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Graphical Abstract

Thorough analysis of hiPSC-CM derived from a DSC2 patient, zebrafish and
patient cohort, we identified abnormal repolarization dynamicity, prompting
the discovery of a short QT interval in some ACM patients. By normalizing the
increased repolarization reserve of ACMmyocytes, class 3 AADs are likely to be
the drugs of first choice for DSC2 patients. These findings may encourage ran-
domized trials to evaluate class 3 antiarrhythmic drugs, alone or in combination
with class I medications in ACM patients.
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Abstract
Background: Severe ventricular rhythm disturbances are the hallmark of
arrhythmogenic cardiomyopathy (ACM), and are often explained by structural
conduction abnormalities. However, comprehensive investigations of ACM cell
electrical instability are lacking. This study aimed to elucidate early electrical
myogenic signature of ACM.
Methods:We investigated a 41-year-old ACM patient with a missense mutation
(c.394C>T) in the DSC2 gene, which encodes desmocollin 2. Pathogenicity of
this variant was confirmed using a zebrafish DSC2 model system. Control and
DSC2 patient-derived pluripotent stem cells were reprogrammed and differenti-
ated into cardiomyocytes (hiPSC-CM) to examine the specific electromechanical
phenotype and its modulation by antiarrhythmic drugs (AADs). Samples of the
patient’s heart and hiPSC-CM were examined to identify molecular and cellular
alterations.
Results: A shortened action potential duration was associated with reduced
Ca2+ current density and increased K+ current density. This finding led to the
elucidation of previously unknown abnormal repolarization dynamics in ACM
patients. Moreover, the Ca2+mobilised during transients was decreased, and the
Ca2+ sparks frequency was increased. AAD testing revealed the following: (1)
flecainide normalised Ca2+ transients and significantly decreased Ca2+ spark
occurrence and (2) sotalol significantly lengthened the action potential and nor-
malised the cells’ contractile properties.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
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Conclusions: Thorough analysis of hiPSC-CM derived from the DSC2 patient
revealed abnormal repolarization dynamics, prompting the discovery of a short
QT interval in some ACM patients. Overall, these results confirm a myogenic
origin of ACM electrical instability and provide a rationale for prescribing
class 1 and 3 AADs in ACM patients with increased ventricular repolarization
reserve.

KEYWORDS
action potential duration, arrhythmogenic cardiomyopathy, desmocollin, hiPSC-CM, QT dura-
tion

1 INTRODUCTION

Arrhythmogenic cardiomyopathy (ACM) refers to a group
of rare hereditary cardiac diseases characterised by lethal
ventricular arrhythmias (VA) and progressive fibro-fatty
replacement of myocardial tissue. Its prevalence is esti-
mated at one in 2000–5000.1–4 The disease develops in
three stages: (1) a concealed phase, with no mechanical
dysfunction but a risk of sudden cardiac death, followed
by (2) myocardial structural alteration and (3) progres-
sion towards heart failure.3,5 Mutations in genes coding
for desmosomal proteins are common in the right ven-
tricular form of ACM disease.3,6 PKP2 mutations are the
most common, whereas DSC2 are among the rarest (1%–
2%).3 Gehmlich et al. identified two missense mutations
of DSC2 gene (R203C and T275 M) that showed defec-
tions in proteolytic cleavage, a process that is essential
for activated cadherins.7 Although DSC2 variants are rare
in patients with ACM, their pathogenic role has been
consistently demonstrated. A case report by Christensen
and co-workers have suggested a functional role of DSC2
c.1445G>C in a 31-year-old White male with ACM com-
plicated with ventricular fibrillation.8 Knockdown of the
DSC orthologue in zebrafish caused a cardiomyopathy
phenotype.9 In a transgenic mice model with cardiac spe-
cific overexpression of DSC2, severe myocardial necrosis,
fibrosis and inflammation mimicking ACM were found.10
Desmosomes are structures located at intercalated discs

in the myocardium tissue. They are responsible for inter-
cellular adhesion and composed of three main protein
families: cadherins (desmocollins (DSC) and desmogleins
(DSG)), armadillo proteins (junction plakoglobin (JUP)
and plakophilins (PKP)) and plakins (desmoplakin
(DSP)).1,11–14 Desmocollins (DSC) and desmogleins (DSG)
mediate cell–cell interaction through their extracellu-
lar domain. Their intracellular domain is connected
to cytoskeleton proteins through adaptors, which are
junction plakoglobin (JUP), plakophilin-2 (PKP2) and
terminally desmoplakin (DSP). This desmosomal pro-

tein complex consequently ensures solid intercellular
junctions and notably explains why these structures are
mainly found in stretched tissues such as the skin or the
heart.1,15–17 Desmosomes were initially described to have
a specific physical role of intercellular adhesion, link-
ing intracellular cytoskeleton to extracellular cadherins
domain. Desmosome physical destabilization leading to
cardiomyocyte death and fibro-fatty replacement consti-
tuted the first proposed pathomechanism of ACM.11,14,17
A parallel hypothesis underlying the fibro-fatty inclusion
in ACM comes from the potential trans-differentiation of
cardiomyocytes into adipocytes.18
The ACM pathogenesis is not fully understood. Pre-

scription of antiarrhythmic drugs (AADs) remains partly
empirical and automatic defibrillators are often implanted.
Human-induced pluripotent stem cells (hiPSCs) can be
used to elucidate disease mechanisms.19–21 Studies using
cardiomyocytes derived from ACM patient-specific hiP-
SCs (hiPSC-CM) are expected to enable a better under-
standing of arrhythmogenesis.22,23 Here, a thorough func-
tional description of hiPSC-CM from a DSC2 ACM patient
revealed primary electrical abnormalities and responsive-
ness to AADs. Of note, we found that a short QT interval
at low heart rate is characteristic of DSC2 ACM.

2 METHODS

The local ethics committee approved the study proto-
col (DC-2008-72/DC-2019-3464). The study was conducted
according to the principle of the declaration of Helsinki.
Informed consents were obtained for all cases.

2.1 Biological samples

Biological samples were collected from the ACM patient
or the control after cardiac transplantation. The explanted
heart of the ACM patient was subjected to macroscopic
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and histopathological examinations. Myocardial samples
were collected from the anterior and posterior left and
right ventricular walls. Specimens were either formalin
fixed and paraffin embedded for histological investigation
or snap frozen in liquid nitrogen and stored at –80◦C until
RNA analysis. RNA extraction was performed as described
below.
Histological sections for light microscopy were stained

with the haematoxylin–eosin–safran (HES) technique.

2.2 Patient cohort analysis

The study was retrospective and involved 79 patients (nine
women and 70 men) with an average age of 36 years at
the time of their first documented ventricular tachycardia
(VT) and admitted to hospital between 1971 and 2016. The
patients were diagnosed using Task Force criteria.24 Fifty-
nine patients were treated by AADs alone; 17 by AADs
and tachycardia ablation. An automatic defibrillator was
implanted in five patients. Familial forms of ACM were
observed in 38% (including diverse genetic profiles). Forty-
one patients had sustained VT and 18 patients had nonsus-
tained VT. The abnormalities of the right ventricular wall
motion on ventriculography were localised in 45% of cases
and diffused in 55% of cases.

