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Summary

Cardiovascular diseases can be congenital or acquired and represent the main cause of mortality
worldwide. Long QT Syndrome 3 (LQTS3) and Brugada Syndrome (BrS) are congenital
channelopathies mostly caused by SCN5A mutation. Both diseases have been associated with
gain-of-function and loss-of-function of the channel respectively. However, some mutations
display an overlapping phenotype between the two diseases, rendering the diagnostic as well
as the therapy of the diseases challenging. Although several studies have been done to date, the
disease-related mechanisms are still elusive and require more investigation at the molecular as
well as the functional levels. The use of disease-specific pluripotent stem cells to develop
disease models has enabled the research of pathogenic pathways related to diseases and the
search for new treatments. Human-induced pluripotent stem cell-derived cardiomyocytes
(hiPSC-CMs) represent a platform that has allowed advancement in personalized therapy
circumventing the problem of genotype-phenotype differences existing between individuals.
Despite the immaturity of the cardiomyocytes engineered in-vitro, these cells represent a good

tool for disease investigation.

This study aimed to characterize both disease phenotypes at a cellular, molecular, and
functional level. For this purpose, we used different stages of cardiomyocytes maturation to
perform our experiments. The transcriptomic analysis, RT-PCR, immunohistochemistry,
FACs, MEA, patch-clamp and calcium imaging experiments were done to (i) access the gene
expression profiles between the cardiomyocytes of healthy control and the patients; (ii)
evaluate the structural and functional characterization of cardiomyocytes and also look at the
impact of cell maturation on experimental disease modelling; (iii) check the hypothesis of loss-
of-function and gain-of-function attributed to BrS and LQTS3, respectively, through patch-

clamp analysis.

In the present study, we used hiPSC-CMs from a healthy subject and LQTS3 as well BrS
patients and observed that genes involved in the mechanism of excitation-contraction coupling
as well as cell repolarization (RyR2, CaV1.2, CASQ2, TNNT2, TNNI3, KCNH2, Cavl3 subunits),
are dysregulated in patients. Moreover, although, the SCN5A gene was upregulated in BrS
cardiomyocytes, the sodium current (Ina) was reduced in those -cells, and we also observed a
positive shift of activation characteristic of loss-of-function of the channel. These data suggest
that Nav channel impairment might occur at the protein level. In LQTS3-derived cardiac cells,

on the contrary, we also observed a loss-of-function of the channel and a reduced SCN5A gene



compared to the control. However, we were able to identify the existence of the long QTc
phenotype, and therefore, hypothesized that the V240M mutation could be associated with a
mixed phenotype between LQTS3 and BrS. Nevertheless, performing the patch-clamp essay
with more mature cells is advisable to make a proper statement regarding this mutation. The
calcium transient was prolonged in both disease models characterized by the emergence of
trigger activity in BrS-derived CMs at D40 of differentiation. The latter observation shows the
importance of using a late time point of cardiac cell differentiation during experimental studies.
Moreover, the bradycardia phenotype associated with BrS as well as the long QTc phenotype
were identified only at this late stage of differentiation. Using single cells and cell sheets during
our study, additionally show that the use of distinct cell types during functional analysis can

significantly impact the interpretation of the FP rate.

Our studies provide more insight into LQTS3 and BrS on a molecular as well as functional
level. It also delivers a probability of a mixed phenotype associated with the VV240M mutation.
However, additional studies using more mature CMs are necessary, and the use of CRISPR-
Cas9 will be of great interest to avoid the problem related to the genotype background and,

therefore, provide a more precise outcome of each mutation.



Zusammenfassung

Herz-Kreislauf-Erkrankungen kénnen angeboren oder erworben sein und stellen weltweit die
Hauptursache fur Todesfélle dar. Das lange QT-Syndrom 3 (LQTS3) und das Brugada-
Syndrom (BrS) sind angeborene Kanalopathien, die meist durch eine SCN5A-Mutation
verursacht werden. Beide Krankheiten werden mit einem Funktionsgewinn bzw.
Funktionsverlust des Kanals in Verbindung gebracht. Einige Mutationen weisen jedoch einen
uberlappenden Phanotyp zwischen den beiden Krankheiten, was sowohl die Diagnose als auch
die Therapie der Krankheit erschwert. Obwohl bereits mehrere Studien durchgefiihrt wurden,
sind die mit der Krankheit zusammenhangenden Mechanismen immer noch schwer fassbar und
mussen sowohl auf molekularer als auch auf funktioneller Ebene weiter untersucht werden.
Die Verwendung krankheitsspezifischer pluripotenter Stammzellen zur Entwicklung von
Krankheitsmodellen hat die Erforschung krankheitsbezogener Pathogenitatswege und die
Suche nach neuen Behandlungsmdoglichkeiten ermdglicht. Aus humanen induzierten
pluripotenten Stammzellen abgeleitete Kardiomyozyten (hiPSC-CMs) stellen eine Plattform
dar, die Fortschritte in der personalisierten Therapie ermdglicht hat, indem sie das Problem der
Genotyp-Phanotyp-Unterschiede zwischen Individuen umgeht. Trotz der Unreife der in vitro
gezlchteten Kardiomyozyten sind diese Zellen ein gutes Instrument fir die Untersuchung von

Krankheiten.

Das Ziel dieser Studie war es, beide Krankheitsphanotypen auf zellularer, molekularer und
funktioneller Ebene zu charakterisieren. Zu diesem Zweck haben wir verschiedene Stadien der
Kardiomyozytenreifung fir unsere Experimente verwendet. Die Transkriptomanalyse, RT-
PCR, Immunhistochemie, FACs, MEA, Patch-Clamp und Calcium-Imaging-Experimente
wurden durchgefiihrt, um (i) Zugang zu den Genexpressionsprofilen zwischen den
Kardiomyozyten der gesunden Kontrolle und der Patienten zu erhalten; (ii) die strukturelle und
funktionelle Charakterisierung der Kardiomyozyten zu bewerten und auch die Auswirkungen
der Zellreifung auf die experimentelle Krankheitsmodellierung zu untersuchen; (iii) die
Hypothese des Funktionsverlusts und Funktionsgewinns, die BrS bzw. LQTS3 zugeschrieben

werden, durch Patch-Clamp-Analyse zu tberpriifen.

In der vorliegenden Studie verwendeten wir hiPSC-CMs von einem gesunden Probanden und
von LQTS3- sowie BrS-Patienten und beobachteten, dass Gene, die am Mechanismus der
Erregungs-Kontraktions-Kopplung, der Zellkontraktion sowie der Zellrepolarisation beteiligt
sind (RyR2, CaV1.2, CASQ2, TNNT2, TNNI3, KCNH2, CavR-Untereinheiten), bei Patienten



dysreguliert sind. Obwohl das SCN5A-Gen in BrS-Kardiomyozyten hochreguliert war, war der
Natriumstrom (Ina) in diesen Zellen reduziert, und wir konnten auch eine positive
Verschiebung der Aktivierung beobachten, die fur einen Funktionsverlust des Kanals
charakteristisch ist. Diese Daten deuten darauf hin, dass die Beeintrachtigung des Nay-Kanals
maoglicherweise auf Proteinebene stattfindet. In den von LQTS3 abgeleiteten Herzzellen
hingegen konnten wir ebenfalls eine Funktionsstérung des Kanals und eine Verringerung des
SCN5A-Gens im Vergleich zu den Kontrollzellen feststellen. Wir konnten jedoch das
Vorhandensein des langen QTc-Phénotyps feststellen und stellten daher die Hypothese auf,
dass die V240M-Mutation mit einem gemischten Phanotyp zwischen LQTS3 und BrS
verbunden sein kénnte. Dennoch ist es ratsam, den Patch-Clamp-Versuch mit reiferen Zellen
durchzufuhren, um eine genaue Aussage Uber diese Mutation zu treffen. Der Kalziumtransient
wurde in beiden Krankheitsmodellen verlangert, was durch das Auftreten von Triggeraktivitat
in BrS-abgeleiteten CMs bei D40 der Differenzierung gekennzeichnet ist. Die letztgenannte
Beobachtung zeigt, wie wichtig es ist, bei experimentellen Untersuchungen einen spéten
Zeitpunkt der Herzzelldifferenzierung zu verwenden. AuRerdem wurden der mit dem BrS
assoziierte Bradykardie-Phénotyp sowie der lange QTc-Phénotyp erst in diesem spéaten
Stadium der Differenzierung identifiziert. Die Verwendung von Einzelzellen und Zellblattern
in unserer Studie zeigt auBerdem, dass die Verwendung unterschiedlicher Zelltypen bei der

Funktionsanalyse die Interpretation der Feldpotentialrate erheblich beeinflussen kann.

Unsere Studien geben weitere Einblicke in LQTS3 und BrS, sowohl auf molekularer als auch
auf funktioneller Ebene. Sie gibt auch die Wahrscheinlichkeit eines gemischten Phanotyps in
Verbindung mit der V240M-Mutation an. Es sind jedoch weitere Studien mit reiferen CM
erforderlich, und die Verwendung von CRISPR-Cas9 wird von groRem Interesse sein, um das
Problem des Genotyp-Hintergrunds zu vermeiden und somit ein praziseres Ergebnis fur jede

Mutation zu erhalten.
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1 Introduction

1.1 Introduction to cardiac muscle

Heart muscle is made of three layers: the epicardium, the myocardium, and the endocardium
[1, 2]. Among these three layers, the myocardium represents in a functional aspect the major
component of the heart [2]. The myocardium is made by sheets of unicellular cardiac muscle
cells, also known as myocytes, which are interconnected through intercalated discs that allow
the cardiac muscle to beat in a coordinated way [3]. Cardiomyocytes mostly possess one
centrally located nucleus, but they can also contain more than one nucleus which can be
eccentric [4]. The myocardium contract involuntarily through the so-called pacemaker cells,
assuring the distribution of nutrients and oxygen throughout the body by heart pumping [5].

