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ORIGINAL RESEARCH ARTICLE

CAVIN1-Mediated hERG Dynamics: A Novel
Mechanism Underlying the Interindividual
Variability in Drug-Induced Long QT

Zeina R. Al Sayed®, PhD; Céline Pereira, MSC; Rémi Le Borgne(®, MSC; Christine Viaris de Lesegno®, PhD;
Charlene Jouve®, MSC; Esthel Pénard®, MSC; Adeline Mallet®, PhD; Nihar Masurkar, PhD; Gildas Loussouarn, PhD;
Jean-Marc Verbavatz, PhD; Christophe Lamaze, PharmD-PhD; David-Alexandre Trégouét®, PhD; Jean-Sébastien Hulot(, MD-PhD

BACKGROUND: Drug-induced QT prolongation (diLQT) is a feared side effect that could expose susceptible individuals to
fatal arrhythmias. The occurrence of diLQT is primarily attributed to unintended drug interactions with cardiac ion channels,
notably the hERG (human ether-a-go-go-related gene) channels that generate the delayed-rectifier potassium current (I, )
and thereby regulate the late repolarization phase. There is an important interindividual susceptibility to develop diLQT,
which is of unknown origin but can be reproduced in patient-specific induced pluripotent stem cell-derived cardiomyocytes

(iPS-CMs). We aimed to investigate the dynamics of hERG channels in response to sotalol and

entify regulators of the
susceptibility to developing diLQT. Americdn

eart
Association.
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METHODS: We measured electrophysiological activity and cellular distribution of hERG channels after hERG blocker treatment
in iPS-CMs derived from patients with highest sensitivity (HS) or lowest sensitivity (LS) to sotalol administration in vivo (ie, on
the basis of the measure of the maximal change in QT interval 8 hours after administration). Specific small interfering RNAs
and CAVIN1-T2A-GFP adenovirus were used to manipulate CAVINT expression.

RESULTS: Whereas HS and LS iPS-CMs showed similar electrophysiological characteristics at baseline, the late repolarization
phase was prolonged and |, significantly decreased after exposure of HS iPS-CMs to low sotalol concentrations. |,
reduction was caused by a rapid translocation of hRERG channel from the membrane to the cytoskeleton-associated fractions
upon sotalol application. CAVIN1, essential for caveolae biogenesis, was 2x more highly expressed in HS iPS-CMs, and
its knockdown by small interfering RNA reduced their sensitivity to sotalol. CAVINT overexpression in LS iPS-CMs using
adenovirus showed reciprocal effects. We found that treatment with sotalol promoted translocation of the hERG channel
from the plasma membrane to the cytoskeleton fractions in a process dependent on CAVIN1 (caveolae associated protein
1) expression. CAVINT silencing reduced the number of caveolae at the membrane and abrogated the translocation of hERG
channel in sotalol-treated HS iPS-CMs. CAVIN1 also controlled cardiomyocyte responses to other hERG blockers, such as
E4031, vandetanib, and clarithromycin.

CONCLUSIONS: Our study identifies unbridled turnover of the potassium channel hERG as a mechanism supporting the
interindividual susceptibility underlying diLQT development and demonstrates how this phenomenon is finely tuned by
CAVINT.

Key Words: caveolae m myocytes, cardiac ® sensitivity and specificity

dictable and remains largely unexplained. Whereas  with cardiac or noncardiac medications experience

Interindividual variability in drug response is unpre-  in terms of efficacy and safety, some patients treated
most patients develop an appropriate drug response  adverse side effects that can be life-threatening. The
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CAVINT and Drug-Induced Long QT

Clinical Perspective

What Is New?

* The interindividual susceptibility underlying drug-
induced QT prolongation development involves
unbridled turnover of cardiac ion channels from the
plasma membrane.

* This phenomenon is finely tuned by CAVIN1 (cave-
olae associated protein 1), a protein that is essen-
tial for caveolae biogenesis.

+ Treatment with hERG (human ether-a-go-go-
related gene) blocker promoted translocation of
the hERG channel from the plasma membrane to
the cytoskeleton-associated fractions in a process
dependent on CAVIN1 expression.

What Are the Clinical Implications?

* Whereas congenital long QT syndrome arises pri-
marily from a genetic origin, the development of
drug-induced long QT syndrome involves differ-
ences in the trafficking machinery of cardiac ion
channels.

* The prediction of CAVIN1 expression levels could
help prevent drug-induced cardiotoxicity.

development of drug-induced QT prolongation (diLQT)
and consequent fatal arrhythmias (ie, torsade de pointes)
in some patients is one of the most striking examples
of cardiotoxicity." The occurrence of diLQT is primarily
related to drug interactions with cardiac ion channels,
notably the hERG (human ether-a-go-go-related gene)
channels that regulate the late repolarization phase
through the rapid component of the cardiac delayed-
rectifier potassium current (IKr). This channel constitutes
a common unintended target of drugs from almost every
therapeutic class, including antiarrhythmic, antipsychotic,
antibiotic, antihistamine, and anticancer agents."? Why
some patients are more susceptible than others and dis-
play excessive inhibition of hERG channels in response
to the same pharmacological stimulation is unclear?

Because sequence variations in KCNHZ2 (the gene
encoding hERG) are detected in patients with congeni-
tal long QT syndrome (LQTS), the existence of genetic
determinism to diLQT has been proposed.*” However,
genome-wide screening studies in large cohorts of
patients with diLQT have globally ruled out the essen-
tial contribution of variants of KCNHZ2 or other genes
involved in congenital LOTS.8°

We and others previously reported that the predilec-
tion to diLQT as observed in vivo could be reproduced
in vitro using induced pluripotent stem cell-derived car-
diomyocytes (iPS-CMs)."%!" These studies suggest the
in vitro reproduction of a peculiar mechanism that sup-
ports the interindividual variability in the susceptibility
to develop diLQT. Here, we exploited iPS-CMs derived
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Nonstandard Abbreviations and Acronyms

AP action potential

APD action potential duration

BSA bovine serum albumin

CAV1 caveolin-1

CAV3 caveolin-3

CAVIN1 caveolae associated protein 1
diLQT drug-induced QT prolongation
DMSO dimethyl sulfoxide

FP field potential

FDP field potential duration

hERG human ether-a-go-go-related gene

HS high sensitivity

IKr delayed-rectifier potassium current

iPSC induced pluripotent stem cell

iPS-CMs induced pluripotent stem cell-derived
cardiomyocytes

iQTEST  Selections of Subjects With Important

Changes in Their Cardiac Repolarization
Parameters for the Procurement of Skin
and Blood Samples

LS low sensitivity

LQTS long QT syndrome

MBCD methyl-B-cyclodextrin

MEA multielectrode array

RPMI Roswell Park Memorial Institute
siRNA small interfering RNA

from-individuals with-differential sensitivity to sotalol,'® a
class Il antiarrhythmic drug and an unintentional hERG
blocker, to investigate'any common molecular mecha-
nism promoting high sensitivity to hERG blockers. By
comparing the transcriptomic profiles of iPS-CMs for
individuals with extreme response to sotalol, we previ-
ously identified b differentially expressed genes (CAMKYV,
DLG2, KCNE4, HTR2C, and CAVINT) that were mainly
related to the regulation of cardiac repolarization.’® Our
data demonstrate that CAVINT, an essential gene for
caveolae biogenesis, mediates diLQT. High expression
levels of this gene drove hERG translocation between
the plasma membrane and the cytoskeleton upon drug
exposure, leading to I, reduction and the consequent
prolongation in the repolarization phase in iPS-CMs
derived from individuals presenting with sotalol-induced
LATS.