2.3 Genetic analysis

Blood samples from the ACM patient were subjected
to direct sequencing to investigate six ACM-related
genes (RYR2, PKP2, DSG2, DSC2, DSP, CASQ2 and
JUP). Genomic DNA was extracted from leucocytes
present in whole blood samples with the classical phe-
nol chloroform technique. Each exon and all intron–
exon junctions for the studied genes were amplified with
primers designed with PRIMER3 software (characteris-
tics of primers available upon request). The entire cod-
ing sequences were analysed for the following genes:
JUP (Online Mendelian Inheritance in Man identifiers:
OMIM 173325, MN_021991.2, transcript 745aa), DSP
(OMIM 125647,MN_004415.2, transcript 2871aa), PKP2
(OMIM 602861, MN_004572.3, transcript 881aa), DSG2
(OMIM 125671, MN_001943.3, transcript 1118aa) and
DSC2 (OMIM 125645, MN_024422.3, transcript 901aa).
Direct sequencing was performed with BYG DYE dideoxy-
terminator chemistry (Perkin Elmer) on an ABI 3830 DNA
sequencer (PE Applied Biosystems). Analysis of the chro-
matograms was performed with SeqScape (PE Applied
Biosystems). Analysis of all five genes was performed in all
samples, even when a mutation was identified in a given
gene. A control group of 300 healthy unrelated subjects

(600 alleles) of Caucasian origin was also genetically pro-
filed for comparison.25

2.4 Culture and differentiation of hiPSC

Biological samples were handled in accordance with the
Declaration of Helsinki with informed consent and stan-
dardised approved protocols by a local ethic committee.
Both controls hiPSC lines were a kind gift from (1) the

platform iPS_INMG (hiPSC AG08C5; neuromyogen insti-
tute, Lyon)26 and from (2) Xavier Nissan (hiPSC Fsc03;
I-Stem institute, Evry). Both control hiPSC lines were
derived from males. Patient-specific hiPSC were repro-
grammed and characterised at Phenocell (Evry, France)
core facility using the episomal transfection of five repro-
gramming factors: Oct4, Sox2, Klf4, L-Myc and Lin28. The
reprogramming processwas performed on skin fibroblasts,
in feeder-free condition with the STEMACS IPS Brew-XF
medium. All hiPS cells used underwent a standard valida-
tion procedure notably including the validation of pluripo-
tency markers and differentiation potential.
The hiPSCwere grown on an hESC-qualifiedMatrigel™

(Corning) and adapted to StemFlex™ medium (Ther-
moFisher Scientific) and were passaged using TrypLE™
Express (ThermoFisher Scientific). The published sand-
wich monolayer technique was adapted to differentiate
hiPSC.19,20,27 In brief, hiPSC were dissociated with Try-
pLE™ Express and 30,000–50,000 cells/cm2 were plated
on hESC-qualified Matrigel in StemFlex™ medium for
4 days with daily media replacement. The next day, the
medium was replaced by StemFlex™ medium supple-
mented with Matrigel growth factor reduced (MGFR;
0.04 mg of Matrigel protein per millilitre of medium).
The differentiation process was then induced with RPMI
1640 medium supplemented with B27 supplement minus
insulin (1×), 6 μM CHIR99021 (LC Laboratories) and
MGFR (0.04 mg of Matrigel protein per millilitre of
medium) for 2 days. On day 2, the medium was replaced
by RPMI 1640 supplemented with B27 supplement minus
insulin (1×). On days 3 and 5, the medium was replaced
by RPMI 1640 supplemented with B27 supplement minus
insulin (1×). At day 3 specifically, the medium was sup-
plemented with 2 μM of Wnt–C59 (LC Laboratories). At
days 7 and 9, the medium was replaced with RPMI 1640
supplemented with B27 supplement minus insulin (1×).
The medium was renewed three times a week with RPMI
1640 supplemented with B27 supplement (1×). The differ-
entiation process resulted in spontaneously beating cells
observed from day 7. When required, after 23 or 53 days
of differentiation, cells were enzymatically dispersed using
TrypLE™ Express. When required, cells were frozen using
a standard protocol. The freezing medium consisted 50%
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of RPMI 1640 with B27 supplement, 40% of foetal bovine
serum and 10% of dimethyl sulfoxide.

2.5 Reverse transcription

Total RNA was extracted from hiPSC-CM (D60 of differ-
entiation) using Direct-zol™ RNA MiniPrep Kit (Zymo
Research, Ozyme) according to the manufacturer’s
instructions. Total RNA was quantified using NanoDrop
1000 spectrophotometer (Thermo Fisher Scientific). Based
on 500 ng of total RNA extracted from the hiPSC-CM,
reverse transcription was performed using the GoScript
Reverse Transcription system (Promega) according to the
manufacturer’s protocol.

2.6 Reverse transcription and
quantitative reverse transcription
polymerase chain reaction analysis

hiPSC-CM cDNA were measured by quantitative reverse
transcription polymerase chain reaction (qRT-PCR) with
the SYBR Green PCR kit for LightCycler (Roche Diag-
nostics, Indianapolis, IN) according to manufacturer’s rec-
ommendations. The Rotor-Gene Q real-time PCR Cycler
l run protocol consisted of initial Taq activation at 95◦C
for 10 min followed by 39 cycles of 95◦C for 10 s, 60◦C for
30 s and fluorescence reading at each cycle end. Finally,
Taq is inactivated at 65◦C for 30s. To control for amplifi-
cation variations due to differences in the starting mRNA
concentrations,weused the ribosomal protein L22 (RPL22)
mRNA as an internal control. The mRNA levels for each
tissue were normalised to the RPL22 mRNA levels. The
quantifications were computed from the threshold cycle
values obtained for the gene of interest and the efficiency
of the primer set with Rotor-Gene R© Q software.
Heart samples (patient or control) synthesised cDNA

was measured by qRT-PCR with the SYBR Green PCR
kit for LightCycler (Roche Diagnostics, Indianapolis, IN)
according to manufacturer’s recommendations. LightCy-
cler experimental run protocol consisted of initial Taq acti-
vation at 95◦C for 8 min and 45 cycles of 95◦C for 15 s,
68◦C for 5 s and 72◦C for 7 s. Quantification was performed
with a single fluorescence measurement. To control for
amplification variations due to differences in the starting
mRNA concentrations, we used the ribosomal protein L21
(RPL4) mRNA as an internal control. ThemRNA levels for
each tissue were evaluated relative to the RPL4mRNA lev-
els. The quantifications were computed from the threshold
cycle values obtained for the gene of interest and the effi-
ciency of the primer set with RealQuant software (Roche
Diagnostics).

Healthy donor’s cardiac tissue was obtained from a 48-
year-old patient without any family history of cardiac dis-
ease. It was used as a reference to compare mRNA expres-
sion with patient’s RV.