Compared to skeletal muscle, cardiac muscle cells harbour a longer action potential [6, 7].

1.2 Structure and function of cardiac muscle

The heart is the first organ to form during embryogenesis. The myocardium is made of four
chambers: two atria and two ventricles which are subdivided into two pumps: the right and the
left heart ensuring the purification of blood and the distribution of nutrients and oxygenated
blood throughout the body, respectively [8]. Chambers of the heart are separated by
atrioventricular (AV) valves known as the tricuspid valve in the right heart and the mitral valve
in the left heart [9]. Atria have a relatively thin wall compared to the ventricles due to the
difference in pressure to which both are subjected. Moreover, the wall of the left ventricle is
two to three-times thicker than the right ventricle due to the resistance force to which both are

subjected during the systole phase (blood ejection) [10].

The heart muscle is a striated muscle with contractile units known as the sarcomere, formed by
actin (thin filaments) and myosin filaments (thick filaments). The centre of the sarcomere is
made up of the A band, which is composed of overlapping thicker myofilaments known as
myosin interconnected in the middle through the M-band. The thinner myofilaments actin is
attached to the Z-disk, the elastic filament titin stretched from the Z-disk to the M-band [11]
(Figure 1.1), and the | band contains only the actin protein [12]. During mechanical
stimulation, those filaments are involved either in the generation of active or passive forces in
cardiomyocytes as illustrated in the figure. Crocini and Gotthardt also speculate that there is a
direct proportionality between sarcomeres and muscle length, determining the force of
contraction of the ventricle during the systolic phase that might be the prerequisite of the Frank-

Starling law [11]. Indeed, the cardiac output, which is the amount of blood pumped into the



systemic circulation per minute, has been proposed as one of the suitable ways to describe
cardiac functionality [5]. The heart rate and the stroke volume, which is the volume of blood
ejected during each systolic phase, determine the cardiac output. Three factors influenced this
later. The preload, which is associated with the end-diastolic volume, and the afterload, which
is analogous to systemic blood pressure. Finally, we have the force of contraction given by the
so-called Frank-Starling law of the heart. This law affirms that the greater the amount of blood
filled up in the ventricle during the preload phase, the greater the contraction and therefore the
greater the amount of blood pumped into all parts of the body during systole [9, 13].
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Figure 1-1. Sarcomeric structure-function relation

A, Schematic structure of the sarcomere (above) and sarcomere ultrastructure observed by electron microscopy
(below). The sarcomere is an elastic scaffold that consists of structural proteins lined out from Z-disk to M-band,
including actin (black), myosin (green), and titin (grey) that extends through the half-sarcomere. The scale is
100nm. B, Length-tension relation, a contributor to the Frank-Starling Law of the heart. C, Sarcomere length
changes during systole and diastole. D, Myofilament compressions during diastolic filling, myosin in green, and
actin in red. (Crocini, C. & Gotthardt, M. 2021) [11].

Cardiac automaticity is based on special formations called pacemakers of which the sinus node
is the major element. Due to changes in the membrane voltage of the myocytes, the sinus node
localized in the right atria will generate an electrical impulse that will induce atria contraction.
The impulse is conveyed through the atrioventricular node into the ventricles with a delay via
the bundles of His, which are divided into small branches known as Purkinje-fibres that will
allow the electrical signal to propagate throughout the ventricles allowing, therefore, a

synchronized contraction of these chambers [14]. However, some features such as ion channel

2



mutations, heart malformations, and even age can affect the above-described mechanisms and

lead to heart failure.

1.3 Cardiac muscle cells function and associated pathologies

Cardiac muscle cells, also known as cardiomyocytes, are striated muscle cells that constitute
the myocardium (heart muscle). They are interconnected through intercalated discs in an end-
to-end or an end-to-side interdigitation [4], and in heart failure, these interconnections can be
impaired [15]. Cardiomyocytes are externally surrounded by a plasma membrane called the
sarcolemma, which is formed by a bilayer lipid acting as a barrier during diffusion. The
invagination of the sarcolemma in the cytoplasm forms the T-tubules and intercalated discs
[16, 17]. Indeed, these invaginations of the sarcolemma bring LTCCs approximal to the
calcium discharge system of the sarcoplasmic reticulum (SR) [18] (Figure 1-2), which
contributes to the strong regulation of the phenomenon of calcium-induced calcium release
occurring during the action potential (AP) [19]. T-tubules are formed of several proteins
involved in the mechanism of excitation-contraction couplings, such as L-type calcium
channels (LTCCs), sodium-potassium ATPase, and sodium-calcium exchanger (NCX) [20,
21]. Therefore, the t-tubular system is very important for the proper contractility of the heart,
and impairment in T-tubule protein might result in cardiac arrhythmia and dysfunctional
cardiomyocyte contractility [22, 23], impairing the required cardiac output. It has also been
shown that in heart failure, cardiomyocytes die through apoptosis and cannot be regenerated
[24] limiting the ability of the heart to restore its function with the urgency in developing a

suitable therapy for patients suffering from heart dysfunctionality.
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Figure 1-2. T-tubule structure and key proteins involved in excitation-contraction (EC) coupling in the
cardiomyocytes.

A schematic overview of the t-tubule network is provided in the upper panel, while enlargement of the indicated
region is provided below to illustrate the positioning of EC coupling proteins. EC coupling is initiated as Na*
channels are opened, and the cell membrane depolarizes during the action potential. This depolarization triggers
the opening of voltage-gated L-type Ca?* channels (LTTCs) in the t-tubules and subsequent Ca?*-induced Ca?*
release from the SR through the opening of Ryanodine Receptors (RyRs). This process occurs at specialized
junctions called dyads, where LTTCs and RyRs are in close proximity. After released Ca?* binds to the
myofilaments to trigger contraction, Ca?*is recycled into the SR by the sarcoendoplasmic reticulum ATPase
(SERCA) and removed from the cell by the Na*-Ca?* exchanger (NCX), and the plasma membrane Ca?* ATPase.
NCX activity is critically regulated by Na* levels, set by the Na* channel and the Na*-K* ATPase within t-tubules

(Hong et al. 2017) [18].



1.4 Cardiac action potential and ion channels.

Cardiac action potential (CAP) results from a change in the membrane potential voltage across
the cell membrane of cardiomyocytes. The AP is initiated by the so-called pacemakers with
the sinus atrial (SA) node acting as the main precursor of the electrical activity of the heart
[25]. The AP is subdivided into five phases: phase 0 (rapid AP upstroke), phase 1 (partial
repolarization), phase 2 (plateau phase), phase 3 (final repolarization) and phase 4 (resting
membrane potential) [26, 27]. Numerous ion channels contribute to these phases. At a certain
threshold, the rapid sodium (Na*) channel will open, allowing the influx of these ions into the
cardiac cells, making the inner part of the cells more positive. The rapid upstroke of the AP is
followed by a closure of the sodium channel and by an activation of potassium channels which
begins at approximately -30 mV and which carries the transient outward current lto1, resulting
in a partial repolarization of the cells [28]. The depolarization caused by the rapid sodium
channels also leads to the activation of voltage-gated calcium channels. Calcium will flow into
the cells through these L-type calcium channels and will trigger the release of calcium from
the sarcoplasmic reticulum (SR) via ryanodine receptors (RyRs), known as the calcium-
induced-calcium release (CICR) phenomenon, which consequently empowers the contraction
of the myocyte. Indeed, during phase 2, the released Ca?* binds to troponin which enables
sarcomere contraction. Permeability to calcium will slowly drop down and a plateau will be
maintained through an inflow of Na* ions via the NCX pump. As phase 2 is ending, outward
rectifier K channels (Ik) will be activated and K* will flow into the cells enabling the cells to
repolarize and reach the resting potential which is maintained via the Na*-K* pump which
enables an outflow and an inflow of the Na™and K™ ions, respectively, in a ratio of 2 K* to 3
Na*[29] (Figure 1-3).
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Figure 1-3. Cardiac Action Potential (CAP)

The cardiac action potential is subdivided into four phases: phase 0, phase 1, phase 2, phase 3and

phase 4. Phase 0 corresponds to the rapid AP upstroke driven by the Na* influx through the rapid
sodium channel rendering the inner part of the cells more positive. At a certain threshold, the
transient-outward potassium channels open and enable an outward potassium current (Ito)
contributing to a partial repolarization of the cells. This will create a modest decrease in the
membrane’s electrochemical potential that trigger the initiation of phase two, therefore allowing
the contraction of the cell muscle through a process named calcium-induced-calcium release
(CICR) which corresponds to the plateau phase. The plateau phase or phase 2 is maintained
mainly by the antagonism between delayed rectifier potassium channels (lxs) and L-type calcium
channels. The permeability to calcium will slowly drop down due to the closure of the calcium
channel and the extrusion of the calcium out of the cytosol. K* currents will eventually prevail,
leading to repolarization of the cell (phase 3) which reaches the resting potential (phase 4).
Adapted from (Renganathan et al., 2017) [30]

In a failing heart, AP might be impaired and cells might fail to depolarize or repolarize properly
and present signs of trigger arrhythmia, such as early afterdepolarizations (EADSs) or delay after
depolarizations (DADs) [31]. The latter author has proposed a mechanism behind these
arrhythmogenic features which is illustrated in Figure 1-4. Indeed, in his review, Bers
postulated that in cardiac myocytes an enhanced Ca?* release from the SR might activate the
inward NCX current leading to DADs and the phosphorylation of calcium and sodium channel
by calcium-calmodulin-dependent protein kinase (CaMKII) could alter the lca and Ina
responsible for EADs observed during arrhythmia [31].
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Figure 1-4. Ca-dependent signaling to cardiac myocyte ion channels

