, despite extensive study of this variant. We ob-
served no overall effect of the R56Q variant on the mean APDyg in
hiPSC-CMs. However, the significantly greater variance in the APDgg indi-
cates underlying heterogeneity in these cells that was not present in other
measurements such as MDP and action potential amplitude, and we pro-
pose that this contributes to arrhythmia predisposition in hERG R56Q
variant carriers. We also observed no significant effect of RPR260243 on
steady-state action potential properties. While a hERG channel activator
may be expected to shorten the APD, this observation in hiPSC-CMs is
consistent with previous reports that RPR260243 had little effect on the
APD in ex vivo guinea pig hearts.'” However, we found that the variability
in APDgy in hERG R56Q cells was reduced by the application of
RPR260243. These findings suggest that the functional impacts of manipu-
lating hERG channel deactivation are not immediately apparent as changes
in the mean steady-state APDq.

4.3 Electrical restitution properties in

hiPSC-CMs

The ERC is a well-studied relationship between APD and the preceding DI
that has been used to predict the inducibility of ventricular arrhythmias. >
In particular, the steepness of the restitution curve has been used to pre-
dict ventricular tachycardia (VT)/VF vulnerability, and drugs that reduce the
slope of the relationship prevent VT/VF.2>2¢ To the best of our knowledge,
the ERCs describing APD restitution dynamics in the present study are the
first reports in single hiPSC-CMs. The restitution behaviour that we ob-
served in WT sham hiPSC-CMs was similar to that reported from in vivo
and in vitro studies?” with rate-dependent shortening of the APD that
was best described by a sigmoidal relationship. The maximum slope of
the electrical restitution relationship was found to be protocol dependent,
with standard ERC slopes being shallower than dynamic ERC slopes. This is
consistent with previous studies®®*? and highlights the influence of preced-
ing activity that influences membrane refractoriness, which is described as
cellular ‘memory.”° Interestingly, the maximal slopes of both SERC (~3.0)
and DERC (~2.0) observed in the present study are steeper than many
previous reports in humans (~0.2-1.2).*” Since a steeper relationship
has been associated with increased VF incidence,?® our findings may indi-
cate that relatively immature isolated hiPSC-CMs may be more susceptible
to arrhythmia, although there are also reports that the maximal slope may
not be a good predictor of lethality.?" The maximum slope of the ERCs re-
corded from hERG R56Q hiPSC-CMs were not significantly different from

those recorded in WT sham cells, and application of RPR260243 also had
no significant effect in either cell line. We hypothesized that APs would be
triggered at shorter Dls in hERG R56Q cells, consistent with reduced pro-
tection against premature beats. Comparing the ERCs in Figure 3A and C
shows that this is indeed the case. For example, at a DI of close to 0 ms
the WT sham produces only a short pseudo-AP, while in the hERG
R56Q, an AP of ~150 ms in duration is triggered. In other words, the
ERC is left shifted in hERG R56Q compared with WT sham. This is consist-
ent with the prolonged APDgy of the ECVR that we observed in hERG
R56Q, as well as the more negative PRRP that we observed in some
R56Q cells. These findings suggest that the arrhythmogenicity associated
with the hERG R56Q variant does not arise from an altered ability of
the APD to shorten at faster rates, but instead relates to increased mem-
brane responses at short Dls.

4.4 Facilitated excitability and encroachment

We found that application of RPR260243 significantly prolonged the PRRP
in both WT sham and hERG R56Q cells. This is consistent with our work-
ing hypothesis that slowed hERG channel deactivation increases hERG pro-
tective currents in response to premature stimulation, which resist
facilitated excitation and reduce encroachment. This is also consistent
with previous reports of RPR260243-induced prolongation of the PRRP
in zebrafish hearts.”® As an indicator of the balance between the refractory
period and the APD, antiarrhythmic drugs that prolong the PRRP are asso-
ciated with improved outcomes.?"*? Previously, two other hERG channel
activators, NS-1643 and MC-II-157¢, have been reported or predicted to
prolong the PRRP in ex vivo guinea pig hearts'" or in silico cellular and tissue
models.®*3* In these cases, however, the PRRP prolongation was asso-
ciated with activator-induced shortening of the APD, which resulted over-
all in a decreased refractory period that was predicted to slow the
propagating wave front.>*** Such dispersion of repolarization would sus-
tain triggered activity, i.e. increase the tissue substrate, leading to re-entrant
arrhythmia.®> Moreover, simulations suggested that NS-1643 and
MC-II-157¢ also increased the spatiotemporal vulnerable window where
wave-front conduction might be slowed.>*** Thus, the APD shortening ac-
tion of these hERG activators may predispose an arrhythmogenic sub-
strate. Similarly, excessive APD shortening produced by activators, such
as ICA-105574 and LUF7244 have been suggested to risk overcorrection
and enhanced, rather than reduced, arrhythmogenicity.'%3¢3” In the pre-
sent study, the action of the Type 1 activator, RPR260243, which prefer-
entially targets deactivation gating, prolongs the PRRP without
significantly shortening the APD and consequently does not increase the
refractory period or risk early repolarization. In the light of this, we pro-
pose that the effects of RPR260243 may reduce the substrate for re-entry
and therefore offer antiarrhythmic potential. Testing in multicellular pre-
parations and/or in silico models to measure wave-front propagation and
the vulnerable window are needed to further investigate this possibility.
Another effect of RPR260243 was to rescue aberrant behaviour of the
ECVR in hERG R56Q cells. We found that the ECVRs to premature stimu-
lation in hERG R56Q cells had a slower rise time and were longer in dur-
ation than those in WT sham cells. Moreover, the earliest captured
responses were significantly more variable in hERG R56Q than those
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observed in WT sham cells. While there was no correlation between these
ECVR measures and the PRRP or ERP/APDy ratio in hERG R56Q cells,
these observations indicate that the R56Q variant both slows, and in-
creases the heterogeneity of, ventricular responses to premature stimula-
tions. The former would be expected to increase conduction time, which
would shorten the excitation wavelength and facilitate re-entry. The latter
would be expected to result in temporal and spatial ventricular heterogen-
eity that would in turn facilitate propagation of triggered activity.>* We
found that RPR260243 restored WT-like rise time and duration of the
earliest captured response and significantly reduced the variability of these
measures in hERG R56Q cells. Thus, in addition to prolonging the PRRP,
these findings further indicate effective antiarrhythmic promise for the
RPR260243 hERG activator.