2.7 Immunostaining

2.7.1 Heart sections

Cardiac segments embedded in paraffin blocks were cut
into 4 μm slides. The Ventana Roche automated immuno-
histochemistry stainer (Discovery XT) was used. Detec-
tion of immunoreactivity was performed with the Ventana
UltraviewDABKit. Antigen retrieval was performed in cit-
rate buffer. Sections were incubated with antibody anti-
plakoglobin (i.e. ã-catenin) (rabbit polyclonal, Cell signal-
ing technology, #2309). Haematoxylin and bluing reagent
were used for counterstaining.

2.7.2 hiPSC-CM immunolabelling

Seven days prior to experiments, hiPSC-CM cells were
dissociated and plated onto glass coverslips. The cells
were fixed using 37◦C PBS – 4% paraformaldehyde –
4% sucrose solution for 20 min. Cells were then perme-
abilised for 30 min at room temperature using 0.1% tri-
ton in a PBS – 1% bovine serum albumin solution. Primary
anti-bodies to detect myosin–light chain–2v (mlc2v, 1:300,
AP02680PU–N, Acris antibodies), desmocolin 2 (Progen
610120)) were incubated overnight at 4◦C. Fluorophore-
conjugated secondary anti-bodies (Alexa Fluor R© 488 goat
anti rabbit (1:250, A11070, Life Technologies)) were incu-
bated for 1 h at room temperature. The nucleus was
labelled using DAPI (4′,6–diamidino-2-phenylindole dihy-
drochloride). Cells were observed on a Zeiss LSM confocal
microscope with a 63× oil objective equipped with appro-
priate laser and filters.
Images of the mlc2v protein obtained with the confo-

cal microscope were extracted and converted into 8-bit
grey scale. Images were then studied using a homemade
Matlab R© analysis script to evaluate sarcomeres character-
istics (cell area covered by a labelling, organization into
doublets, sarcomeres orientation).

2.8 Western blot

Control and patient heart samples were snap frozen in
liquid nitrogen. Proteins from sample lysate were then
isolated. Equal amounts of total proteins (50 μg) were
denatured in Laemmli buffer (Sigma), resolved on 10%
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SDS–polyacrylamide gel and blotted onto 0.45 μm Immo-
bilon polyvinylidene difluoride membrane. Membranes
were blocked and then incubated with primary antibody
(Rabbit-anti-DSC2, Progen 610120) followed by appro-
priate anti-rabbit horseradish peroxidase–conjugated sec-
ondary antibodies.

2.9 hiPSC-CM contraction analysis

The hiPSC-CM contractile function was assessed through
a patented custom-made video analysis. For this purpose,
hiPSC-CM monolayers (without any cellular dissociation)
in six-well dishes were placed on the stage of an inverted
microscope equipped with a 10× objective and an incu-
bation chamber. The temperature and CO2 levels were
set as follow: 37◦C, 5% (humid atmosphere). Cells were
allowed to stabilise for at least 15 min prior to any record-
ings. Phase contrast videos were acquired at 30 frames
per second. Videos were then processed: TIFF images
were extracted, and contrasted particles displacement was
tracked frame by frame for each video. The displacement of
each contrasted particles was then processed through the
time resulting in a curve of the displacement as a function
of time. Areas with similar contractile behaviour are clus-
tered and contractile parameters quantified.

2.10 Electrophysiology

Patch clamp experiments were performed at room tem-
perature using an Axopatch 200B amplifier (Axon Instru-
ments, Foster City, CA,USA) at least 5 days after dispersion
of the hiPSC-CM (using TrypLE express R©). For all exper-
iments, the liquid junction potential between the patch
pipette and the bath solution was not corrected. Pipettes
were made from borosilicate glass capillaries and fire-
polished. For voltage-gated sodium (Na+) channels record-
ings (voltage-clamp experiments), pipettes were coated
with HIPEC (Dow–Corning, Midland, MI, USA) to min-
imise electrode capacitance.
Action potentials (APs) were evaluated using the whole

cell configuration (in current clamp mode). The gap-free
mode was used to record spontaneous APs. For this pur-
pose, the electrical activity was recorded at basal state. For
other current clamp experiments, APs were elicited fol-
lowing injection of a 3 ms, 20-1500 pA rectangular cur-
rent pulse at different rates (0.5, 1 and 2 Hz). The patch
pipettes (resistance 2–5 mOhm) were filled with a solu-
tion containing (in mmol/L): 10 NaCl, 122 KCl, 1 MgCl2,
1 EGTA and 10 Hepes; pH was adjusted at 7.3 with KOH.
The bath solution (external current clamp) was composed
of (in mmol/L): 154 NaCl, 5.6 KCl, 2 CaCl2, 1 MgCl2, 8

Glucose and 10 Hepes; the pH was adjusted at 7.3 with
1 N NaOH.
Macroscopic Na+ currents were recorded using the

whole-cell configuration but under voltage-clamp condi-
tions. The patch pipettes (resistance 1–2mOhm)were filled
with a solution containing (in mmol/L): 105 CsF, 35 NaCl,
10 EGTA and 10 Hepes; pH was adjusted to 7.4 using 1 N
CsOH. The bath solution was composed of (in mmol/L):
105 NMDG, 35 NaCl, 2 KCl, 1.5 CaCl2, 1 MgCl2, 10 glucose,
10 Hepes, 10 TEA-Cl and 0.5 Nimodipine; pHwas adjusted
to 7.4 usingmethanethiosulfonic acid. Voltage-clamp com-
mand pulses were generated by a microcomputer using
pCLAMP software v10 (Axon Instruments). Na+ currents
were filtered at 5 kHz, digitised at 10 kHz and stored on a
microcomputer equipped with an AD converter (Digidata
1440A, Axon Instruments). P/4 leak subtraction was used
prior to test pulses.
For macroscopic voltage-gated calcium (Ca2+) and

potassium (K+) channels recordings, similar experimen-
tal condition was used but with no P/4 leak subtraction.
For Ca2+ channels currents, the patch pipettes were filled
with a solution containing (in mmol/L): 35 CsCl, 100 CsF,
5 Na2ATP, 10 EGTA and 10 HEPES; pH was adjusted to 7.4
using 1 M KOH. The bath solution consisted (in mmol/L):
140 TEA-Cl, 2 KCl, 2.5 BaCl2, 2 MgCl2, 10 glucose and 10
HEPES; pH was adjusted to 7.4 using 1 M KOH.
For K+ currents, the patch pipets were filled with a solu-

tion containing (in mmol/L): 10 NaCl, 122 KCl, 1 MgCl2, 1
EGTA and 10Hepes; pHwas adjusted at 7.3 withKOH. The
bath solution (external current clamp)was composed of (in
mmol/L): 154 NaCl, 5.6 KCl, 2 CaCl2, 1 MgCl2, 8 Glucose
and 10 Hepes; the pH was adjusted at 7.3 with 1 N NaOH.