Ca entry via lc, activates sarcoplasmic reticulum (SR) Ca release via the ryanodine receptor (RyR), resulting in
the activation of contraction. SR Ca uptake via the SR Ca-ATPase (ATP) and extrusion via Na/Ca exchange
(NCX) allow relaxation. Calcium-calmodulin-dependent protein kinase (CaMKII) can phosphorylate phospho-
lamban (PLB), causing enhanced SR Ca uptake, and also activates inward NCX current and arrhythmogenic
delayed afterdepolarization (DADs). CaMKII can also phosphorylate Ca and Na channel subunits, thereby altering
Ica and Ina gating and prolonging APD, and increasing the propensity for early afterdepolarizations (EADS).
CAMKII can also modulate Iy, whereas calmodulin (CaM) itself can modulate RyR, Ica, and IKs gating.
Activation of 3-adrenergic receptors (B-AR) activates adenylate cyclase (AC) to produce cyclic AMP (CAMP)
and activate PKA. PKA phosphorylates PLB and regulates SR Ca uptake, lc, Iks, and RyR, with a net increase in
Ca transient amplitude. This is accepted to contribute to CaM and CaMKI|I activation, but there may also be a
more direct, Ca-independent pathway by which 3-AR can activate CaMKII. MF, myofilaments. (Bers, DM. 2008)
[31].

lon permeation and gating are the two basic characteristics of ion channels [27]. Gating
channels are subdivided into three subclasses: voltage-dependent which rests on membrane
voltage changes, ligand-dependent which is determined by the binding of a ligand to a receptor,
or mechano-sensitive which relies on mechanically induced changes in channel conductivity
[32]. All these three types of gating channels are found in the cardiac muscle machinery,
whereby voltage-gated ion channels are the main channels involved in the mechanism of
contraction of cardiac cells. During AP, ion channels are found in three states: open, closed
inactive (refractory state), and closed resting state (resting membrane potential) [33]. These
properties of ion channels to open and close are a response to chemical or mechanical signals
or changes in the membrane voltage of the cells. VVoltage-dependent ion channels are pore-
forming proteins allowing a selective flow of ions. They are tetrameric proteins made out of a

and B subunits, and six a-helical transmembrane segments (S1-S6), with the S4 segment acting



as the voltage sensor of the channel and S5-S6 as the selective filter [34] (Figure 1-4).
Compared to the Navl.5 channel, voltage-gated K* channels are highly selective and also
present a large conductivity, which is crucial to bringing back excitable cells in their resting
state after depolarization [35]. Mutation on these segments might influence the permeability of
ions through the channel [36, 37] which might result in an improper ion transient during AP

responsible for impaired cardiac function.

1.5 Cardiac cells: gene expression and related pathologies

Cardiomyogenesis is defined as the process of cardiomyocyte formation. During
cardiomyogenesis, the phenomenon of gastrulation takes place in which ectoderm, mesoderm
and endoderm layers are formed. The early stages of cardiogenesis are controlled by three main
proteins: bone morphogenic proteins (BMPs), the Wingless/INT proteins (WNTSs) and the
fibroblast growth factors (FGFs) [38]. During in-vitro studies, small molecules modulating
Whnt activation and inactivation have been used to stimulate and inhibit the Wnt signaling
pathway [39], enabling, therefore, the process of cardiogenesis. During cardiomyocyte
formation, different genes crucial for the proper functionality of the myocardium are expressed.
We have for example TTN, MYBPC3, TNNT2, MYH7, MYL2 encoding sarcomeric proteins and
RyR2, PLN, or SLC8AL encoding proteins involved in the mechanisms of excitation-
contraction coupling [40]. The proper transcription and translation of those genes are required
to ensure adequate functionality of the heart. A study has shown that during cardiac diseases,
cis-regulatory elements (cCREs) being in control of these genes can be affected leading,
therefore, to a dysregulated gene expression as is the case for KCNH2/HERG involved in the
repolarisation phase during AP [41]. Moreover, during their study on healthy and failing hearts
of cadavers, Luo et al. revealed that in a failing heart, some genes such as MYH7, FHL2,
TNNC1, TNNI3 and HCN4 are dysregulated and the latter might be responsible for distinct
pathology: dilated cardiomyopathy, Long QT Syndrome (LQTS), coronary artery disease
(CAD) and other cardiac diseases [42]. It has also been postulated that during cardiac diseases,
L-type and T-type calcium channels might be dysregulated [43, 44]. Indeed, T-type Ca®
channels are predominantly expressed during heart development [45], but in the adult heart
they are mostly localized in the pacemaker and are re-expressed in cardiac muscle cells during
heart defect [44]. These studies unveil that pathophysiological mechanisms occurring in failing
hearts could be the consequence of dysregulated gene expression, which requires additional

investigation.



1.6 SCNb5A gene and disease-related mutations

The sodium channels are responsible for the generation and propagation of AP [46, 47]. They
were first discovered in jellyfish, and are described as integral membrane proteins consisting
of various a and B subunits with the a subunit mainly involved in the functionality of the cells
[48]. The sodium channel is located on chromosome 3p21 and is made up of 28 exons [49].
Ten o subunits have been identified, among which only nine have been described to be
functional [50]. The sodium channel (Nav) is distinctly distributed in the organism. For
example, Nay1.8 and Nav1.9 are found principally in the peripheral neurons, Nayl1.4 is
expressed in skeletal muscle and Nav1.5 is mainly expressed in cardiac muscle cells [51]. A
study using a mouse heart revealed that this channel with some of its subunits, such as 1 and/
or B4, are localized in the intercalated discs [52] and, just like the conventional voltage-gated
channel, the o -subunit of Nay1.5 consists of four repeats (I, 11, 111, IVV) each of them containing
six membrane-spanning segments (S1-S6), representing the main functional subunit of the
channel. Furthermore, B-subunits are very important for a fast kinetic and fast inactivation of
the channel [53, 54]. S4 carries charged residues, and therefore acts as a sensor for voltage
changes, and S5-S6 forms the pore conducting sodium channel [48] and the selective filter
[34]. Each end of the S6 segments of each domain carries one amino acid residue forming the
activation gate (Figure 1-5). The selectivity filter is composed of distinct amino acids in the
four domains namely: aspartate, glutamate, lysine, and alanine in DI-DIV, respectively, whose

mutation might lead to the dysfunctionality of the filter [55].

Mutations on Nav1.5 channel subtypes cause diseases called channelopathies, which can be
inherited or acquired. As the sodium channel is crucial for the initiation and propagation of the
AP, a defect in this gene might consequently affect the functional states of the channel (open,
close inactive, and close) or the conduction velocity, which in turn will affect the normal
functionality of the heart. Several diseases have been associated with the mutation of the
Nav1.5 channel among which are: Brugada syndrome (BrS), long QT syndrome type 3
(LQTS3), atrial fibrillation (AF), sudden infant death syndrome (SIDS), sick sinus syndrome
(SSS) [56] and many more. Although channelopathies have been mainly described as electrical
diseases without structural anomalies of the myocardium, recent affirmation reveals that some
patients harboring SCN5A present abnormalities in the structure of their cardiac muscle [57],
but with vague fundamental mechanisms [58]. Recent studies postulated that during heart
failure, sodium channel downregulation is the consequence of the increase of intracellular

calcium [59]. However, another study postulated that high intercellular calcium is beneficial



for patients presenting a gain-of-function of the channel such as LQTS3 by regulating the InaL
and enabling a proper repolarization [60]. However, this hypothesis does not apply to all
patients, as demonstrated by the study of Abdelsayed et al. after performing the functional
analysis with cells of patients carrying mixed syndromes, which shows that in some cases
increasing the cytosolic calcium may promote gain-of-function [61]. Additionally, studies
demonstrated that in SCN5A associated with loss-of-function mutation, disease phenotype
severity might be affected by multiple variants within or between patients [62, 63] presenting
a considerable challenge for the therapy approach.

QOutside cell

Voltage-sensing region Selective filter

Inactivation loop

COg5
Inside cell
Figure 1-5. Voltage-gated sodium channel
The voltage-gated sodium channel consists of four domains and each domain containing six transmembrane alpha-
helices (S1-S6). S1-S6 represents the main functional subunit of the channel. S1-S4 builds the voltage-sensing
domain, with S4 acting as a sensor during voltage changes because of its charged residues. S5-S6 forms the pore
conducting sodium channel and the selective filter. The inactivation loop that is required to close the channel

during fast inactivation is localized between segment 6 (S6) of domain three (DII1) and segment 1 (S1) of domain
four (DIV). Adapted from (de Lera Ruiz et al. 2015) [55]

1.7 Pharmacodynamics of antiarrhythmic drugs on Nav1.5 channel: Case of
Lidocaine

According to their specific electrical effects on the myocardium, antiarrhythmic medications

can be categorized into Vaughan Williams classes (I-1V) [64]. The requirements for

classification include ion channel blocking (classes | and V), receptor interaction (class I1),

and changes in electrophysiological parameters (class I11) [65]. lon sodium blockers such as

the Nav1.5 channel blockers are mainly used for antiarrhythmic, antiepileptic or anaesthetic
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therapy [55]. These drugs will block the channel and therefore suppress the spontaneous
depolarization of the cardiac muscle cells. Studies of mutagenesis revealed that the binding site
of these drugs is located on the S6 segments of the DI, Ill, and IV of the channel [66-68].
Nav1.5 channel binding sites and inhibition mechanisms are diverse [69]. However, F1760
(Phenylalanine at position 1760) localized at the S6 segment of the fourth domain has been
described as an important binding site of class Ib antiarrhythmics drugs (AAD) [70], such as
lidocaine, tocainide or mexiletine. Other studies reveal that T206 and F203 are also important
binding sites of AADs [71]. Indeed, the class Ib drug will form with the phenylalanine residue
tight cation-r interactions [72]. Cation-m interaction is a non-covalent bonding engaging a
positively charged sidechain (Arg, Lys) to an anion (Phe, Tyr, Trp) building a strong interaction
between the protein and the ligand [73, 74]. However, it has been demonstrated that compared
to Arg, Lys form with the negatively charged sidechain a weaker interaction [75].