METHODS

Details on the procedures are provided in the Supplemental
Material. The data and material that support the findings of this
study are available from the corresponding author upon rea-
sonable request.
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Induced Pluripotent Stem Cell Maintenance in

Cultures

Skin biopsies from 10 individuals with the highest QT inter-
val prolongation (high sensitivity [HS]) and 10 individuals with
the lowest change in QT (low sensitivity [LS]) after sotalol
administration were reprogrammed into induced pluripotent
stem cells (iPSCs), as previously reported.’® The protocol was
approved by the local institutional ethics committee (CPP
lle de France XI institutional review board number 11-015;
iIQTEST [Selections of Subjects With Important Changes in
Their Cardiac Repolarization Parameters for the Procurement
of Skin and Blood Samples]; URL: https://www.clinicaltrials.
gov; Unique identifier: NCT01338441), and all participants
gave written informed consent for participation in the study.
We selected 3 cell lines for HS and 3 cell lines for LS groups
that showed concordant in vivo and in vitro response to sotalol
and with respect to sex (2 women and 1 man in each group).'
iPSCs were expanded on stem cell-qualified Matrigel-coated
(Corning) plates with mTeSR1 (StemCell Technologies). At
80% confluency, cells were passaged using ReLeSR passag-
ing reagent (StemCell Technologies).

Differentiation of iPSCs Into Cardiomyocytes

At 90% confluency, iPSCs were placed in Roswell Park
Memorial Institute (RPMI)—1640 medium (Life Technologies)
supplemented with B27 without insulin (Life Technologies) and
6 pM CHIR-99021 (Abcam). After 48 hours, the medium was
changed to RPMI-1640-B27 without insulin. The following day,
the medium was replaced with RPMI-1640-B27 without insu-
lin supplemented with 5 pM IWR-1 (Sigma). By day 5, cells
were cultured in RPMI-1640-B27 without insulin and then
switched into RPMI1640-B27 with insulin after 48 hours. On
day 11, beating iPS-CMs were subjected to glucose starvation
in RPMI-1640-B27 without glucose (Life Technologies) for
3 days. Cells were then dissociated using 0.05% trypsin (Life
Technologies) for 5 minutes and seeded at a 1.2x10% cells/
well density. The following day, the-medium was switched to
RPMI-B27 with insulin for 24 hours, after which the cells were
subjected to a second round of glucose starvation for 3 days.
By day 18, cells were cultured in RPMI1640-B27 with insulin
and the medium was changed every 2 days. All experiments
were performed around day 30 of differentiation.

Immunofluorescence

iPSCs and iPS-CMs at day 30 of differentiation were plated on
Matrigel-coated coverslips. Cells were then fixed in 4% para-
formaldehyde for 15 minutes, permeabilized with Triton X-100,
blocked with 2% bovine serum albumin (BSA), and incubated
overnight with appropriate primary antibodies (Table S1). The
cells were then probed with appropriate conjugated secondary
antibodies and stained with DAPI. Immunostaining was exam-
ined using a Leica SPE confocal system.

For CAVIN1 (caveolae associated protein 1)/CAV1
(caveolin-1) immunostaining, cells were permeabilized and
blocked with 0.05% saponin in 0.2% BSA in phosphate-
buffered saline for 20 minutes. Coverslips were incubated on
30-pL droplets of primary antibodies (Table S1) in saponin/
BSA for 45 minutes. After 3 washes in saponin/BSA, cover-
slips were incubated on 30-uL droplets of secondary antibodies

Circulation. 2024;149:00—00. DOI: 10.1161/CIRCULATIONAHA.123.063917
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in saponin/BSA for 30 minutes. Coverslips were mounted
in Fluoromount-G with DAPI (Thermo Fisher). Pictures were
acquired with a Nikon A1R confocal microscope equipped
with a CFI Plan Lambda S 40x NA 1.25 silicone immersion
objective with a resonant scanner. Pictures were processed
with Denoise.ai and 3D deconvolution plugins in NIS Elements
software (Nikon). Analysis was performed on ImageJ software
(National Institutes of Health).

Electrophysiological Assessment

Field Potential Recording

Field potential (FP) recording was conducted using 6-well mul-
tielectrode array (MEA) arrays (60-6 well MEA 200/30 iR-Ti-
rcr; Multichannel Systems) or 1-well MEA arrays (MEA 200/30
iR-Ti-rcr; Multichannel Systems). Four days before recording,
iPS-CMs were dissociated using Enzyme T (Miltenyi Biotec) for
10 minutes at 37 °C, and seeded on the electrode array coated
with Matrigel at a density of 200000 cells/3 pL medium. After
4 hours, RPMI-1640-B27 insulin medium was added to the
system. The medium was changed every other day. Each drug
(sotalol [Selleckchem], E4031 [StressMarq], clarithromycin
[Selleckchem], and vandetanib [Selleckchem]) was prepared at
different concentrations in RPMI medium supplemented with
B27 and insulin and directly addej&{koells during recording
at 37 °C. Methyl-B-cyclodextrin (M@T}bxg‘ﬁimma) and Dynasore
(Sigma) were added respectively 15 minutes and 60 min-
utes before the recordings and pharmacological stimulations.
FP was recorded using Cardio 2D software (Multichannel
Systems) for 8 minutes for-each condition preceded by 3 min-
utes of stabilization after drug treatment. Raw MEA data were
analyzed using Cardio 2D+ (Multichannel Systems). FP values
were averaged from 2 minute recordings by the software. Field
potential duration (FPD) was then determined and normalized
to peak-to-peak duration using the Frederica formula, as fol-
lows: FPDc = FPD/W(peak—to-peak duration).