2.11 Calcium handling studies

For Ca2+ transient measurements, hiPSC-CMs were
loaded with 3 μM Fluo-4 AM Ca2+ indicator (Molecular
Probes, Em/Ex: 494/506 nm) incubated in the hiPSC-CM
culture medium (RPMI 1640+ B27 1×) for 20min. Record-
ings were performed in a physiological solution (154 mM
NaCl; 5.6 mM KCl; 2 mM CaCl2; 1 mM MgCl2; 8 mM
Glucose; 10 mM HEPES). Ca2+ images were recorded
with an inverted confocal microscope (Zeiss LSM 810)
equipped with a 63× objective (oil immersion, numerical
aperture, N.A. = 1.4). Confocal images were obtained in
line scan mode (i.e. x–t mode, 1.24 ms per line; 512 pix-
els × 5000 lines). To enable comparisons between cells,
changes in the Fluo-4 fluorescence signal (ΔF) were nor-
malised by basal fluorescence (F0). All data were extracted
using AIM 4.2 (Zeiss). Maximal amplitudes and event
frequencies were extracted and analysed from raw data
by in-house developed algorithm implemented in Python
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(version 3.0) (https://asalykin.github.io/PeakInspector/)
and Prism (GraphPad). Sparks events were analysed using
the imageJ plug-in SparkMaster (https://sites.google.com/
site/sparkmasterhome/).

2.12 Zebrafish strains and husbandry:
Morpholinos and injections

Zebrafish were maintained under standardised conditions
and experiments were conducted in accordance with the
European Communities council directive 2010/63.
Morpholino oligonucleotides (MOs)were obtained from

Gene Tools (Philomath, OR, USA) and injected into SAT
wild-type one-cell stage embryos.
The dsc2l ATG-MO morpholino targets the start codon

of dsc2l. The dsc2l splice-MO2 targets the exon2/intron2
splice site of dsc2l.
The sequences of the injected MOs are the follow-

ing: dsc2l ATG-MO – 5′-GAGTTCTCATGCCATTGAA
GTCTAC-3′ (10 ng); dsc2l splice-MO – 5′-AACCAAA
CATTCTTCCGCACCTTGA-3′ (5 ng).
For rescue experiments, total mRNAs were extracted

from human iPS-derived cardiomyocytes using Trizol R©.
DSC2 cDNAs were cloned into pGem-T Easy (Invitrogen)
and human DSC2 mRNAs were synthesised using mMes-
sage mMachine (Ambion).

2.13 Zebrafish’s cardiovascular
parameters analysis

To determine cardiovascular parameters, we used
μZebraLab™ software from ViewPoint, which has been
developed specifically for this purpose. All experiments
were performed as described previously.28 To determine
the mean blood flow, the average of the blood flow values
was calculated from a 30-s time frame (3900 frames).
Stroke volume was calculated by dividing the average
blood flow (nL/s) by the heart beat per second (BPM/60).
To assess heart contractility, movies were recorded at 120
fps and measurements were made using ImageJ software.
Data were collected from three different experiments (four
to 12 embryos per experiments).

2.14 Data analysis and statistics

The electrophysiological results were analysed using
Clampfit (pCLAMPv10.0;MolecularDevices) and custom-
written MATLAB programs (The MathWorks Inc.). The
contractile function was analysed using custom-written
MATLAB programs. The confocal microscopic results

were analysed using ImageJ and custom-writtenMATLAB
programs.
A normality test (Agostino and Pearson omnibus nor-

mality test) was always used to determine whether data
follow a normal distribution. In most of cases, the nor-
mality test failed indicating a nonnormal distribution. In
such cases, data are expressed as median (lower 95% con-
fidence interval/upper 95% confidence interval). When
specifically stated, results are expressed as means ± SEM.
When indicated, for comparing two conditions, a paramet-
ric or nonparametric t-test was performed using Graph-
Pad prism software (GraphPad Software, Inc.). When indi-
cated, for comparing more than two conditions with non-
normal distribution, a nonparametric Kruskal–Wallis test
(with Dunn’s correction for multiple comparisons) was
performed using GraphPad prism software. Differences
were considered significant at p < 0.05 (*), p < 0.01 (**),
p < 0.001 (***) or p < 0.0001 (****).

3 RESULTS

3.1 Patient history

Heart sampleswere obtained from twoCaucasian patients.
A control heart was obtained from a 48-year-old patient
with no family history of cardiac disease. This heart was
initially meant for heart transplant, but due to techni-
cal issue, transplant was cancelled. A diseased heart was
obtained from the index patient with ACM diagnosed at
41 years of age (Figure 1). This patient had been resusci-
tated from sudden cardiac death after an episode of VT,
leading to the implantation of a cardiac defibrillator at age
50. The right ventricle (RV) ejection fraction was severely
depressed. The patient suffered from various ventricular
arrhythmias such as premature ventricular complexes. The
ECG recapitulated many criterions from the ACM task
force criteria.24 In this example, the patient was in sinus
rhythm with a PR interval at 160 ms, QRS interval at 120
ms and S wave slurring. Negative T waves were observed
in V2 through V5 (Figure 1B). The patient underwent heart
transplantation at age 66. The family history was nega-
tive for cardiomyopathy, but the patient’s only son refused
to be clinically tested (Figure 1C). Macroscopic observa-
tion of the ACM patient’s heart showed an enlargement
of the RV (Figure 1A, upper panel). The myocardial layers
were replaced by fibro-fatty tissue, mainly in the RV (Fig-
ure 1A). There were abundant lymphocytes but no neu-
trophils in both the subendocardium and subepicardium.
Extensivemutilating fibrosis andmyocardial necrosiswere
also present (Figure 1A, bottom panel).
A heterozygousmissensemutation (c.394C>T) in exon 3

of the DSC2 gene (NM_024422.6:c.394C>T[p.Arg132Cys],
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F IGURE 1 Clinical presentation. (A) Upper panel: transverse section of the ACM patient’s explanted heart. The right ventricle (RV) is
dilated. Adipo–fibrotic replacement of the myocardium is also observed. Lower panel: Microscopic section of the patient’s explanted heart
stained with hematoxylin, eosin and safran. Inflammation, adipose tissue and myocardial necrosis are observed. IT, interstitial tissue; INF,
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genomic location NC_000018.10:g.31091108G>A) (Fig-
ures 1C and 1D) coding for amino acid replacement of
arginine by cysteine at position 132 was identified. This
variant affected the DSC2a and DSC2b genes (Figure 1D–
G). Its allele frequency was estimated at 3.3 × 10–5 in
the ExAC database and 3.5 × 10-5 in gnomAD database
(single-nucleotide variant: 18-28671071-G-A). This variant
was identified in a Japanese proband with ACM diagnosed
at 15 years of age.29 No mutations were found in the RYR2,
PKP2, DSG2, DSP, JUP or CASQ2 genes in the patient in
our study.