In opposition to class la and class Ic, the main property of class Ib AAD is to shorten the AP
[76, 77] by blocking the sodium channel, which interacts weakly with the channel compared
to class la and Ic [78]. AAD blocks the channel in a use-dependent block manner, which means
that after the addition of the drug, the repetitive depolarization will initiate further blocks as
illustrated in Figure 1-6 [79]. The stability of the voltage-sensor segment S4 DIII-DIV has
been described as fundamental for a high-affinity of the class Ib AADs (lidocaine) to the
receptor, and this was regardless of the presence of the fast inactivation gate, whereby this latter
is important to the channel to achieve its highest-affinity conformation [80]. Moreover, slow
inactivation of the Nav1.5 channel has also been proposed as a mechanism of high affinity
between lidocaine and the receptor on the channel [81]. Mutation of the channel might hamper
the fast inactivation state promoting a disturbance in the AAD binding. Indeed, it has been
postulated that for the drug to bind to the channel receptor, it needs to be in an open [82] or
inactivated state [83, 84]. Indeed, in his review, Dhein revealed that for lidocaine to bind to the
Nav channel, this latter should be in an open state allowing the drug to bind to the inactivated
state of the channel [85]. Lidocaine will lose its affinity to the channel when this latter switches
to its resting state, which causes the drug to detach from the channel. Despite all these findings,
the blocking mechanism of sodium blockers is still elusive. Based on several experimental
protocols, three distinct phenomena have been observed. The closed (resting) channel block is
detected when channels are activated by infrequent membrane depolarizations; the frequency-

dependent block which is related to a rise of the blocking effect when the stimulus frequency
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is increased and, finally, the maximal block that occurs after a prolonged membrane

depolarization inducing the steady-state inactivation of the channels [86].

50th pulse after the
addition of lidocaine

use-dependent block

1 st pulse after the
addition of lidocaine

X

Tonic block

<
<

Control

Figure 1-6. Picture of sodium current after a repetitive block by lidocaine.
Recordings show control Insand then Ina after the drug was added for the 1%and
50" depolarizations of a pulse train. Holding potential, -140; Depolarizing step
to 20 mV. (Adapted from Zipes et al. 2009) [79]

Although drugs of the same class share the same mechanism of action according to the
classification of Vaughan-Williams [87], they might have different pharmacodynamics and
pharmacokinetics. Indeed, it has been shown that the half-time of lidocaine elimination from
the plasma is shorter when compared to mexiletine and tocainide [88], advocating that a rapid
response is to be expected during treatment with this drug compared to its counterparts.
However, this does not tell us much regarding the effectiveness of the drug. Therefore, in-vitro
studies might further help to screen these drugs and further provide information on their safety

for patients.

1.8 In-vitro studies of cardiac diseases

Heart diseases are disorders of the heart and blood vessels' functionality, which can be
congenital or acquired. Numerous diseases can be listed: coronary artery disease and ischemic
stroke [89], congenital diseases that can be due to channelopathies such as (LQTS, BrS, SSS,

or CPVT), or a malformation of the heart [90]. The development of the cardiac tissue model is
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a new technology used to investigate the pathophysiological mechanisms underlying numerous
cardiac diseases using engineering human induced pluripotent stem cells (hiPSCs). The aim of
modelling cardiac tissue (hiPSC-CMs) is to devise models that mimic human cardiac muscle
cells and provide data that can be transferable to the clinic [91-93]. Moreover, hiPSC-CMs
have enabled scientists as well as physicians to better comprehend the mechanism of action of
different AADs, and therefore ameliorate the life condition of patients. Indeed, AADs can show
considerable side effects in patients [94], which might even be fatal. Thus, tissue models are
useful, not only for a better understanding of molecular, cellular, or physiological mechanisms
involved in heart diseases but also help to develop and screen the side effects of potential drugs
[94, 95]. However, this platform is still offering some challenges due to the inability of the
cells to fully mimic the native adult cardiac cells. Moreover, the in-vitro model study cannot
offer all the physiological properties of in situ cells.

1.8.1 Generation of human-induced pluripotent stem cells (hiPSCs)

Stem cells can self-renew and differentiate into all cell types such as neurons, macrophages,
liver, kidney and myocytes. Due to this property of stem cells to differentiate into several cells
which are necessary for ex vivo studies, Takahashi and Yamanaka have designed a protocol to
bring back mature adult cells (mouse embryonic and mature fibroblasts) into their pluripotency
state using four factors, Act3/4, Sox2, c-Myc and KIf4 [96]. Later, they could prove that this
technology is also applicable for human fibroblasts [97], which could differentiate into the
three germ layers formed during embryonic development (ectoderm, mesoderm, and
endoderm) and teratomas. These cells are of high importance in regenerative medicine because
of their potential to retain the genetic background of the patients. Moreover, they offer a more
precise comprehension of the disease mechanism in basic research compared to animal models,
which are different in their physiology and could not be efficiently transferred to humans.
HiPSCs also solved the ethical problem linked with the decimation of human embryos (Figure
1-7) [98].

Nevertheless, the practical use of the cells in clinical application is controversial due to the
oncogenesis of some transcriptor factors such as c-Myc. HiPSCs have been primarily
reprogramed using a retroviral or lentiviral vector system, which is described to be an
inefficient and slow procedure [99, 100]. In addition to this, it is not adequate for the safety of
the DNA because of the mutagenesis linked to its application. Nakagawa et al. have proposed
another method omitting the c-Myc retrovirus [101] and this protocol offers a low efficiency

in cell reprogramming despite the high quality of obtained iPSC cells. Therefore, other tools
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have been proposed to deliver the transcriptor factors in the cells among which we have:
transient plasmid, synthetic mRNA, and purified recombinant protein from Escherichia coli
[102]. Indeed, Huangfu et al. could prove that using DNA methyltransferase and valproic acid
(VPA) inhibitors might considerably improve the efficiency of the reprogramming, and this
without the introduction of c-Myc [99]. Other reprogramming protocols based on small
molecules as well as transdifferentiation have been studied and proposed to be more accurate

and efficient compared to other protocols [103].
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Figure 1-7. Advantages of induced pluripotent stem cells (iPSCs) over mutant embryonic stem cells (ESCs)
and genetically modified mouse models

Embryonic stem cells (ESCs) originated from human embryos while induced-pluripotent stem cells are obtained
from reprogrammed adult somatic cells such as skin fibroblasts, peripheral blood cells, urine epithelial cells, etc.
Contrary to ESCs, iPSCs are easy to obtain and they also resolve the moral dilemma associated with the killing
of human embryos. They maintain the genetic make-up of the person from whence they were produced preventing
an immunological reaction. In comparison to the mouse model, studies with iPSCs can be safely translated to
humans and constitute a trustworthy source of transplantable cells due to their human origin (Parrotta et al. 2020)
[98].

1.8.2 Differentiation of hiPSCs into cardiomyocytes and functional properties

hiPSC-derived cardiomyocytes have enabled scientists as well as physicians to better access
the pathophysiology underlying cardiac diseases. The differentiation of hiPSCs into hiPSC-
CMs is based on the activation and the inhibition of the wingless (Wnt) signalling using, for
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example, the small molecule CHIR and different Wnt inhibitors [104, 105]. The role of Wnt
signalling has been described in Figure 1-8 below [106]. Thus, Wnt is necessary to diminish
the cell’s pluripotency and support mesendodermal commitment when differentiating hiPSCs.
To achieve this effect, the Wnt activation should be properly monitored as speculated by the

latter author.
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Figure 1-8. Deciphering role of Wnit signalling in cardiac mesoderm and cardiomyocyte differentiation
from Human iPSCs: four-dimensional control of Wnt pathway for hiPSC-CMs differentiation

The role of Wnt signalling in hiPSC-CM differentiation. Wnt signalling is required to reduce pluripotency, limit
endodermal specification (SOX17, FOXA2) and promote mesendodermal (Bry, EOMES) commitment in
differentiating hiPSCs; however, excessive Wnt activation directs the cells toward the paraxial/presomitic
mesoderm lineage (CDX1, CDX2, PAX1). The Gi(I/M)Wi protocol enables researchers to balance these
antagonistic effects of Wnt activity for maximum cardiac mesodermal specification and hiPSC-CM vyield by
adjusting the CHIR initiation and maintenance doses for different hiPSC lines (e.g., hciPSCs or hdiPSCs) and
culture systems (e.g., monolayer or suspension), or to incorporate other factors such as insulin, which increases

cell survival and proliferation but partially limits Wnt activity (Zhao et al. 2019) [106].