Patch Clamp

On days 21 to 24 of differentiation, iPS-CMs were dispersed as
single cells using Enzyme T (Miltenyi Biotec) for 10 minutes at
37 °C and plated at 60000 cells/35-mm Petri dish. After 10 to
14 days from seeding, patch-clamp recordings were performed
using an Axopatch 200B amplifier controlled by Axon pClamp 11
software through an A/D converter (Digidata 1440B). All record-
ings were conducted at 37 °C. In current clamp, stimulation was
performed using custom-made software running on RT-Linux and
an A/D converter (National Instrument PCI-6221) connected to
the current command of the amplifier.'? Data were collected from
at least 3 independent differentiations from each group and ana-
lyzed using Clampfit 11 software (Molecular Devices).

Current Clamp

Action potential (AP) was acquired in a perforated-patch con-
figuration using 0.22 mM amphotericin-B (Sigma). Cells were
constantly perfused using Tyrode solution containing 140
mM sodium chloride (NaCl), 4 mM potassium chloride (KCI),
1 mM calcium chloride (CaCl,), 0.5 mM magnesium chloride
(MgCl,), 10 glucose, and 10 mM HEPES (pH 7.4 adjusted
with sodium hydroxide [NaOH]). Patch pipettes (tip resis-
tance 3—-5 MQ) were filled with a solution containing 125 mM
K-gluconate, 20 mM KCl, 5 mM NaCl, 5 mM HEPES (pH 7.2
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adjusted with potassium hydroxide [KOH]), and amphotericin
B. After 2 minutes of spontaneous AP recording, cells were
paced with 1 ms 30 to 50 pA/pF stimulation pulse at 500 and
700 ms of cycle length. AP classification into ventricular type
was determined from the evaluation of the ratio (AP duration
[APD30]-APD40)/(APD70—APD80)>1.45, which reflects
the presence of a plateau phase. Seven consecutive APs were
superposed and averaged. Sotalol solubilized in dimethyl sulf-
oxide (DMSO) was used at 30-, 50-, and 100-uM concentra-
tions in a solution containing 140 mM NaCl, 4 mM KCI, 1 mM
CaCl, 0.5 mM MgCl,, 30 mM mannitol, and 10 mM HEPES
(pH 7.4 adjusted with NaOH).

1, Recordings in iPS-CMs

I, recordings were performed in the ruptured whole-cell con-
figuration. Voltage clamp protocols are depicted in the cor-
responding figures. Borosilicate pipettes with 3 to 4 MQ tip
resistance were used for recordings at 1 KHz low-pass filter
and filled with a solution containing 140 mM KCI, 5 mM EGTA,
4 mM MgATP, 1 mM HEPES, and 1 mM MgCl,. Current densi-
ties were calculated by dividing the current value by membrane
capacitance (Cm). A steady-state activation curve was fitted
using Boltzmann equation.

Reverse Transcription Quantitative Polymerase
Chain Reaction

Total RNA was isolated using NucleoSpin RNA kit (Macherey-
Nagel) and reverse transcribed using SuperScript IV VILO Master
Mix (Thermo Fisher Scientific). Quantitative polymerase chain
reaction was carried out with SYBR Select Master Mix (Applied
Biosystems) using the primers listed in Table S2:-Gene expres-
sion was determined according to the A A Ct method after nor-
malization to the expression of the housekeeping RPL32 gene.

Protein Extraction

Total Protein Lysate

Total protein was extracted using a lysis buffer contain-
ing 1% TritonX-100; 100 mM NaCl, 50 mM Tris-HCI, 1
mM EGTA, and 1 mM sodium orthovanadate (Na,VO,);
50 sodium fluoride (NaF); phosphatase inhibitor cocktails
2 and 3 (P0044 and P5726; Sigma-Aldrich); and a prote-
ase inhibitors cocktail (P8340; Sigma-Aldrich). Extracted
samples were sonicated and centrifuged at 15000xg for
156 minutes at 4 °C. Protein quantification was performed
using Pierce BCA Protein Assay Kit (Thermo Fisher).

Cell Fraction Isolation

Proteins from the cytoplasm, membrane, nucleus, and
cytoskeleton compartments were isolated from at least
5 million cells per condition using Qproteome Cell Com-
partment Kit (Qiagen), as per manufacturer instructions.
Extracted proteins were precipitated using acetone,
solubilized in the lysis buffer mentioned previously, and
quantified using Pierce BCA Protein Assay Kit (Thermo
Fisher). Fractioning was validated by revealing a specific
protein from each cell compartment.

Viral Infection
On days 21 to 23 of differentiation, cardiomyocytes
were infected with an adenovirus carrying cytomegalo-
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virus promoter driving CAVIN1 (plus a T2A separating
EGFP [VB190717-1058jag]) and adenovirus carrying
cytomegalovirus driving GFP (VB150925-10024) only
as a control (Vector Builder) at a multiplicity of infection
of 50 overnight. The medium was replaced with fresh
RPMI-1640-B27 with insulin supplemented with 5%
fetal bovine serum. Seven days after the infection, iPS-
CMs were used for experiments.

CAVINT Silencing

Small interfering RNA (siRNA) targeting CAVINT
(siCAVINT1; s49507), nontargeting siRNA (siNeg;
4390843), and GAPDH silencer (siGAPDH; 4390849)
were purchased from Thermo Fisher Scientific. GAPDH
siRNA was used to determine the optimal siRNA quan-
tity that allowed maximum knockdown, and 200 nM siR-
NA was sufficient to induce 70% reduction in the RNA
expression of GAPDH and was used for the following
transfection. On day 24 to 25 of differentiation, transfec-
tion with either siCAVIN1 or siNeg was performed using
Lipofectamine RNAIMAX Transfection Reagent (Thermo
Fisher Scientific) as per manufacturer instructions. Cells
were used after 5 days of transfection.

Statistical Analysis 'ﬁt ) o

The number of samples and re51|catsé°csmﬂnsed in each ex-
periment are recorded in the text and figure legends.
Results are expressed as meantSEM. Two-group com-
parisons were made using nested ttests, and more than
2-group comparisons were performed using mixed ef-
fect models. F<0.05 was considered statistically signifi-
cant. Statistical analyses were performed with GraphPad
Prism software (version 10).

RESULTS

Patient-Specific iPS-CMs Recapitulate
Interindividual Variability in Sotalol Sensitivity

We used 6 lines from our previously developed library
of patient-specific iPSCs,"® 3 of them (2 female and
1 male) derived from individuals with the highest sen-
sitivity (HS) and 3 (2 female and 1 male) with lowest
sensitivity (LS) to sotalol (ie, based on the measure of
the maximal change in QT interval 3 hours after sotalol
administration). Expression of pluripotency markers was
validated in all clones (Figure S1A and S1B), and car-
diac differentiation efficiency was assessed by immu-
nostaining for cardiac markers (troponin T and a-actinin;
Figure S1C) and flow cytometry. Results revealed an av-
erage of 98.9% troponin T—positive cells in both groups
(Figure S1D). A predominance of the ventricular-like
type (=85%) was observed after analyzing action poten-
tial recordings (Figure STE). The ratio of the ventricu-
lar (MYL2) and atrial (MYL7) myosin light chain RNA
expression was similar between HS and LS iPS-CMs
(Figure S1F).