3.2 The DSC2/R132C substitution affects
zebrafish heart function

We used the zebrafish model to validate the effect of
the DSC2 p.R132C substitution in-vivo. Two morpholi-
nos were designed against the DSC2 zebrafish ortho-
logue dsc2l (ENSDARG00000039677), targeting either the
start codon (ATG-MO) or the exon2/intron2 splice site of
dsc2l (splice-MO). At 3 days post-fertilization, ATG-MO
morphant larvae showed cardiac oedema associated with
blood accumulation around the yolk sac, as previously
described.9 The same phenotype was observed in embryos
that received the splice-MO (Figures 2A and 2A’).
We analysed several physiological parameters using

the ViewPoint ZebraBlood system. The heart rate was
not affected when dscl2l was knocked down (Figure 2B;
Table S1). However, both ATG and splice dsc2lmorphants
exhibited decreased stroke volumes (Figure 2C; Table
S1). Because human patients with DSC2 mutations har-
bour defects in RV contractility, we analysed and com-
pared high-speed video recordings ofwild-type un-injected
embryos and dcsc2l morphants. Ventricular contraction
was significantly decreased in both ATG and splice mor-
phants compared with wild-type embryos, similar to a pre-
viously published report (Figures 2D and 2E; Table S1 and
Movies S1–S3).9
By adopting the same strategy as Heusser et al., we

sought to determine whether the R132C substitution
affected DCS2 protein function. First, we attempted to
rescue the morphant phenotype using full-length human

DCS2 mRNA. Co-injection of the dsc2l splice-MO with
100 pg of control DCS2 mRNA significantly rescued the
stroke volume and ventricle defects observed in dsc2lmor-
phants (Figure 2C–E; Table S1). We performed the same
experiment using the mutated human mRNA encoding
the R132C substitution. Unlike the wild-type mRNA, the
mutated mRNA failed to rescue the cardiovascular pheno-
type, indicating that the R132C substitution impairs DSC2
function in-vivo (Figure 2C–E; Table S1).

3.3 Molecular and cellular impairment
of ACM heart and hiPSC-CM

Fromheart samples, when comparedwithmRNA from the
control RV, that from the patient’s explanted RV revealed
down-regulation of desmosomal genes including DSC2,
DSG2, PKP2, DSP and JUP (Figure S1A–E). The per-
centage difference in the DSC2 and JUP mRNA levels
measured in control and patient’s hiPSC-CM was highly
similar to that quantified in the control versus patient
heart samples (Figure S1F). Immunolabelling of control
and patient heart samples showed that the aligned-fibre
organization was partially lost in the patient heart (Fig-
ures S1G and S1H). Plakoglobin (JUP) immunostaining
was reduced in the patient heart sample (Figure S1H).
Consistent with lower DSC2 mRNA levels in both the
patient heart and the patient-derived hiPSC-CM, western
blot experiments from patient explanted heart samples
confirmed the lower DSC2 protein expression level (Fig-
ure S1I). Furthermore, in patient’s hiPSC-CM immunos-
taining showed decreased DSC2 labelling and a loss of
the membrane enrichment when compared to control
hiPSC-CM (Figure S1J). In hiPSC-CM, sarcomeric orga-
nization was affected, with a partial loss of sarcomere
formation (Figure S1K). The fractional area staining pos-
itive for ventricular myosin light chain 2 (MLC2v) was
reduced in the patient hiPSC-CM relative to the control
(Figures S2A and S2B). The patient hiPSC-CMalso demon-
strated a lower level of striation when compared with
the control hiPSC-CM (Figure S2C–E), consistent with
the decreased organization observed in the patient’s heart
sections.

inflammation; FI, adipose tissue; MN, myocardial necrosis. (B) Twelve-lead surface ECG illustrating the patient’s electrical profile. The patient
was in sinus rhythm with a PR interval at 160 ms, QRS interval at 120 ms and S wave slurring. Negative T waves were observed in V2 through
V5. (C) Family pedigree. The index patient (II.1) is indicated by a red arrow. Individuals indicated with a red cross carry the mutation (II-1 and
III-1). (D) Electropherogram of the patient’s DNA showing the DSC2mutation responsible for the R132C substitution. (E) Multispecies protein
sequence alignment illustrating the high degree of conservation of the arginine at position 132 (highlighted in grey). (F) Two-dimensional
schematic of the DSC2 protein sequence showing the propeptide and cleavage site. Arginine 132 is located at the junction of the propeptide and
themature protein. (G) DSC2 protein sequence illustrating the location of arginine 132 within the cleavage site. Cleavage activates desmocollin’s
adhesive properties
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F IGURE 2 In vivo effect of DSC2 knockdown and mutation. (A) Bright-field images of noninjected (NI), dsc2l ATG- and splice-MO-
injected fish. (A’) The same larvae at higher magnification. Both morphants display cardiac oedema (black arrowheads) and blood accumu-
lation (black arrows). (B) Box plot depicting the average heart rate in beats per minute of non-injected (NI, N = 28) and dsc2l ATG- (N = 30),
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3.4 DSC2 patient hiPSC-CM
demonstrate altered contractile properties

The contractile function of control and patient hiPSC-
CM monolayers under physiological conditions (37◦C, 5%
CO2) was assessed using video analysis (Figure 3; Table
S2). After 60 days of differentiation, patient hiPSC-CM
demonstrated an increased beating rate (Figure 3B; Table
S2). The cellular displacement (amplitude) was higher in
the ACM patient cells relative to the control cells (Fig-
ure 3C; Table S2). The maximal contraction slope (con-
traction velocity) was similar in the control and ACM
patient cells (Figure 3D; Table S2). The contraction dura-
tion (the time frompeak contraction to 90% relaxation)was
reduced in the ACM hiPSC-CM monolayers. After correc-
tion with Bazett’s formula, to account for the difference
in beating rates, contraction duration was still reduced
in ACM patient cells (Figure 3E; Table S2). The median
area under the curve or the median time spent in the rest-
ing position did not differ between conditions (Figures 3F
and 3G; Table S2). Videos recorded from ACM patient
monolayers displayed more aberrant events than the con-
trol (35% vs. 25% of the cases, respectively) (Figure 3H;
Table S2).
We quantified aberrant events such as changes in

the contraction rhythm, and ‘early or delayed after-
contraction’-like events. Each video was split and recorded
as multiple areas beating simultaneously. The percentage
of the total area experiencing aberrant events was higher
in patient-derived monolayers (Figure 3I; Table S2). Sim-
ilarly, the time fraction of each area spent in asynchrony
was also increased for ACM patient cells (Figure 3J; Table
S2).

3.5 DSC2 patient hiPSC-CM
demonstrate altered electrical activity

We used the patch clamp technique to measure sponta-
neous APs from control (N= 41) and ACM patient-derived

(N = 45) single hiPSC-CM after 60 days of differentia-
tion. We analysed the spontaneous AP rate, the maxi-
mum upstroke velocity (dV/dtmax), the maximum dias-
tolic potential and the amplitude and the AP duration
(APD20/50/90) with or without Bazett’s formula correction.
Results are displayed in Figure 4 and Table S3. APs were
also evoked at a fixed pacing rate of 1 Hz, which confirmed
these results (Figures S4; Table S4).
The AP maximal upstroke velocity was not affected but

the patient-derived hiPSC-CMdemonstrated a reduced INa
density (Figures S5A–C and S6; Table S5). The depolar-
izing Ca2+ channel current, here carried by Ba2+ ions to
minimise Ca2+-dependent effects, was reduced relative to
the control (Figures S5D–F and 6; Table S5). The repo-
larizing IK current was increased, likely accounting for
the reduced APD in patient hiPSC-CM (Figure S5G–I;
Table S5).