To date, different protocols have been proposed to improve the maturity and the purity of
cardiomyocytes, representing one of the limitations of the studies of disease models in-vitro.
Prolonged cell culture, co-culture, electrical or mechanical excitation, and chemical
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modulation have been proposed as a means of overcoming the immature phenotypes [107].
Lewandowski et al. for example demonstrated that, compared to day 20, day 40 cardiomyocytes
highlight some features of adult cardiomyocytes in molecular as well as physiological aspects
[108]. Moreover, Biendarra-Tiegs and collaborators previously demonstrated a clear
difference in ion channel expression as well as in electrophysiology of hiPSC-CMs between
D12 and D40 (Figure 1-9) [109]. Mechanical stretch used in terms of the mechanical stimulus
also showed promising results in pluripotent stem cell-derived cardiomyocytes (PSC-CMs)
maturation [110]. However, all the above-mentioned techniques still need to be improved to

reach a level that is acceptable for clinical use.
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Figure 1-9. Maturation of hiPSC-CMs clearly revealed differences in several ion channel regulators and
cardiac-derived cells' electrophysiology properties

A, Heatmap representation of expression patterns for representative electrophysiology- and calcium handling-
associated genes in cardiomyocytes. Genes with significantly different expressions (log2FC >2 and P <0.05)
between days 12 and 40 are marked with an asterisk. B, AP amplitude evaluated from D12 and D40 populations
before submission for sequencing. P values were calculated by either a student's t-test or Mann—Whitney U test.

Data are reported as median =+ interquartile range. (Biendarra-Tiegs et al. 2019) [109].

Adherent cell culture and 3D differentiation are distinct protocols used to produce derived
cardiomyocytes with >90% purity [104]. Metabolic selection such as glucose deprivation is
one of the techniques that has been used to date to provide cardiomyocytes with high efficacity
[111, 112]. Nonetheless, these protocols give a mixed population of cardiac cells subtypes:
atrial-like, ventricular-like or nodal-like [113], which represent another barrier to clinical
application. Despite all these challenges, human-induced pluripotent stem cells-derived
cardiomyocytes (hiPSC-CMs) represent a good tool to investigate the molecular spectrum and
access the pathophysiology of cardiac diseases because, compared to animal models, they can
mimic cardiac functionality in a suitable way [114]. Moreover, ion channels that are implicated
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in the process of AP generation and regulation have been stated in those cells [115]. hiPSC-
CMs are also a powerful tool for drug discovery and toxicity [116] that might be helpful to
improve personalized therapy (Figure 1-10) [117].
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Figure 1-10. Cardiac tissue engineering and its applications.

Patient-specific iPSC can be derived by reprogramming somatic cells from the patient, in healthy vs. diseased
states, and used to generate a variety of functional cardiovascular cells. The incorporation of cells within
specifically tuned 3D biomaterial systems will enable the fabrication of the human cardiac muscle patch (hCMP)
that could be used either in a variety of in vitro applications [drug screening and disease modelling (Right)] or as
a cardiac patch for in vivo regenerative therapies (Left) (Wang et al. 2021) [117].

1.9 Channelopathies associated with cardiac dysfunctionality: the case of
LQTS3 and BrS
1.9.1 Long QT Syndrome type 3 (LQTS3)

LQTS represents a possible cardiac cause of some cases of sudden infant death [118]. LQTS
is a congenital disease characterized by a prolonged QT interval displaying the underlying
marker for the disease. Nevertheless, studies have shown that QT intervals can overlap between
LQTS patients and healthy individuals, and T-wave morphology could help physicians to
ameliorate patients’ diagnostic [119] and classify LQTS subtypes [120]. LQTS prevalence is
estimated to be 1:2000 [121] live births. Among all the LQTS subtypes, types 1, 2, and 3 are
the more common forms found in the population [122], with LQTS3 representing the more
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lethal form [123]. Sodium channel mutation (SCN5A) is the mean cause of LQTS3, causing a
gain-of-function of the channel, and it appears that mutations underpinning LQTS3 are the only
ones that may link sinus bradycardia to cardiac events [124]. The disability of the Nav to
inactivate hampers the repolarization [125], which prolonged the AP.

Most SCN5A mutations are missense mutations found in Nav1.5 areas that are involved in fast
inactivation, such as the cytoplasmic loops between the S4 and S5 segments, or in regions
stabilizing the fast inactivation like the C-terminus [126]. Therefore, mutation at this site of the
channel might explain the delay from channel inactivation as well as AP prolongation observed
during LQTS3, and in some cases trigger mechanism of arrhythmia, such as early
afterdepolarizations (EADs) occurred [127]. Some studies have demonstrated that some
polymorphisms such as H558R could rescue the disease phenotype and allow a proper Nav
current [128]. In fact, in their study Ye and his associate used different clones carrying an
SCN5A-M1766L mutation and observed that the clone carrying the polymorphism H558R
present a normal current. Moreover, H558R could restore the defect current to normal when
co-expressed in another clone carrying the SCN5A-M1766L. However, the restoration of the
pathologic phenotype by H558R is not applied to all mutations. Indeed, another study revealed
that the polymorphism H558R did not have a significant impact on the SCN5A_E1784K
phenotype [129]. These studies show the complexity of the disease physiology due to the
different phenotypes associated with the several mutations, rendering the diagnostic and the

therapy of LQTS3 more challenging.

Contrary to other congenital LQTS, LQTS3 therapy is based on sodium channel blockers [130,
131]. Blockers of the sodium channel able to block both the late (InaL) and the fast sodium (Ina)
inward current could be useful for patients presenting both gain-of-function and loss-of-
function of the channel [132]. Beta-blockers have also been proposed as drug candidates for
LQTS3 but the outcome was contradictory, and the author related these controversial findings
to the genotype background of the patients [133] suggesting that drug therapy should be
patient-specific. Patients that are not responding to drug therapy can receive an implantable
cardioverter-defibrillator through surgical intervention which is not without any risk, or which

can also present some disadvantages in the future [131].

1.9.2 Brugada Syndrome (BrS)
BrS is highly prevalent in Asia [134]. This rare disease meanly affects more men than women
[135], in which the latter risk of arrhythmic events appears to also be less [136]. Three types
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of BrS have been described, whereby only type one is considered the true form of the disease
characterized by an ST-segment elevation in the right precordial leads of the electrocardiogram
(ECG) [137]. Thisis its distinctive ECG pattern, which can occur spontaneously or be revealed
by medicines [138]. Nevertheless, the electrocardiographic features of BrS are age-dependent
and might only be detectable in subjects above 5 years of age [139]. SCN5A gene mutation is
the main cause of BrS leading to the loss of function of the Nav1.5 channel [140]. Contrary to
LQTS3, many mutations in BrS cause sodium channel truncation due to a frameshift in the
DNA sequence by the premature appearance of a stop codon [79]. This suggests that loss of
function of the channel could be associated with a reduced expression of the sodium channel.
However, missense mutations leading to BrS showed that loss of function of the Nay channel
is associated with defective protein trafficking at the cell surface [141, 142]. In some cases, the
reduced ion current might reflect the fast inactivation of the channel or altered channel kinetic
during AP [143, 144]. However, the magnitude of the electrophysiological anomalies in BrS is
largely determined by the patient’s genetic background [145]. This might explain the uncertain
pathophysiological outcome arising during the disease.

Improper repolarisation or depolarisation [146] or an aberrant neural crest expression during
right ventricular outflow tract (RVOT) [147] has been proposed to explain the cellular
mechanism that occurs during BrS (Figure 1-11). Indeed, according to the repolarization
theory, the BrS phenotype is principally caused by variable APD shortening across the
myocardial wall. The depolarization theory, on the contrary, states that arrhythmogenesis is
caused by a slower upstroke of phase 0 and a subsequent decrease in the conduction velocity
(CV) of the AP [148]. This latter author also proposed that the third mechanism occurring
during BrS is due to structural abnormalities of the RVOT, which consequently increase the
current-load mismatch. Nonetheless, further studies need to be done to truly understand the

pathophysiology underpinning the disease.

BrS therapy is based on anti-arrhythmic drugs and implantable cardioverter-defibrillator (ICD)
for patients at risk of repetitive sudden cardiac death after drug therapy [146]. RVOT
epicardium ablation is another therapy that has been developed to treat patients exposed to
frequent ICD-shocks [149]. However, the risk of events in BrS is not genuinely understood.
Indeed, different subtypes of the syndrome may exist with varying levels of arrhythmic risk,
and identifying them may result in better care for BrS patients [150].
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Figure 1-11. Molecular and electrophysiological mechanisms
underlying arrhythmogenesis in Brugada syndrome.
CV (Conduction Velocity); APD (Action Potential Duration); TDR
(Terminal Density Reversal). (Elizari et al. 2007) [147]

1.9.3 Overlapping phenotype between LQTS3 and BrS

SCN5A gene mutation is the main cause of LQTS3 and BrS leading to a gain-of-function and
loss-of-function of the Nav1.5 channel, respectively [124, 140] with varying penetrance. As
both diseases share the same main gene, the possibility of overlapping phenotypes is not
excluded. This hypothesis has been validated by Grillo et al. [151]. Indeed, using the ECG of
25 patients they were able to demonstrate that in some subjects carrying the SCN5A mutations,
a clinical coexistence between LQTS3 and BrS phenotype was observed, an observation which
was further validated after flecainide administration. Subsequent studies further support the
hypothesis of overlapping phenotype between BrS and LTQS3. Indeed, using derived
cardiomyocytes from both mice and human cells carrying SCN5A%NsD* and SCN5AL795INSD/+
respectively, Davis et al. could show that the mutations recapitulate the existence of an
overlapping phenotype between both diseases [152].

Four years after this study, SCN5A-E1784K has been further described as a causative mutation
for an overlapping phenotype [153]. Indeed, patients carrying this mutation could show a QTc
prolongation, but functional analysis of cells harboring the mutation presents a decreased Na*
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current density characteristic to BrS. Many other mutations associated with mixed syndromes
have been further published [61], showing additional complexity in the pathological
mechanisms linked with both diseases. As a result of this complexity, it could be that LQTS3
and BrS are alternative manifestations of the same problem. Therefore, further investigation to

develop a better therapy for patients harboring those mutations is required.