Circulation. 2024;149:00-00. DOI: 10.1161/CIRCULATIONAHA.123.063917
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We then compared the electrophysiological measures
of HS and LS iPS-CMs (n=3 different clones for each
group) using the patch-clamp technique at the single-
cell level and MEA recordings at the tissue level. These
iPS-CMs reproduced the clinical phenotype of patients
as they exhibited similar electrophysiological measures
at baseline and more pronounced prolongation of the
repolarization durations in response to sotalol in HS
iPS-CMs (Figure 1A through 1F; Figure S2; Table S3).
APD9O0 and APD50 were significantly higher in HS than
in LS iPS-CMs at 30- and 50-uM sotalol concentrations
(Figure 1D; Figure S2C; Table S3). These results were
reproduced at the tissue level (Figures 1G; Table S3).
Whereas the late phase of repolarization was affected,
30- and 50-uM sotalol changed neither the early stage
of repolarization (APD30; Figure 1C) nor the resting
membrane potential (Figure 1B) or the depolarization
phase (velocity, amplitude, and overshoot; Figure 1E and
1F; Figure S2D; Table S3). This observation revealed a
principal effect of sotalol on late repolarization currents
in iPS-CMs derived from patients with high sensitivity to
sotalol in vivo.

Sotalol Application Changes hERG Distribution
Within HS iPS-CMs

The expression levels of KCNHZ2 and other central
ion channel genes (KCNQ1, SCN5A, CACANTC, and
KCNE?2) implicated in congenital LOTS were not differ-
ent between HS and LS iPS-CMs (Figure 2A; Figure
S3A). At the protein level, the mature glycosylated hERG
(molecular weight 150 KDa) expressed at the plasma
membrane and; the ' nonglycosylatedform(molecular
weight 135 KDa) were similarly expressed between-both
groups (Figure 2B). At the ‘functional level, the density
and activation properties of |, , which is the current gen-
erated by hERG channels, were not different between
HS and LS iPS-CMs before any pharmacological stimu-
lation (Figure 2C; Figure S3B through S3E). However, |,
maximum tail current density was significantly and pro-
foundly decreased in HS iPS-CMs after treatment with
50 pM sotalol but remained unchanged in LS iPS-CMs
(Figure 2C). Overall, these results indicate a peculiar re-
activity of hERG channels in HS iPS-CMs to sotalol. This
phenomenon was consistent with a decrease in |, that
correlates with the higher prolongation of repolarization
after sotalol intake, as observed in patients with a predis-
position to diLQT.

Total hERG (glycosylated and nonglycosylated) lev-
els were unaffected by sotalol treatment (Figure S4A
through S4D). To test whether the decrease in l is
associated with altered hERG expression trafficking,
we traced hERG distribution in different cellular frac-
tions (Figure S4E) in HS and LS iPS-CMs treated with
vehicle (DMSO) or sotalol. hERG expression was sig-
nificantly lower in the cell membranes but increased in

Circulation. 2024;149:00—00. DOI: 10.1161/CIRCULATIONAHA.123.063917
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Figure 1. High-sensitivity, but not low-sensitivity, induced
pluripotent stem cell-derived cardiomyocytes exhibit a
prolongation in the late repolarization phase after sotalol
application.

A, Aligned action potentials comparing the baseline with 30- and 50-
UM sotalol treatments in-the low-sensitivity (LS) and high-sensitivity
(HS) induced pluripotent stem cell-derived cardiomyocytes (iPS-
CMs). B, Membrane diastolic potential (MDP) measured at baseline
(0) and after sotalol application (30 and 50 puM) in LS and HS
iPS-CMs. C, Box whisker blot of action potential duration (APD) at
30% repolarization (early phase) analyzed from LS and HS iPS-CMs
paced at 1.5 Hz before and after applying 30 and 50 pM sotalol. D,
Box whisker blot of APD at 90% repolarization (late phase) analyzed
from LS and HS iPS-CMs paced at 1.5 Hz treated or not with 30
and 50 pM sotalol. *A<0.05 and “*A<0.01 vs LS iPS-CMs (mixed
effect models). E, Maximum upstroke velocity dv/dt__ calculated in
LS and HS iPS-CMs paced at 1.5 Hz after treatment with different
concentrations of sotalol. F, Upstroke amplitude analyzed from the
action potential recorded in HS and LS iPS-CMs treated with different
concentrations of sotalol and paced at 1.5 Hz. G, Left, Aligned field
potentials showing the effect of different concentrations of sotalol on
LS and HS iPS-CMs. Right, Percentage of normalized corrected field
potential duration (FPDc) change vs baseline after the application of
sotalol. *R<0.05 vs LS iPS-CMs (mixed effect models).

the cytoskeleton-associated fractions of HS iPS-CMs
in response to sotalol treatment (Figure 2D and 2E); no
significant change in hERG expression was detected in
the cytoplasmic fraction (Figure S4F). In contrast, the
subcellular expression of hERG was unchanged in all cel-
lular compartments of LS iPS-CMs after sotalol treatment
(Figure 2D and 2E). Considering the intact hERG levels in
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Figure 2. Changes in the repolarization phase of high-sensitivity induced pluripotent stem cell-derived cardiomyocytes after
sotalol application are attributable to different hERG distribution within the cell.

A, KCNH2 mRNA expression level at day 30 of differentiation measured by SYBR green in low-sensitivity (LS) and high-sensitivity (HS) induced
pluripotent stem cell-derived cardiomyocytes (iPS-CMs; 10 LS and 10 HS from the complete iPSC library of the iQ{ESImsegggy [Selections of
Subjects With Important Changes in Their Cardiac Repolarization Parameters for the Procurement of Skin and Bloﬁé&éﬁiﬁ[esj,ﬂo 2-4 replicates
per line). Cts were normalized to RPL32 and the ratio vs LS (27* ) was then calculated. B, Representative immunoblot of hERG (human
ether-a-go-go-related gene) encoded by KCNHZ2 from the total protein lysate at day 30 of differentiation of 3 different clones of LS and HS
iPS-CMs and the ratio of membranous hERG of 150 KDa and cytosolic immature hERG of 135 KDa expression normalized to GAPDH (n=3
lines per group with 3 replicates per line, mixed effects model). C, Top, Superimposed traces for delayed-rectifier potassium current (I, ) before
(black) and after (colored) the application of 80 and 50 pM sotalol in LS and HS iPS-CMs (from 1 cell line in each group); bottom: maximum

tail I, density without or with application of different concentrations of sotalol. *P<0.05 vs before sotalol application (tested within each group
respectively, mixed effect models). D, Representative immunoblot of hERG expression in different LS and HS iPS-CM fractions treated with
either 0.1% DMSO or 50 pM sotalol for 10 minutes. TERC (transferrin receptor) and vimentin were used to normalize the plasma membrane and
cytoskeleton-associated fraction, respectively. E, Ratio of hRERG (150 KDa) expression after treatment with 50 uM sotalol vs DMSO in LS and HS
iPS-CMs. *F<0.05 and ***<0.0001 vs LS iPS-CMs, respectively (n=3 lines per group with 1-2 replicates per line, mixed effects model).

the cytoplasmic fraction, we decided to exclude this frac-
tion from further investigations. Overall, our results are in
line with the original mechanism where higher susceptibil-
ity to develop abnormal cardiac repolarization in response
to an offending drug is supported by the drug-induced
translocation of targeted channels from the membrane to
the cytoskeleton-associated fractions.