3.6 DSC2 patient hiPSC-CM
demonstrate altered calcium handling

The Ca2+ handling properties of spontaneously beating
hiPSC-CM from control (N = 362) and patient-derived
(N= 373) cells were assessed after 60 days of differentiation
using the Fluo-4 non-ratiometric Ca2+-sensitive dye. Con-
sistent with both the contractile and the electrical pheno-
types, the patient-derived cells demonstrated an increased
frequency of spontaneous Ca2+ transients (Figure 5; Table
S6). Although the transient rising phase speed (dF/dtmax)
was not different in patient hiPSC-CM, the normalised
amplitude, the transient decay duration and the area under
the curve were reduced relative to the control cell values
(Figure 5; Table S6).
Ca2+ sparks, as an indicator of ryanodine receptor 2

functional activity, were also assessed. Patient cells demon-
strated an increased spontaneous frequency of aberrant
Ca2+ events (Figure 5; Table S6), and these sparks were
also shorter, as illustrated by the reduced full-duration half
maximum (Figure 5; Table S6).

splice-morphant (N = 28) larvae and larvae co-injected with dsc2l splice MO and human DSC2 wild-type mRNA (N = 24) or mutated mRNA
(N = 23). (C) Box plot depicting the average stroke volume in nanolitres per beat of non-injected (NI, n = 28), dsc2l ATG- (N = 30), splice-
morphants (N = 28) and larvae co-injected with dsc2l splice MO and human DSC2 wild-type mRNA (N = 24) or mutated mRNA (N = 23). (D)
Box plot depicting the average atrial contractile distance in micrometres (μm) of non-injected (NI, N = 22) and dsc2l ATG- (N = 20) and splice-
morphants (N = 20), and larvae co-injected with dsc2l splice-MO and human DSC2wild-type mRNA (N = 20) or mutated mRNA (N = 20). (E)
Box plot depicting the average ventricular contractile distance in micrometres (μm) of non-injected (NI, N = 22), dsc2l ATG- (N = 20), splice-
morphants (N = 20) and larvae co-injected with dsc2l splice-MO and human DSC2 wild-type mRNA (N = 20) or mutated mRNA (N = 20).
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 (Kruskal–Wallis test). “*” indicates a value significantly different from that for the non-
injected, “#” indicates a value significantly different from that for the dsc2l splice-MO, and “§” indicates a value significantly different from
that for the larvae co-injected with dsc2l splice-MO and human DSC2 wild-type mRNA
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F IGURE 3 Evaluation of control and patient-specific hiPSC-CM spontaneous contractile function by video microscopy. (A) Contraction
cycles from phase-contrast videos of control (left) and patient-specific (right) hiPSC-CM monolayers obtained using custom made software
analysis. (B–J) Contraction characteristics of control (N = 229) and patient-specific monolayers (N = 359). (B) Beat rate, (C) cellular displace-
ment, (D) contraction velocity, (E) contraction duration from peak to 90% relaxation corrected with Bazett’s formula, (F) area under the curve,
(G) resting duration, (H) the percentage of videos demonstrating aberrant contractile events (control: 25% (278 areas out of 1097 total areas);
patient specific: 35% (600 areas out of 1727 total areas)), (I) the percentage of recording spent in asynchrony and (J) the percentage of the video
area concerned by aberrant events. (K) Spider chart illustrating the main differences observed between control (blue area) and patient-specific
(orange area) hiPSC-CM. A “normal” value of 2 is attributed to the control parameter. Each evaluated parameter is compared to the control
condition and fixed as higher (3) or lower (1) if statistically significantly different. Histograms represent the median (95% confidence inter-
val). The horizontal grey area illustrates the difference between the control and the patient specific conditions. **p < 0.01 and ****p < 0.0001.
Mann–Whitney test except for (H), Fisher’s exact test
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F IGURE 4 Spontaneous electrical activity of control and patient-specific hiPSC-CM. (A) Raw traces illustrating the recording of sponta-
neous electrical activity (action potentials, AP) of control (left) and patient-specific (right) hiPSC-CM. (B–I) AP parameters were evaluated for
both control (N= 41) andACMpatient-specific (N= 45) hiPSC-CM: (B) AP rate, (C)maximumdiastolic potential, (D)maximumdepolarization
slope, (E) AP Amplitude, (F) AP duration at 20% of repolarization (APD20,), (G) APD50, (H) APD90 and (I) the APD90 corrected using Bazett’s
formula. Histograms represent the median (95% confidence interval). The horizontal grey area illustrates the difference between the control
and the patient-specific conditions. ***p < 0.001 and ****p < 0.0001 (Mann–Whitney test)

3.7 Electrical and contractile
disturbances and AADs

The sodium channel blocker flecainide (1 μM) was used to
study the Ca2+ handling properties in patient hiPSC-CM
differentiated for 60 days (N= 331; Figure S7). Flecainide (1
μM) normalised the frequency of spontaneous Ca2+ tran-
sients to control values, with the normalised amplitude
(F/F0) and the area under the curve qualitatively repre-
senting the amount of Ca2+ mobilised during a Ca2+ tran-
sient (Figures S7A, S7C and S7E; Table S6). A lower per-
centage of hiPSC-CM demonstrated Ca2+ sparks in the
presence of flecainide (Figure S7F; Table S6), whereas no
specific benefits have been observed on their properties
(frequency, full-width half maximum, full-duration half
maximum; Figure S7F and Table S6).
We assessed the effect of 20 μM sotalol on ACM patient-

derived hiPSC-CM (N = 75; Figure S8). Sotalol treatment
of ACM patient-derived hiPSC-CM partly normalised the
AP rate (Figure S8A; Table S3). The maximum diastolic