4.5 Beat-to-beat variability during constant

pacing and rate-transition variance

hERG R56Q cells showed marked heterogeneity in beat-to-beat APDgq
and the response to abrupt rate changes. While the APDgg in hERG
R56Q cells with a positive PRRP and higher ERP/APDyq ratio was quite
stable, hERG R56Q cells with a negative PRRP and low ERP/APDg ratio
showed high dispersion of APDg,. This was observed, both during pacing
at constant cycle length as an increased beat-to-beat variability in Poincare
plots and as increased variance in APDgyy response to rate transitions.
Indeed, negative PRRP values in R56Q hERG cells were significantly corre-
lated with high beat-to-beat variance, long APDgg, and a high triangulation
index. These findings indicate heterogeneous and irregular APD dynamics
in the hERG R56Q variant leading to electrical instability. In addition to im-
proved responses to premature stimulation during abrupt changes in cycle
length, RPR260243 application reduced the APDqq dispersion during pa-
cing at constant cycle length and converted unstable rate-transition re-
sponses to a more stable 2:1 capture, which reduced heterogeneity in
hERG R56Q cells.

4.6 A proposed mechanism for hERG
R56Q-induced arrhythmogenicity and the
antiarrhythmic action of the RPR260243
hERG activator

Taken together, the data lead us to propose plausible mechanisms by
which the hERG R56Q variant may both facilitate triggered activity and es-
tablish a pathogenic substrate, and by which RPR260243 may afford pro-
tection. We observed marked heterogeneity in the phenotype of hERG
R56Q variant cells with some cells (those with a low ERP/APDq ratio) ex-
hibiting decreased resistance to premature stimulations, high beat-to-beat
APDyq variability/dispersion during pacing at constant cycle length with
prolonged APDgy and increased triangulation, and unstable APDgog re-
sponses to rate transitions, while other hERG R56Q variant cells (those
with a high ERP/APDy ratio) had increased refractoriness that may con-
tribute to conduction block. Such irregular dispersion of the APDgg would
lead to temporal and spatial heterogeneity of repolarization25 that may
predispose re-entrant arrhythmia®® and has been shown in in silico studies
to lead to spiral wave break into multiple wavelets® that facilitate VF.
Spatial dispersion of repolarization due to the heterogeneous APD may
also facilitate propagation of triggered activity within the tissue by increas-
ing the vulnerable window.** The presence of different cellular phenotypes
in the hERG R56Q variant would be expected to further promote cellular
electrical heterogeneity. For example, reduced protection against prema-
ture excitation in cells with a low ERP/APDgq ratio may trigger activation
wave fronts that meet slowed conduction regions due to the relative re-
fractoriness of neighbouring tissue, i.e. cells with a high ERP/APDq, ratio,
and this would to facilitate re-entry. The heterogeneity in rise time and dur-
ation of ventricular responses to premature activity that we observed in
the hERG R56Q cell population would also be expected to contribute.
The hERG R56Q variant may therefore predispose re-entrant excitation
as a result of an aberrant premature depolarization that arrives during

constant cycle length activity, which already has an intrinsically higher
APDgyq variance, or during abrupt cycle length transitions, such as in re-
sponse to a startle, a known trigger for LQTS2-related events.* This en-
hanced risk of triggered activity, coupled with a facilitated substrate for
re-entry created by the marked cellular electrical heterogeneity might
lead to sustained arrhythmia.*' This may occur in addition to a mild reduc-
tion in stability of the membrane protein®® that would be expected to fur-
ther enhance the arrhythmogenic potential of the R56Q variant. In this
manner, while the steady-state APDgg in the hERG R56Q variant is not sig-
nificantly different from that in WT, presenting as an unremarkable QTc in
the electrocardiogram of an individual carrier similar to that observed in
concealed LQTS,* there remains an intrinsic elevated underlying arrhyth-
mia risk.*®