1.10 Aim of study

Very little is known on the gene expression involved in the mechanism of ECC related to
SCN5A mutation during LQTS3 and BrS. Moreover, some studies have demonstrated an
overlapping phenotype between both pathologies rendering the mechanisms underlying both
diseases very complex, and it has been revealed that drug therapy might differ from patient to
patient. Thereby, in the present study, we aim to use derived cardiac muscle cells of a healthy
individual and LQTS3 as well BrS patients to access the regulation of gene expression
associated with the functional activity of cardiomyocytes in both situations: healthy and
patient-derived CMs. We also aim to functionally characterize the cells using methods such as

calcium imaging, MEA analysis and patch-clamp.
During our study, we interpret the following questions:

e Does the SCN5A mutation affect other gene expressions involved in the mechanism of
cardiac muscle cell contractility, and how is the calcium transient regulated during the
diseases compared to the control? As gene expression is switched during the maturation
of in-vitro CMs differentiation, we postulate that CMs maturation affects the result
outcomes between the control and the disease models. Moreover, cell sheets are
different from single cells in their constitution, and we therefore also try to find out if
using these two types of cells can affect the data interpretation.

e Another line-up of the study was to better understand the phenomenon of overlapping
phenotype between BrS and LQTS3. Therefore, we ask ourselves that if the phenotype
is present, how could it manifest at a molecular as well as at a functional level?

e Due to the heterogeneity in the mechanisms associated with SCN5A mutation and the
different responses to antiarrhythmic drugs by patients, the third point of our study was
to access the efficacy or proarrhythmic effect of antiarrhythmic drugs on LQTS3

derived cardiomyocytes.
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2 Materials and Methods

2.1 Materials

Cell culture plates, the cryotube vials and coverslips (22x22 mm, 12x12 mm) were from Becton

Dickson Labware, USA and Thermo Fisher, Germany. The centrifuges tubes (15 ml and 50

ml), the pipettes, the cell strainers (40 um) and bacterial dishes (10 cm, 6 cm) were obtained

from Greiner-bio-one and Sarstedt/ Germany. The FACs tubes and the sterifix (0.2 um) were

supplied by Corning, Mexico, and B. Braun Melsungen AG, Germany, respectively. The

Pasteur pipettes and the syringe (5, 10, and 20 ml) originated from VWR.com and BD

DiscarditTM 11/ Germany. The RNase/DNase free microtubes and pipettes tips were provided

by Axygen, USA; Nerbe plus, Germany and Gilson, Axygen. The safe seals (0.5, 1.5, 2 ml)

respectively came from Biozym Diagnostic, Germany; Sarstedt, Germany and Eppendorf,

Germany.

2.2 Laboratory equipment

The equipment used during this study are listed on the following table.

Table 2.2.1 List of equipment

MEA 1060-Inv-Bc amplifier

Multi-Channel Systems, Germany

Multi-Channel output fA60SBC

Multi-Channel Systems, Germany

Temperature controller TCO2

Multi-Channel Systems, Germany

Centrifuge 5430

Eppendorf, Hamburg, Germany

Multifuge 1S-R

Heraeus Instruments,

Centrifuge 5417 R

Eppendorf, Hamburg, Germany

IEC CENTRA CL2 Centrifuge

Thermo Fisher, Germany

7500 fast real-time PCR System

Thermo Fisher, Germany

1000 Touch Thermal cycler

Bio-Rad, Germany

BD FACSCanto™ 1

BD Biosciences, Canada

Fluorescence power manager

CONRAD, Germany

Nanodrop 1000

PegLab, Germany

Sterile work bench Lamin Air HB 2448

Heraeus Instruments

Sterile work bench HERA Safe

Thermo Fisher, Germany

HERACELL 240i C02 incubator

Thermo Scientific, Germany

Microscope Axiovert 25

Zeiss, Germany
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Microscope Axiovert 200M

Zeiss, Germany

Microscope 1X50

Olympus

Microscope 1X81

Olympus

Laser set up

Olympus, Japan

Manual manipulator

Marzhduser Sensotech, Germany

ApoTome

Zeiss Werk, Germany

GFL Waterbad

ProfiLab24.com, Germany

2.3 Reagents

The listed reagents were used for the cell culture

Table 2.3.1 List of reagents
Company Thermo Fisher/ Invitrogen, Germany
Reagents Catalogue number
E8 A1517001
RPMI 1640 W/ Glutamax-I 61870010
RPMI 1640 (- Glucose) 11879
DPBS (-/- Mg2+, Ca2+) 14190169
WEFI H20 A1287302
DMSO 14190-094
Vitronectin (rhVTN-N) A14700
RevitaCell supplement (100x) A2644501
B-27 Supplement, minus Insulin A1895601
TrypLe 12605010
DMEM/Nut.Mix.F-12/Glut-1 31331093
Penicillin-Streptomycin 15140122
Fluo-4 F14201
Monoclonal troponin T mouse 1gG1 (1:100) | MS-292-P1
Alexa Fluor 555 anti-mouse 1gG1 (1:1000) | A21127
Alexa Fluor 488 anti-rabbit IgG (1:1000) A11034
ProLong Gold Antifade-Reagent P36966
SuperScript VILO™ ¢cDNA Synthesis 11754-050
Platinum SYBR Green gPCR 11733-046
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PureLink Genomic DNA Mini Kit K1820-01
Macherey-Nagel™ NucleoSpin™ Gel and 740609.50
PCR Clean-up Kit

O’gene ruler DNA ladder SM1173
Electrophoresis buffer B49

Company Qiagen, Germany
Qiazol 79306
Rneasy Mini Kit (250) 74106
Rnase-Free Dnase Set 79254

Bio-RAD, Germany

Ethidium Bromide 1610433

Company LC Laboratories
CHIR99021 C-6556

Selleck chemicals

Wnt-C59 S7037

Roth, Germany

Roth-Immuno Block solution
(1:10)

Al51.1

Di-sodium hydrogen phosphate

T876,1

Sodium chloride

3957.1

Gol

dbio.com, USA

Agarose LE

A-201-500

Merck, Germany

Sodium Dihydrogen Phosphate
Monohydrate

106340500

New England

BioLabs (NEB), England

6X-loading dye

B7024S

Sigma, Germany

Sodium DL-lactate L4263
Caffeine Anhydrous C-0750
L-ascorbic acid 2-phosphate A8960-5G
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monoclonal a-actinin mouse AT7811
IgG1 (1:800)
Polyclonal Cx43 rabbit 1:400 C6219
Triton-X_100 (0.25%) T8787
Nucleus Stainer Bisbenzimide | B2261
— Hoechst (1:2000)

AppliChem
Chloroform pure A0642, 1000
From the Neurophysiology Institute
Tris-Waschbuffer

2.4 Media and Buffers

Table 2.4.1 RPMI media for Differentiation (100 ml)

Media/Compound Amount Final concentration
RPMI 1640 +  Glutamax 98 ml -
supplement
B-27 supplement, minus insulin 2mi -
L-ascorbic acid 2-phosphate 100 pl (50 mg/ml) 50 pg/ml
Penicillin-Streptomycin 1ml 100 U

Table 2.4.2 RPMI media for purification (50 ml)

Media/Compound Amount Final concentration
RPMI 1640 (minus Glucose) 49 ml -
L-ascorbic acid 2-phosphate 50 pl (50 mg/ml) 50 pg/ml
Sodium DL-Lactate 0.925 pl/ml 5mM
Penicillin-Streptomycin 0.5 ml 100 U

Table 2.4.3 Tyrode’s solution for Ca*" Imaging

Table 2.4.4 Agarose gel’ preparation

Compound Amount in mmol/I Chemical Amount

NaCl 140 Ultrapure Agarose | 0.8 g

KCI 54 VE water 100 ml

MgCI2 1 (The mixture was boiled in a microwave

to ensure the solubility of the chemical)
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Sodium pyruvate 2 Table 2.4.5 TAE buffer (50x)
CaCl2 1 Chemical Amount
Glucose 10 Tris 242 mg
HEPES 10 EDTA 18.61mg
(Tyrode’s solution was adjusted for a pH of Glacial acetic acid | 57.1 ml
7.4 with NaOH at room temperature (RT) and | DDI H20 1000 ml

stored at 4°C)

Table 2.4.6 Tris-wash buffer (10x) Table 2.4.7 4% Paraformaldehyde
Compound Amount Compound Amount
Trizma-Base 60.5 g in 700 ml Di-sodium hydrogen 137.99 mg

Agqua distillate phosphate
Aqua distillate 1000 ml Sodium dihydrogen 141.96 mg

(The preparation was adjusted for a pH phosphate monohydrate

of 7.6 with 2 N hydrochloric acid and a Sodium chloride 58.44

solution of NaCl and kept at RT) (The compounds were dissolved in 1000 ml

Bidistillate water at 50-60 °C with the help
of a magnetic stirrer, and the preparation
was adjusted for a pH of 7.4 with 1 N
NaOH)

2.5 hiPSCs culture

hiPSCs were kindly provided by the Saric group. The cells were cultured on 6 well or 3cm
plates and passaged when they reached 80-90% confluency. For the cells’ dissociation, we used
the dissociation reagent TrypLE (Thermo Fisher, 12605-010). The cells were washed once with
DPBS (-/-Mg2+, Ca2+), and 0.5 ml of TrypLE was added to the cells, which were incubated
with the reagent for about 3 to 4 min at RT, after which a proportional amount of the E8 media
(Thermo Fisher, A1517001) was added to the cells to stop the enzyme reaction. We collected
the cells in 15 ml falcon tubes and centrifuged them at 1000 RPM for 2 min. The supernatant
was absorbed with the help of a Pasteur pipette and resuspended in 1 ml media. We pipetted
the cells up and down 3 to 5 times to obtain the desirable colony size and replated them on
vitronectin (Thermo Fisher, A14700) or a matrigel (Corning; 354248) coated plate at a final

concentration of 5pg/ml or 10mg/ml, respectively. The cells were replated in a final volume of
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1.5 ml to 2 ml E8 media in such a way that they will reach the desired confluency within 4 to
5 days. To improve the cells’ survival, 10 pl of RevitaCell (Thermo Fischer, A26445) was
added to the cells after replating. We distributed the cells to the entire surface of the plate
through an up-and-down, left and right movement and replaced them in an incubator at 37°C

with 5% CO2. Media was changed every day until the next passage.