potential, dV/dtmax and AP amplitude values were simi-
lar to those of the untreated cells (Figures S8B and S8C;
Table S3). Sotalol treatment corrected the APD20, APD50
and APD90 (Figure S8D–F; Table S3). Bazett’s correction
for the AP rate difference confirmed the APD90 normal-
ization (Figure S8G; Table S3). Sotalol also normalised the
percentage of recorded cells (28%) demonstrating abnor-
mal electrical events (Figure S8H; Table S3). To confirm the
involvement of K+ channel blockade, we used the specific
E-4031 (1 μM) blocker confirming an AP lengthening due
to K+ channel blockade (Figure S9; Table S4). Sotalol nor-
malised the spontaneous beating rate in hiPSC-CM (Fig-
ure S10D; Table S2). This normalization was accompanied
by a clear reduction in the number of abnormal contractile
events (Figure S10G; Table S2). Similarly, the percentage
of the total area experiencing aberrant events and the time
fraction of each area in asynchrony were normalised by
sotalol (Figures S10H and S10I; Table S2). In similar exper-
iments, propranolol did not reproduce most of the effects
observed with sotalol (Figure S10K; Table S2).
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F IGURE 5 Spontaneous calcium dynamics of control and patient-specific hiPSC-CM. (A) Typical line-scan confocal images (5000 lines,
1.24 ms/line, 1 × 512 pixels) of calcium transients in Fluo-4 non-ratiometric fluorescent probe-loaded control (top) and patient-specific (bottom)
hiPSC-CM. (B) The global transient activity was removed from the original image to keep only diastolic Ca2+ activity (sparks). (C–K). Both the
Ca2+ transient activity (control N = 325 cells; patient N = 357 cells) and the sparks (control N = 362 cells; patient N = 373 cells) were studied:
transient perminutes (C),maximum rising fluorescence slope (D), normalised amplitude (E), transient decay duration (F), area under the curve
(G), the percentage of cells with Ca2+ sparks (control: 65% (362 out of 553); patient specific: 85% (373 out of 441)) (H), in each cell with sparks,
their frequency (I), sparks full width at half maximum (J) and sparks full duration half maximum (K). Histograms represent the median (95%
confidence interval). The horizontal grey area illustrates the difference between the control and the patient specific conditions. *p < 0.05 and
****p < 0.0001 (Mann–Whitney test, except for (H) where Fisher’s exact test was used)

This approach was reproduced with four AADs: fle-
cainide, propranolol, sotalol and verapamil (Figure S11).
A stepwise, generalised linear model was used to calcu-
late a novel parameter we named ‘differentiating factor’ for
each analysed video (Figure S11). This parameter reflects
the linear combination of determinant contractile proper-
ties ensuring the best discrimination between the control
and the patient-specific condition. Once the linear combi-
nation has been identified, it is applied to the patient plus
treatment condition to evaluate the treatment benefit (Fig-
ure S11B).

3.8 ACM as a repolarization disorder
disease

The 15-year patient follow-up allowedus to evaluate theQT
andQRS intervals on surface ECGs. The QRS durationwas
stable for 5 years at 120 ms and increased to 150 ms dur-

ing follow-up (Figure S12). Although QRS lengthening is
expected to reflect directly on theQTc duration, the patient
QTc decreased strikingly, revealing JT-segment shortening
with disease progression (Figure S12).
The ECG parameters for 79 ACM patients and 30 con-

trol individuals were studied (Figure 6; Table S7). For both
healthy individuals and ACM patients, the QRS duration
did not depend on the QT duration (Figure 6A). Plot-
ting the corrected QT duration against the QRS duration
revealed an ACM patient sub-population with short JT
durations, and these were mostly patients with a reduced
QTc (Figure 6B). However, the unspecific pattern regard-
ing theQRSdurationwas noticeable in this sub-population
(Figure 6B). Similarly, the evaluation of QT/QTc depen-
dency on heart rate revealed that the patients with short
JT duration were all characterised by low heart rates. This
suggests abnormal QT dynamicity, specifically at reduced
heart rate (Figures 6C and 6D). The QTc interval of ACM
patients did not differ from controls (controls: 69 (± 63/74)
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F IGURE 6 ECG parameters of an ACM cohort. ECG parameters and interdependence in a cohort of control (N= 30) versus ACM (N= 79)
individuals, regardless of their age, genetic variation or treatments. (A–D) Control individuals are represented as crosses and ACM patients as
circles. The symbols size (bigger symbols if JTc is longer) and colour both rely on the JTc duration (ms, colour scale indicated on the right of
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bpm; patients: 60 (± 56/74) bpm) (Figures 6E and 6F). The
QTc was similar but the QRS duration was increased in
ACM patients (controls: 88 (± 84/92) ms; patients: 94 (±
90/98) ms), with a shorter JTc duration (controls: 335.5 (±
324/339) ms; patients: 321.5 (± 314/328) ms) (Figures 6G
and 6H).
The cycle-length effect was evaluated on the hiPSC-CM

model through both elicited and spontaneous AP (Figure
S13). Although the APD90 was already shorter in ACM
hiPSC-CM, these patient-specific hiPSC-CM revealed sig-
nificant abnormal AP dynamicity at low stimulation fre-
quencies (Figures S13A and S13B). These results were con-
firmed by plotting the spontaneous period between APs
against the APD90 for control and patient-derived cells
(Figure S13C). A shorter APD for ACM patient hiPSC-CM
with a low spontaneous AP firing rate was found (Figure
S13C).

4 DISCUSSION

In this study, the pathogenicity of the DSC2 p.R132C
substitution was confirmed in the zebrafish model. The
use of hiPSC-CM derived from the DSC2 patient demon-
strated that (1) arrhythmias constitute a direct pathologi-
cal mechanism and are not a consequence of tissue remod-
elling during disease progression; (2) both electrical activ-
ity and Ca2+ handling are impaired, leading to contractile
dysfunction; and (3) AP duration was shortened, reveal-
ing repolarization issues in many ACM patients’ ECGs.
Finally, our data establish a rationale for the use of AADs
in ACM patients.

4.1 DSC2/R132C as a disease-causing
substitution

Desmosomes are mainly found in organs exposed to
frequent mechanical stress such as skin and heart.30
Gehmlich et al. identified two DSC2 missense mutations
(encoding R203C and T275M) causing altered proteolytic
cleavage.7 The DSC2/R132 residue is the first arginine of
the protease recognition site. Its replacement by a cysteine
might prevent proteolysis, resulting in an inactive desmo-
collin. Interestingly, data from both the patient’s heart and

hiPSC-CM revealed that the DSC2/R132C substitution not
only converts desmocollin to a non-adherent protein but
also induces a marked loss of DSC2mRNA expression.
The zebrafish larva has been used to model the

pathogenicity ofDSC2 variants linked to ACM at the organ
level.9,31 Knockdown of the native fish dsc2 enabled the
study of cardiac behaviour in the setting of control or
patient-specific DSC2 expression. This model confirmed
the specific pathogenicity of the DSC2/R132C substitution.

4.2 ACM: Amyogenic electrical disease?

Fibro-fatty replacement, a hallmark of ACM, was thought
to be themain pro-arrhythmogenic mechanism in this dis-
ease. Few studies have focused on the electrical features
of ACM cardiomyocytes.3,32,33 We found a shortened AP,
explained by both an increased density of the voltage-gated
K+ current and a decreased density of the voltage-gated
Ca2+ current. The increase in K+ current density was con-
sistent with recent findings using hiPSC-CM derived from
aDSG2patient, yet theAPdurationwas unmodified in that
study.34
Using video analysis, we found an increased sponta-