CAVIN1 Expression Level Determines
Sensitivity to Sotalol

Among the 5 differentially expressed genes (CAMKV,
DLG2, KCNE4, HTR2C, and CAVINT) previously iden-
tified,’® we confirmed the higher mRNA expression of
CAVINT in HS than in LS iPS-CMs (Figure 3A); however,
no significant differences in the expression of other can-
didates were found (Figure Sb). The protein expression
of CAVIN1 (also called PTRF) was also 2-fold higher in
HS iPS-CMs than in LS iPS-CMs (Figure 3B). In line
with our electrophysiological observations, CAVIN1 ap-
peared as an appealing candidate previously reported to
be required for the biogenesis of caveolae, a type of cell

6 XXX xxx, 2024

membrane structure containing cardiac ion channels.'®
Immunostaining analyses confirmed the expression of
CAVIN1 in a-actinin—positive iPS-CMs (Figure 3C). The
expression of CAVINT1 at the plasma membrane was
found to colocalize with that of CAV1 (Figure 3C), indi-
cating the presence of bona fide caveolae in our iPS-
CMS.

To further investigate the role of CAVINT1 in the repo-
larization response to sotalol, we performed experi-
ments that reversed CAVINT expression in HS and LS
groups. First, we overexpressed CAVINT in LS iPS-
CMs using an adenovirus harboring CAVINT. Seven
days after infection, the protein expression of CAVIN1
increased by =10-fold compared with that in LS iPS-
CMs infected with the control GFP adenovirus (Figure
S6A). MEA recordings showed a significant change in
the response of LS iPS-CMs overexpressing CAVIN1
to sotalol. Sotalol application induced a significant pro-
longation in the repolarization duration compared with
controls (Figure 3D), thus mimicking the effect observed
in HS iPS-CMs (Figure 1G). The beating rate changed
at 100-uM sotalol concentrations (Figure S6B). Then,

Circulation. 2024;149:00-00. DOI: 10.1161/CIRCULATIONAHA.123.063917
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Figure 3. Modulation of CAVIN1 expression in high-sensitivity and low-sensitivity induced pluripotent stem cell-derived
cardiomyocytes is sufficient to reverse the changes in the repolarization duration in response to sotalol.

A, Comparison of CAVINT mRNA expression level between low-sensitivity (LS) and high-sensitivity (HS) induced pluripotent stem cell~derived
cardiomyocytes (iPS-CMs). Cts were normalized to RPL32 and the ratio vs LS (27* %) was then calculated. *P<0.05 vs LS iPS-CMs (nested
ttest). B, Top, Representative immunoblot illustrating CAVIN1 (caveolae associated protein 1) expression in LS and HS iPS-CMs originating
from 2 different lines; bottom: expression level of CAVINT in total protein lysate extracted from LS and HS iPS-CMs normalized to GAPDH (n=3
lines per group with 2-3 replicates per line). *F<0.01 vs LS iPS-CMs (nested ttest). C, Representative confocal images for immunostainings

of CAVINT (red), CAV1 (caveolin-1; green), and the cardiac marker a-actinin (cyan) in HS iPS-CMs. Nuclei are stained in blue using DAPI.
Insert in the merge image shows the colocalization of CAVIN1 and CAV1 at the plasma membrane in iPS-CMs. D, Left, Representative aligned
field potential recorded from LS iPS-CMs infected with either GFP or CAVIN1 adenovirus before and after applying different concentrations of
sotalol. Right, Percentage of change compared with baseline of corrected field potential duration (FPDc) measured in LS iPS-CMs infected with
either GFP (green) or CAVIN1-T2A-GFP adenovirus (red) in response to increasing concentrations of sotalol. FPDc values from noninfected LS
iPS-CMs are presented in gray. *P<0.05 and **F<0.01 vs GFP-infected LS iPS-CMs, respectively (mixed effect models). E, Left, Superimposed
field potential recorded from HS iPS-CMs 5 days after the transfection with either siNeg or siCAVIN1 before and after application of increasing
concentrations of sotalol; right: percentage of change compared with baseline FPDc measured in HS iPS-CMs transfected with siNeg or
siCAVIN1. FPDc values from nontransfected HS iPS-CMs are plotted in pink. *“F<0.01 vs siNeg-transfected HS iPS-CMs, respectively (mixed

effect models).

we knocked down CAVINT expression in HS iPS-CMs
after verifying 200 nM of siRNA as the optimal quan-
tity to induce maximal RNA reduction (Figure S6C). Five
days after CAVINT-siRNA transfection, CAVIN1 expres-
sion decreased by 84% at the RNA level (Figure S6D)
and 62% at the protein level (Figure SGE). This reduc-
tion in the CAVIN1 expression in HS iPS-CMs changed
their reaction to sotalol, as evident from a significantly

Circulation. 2024;149:00—00. DOI: 10.1161/CIRCULATIONAHA.123.063917

lower reactivity to 30-, 50-, and 100-uM concentrations
of sotalol (Figure 3E) without any change in the beat-
ing rate as compared with siNeg-transfected cells (Fig-
ure S6F). Hence, CAVIN1 expression modulation was
sufficient to strongly reverse the specific phenotypes
observed in our patient-specific iPSC library, indicating
CAVIN1 as a significant driver of individual susceptibility
to the drug response.
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Depletion of Caveolae Limits the Effect of
CAVIN1 on Sotalol Sensitivity

To further address the involvement of caveolae, we first
visualized the presence of caveolae at the plasma mem-
brane of iPS-CMs using transmission electron micros-
copy (Figure S7A and S7B). In line with the central role
of CAVINT in caveolae biogenesis,'* we observed that
the caveolae density at the plasma membrane of HS
iPS-CMs was significantly decreased after treatment
with CAVIN1 siRNA compared with control (Figure 4A).
In concordance, the expression of CAV3 (caveolin-3)
was increased in LS iPS-CMs overexpressing CAVIN1
(Figure S7C). The presence of CAV1, another essential
element in caveolae biogenesis besides CAVINT, was
detected in the cytoskeleton-associated fraction of iPS-
CMs (Figure 4B), consistent with the role of the cytoskel-
eton in caveolae distribution at the plasma membrane.’™
CAV1 expression increased in LS iPS-CMs infected with
CAVINT compared with that in controls (Figure 4B),
thereby confirming the relationship between CAVINT ex-
pression and caveolae formation in iPS-CMs. Contrary to
CAVIN1, CAV1 and CAVS3 transcript levels were similar
between LS and HS iPS CMs at baseline (Figure S7D).