2.6 Differentiation of hiPSCs to hiPSC-CMs

Cells were passaged as described above. After centrifugation and resuspension in the E8 media,
the cells were up-and-down pipetted about 10 to 14 times to obtain the desired cell size, which
IS a very important step to obtain a successful differentiation. We replated the cells either on
3cm plate dishes or six-well plates in a density that will reach the desired confluency of 70-
80% within 2 to 3 days. When the confluency was reached, we replaced the culture media with
the differentiation media (RPMI+Glutamax+50ug/ml LAA+B27-insulin) supplemented with
CHIR99021 (LC Laboratories, G611) for the first 48 hours of differentiation. The concentration
of CHIR99021 varied from cell line to cell line (5 uM for NP0016-C3; 6 uM for NP0134-26B,;
8 UM for NP0040-8) in an end volume of 3 ml in each well. After 48 hours, the media was
replaced with RPMI media supplemented with Wnt inhibitor (Selleck Chemicals, S7037) at the
end concentration of 2 uM in 3 ml media, and the cells were further incubated for another 48
hours to stop the gastrulation. On the fourth day of differentiation, the medium was changed
and replaced with the normal differentiation media. The media was changed every 2 days and
beating activity could be observed on day 6 of differentiation for NP0040-8 (control cell line)
and NP0134-26B (BrS cell line) and day 8 or day 9 for NP0016-C3 (LQTS3 cell line). Glucose
starvation was performed on day 9 or 12 dependent on the time of beating activity appearance,
and the cell was maintained in the purification media for 4 days (RPMI minus glucose+50ug/mi
LAA+B27-insulin+5mM Sodium DL-lactate). We maintained the cardiomyocytes in the
differentiation media until further used. The schematic illustration of the protocol is described
in the figure below.

Day 20-25 and day 40-45 were determined as the early and late stages, respectively. The

cellular, molecular and functional analysis were performed at both stages of differentiation.
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Figure 2-1. Schematic illustration of human cardiac muscle cells differentiation and characterization

A, Schematic protocol of hiPSC-CMs differentiation. Briefly, the cells were replated as small clusters 2 days
before differentiation. The small molecules CHIR and WntC59 were used to initiate and stop the gastrulation.
Beating activity could be observed on day 7 of differentiation and glucose deprivation was performed for 4 days,
after which the cells were further cultured for different characterization. Cardiomyocytes were characterized at a
different stage of differentiation at the cellular, molecular and functional levels with the different illustrated
methods (B). (LAA=L-Ascorbic Acid; inh =inhibitor; CM= Cardiomyocyte)

2.7 HiPSC-CMs dissociation

Cells were dissociated with either TrypLE or collagenase B, according to the experiments.
Collagenase B was used when preparing cells for the patch-clamp experiment, and TrypLE was
used for cardiomyocytes (CMs) dissociation intended for other functional characterization.
Before the dissociation, the cells were washed twice with DPBS (-/- Mg2+, Ca2+). For
dissociation, we added 0.70 ml to 1 ml of TrypLE to the plate and incubated the cells in an
incubator at 37°C with 5% CO2 for about 7 to 10 min. For FACS analysis, this incubation time
was increased to allow a better dissociation into single cells. After this incubation time, the
same volume of differentiation media was added to the cells to stop the enzyme reaction. We
then collected the cells ina 15 ml tube and centrifuged them for 2 to 3 mins at 1000 RPM. After
centrifugation, the supernatant was removed, and the cells were resuspended in 1 ml
differentiation media. 10 pl of RevitaCell (Rock inhibitor) was added to the suspension, which
was pipetted several times to obtain single cells. We filter the cells using a 40 um filter and
count the living cells with the help of the trypan blue. The desired number of cells were replated
for further experiments. For dissociation with collagenase B, the cells were previously washed

as described above, 0.5 ml of collagenase B was added to the plate, and the cells were incubated
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for 30-35 min at 37°C with 5% C02. After 15 to 20 min incubation time, we triturated the cells
with a 1 ml pipette and incubated them for another 15 or 10 min. The cells were again gently
triturated several times after incubation to obtain single cells and the reaction was stopped with
the differentiation media at the same volume of collagenase B. Single cells were replated on

glass coverslips for patch-clamp analysis.

2.8 Immunostaining

For this experiment, the cells were dissociated 3 to 4 days before and replated in a density of
35x10° to 50x10° CMs on a 12x12 mm coverslip placed in a 24 well plate. Coverslips were
previously coated with 10 mg/ml matrigel or 40 pug/ml fibronectin. The cells were allowed to
attach to the coverslip without media change for 48h. On the third or fourth day, the cells were
washed and fixed with 4% paraformaldehyde (PFA) for 20 min at RT. The fixed cells were
maintained in 0.5 ml DPBS at 4°C until staining. Immunostaining could be performed directly,
or the cells could be kept at 4°C for several days until further use. During immunostaining, we
used the Tris-Wash-Buffer (1:10) for all washing steps. Before permeabilization with triton x
(0.25% triton-x-100, T8787, Sigma), the cells were washed once, and the cells’
permeabilization was performed at RT for 15 mins. The cells were washed 6x with Tris-wash-
buffer, and for each washing step, we incubated the cells with the buffer for 5 min to optimize
the staining. To avoid unspecific binding sites, we blocked the cells with the blocking reagent
(Rot immuno-block solution 1:10, A151.1, Roth) for 120 mins. For single or double staining,
the first antibodies (monoclonal alpha-actinin mouse 1gG1 1:800, A7811 Sigma; monoclonal
troponin T mouse IgG1 1:100, MS-292-P1, Thermo scientific; the polyclonal Cx43 rabbit
1:400, C6219, Sigma) were added to the preparation and incubated overnight at 4°C in the cold
room in the dark. The next day, we repeated the 6x washing step with a 5 min incubation time
and added the second antibody (Alexa Fluor 555 anti-mouse IgG1 1:1000, A21127 Invitrogen)
for a single staining or (Alexa Fluor 488 anti-rabbit 1gG 1:1000, A11034 Invitrogen) for the
double staining. We used the nucleus stainer Hoechst at this step (1:2000) and incubated the
cells for 2h at RT in the dark. After the incubation time had elapsed, we repeated the washing
step and prepared the microscope slide with ProLong Gold Antifade, on which the coverslips
were mounted. During this step, it is advisable to use a drop of the ProLong Gold and avoid
forming bubbles when placing the coverslip, and, if bubbles are formed, remove them with a
pipette tip. The preparation is either stored in a cardboard box at 4°C or the cells are directly

analysed on the apotome.
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2.9 FACs analysis of hiPSC-CMs

For FACs analysis, the cells were dissociated with TrypLE as described in section 2.7. We
started the experiment with at least 0.5x10° cells. For the staining, an appropriate number of
cells was distributed in 15 ml tubes and centrifuged for 2 mins at 1200 rpm at RT. The
supernatant was discarded and 0.5 ml of 4% PFA was given to the detached cells, which were
transferred in 1.5 ml Eppendorf tubes and incubated for 15 min at RT. The preparation was
then centrifuged at 4°C and 0.5 ml of permeabilization and blocking buffer (0.5% Triton x-100
in 0.5% BSA) was added to the cells and incubated for 10 min at RT. All the other
centrifugation steps were done at 4°C at the same speed and for the same duration. After
blocking, the cells were centrifuged and resuspended in 100 pl staining buffer (0.1% Triton x-
100 in 0.5% BSA). 1:50 dilution of the first antibody was given to the suspension (mouse
monoclonal Troponin T 1gG2a; Santa Cruz Biotechnology) and incubated overnight in the cold
room in the dark. The following day, 1ml of washing buffer (0.5 % BSA) was added to each
tube and centrifuged, after which cells were stained with the second antibody (1:1000 or 1
pg/ml Alexa Fluor 555 Goat anti-mouse IgG1; Invitrogen) previously resuspended in 100 pl
washing buffer, and incubated for 30 min in the dark at RT. The cells were washed and
resuspended in 0.25 ml washing buffer, filtered and FACs analysis was performed with FACs

Aria Il. Data were analysed with FlowJo7.

2.10 gDNA extraction

Cells were cultured and maintained in the E8 medium. When reaching the desired confluency,
they were passaged with TrypLE as described in section 2.5. The supernatant was removed,
and the cells were resuspended in 200 pl DPBs (-/- Mg2+, Ca2+). The genomic DNA isolation
was performed following the mammalian cell lysate protocol from Thermo Fisher (cat no.
K1820-01) and the extracted DNA was directly used for PCR analysis or stored at -20°C until

further use.