neous beating rate, which was confirmed with the finding
of a higher rate of spontaneous AP firing. This was some-
what surprising, because the observed reduced Na+ cur-
rent density, in agreement with previous reports, would
favour rather a lower cellular excitability.34,35 The spon-
taneous increase in cellular excitability could rely on ß-
adrenergic pathway basal overactivity. This is suggested by
the decrease in beating rate caused by both sotalol and
propranolol. Although propranolol reduced the sponta-
neous hiPSC-CM beating rate, it failed to correct contrac-
tion duration and contractile aberrant events. This would
thus indicate that as sotalol, propranolol is efficient to cor-
rect the ß-adrenergic over-activity in the patient-specific
model, but that this overactivity is not mainly responsible
for aberrant contractile events. Such an increase in cellu-
lar excitability may also result from altered Ca2+-handling
dynamics. The ryanodine receptor (RyR2) is a Ca2+ chan-
nel located at the surface of the sarcoplasmic reticulum.
It is responsible for the massive intracellular Ca2+ release
that triggers the Ca2+ transient supporting the contrac-
tion. Although they are very rare, RyR2 genetic variants

each plot). (A) The QRS duration is plotted as a function of the QT duration. (B) The QRS duration is plotted as a function of the QTc duration
(Bazett’s formula corrected). (C) The QTc duration (Bazett’s formula corrected) is plotted as a function of the heart rate. (D) The QT duration
is plotted as a function of the heart rate. (E–H) Recapitulative histograms depicting the control and ACM patient’s ECG parameters: the QTc
duration (Bazett’s formula corrected) (E), the heart rhythm (F), the QRS duration (G) and the JTc duration (H). Histograms represent the
median (95% confidence interval). The horizontal grey area illustrates the difference between the control and the patient parameters. *p< 0.05,
**p < 0.01, and ****p < 0.0001 (Mann–Whitney test)
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have been identified in ACM patients, consistent with
unbalanced Ca2+ handling in ACM.36–38 We determined
that patient-derived hiPSC-CM exhibited both reduced
global Ca2+mobilization and spontaneous aberrantmicro-
scopic diastolic Ca2+ events likely to be involved in ACM
arrhythmogenesis. This is in agreement with recent exper-
imental data from a novel murine model with cardiac-
specific, tamoxifen-triggered PKP2 deficiency: PKP2 defi-
ciency increased RyR2-mediated Ca2+ release from the
sarcoplasmic reticulum, leading to catecholamine-induced
arrhythmias.39

4.3 AAD effects: From ion channels to
ECG

Studies on AAD prescription for ACM patients are lack-
ing. In our model, hiPSC-CM mechanical properties reca-
pitulated their electrical features and Ca2+ handling. The
stepwise, generalised linear model identified the combi-
nation of parameters that best differentiated control from
patient cell monolayer properties. Among the four tested
drugs, sotalol and flecainide were clearly the most effec-
tive in normalizing hiPSC-CM properties. Clinical inter-
est in sotalol is often reported but evidence supporting
its use is sparse.17,40–44 Although sotalol is known to trig-
ger torsade de pointe, this dramatic adverse effect has not
been reported in ACM patients, even when sotalol has
been combinedwith a class Iamolecule (flecainide). In the
DSC2hiPSC-CMcells, both electrical activity andmechan-
ical function were improved by sotalol.
Flecainide was proposed as a therapeutic to prevent

diastolic Ca2+ waves and arrhythmias in catecholamin-
ergic polymorphic VT.45–48 Here, flecainide normalised
the frequency of spontaneous Ca2+ transients and the
occurrence of Ca2+ sparks in DSC2 hiPSC-CM cells,
providing a rationale for its therapeutic use in ACM.
Our results are in line with recently published findings
of dysregulation of intracellular Ca2+ homeostasis and
effective therapy with flecainide in a PKP2-deficient
mouse model.39 These studies have motivated a multi-
centre, pilot clinical trial that the NIH recently funded
(https://projectreporter.nih.gov/project_info_description.
cfm?aid=9587014&icde=45130245&ddparam=&ddvalue=
&ddsub=&cr=4&csb=default&cs=ASC&pball=).

4.4 A repolarization disorder

It has been suggested that symptomatic ventricular
arrhythmia begins during the electrical phase of ACM. A
recent study reported two patients with apparently nor-
mal hearts presenting ventricular fibrillation in early-stage

ACM.49 The PKP2cKO murine model developed by Cer-
rone et al. supports a myogenic origin of VA in ACM
patients.39 The shortened APD we observed led us to
identify a previously unknown abnormal repolarization
dynamicity in some patients with a QT-interval not length-
ening as expected at low heart rate. In most patients
with ACM, right-ventricular parietal block, reduced QRS
amplitude, epsilon wave, and T-wave inversion in V1-3 are
present, but QT- or JT-interval dynamicity has never been
looked for. A short QT interval may have been overlooked
because of QRS widening and masking this abnormality,
mainly at slow heart rates. In addition, ACM being an evo-
lutive disease, short myocardial repolarization times may
be obvious only during a brief time frame and may be
blurred by drug treatment. The hypothesis of an increased
repolarization reserve would also be strengthened by the
high efficacy of sotalol in some ACM patients, and high
drug dosage (320–480 vs. 160–320mg/day) has been shown
to have a greater antiarrhythmic efficacy.42,44 The reverse-
use dependence effect of sotalol may underlie its efficacy
and its safety in a setting of an increased repolarization
reserve.50 In the present case, with right-dominant ACM,
the short coupling interval of the ventricular fibrillation
triggered by ventricular premature beats also suggests a
shortened refractory period and supports the use of QT-
prolonging drugs in ACM patients.

4.5 Study limitations

The starting point of this study was based on a single
patient and a single genetic variation located on the DSC2
gene. Although this may limit our conclusions on this sin-
gle genetic variation, we also studied a cohort of ACM
patients, regardless of their genetic variations. As such, the
subpopulation of ACM patients with altered QT dynamic-
ity does not exclusively harbour DSC2 genetic variations,
thus demonstrating a general process not only focused on
the defect in the DSC2 gene. Regarding RNA sequencing
data, we also acknowledge a limited statistical power due
to difficulties in accessing the valuable biological samples
(control and patient heart samples). Although these data
are not critical to the overall message, we believe that they
can be valuable to other researchers within the field to
comparewith their owndatasets. Recent gene editing tech-
nologies could be used to generate isogenic cell models.
Using this technology, it is possible to compare two cell
lines in which the only theoretical difference is the pres-
ence (or absence) of a patient-specific genetic variation.
In our case, the use of these technologies could be used
to clearly establish the pathogenicity of a genetic varia-
tion found in a patient. In our study, for this, we chose to
focus on a more integrative model (i.e., zebrafish), which
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allowed us to assess the specific effect of genetic variation
at the level of organs and organisms.

5 CONCLUSION

A multi-faceted functional study of a novel DSC2 variant
combining clinical, histological, zebrafish and hiPSC data
helped to define ACM pathology. Patient-specific hiPSC-
CM revealed major electrical disturbances with shorter
APD supporting abnormal repolarization dynamicity. By
normalizing the increased repolarization reserve of ACM
myocytes, class 3 AADs are likely to be the first drugs pre-
scribed for DSC2 patients. Because flecainide normalised
Ca2+-related events, it may be used as a second choice or
in combination with a class 3 AAD. These findings may
encourage the establishment of randomised, controlled tri-
als to evaluate class 1 or pure class 3AADs inACMpatients.
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