To evaluate the presence of hERG channels in
caveolae, we then treated cells with MBCD, a deter-
gent that removes cholesterol from the membrane
and, thus, removes caveolae. The application of 1 mM
MBCD significantly prolonged the repolarization phase
before any pharmaceutical stimulation, indicative of the
elimination of a repolarizing channel from caveolae by
MBCD (Figure 4C). To assess whether this channel is
hERG, we isolated proteins from different cellular com-
partments after treatment with either 5 mM MBCD or
vehicle (water). Immunoblots: revealed the decrease in
hERG expression in the membranous fraction and its
accumulation in the cytoskeleton-associated fractions
after MBCD (Figure 4D). Thus, the localization of hERG
depends on the distribution of cholesterol-enriched
fractions. The sensitivity to sotalol was also significantly
affected by the removal of caveolae by MBCD. Treat-
ment of HS iPS-CMs with 1 mM MBCD for 15 min-
utes strongly reduced the prolongation of repolarization
duration upon sotalol application (Figure 4E). MBCD-
mediated caveolae disruption in LS iPS-CMs overex-
pressing CAVINT significantly limited the prolongation
in FPDc at different sotalol concentrations (Figure S8).
We further assessed the dependence of the process on
active endocytosis by using Dynasore, a molecule that
blocks dynamin, the protein responsible for caveolar
scission from the plasma membrane.'® Treating the HS
iPS-CM with 50 pM Dynasore for 1 hour before electro-
physiological recordings led to a nonsignificant reduc-
tion of the exacerbated response of the HS iPS-CMs
to sotalol, to a level similar to the one observed with LS
iPS-CMs (Figure 4F). Overall, these data suggest a link
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among CAVINT, caveolae biogenesis and location, and
increased sensitivity to sotalol.

CAVIN1 Enhances hERG Channels Turnover in
HS iPS-CMs After Sotalol Treatment

We further investigated the expression of different
forms of hERG channel (the predominant isoform in
adult heart hERG1a 150 KDa, hERG1b 120 KDa, and
degraded hERG 70 KDa) in response to sotalol. We
first observed that the decrease in the mature hERG1a
channel expression in the membrane compartment af-
ter sotalol treatment (Figure 2D) was associated with
a significant increase in the fragmented form of hERG
(Figure BA) in the cytoskeleton-associated fraction of
HS iPS-CMs compared with that in LS iPS-CMs (Fig-
ure bA). To assess the possibility of hERG trafficking
back to the membrane, we compared the recruitment
of RAB11, a marker of recycling endosomes, which was
mainly detected in the membrane fraction and was more
expressed in HS iPS-CMs treated with sotalol than
those treated with DMSO. However, in LS iPS-CMs,
RAB11 expression level was similar after treatment with
sotalol or DMSO (Figure 5B). @\prﬁﬂ%"sotalol treatment
of HS iPS-CMs induced hERG association with vesicles
where some were fragmented, and others were recycled
back to the surface.

We finally tested whether this mechanism is CAVIN-1
dependent. We analyzed hERG expression in the different
fractions in response to sotalol in HS iPS-CMs treated
with siRNA ‘against CAVINT or control. The process
involving the reduction of the mature hERG1a channel
(150-KDa)-in cellular membranes and the accumulation
of the fragmented form of hERG in the cytoskeleton-
associated fraction of HS iPS-CMs after sotalol treat-
ment was not observed anymore after CAVINT silencing
compared with control (Figure 5C and 5D; Figure S9).
These results further confirm that CAVIN1 contributes to
the increased ratio of cytoskeleton fraction versus mem-
brane fraction of hERG channels in response to sotalol
treatment.

CAVIN1-Dependent hERG Channels Respond
to Other hERG Blockers

We measured the response of our patient-specific iPS-
CMs to other drugs targeting hERG, including E4031,
a known blocker of hERG channel; vandetanib, an anti-
cancer drug with medium risk of torsade de pointes; and
clarithromycin, an antibiotic with a low risk of torsade de
pointes. In comparison with LS iPS-CMs, HS iPS-CMs
developed significant prolongation in FPDc after treat-
ment with 0.1 and 1 pM of E4031, and a nonsignificant
trend for prolongation with vandetanib and clarithro-
mycin (Figure 6A through 6C). These results suggest
that the particular susceptibility to develop abnormal

Circulation. 2024;149:00-00. DOI: 10.1161/CIRCULATIONAHA.123.063917
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Figure 4. Depletion of caveolae limits CAVIN1 effect on the repolarization phase.
A, Left, Transmission electron microscopy images showing caveolae at the plasma membrane (omega-shaped invaginations indicated with

arrowheads) in high-sensitivity (HS) induced pluripotent stem cell-derived

cardiomyocytes (iPS-CMs) treated with scrambled (siNeg) and

small interfering RNA (siRNA) against CAVINT (caveolae associated protein 1; siCAVIN1). Right: quantification of the caveolae density on the
cell plasma membrane in siNeg (335 images) and siCAVIN1 (335 images) treated iPS-CMs. ***£<0.0001 nested t test; scale=1 pm. B, Left,
Immunoblots displaying CAV1 protein expression in different cell compartments and the housekeeping genes for each fraction (TFRC [transferrin
receptor], vimentin, and GAPDH for the membrane, cytoskeleton, and cytoplasmic fraction, respectively) in iPS-CMs infected with either GFP

or CAVINT adenovirus. Right, Ratio of CAV1 expression in the cytoskeleton fraction of low-sensitivity (LS) iPS-CMs at day 7 of infection with
GFP and CAVIN1-Adv. “A<0.05 vs LS iPS-CMs (nested t test). C, Top, Representative recordings of field potential of HS iPS-CMs treated with
either 1 mM of methyl-B-cyclodextrin (MBCD) for 15 minutes at 37 °C or vehicle (water). Bottom, Corrected field potential duration (FPDc) is
compared. **F<0.001 vs vehicle (nested ttest). D, Left, Representative immunoblot of membranous and cytoskeletal hRERG (human ether-a-
go-go-related gene) isolated from HS iPS-CMs treated with 5 mM MBCD for 15 minutes at 37 °C or vehicle. TFRC and vimentin were used as
loading references for the plasma membrane and cytoskeleton, respectively. Right: hERG expression was normalized to each loading reference
(n=2 HS lines, 2-3 replicates). *F<0.05 vs HS iPS-CMs treated with vehicle (nested ttest). E, Top, Representative superimposed field potentials

recorded from HS iPS-CMs treated with either 1 mM MBCD or vehicle for

15 minutes at 37 °C. The 3 HS iPS-CMs lines were then treated

with increasing concentrations of sotalol (with at least 2 independent differentiations per conditions). Bottom, Percentage of change compared
with baseline was calculated and plotted. **A<0.01 and **A<0.0001 vs HS iPS-CMs treated with vehicle (mixed effect models). F, Top, Aligned
field potentials recorded from HS iPS-CMs treated with either 0.1% DMSO or 50 pM Dynasore for 1 hour at 37 °C. Different concentrations of
sotalol were then applied. Bottom, Percentage of change compared with baseline was calculated and plotted. Mf indicates myofibril; and Mt

mitochondria.