The underlying cause of the heterogeneous phenotypic manifestation of
the hERG R56Q variant warrants further investigation. Perhaps variable
expression levels of hERG1a and hERG1b* in different cells influence
the effect of the R56Q variant on Iy, in individual cells. CRISPR—Cas9 edit-
ing the H70R hERG1a variant into hiPSC-CMs was recently associated with
an altered ratio of hERG1a to hERG1b protein expression.** We found no
significant changes in the relative membrane expression of hERG1a and
hERG1b protein between WT sham and hERG R56Q cell lysates. While
this suggests no effect of the variant in broad terms, these data do not re-
port the relative expression in each individual cell. Another possibility is
that there is variable compensation from other ion currents that is depend-
ent on relative channel expression in different cells. For example, the bal-
ance of I, with other ion currents, such as I, is known to influence the
impact of I, modification on APDgg and its variance,*® and this may be a
factor that varies on a cell-to-cell basis. The lack of observed correlation
between the PRRP and the MDP in R56Q cells suggests that altered so-
dium channel availability may not be responsible for the variance in pheno-
type in these cells. We hypothesize that cells with a low ERP/APDyg ratio
may be more susceptible to encroachment due to reduced protection,
while cells with a high ERP/APDyg ratio may be more resilient to this effect.
Interestingly, a previous study using patient-derived LQTS3 iPSC-CMs dis-
covered variability in the APD phenotype in different hiPSC-CM cell
types.47 In a subsequent in silico study, Paci et al.*® established that the re-
polarization reserve served as a key determinant of the heterogenous
APD, which is in turn determined by differences in ionic current expression
in hiPSC-CMs. Further studies of relative ion channel expression in individ-
ual cells and/or experiments in multicellular preparations or in silico may
further understanding on the underlying substrate.

RPR260243 enhances the post-repolarization refractory period and de-
creases the heterogeneity of excitability in the hERG R56Q variant, result-
ing in reduced ectopic activity and more stable rate transitions during
abrupt cycle length changes. By prolonging the PRRP without the proar-
rhythmogenic risk of shortening the APDgyg often observed with hERG ac-
tivators, RPR260243 may offer safer protective action. Thus, targeting
hERG channel deactivation may be an attractive mechanism to afford pro-
tection in variants that cause accelerated deactivation gating, or in pharma-
cologically rescued trafficking-deficient variants that exhibit fast
deactivation. Studies that improve understanding of the molecular mechan-
ism of action of RPR260243,*’ combined with those that evaluate the po-
tential for RPR260243-induced rescue of different variants, and the effects
of variant location and mechanism of dysfunction will be of significant
benefit.

5. Limitations

There are several limitations to these studies to be considered. First, our
experiments were performed on functionally immature cardiomyocytes
with ion channel expression that differs from that of adult cardiomyo-
cytes® In particular, the low expression or lack of Iy in immature
hiPSC-CMs>° resullts in a relatively depolarized diastolic membrane poten-
tial and subsequent pre-inactivation of Iy,. This, combined with the slow
recovery kinetics of l,,”' may affect refractory and restitution characteris-
tics.>®> However, our hERG R56Q cells had a reasonably hyperpolarized
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maximum diastolic depolarization that was similar to our WT sham cells,
and therefore, this is unlikely to explain the differences that we observed
in the variant, or the effects of RPR260243. Secondly, despite the study
being suitably powered to detect a 20% difference in APDgg (that may
be considered clinically relevant) between WT sham and hERG R56Q cells
during steady-state pacing with 95% confidence, the relatively low sample
size of our study means that we cannot rule out the possibility that there is
a small, but significant difference of uncertain clinical relevance in the mean
APDgq between the WT and R56Q. Lastly, differentiation of hiPSC-CMs
produces a heterogeneous population of cardiomyocytes.>® To mitigate
some of this heterogeneity, we used standardized kit-based approaches,
and our study of single cells allowed us to select specifically for ventricular
cells. This approach produced APD characteristics with relatively low vari-
ability in WT sham cells even during complex stimulation paradigms, which
demonstrate low differentiation-induced cell-to-cell heterogeneity.
Further studies, for example with a multi-electrode array, optical mapping,
or sharp electrodes to explore and test our findings in electrically coupled
multicellular monolayer or three-dimensional cardioid preparations will be
valuable future directions.
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Translational perspective

Inherited long QT syndrome is a cardiac repolarization disorder that predisposes cardiac arrhythmias. Evaluation of the pathogenicity of individual
genetic variants can be challenging to determine, especially when the QTc is borderline or normal. Using a hERG channel variant that is associated
with sudden death, but that does not appreciably delay repolarization, we identify a novel mechanism for variant-induced electrical instability and ar-
rhythmia. We also show that a targeted hERG activator molecule reduces arrhythmia risk without over-correction and the associated risk of early
repolarization. Our studies highlight the potential for improved risk stratification and targeted enhancement of hERG variant function.
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