repolarization in response to sotalol extends to other
hERG blockers. Cardiomyocytes from patients present-
ing high sensitivity to sotalol exhibit similar sensitivity to
other hERG blockers. One may speculate whether the

Circulation. 2024;149:00—00. DOI: 10.1161/CIRCULATIONAHA.123.063917

abnormal response to these hERG blockers is also me-
diated by CAVINT. In line with the observations reported
with sotalol, CAVIN1 overexpression in LS iPS-CMs or
silencing in HS iPS-CMs mediated significant changes
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Figure 5. CAVIN1 increases hERG translocation upon sotalol
treatment in high-sensitivity induced pluripotent stem cell-
derived cardiomyocytes.

A Left, Representative-immunoblot of hRERG (human ether-a-go-
go-related gene) at different molecular weights (RERG1a, hERG 1b,
and fragmented hERG at 150, 110, and 70 KDa, respectively) in
low-sensitivity (LS) and high-sensitivity (HS) induced pluripotent stem
cell-derived cardiomyocyte (iPS-CM) cytoskeletal fraction treated
with either 0.1% DMSO or 50 uM of sotalol for 10 minutes. Vimentin
was used as a loading reference for the cytoskeleton fraction. Right,
Ratio of fragmented hERG (70 KDa) after treatment with sotalol vs
DMSO in LS and HS iPS-CMs (n=3 cell lines per group with 1 to 2
replicates per cell line). *A<0.05 vs LS iPS-CM, respectively (mixed
effects model). B, Left, Representative immunoblot of RAB11 and
TFRC (transferrin receptor) in the membranous fraction of LS and
HS iPS-CMs treated with sotalol or DMSO. RAB11 bands were
normalized to TFRC. Right, *A<0.05 vs treatment with DMSO

(n=3 lines per group, mixed effects model) C, Top, Representative
immunoblot showing hERG and CAVIN1 (caveolae associated
protein 1) as well as the loading reference of the membrane fraction
(TFRC) in HS iPS-CMs transfected with either siNeg or siCAVIN1
and then exposed to DMSO or sotalol. Bottom, Quantification of
mature hERG1a (150 KDa) expression at the plasma membrane
normalized to TFRC and ratio compared with DMSO in HS iPS-CMs
transfected with CAVIN1 small interfering RNA (siRNA) or negative
siRNA. *P<0.01 vs treatment with DMSO (n=3 lines per group with 1
to 2 replicates per line, mixed effects model). D, Top, Representative
immunoblot of hERG, CAVIN1, and vimentin in the cytoskeleton of HS
iPS-CMs transfected with either siNeg or siCAVIN1 and then treated
with DMSO or sotalol. Bottom: fragmented form of (Continued)
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Figure 5 Continued. hERG (70 KDa) in the cytoskeleton
normalized to vimentin and ratio compared with DMSO in HS iPS-
CMs transfected with negative siRNA. *A<0.05 vs treatment with
DMSO (n=3 lines per group with 1 to 2 replicates per line, mixed
effects model).

in the response to these hERG blockers. CAVINT1 over-
expression induced a more significant change in the
cardiac repolarization duration of LS iPS-CMs after
treatment with E4031, and a nonsignificant trend for
prolongation with vandetanib and clarithromycin (Fig-
ure 6D through 6F). CAVINT1 silencing abrogated the
reactivity to increasing concentrations of hERG block-
ers in HS iPS-CMs (Figure 6G through 6l). Taken to-
gether, cardiomyocytes presenting high sensitivity to
sotalol are also sensitive to other hERG blockers, and
CAVINT expression level drives the cellular responses
to these blockers.

DISCUSSION

This study uncovers a new role of CAVINT in mediat-
ing susceptibility to diLQT syndrome. Higher expression
of CAVINT promoted higher tur Jy%@ﬁ hERG channels
from the membrane to the cytoskelét6fizassociated frac-
tions in response to hERG blockers, leading to an ex-
cessive prolongation of the repolarization phase. CAVIN1
expression was significantly higher in iPS-CMs from pa-
tients predisposed to diLQT in vivo, and CAVIN1 expres-
sion'modulation was sufficient to shift the cell's response
to hERG blockers. A progressive prolongation of the
repolarization phase was observed in LS iPS-CMs with
increasing sotalol concentrations, likely reflecting the
direct pharmacological inhibition of hERG. In contrast,
the higher response to low concentrations of sotalol
observed in HS iPS-CMs resulted from an additional
mechanism associated with an unbridled internalization
of hERG by a CAVIN1/caveolae-dependent process.
CAVIN1 exerts a pivotal role in the biogenesis of
caveolae, which are membrane invaginations enriched
in cholesterol'” and associated with hERG channels.’®'®
Variants in CAVINT cause lipodystrophy and have been
previously associated with congenital LQTS, but the pre-
cise mechanism is questionable.®® CAVIN1 expression
level is positively correlated with the number of caveolae
at the cardiomyocytes' membrane,?' consistent with our
results showing elevated expression of CAV1 and CAV3,
the signature proteins of caveolae, in CAVIN1-infected
cells, and reduction in caveolae density at the membrane
after CAVINT knockdown. CAVS3 variants have been
associated with congenital long QT syndrome type 9,
and CAV3 can affect the availability of hERG channels at
the cell membrane.?? Previous studies have reported that
the clathrin-independent pathway, including caveolae,
mediates hERG endocytosis under physiological condi-
tions.'1923-25 Qur results demonstrate the involvement

Circulation. 2024;149:00-00. DOI: 10.1161/CIRCULATIONAHA.123.063917
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Figure 6. Universal mechanism implicating CAVIN1 in response to other hERG blockers.

A, Top, Representative superimposed-noncorrected field potential (FP) recorded from low-sensitivity (LS) and high-sensitivity (HS) induced
pluripotent stem cell-derived cardiomyocytes (iPS-CMs) after treatment with different concentrations of E4031. Bottom: averaged percentage of
change in corrected field potential duration (FPDc; corrected to beating frequency) compared with that at baseline after application of 0.1 and 1
pM E4031.*R<0.05 and **F<0.001 vs LS iPS-CMs (mixed effect models). B, Top, Aligned noncorrected FP recorded from LS and HS iPS-CMs
treated with different concentrations of vandetanib. Bottom: averaged percentage of change in FPDc (corrected to beating frequency) compared
with that at baseline after application of 0.1, 1, and 10 uM of vandetanib (mixed effect models). C, Top, Aligned noncorrected FP recorded

from LS and HS iPS-CMs treated with different concentrations of the antibiotic clarithromycin. Bottom, Averaged percentage of change in
FPDc (corrected to beating frequency) compared with that at baseline after application of 10, 30, and 100 uM of clarithromycin. D through F,
Averaged percentage of change in FPDc compared with that at baseline measured in LS iPS-CMs infected with either GFP or CAVINT-T2A
GFP adenoviruses in response to increasing concentrations of E4031, vandetanib, and clarithromycin. *A<0.05 vs GFP-infected LS iPS-CMs,
respectively (mixed effect models). G through I, Percentage change in FPDc compared with that at baseline after application of different
concentrations of (from left to right) E4031, vandetanib, and clarithromycin at day 5 of transfection of HS iPS-CMs with either siNeg or CAVIN1
small interfering RNA. *FP<0.05 vs GFP-infected LS iPS-CMs, respectively (mixed effect models).

of caveolae and CAVINT1 in the subcellular location of
hERG channels. hERG translocation from the plasma
membrane to the cytoskeleton is rapidly activated in
the presence of hERG blocker and is pathologically
excessive in HS individuals who are thus predisposed to
develop diLQT.

The distribution of caveolae at the plasma membrane
is controlled by the elements of the cytoskeleton, nota-
bly microtubules and actin filaments.'®> We observed
expression of caveolae markers in the cytoskeleton pro-
tein fraction of iPS-CMs, suggesting that the plasma

Circulation. 2024;149:00—00. DOI: 10.1161/CIRCULATIONAHA.123.063917

membrane and the cytoskeleton are 2 key compart-
ments for hERG channels. Depletion of caveolae was
able to decrease the excessive repolarization response
to sotalol. Our results suggest that CAVIN1 is required
for the proper location of hERG channels between the
membranes and the cytoskeleton-associated fractions
after sotalol application. Once internalized, membrane
proteins undergo different steps, including traffick-
ing to degradation or recycling back to the membrane
surface.?® We observed an accumulation of the cleaved
form of hERG (70 kDa)?"~%° in HS iPS-CMs after sotalol
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exposure, suggesting that hERG channels are, at least
in part, degraded after CAVIN1-dependent transloca-
tion. CAVINT silencing was associated with a reduc-
tion in fragmented hERG level. The synthesis process
of hERG channels is slow, and hERG recycling back to
the membrane is essential to maintain its stable surface
expression and ensure fast recovery of the repolarization
duration.®® Trafficking toward the membrane is notably
mediated by the GTPase RAB11.5°% Qur protein frac-
tioning data showed higher recruitment of RAB11 to
the membrane in HS iPS-CMs than in LS iPS-CMs after
treatment with sotalol. These results are indicative of an
increase in recycling endosomes and acceleration of the
protein turnover to rescue hERG density at the surface
membrane, and may explain why QT interval returns to
normal after discontinuation of the drug.

Previous studies have attempted to improve our
understanding of the genetic predisposition to diLQT.%#?
Despite some association with genetic variants, especially
on the KCNH2 gene, the large majority of diLQT cases
remain genetically unresolved.? In contrast to these stud-
ies, we herein identified higher expression of CAVIN1 as
a key molecular mechanism to explain the repolarization
delay in response to hERG blockers. Hence, future stud-
ies should be devoted to understanding the regulation
of CAVINT expression and why CAVINT expression is
physiologically higher in some'individuals. There are no
known genetic variants of CAVINT associated with the
regulation of its expression. Moreover, it is well estab-
lished that women are at a higher risk of diLQT than men
and that contraceptive pills can aggravate this risk.*
Female sex hormones such as progesterone consistently
were shown to alter hERG distribution-by disrupting-the
homeostasis of -cholesterol—the. main constituentof
caveolae.®® Whether this process.depends upon CAVINT
remains to be determined.

As per the International Conference on Harmonisa-
tion S7TB/E14 guidelines, evaluation of the potential of
a novel drug to delay cardiac repolarization is specifically
addressed in animal and in vitro models, typically het-
erologous expression systems of ion channels,* which,
however, are limited by their capacity to recapitulate
the complex human cardiac electrophysiology and the
interindividual variability to develop cardiotoxic side effe
cts.’0113738 As a consequence, many drugs have escaped
preclinical elimination, and some have been ultimately
withdrawn from the market3%4° The Comprehensive in
vitro Proarrhythmia Assay recently added human iPS-
CMs to drug safety evaluation.*' In line with our previous
results,’® here, we show that the cardiotoxic response of
iPS-derived cells is variable and depends on the predi-
lection to diLQT, as observed in the patient from whom
iPSCs were generated. In addition, this hiPSC platform
offers the unique opportunity to test the response to
multiple offending drugs, which will not be possible in
patients with proven diLQT. We observed for the first time
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a cross-sensitivity to other drugs targeting hERG (such
as vandetanib, E4031, and clarithromycin) that was also
dependent on CAVIN1 expression. This observation also
suggests that activation of the CAVIN1 system is likely
triggered when the hERG channel activity is reduced
rather than by a specific binding of drugs to the channel,
but this requires further investigation. Altogether, these
findings emphasize the potential of using patient-specific
iPS-CMs for drug safety screening, modeling of interin-
dividual variability, and identification of molecular culprits.

Our study has some limitations that should be
acknowledged. The level of CAVIN1 expression within
iPS-derived cardiomyocytes appeared as a critical marker
of the susceptibility to develop diLQT. There is no accu-
rate way to estimate CAVIN1 expression in the human
myocardium. Additional investigations are warranted to
establish the translational value of previous estimation
of CAVINT expression in candidates to receive a hERG
blocker. The acceleration of the channel degradation was
described in response to other stimuli such as hypoka-
lemia?34243 or drugs'®*4; whether CAVIN1 controls these
processes is yet to be established.

This study identified a commen molecular modulator
of the susceptibility to diLQT |r'k\fj’iT§§em;[PS-CMs derived
from individuals with different genetic backgrounds.
CAVINT1 controlled membranous hERG turnover upon
pharmaceutical stimulation, and therefore the repolariza-
tion-duration. Different expression levels of this marker
may explain the interindividual variability in response to
hERG blockers. Thus, these results classify CAVIN1 as a
potential risk factor for diLQT and open perspectives for
a personalized drug prescription to avoid cardiotoxicity.
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