2.11 PCR sequencing

The stock concentration of 100 uM was prepared for each primer after the manufacturer’s
instructions in nuclease-free water. For the working solution, a 1:10 dilution of each primer
was performed (80 pul H20 + 10 pl forward primer + 10ul reverse primer). The Master Mix
preparation for one sample was made as follows: 2 pl diluted primers + 12.5 pul PCR Mix +
~100 ng gDNA + 2 pul DMSO to avoid gDNA binding. The samples were distributed in PCR
tubes and completed with H20 for a final volume of 25 pl. The PCR was performed under the

following conditions (Initial denaturation: 95°C for 5min, Melting: 95°C for 45 s, Annealing:
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58°C for 40 s, Extension: 72°C for 30 s for 34 cycles. Final elongation at 72°C for 5 min and
the end of the reaction was set at 4°C). The 5 pul PCR product was then run on 0.8% agarose
gel with 1 pl of 6X-loading dye (B7024S, NEB) at 90mV for 40 min in 1x TAE (see section
2.4 for TAE composition) electrophoresis buffer (B49, Thermo Fischer). 7 ul of O’gene ruler
DNA ladder (SM1173, Thermo Fischer) was also loaded onto the gel for band size detection.
The gel was then stained with ethidium bromide (BIO-RAD, 1610433) and observed under UV
light using Royal Bio-Imaging System — Intas Gel iX Imager (Royal Biotech, Ltd, Germany).
For PCR sequencing, after the PCR run was finished, the PCR product was purified using
Macherey-Nagel™ NucleoSpin™ Gel and PCR Clean-up Kit (Thermo Fisher; 740609.50)
according to the manufacturers. The DNA concentration was measured via Nanodrop ND-1000
Spectrophotometer (Thermo Scientific) and the samples were prepared for sequencing (1 pl
sequencing primer (1:10 dilution) + 250 ng PCR product + 7 pul RNase free water). The product

was sent for sequencing and the data was analysed with the BioEdit software.

Table 2.11.1 PCR primers and sequencing primers designed for Mutation detection

LQTS3 mutation \V240M

Primer sequence For: 5°- GGGGGTCATGCTCTGAGTATGTGTTGTC -3’

Rev: 5’- GGGATCAGGCAGGGCTTGAACAGC - 3’
Sequencing primer: 5> TCCACACCCATGCCATATATTTG -3’
BrS mutation Q646R

Primer sequence For: 5’- GTGATATGTGTAGCTTCCTGACCACACTC -3’

Rev: 5’- CAGGCCAGATGTGGGAGTATTTGGG - 3’

Sequencing primer: 5°- CAGGAGAGAACAAGCTGAAACAGATG - 3’

2.12 RNA isolation for gene expression profiling

hiPSCs and hiPSC-CMs (day 20 and day 40) were harvested in 1.5 ml Eppendorf tubes and
centrifuged at RT at 1000 or 1200 rpm for 2 min. The cells were washed once with 1 ml DPBS
(-/- Mg2+, Ca2+) at 4°C, and the pellet was resuspended in 700 pl to 1 ml Qiazol (Qiagen,
79306). The cells were stored at -80°C or were directly used for RNA isolation. For the
isolation, we triturate the cells 8 to 10 times with the help of a 5 ml syringe. 200 pl of
chloroform was added to the lysate, vortexed and kept at RT for 5 min. The cells were then
centrifuged for 15 mins at 12500 rpm at 4°C. RNA was isolated using the Rneasy Mini Kit
from Qiagen (catalogue no. 74106). The clear phase (supernatant was collected without

touching the middle layer) was collected in 1.5 ml tubes, adjusted with an equal volume of 70%
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pure cold ethanol and the solution was mixed by gentle up and down movement. Approximately
750 ul of the solution was applied to the columns and centrifuged for 20 seconds (s) at 12500
rpm at RT. We discarded the filtrate, and the step was repeated until the solution was
completely used. The other centrifugation steps following were done at RT at 12500 rpm. 350
pl of RW1 buffer was applied to the columns and centrifuged for 20 s, the filtrate was discarded
and 80 ul of DNase mixture was applied (10 pl DNase + 70 ul RDD buffer from the RNase-
Free DNase Set from Qiagen; Catalogue no. 79254) to the columns and incubated for 15 min.
After the incubation, the columns were washed with RW1, the filtrate was discarded and the
columns were washed twice with 500 pl RPE buffer and centrifuged for 15 s and 20 s,
respectively. The columns were shifted to a new 2 ml collection tube and spun for 1 min. They
were transferred to 1.5 ml Rnase/Dnase-free Eppendorf tubes for RNA collection. For this step,
25 to 27 pl of nuclease-free water was added to the centre of the columns without touching the
membrane (the nuclease-free water was previously warmed at 37°C for better RNA extraction).
The preparation was incubated for 15 min and spun down the columns for 1 min at RT. The
collected RNA was directly placed on ice and the quantity as well quality verification was done
via the Nanodrop.

2.13 Protocol for cDNA synthesis

For cDNA synthesis, we used the SuperScript VILOTM cDNA synthesis kit from Life
Technologies (catalogue number, 11754-050). The master mix of samples was prepared
without RNA. For a single reaction, the following amounts of reagents were needed: 4 pl 5X
VILOTM reaction Mix, 2 pl 10X SuperScriptR Enzyme Mix, the desired volume of RNA (1g)
and the desired volume of RNase-free water to complete the reaction to 20 pl. The preparation
was gently mixed and incubated for 10 min at 25°C for primers extension, followed by the
cDNA synthesis for 60 min at 42°C. The reaction was terminated at 85°C for 5 min and the
cDNA product was directly placed on ice to stop the reaction. The cDNA was diluted with 280
pl RNase-free water and stored at -20°C for future use.

2.14 RT-PCR protocol with Platinum SYBR Green gPCR SuperMix-UDG

SYBR Green was previously prepared (12.5 ml Platinum SYBR green gPCR superMix-UDG
+ 50 ul ROX reference Dye) and stored at -20°C in the dark. A mixture of 5uM of forward
(For) and reverse (Rev) primers working solution was prepared (10 pl For + 10 pl Rev + 200
pl RNase-free water) and stored at -20°C. Each gene was run as technical triplicates during the
experiment. The master mix for a single reaction was prepared as follows: 10 pl SYBR Green,

1 pl primer working solution, 7 ul RNase-free water, and 2 pl cDNA. For triplicate reaction,
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the master Mix was prepared without cDNA, and 18 pl of the preparation was distributed in
the desired wells of the MicroAmpTM Fast optical 96 wells plate (Thermo Fisher, 4346907),
and 2 pl of the cDNA product was added later to complete the reaction to an end volume of
20 pl. The experiment was run with the ABI 7500 fast mode programme (stage 1: 50°C for 2
min for the denaturation; stage 2: 95°C for 2 min for the primer annealing; stage 3: 95°C for
3 s for every cycle (40 cycles) corresponding to the primer extension and the reaction was

terminated at 60°C for 30 s). Data analysis was validated with the 7500-software version 2.3.

Table 2.14.1 Designed primers for g°PCR
The primers were designed with the help of SnapGene and the following online tool:
https://eu.idtdna.com/PrimerQuest/Home/Details/0_4

Sequence ID | Product Gene Primer sequence
Size (bp) (Human)

NM_001035.3 | 97 RyR2 For: 5>-~GCTGATGATCGGGATGACTATG-3’
Rev: 5’-CCCAGACATTAGCAGGTTCTT-3’

NM_000719.7 | 104 Cavl.2 For: 5°-TCGTGGGAAAGGTGGTAAAG-3’
Rev: 5-GTGGCCTCTTTGCTGAATTG-3

AF261085.1 | 102 GADPH For: 5’-CAAGAGCACAAGAGGAAGAGAG-3’
Rev: 5’-CTACATGGCAACTGTGAGGAG-3’

NG_007866.2 | 94 TNNI3 For: 5>-TACTTAGGCATCCAGGGTAGAG-3’
Rev: 5’-TCAGAGGTTAGGGTCTCTTCTT-3’

NM_000024.5 | 83 ADRB2 For: 5>-~GCCTCTGCCTGCTCTAAATA-3’
Rev: 5’-GGACCTGACTGGAAAGGTATAG-3’

NM_000684.3 | 104 ADRB1 For: 5>-GTGGAAGATGGGTGGGTTAG-3’
Rev: 5’-GCTGGTAGTGTGTTCCTGTT-3’

NM_005477.3 | 101 HCN4 For: 5-AATGAGGTGCTGGAGGAGTA-3’
Rev: 5-TGGAGGAGGATGGAGTTCTT-3’

NG_007556.1 | 101 TNNT2 For: 5°-GCCTCTGCCTGCTCTAAATA-3’
Rev: 5’-GGACCTGACTGGAAAGGTATAG-3’

133 SCN5A For: 5’-CCCAAACAATTCCTGCTCCCT-3’

Rev: 5-TGACGATGATGCTGTCGAAGA-3’

2.15 Multi-electrode Array (MEA) Experiment
The MEA experiment was performed with a 60 electrodes MEA plate. Electrode spacing was
200 pm and the diameter of each electrode was 30 um. The recording of the extracellular

potential was performed at a rate of 2 kHz in a standard differentiation media.
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MEA amplifier MEA plate 60 electrodes with 200
pm inter electrode

distance
Figure 2-2 Part of the Set up for field potential (FP) recording
The amplifier, a typical MEA culture dish and the 60 electrodes grid are

represented on this figure. Scale bar: 0.2 mm

The cells were replated as clusters on the MEA plate three to five days before measurement,
allowing proper cells’ attachment to the electrodes. The field potential recordings were made
on days 20-25 and days 40-45 of differentiation corresponding to the early and late stages,
respectively. Before measurement, the air-conditioner inside the room was switched off, and
the cells were measured on a plate warmed at 37°C. Each MEA plate had an end volume of 0.5
ml during measurement, and we recorded each drug concentration separately. The data were
converted using the MC-DataTool and further analysed via Origin version 7, CorelDraw 2020
and software developed in our institute for statistical evaluation of the QT interval, the
amplitude and the FP rate.

Figure 2-3 Example of beating human cluster attached on a MEA plate.

The plate was coated with 10 mg/ml Matrigel 2 hours before the cell replating
or left overnight. The cluster was maintained in RPMI/B27-insulin+50 pg/ml

LAA. The picture was taken with a 4x objective.
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2.16 Calcium Imaging

Dissociated cardiomyocytes were replated as single cells on a previous matrigel (10 mg/ml) or
fibronectin (40 pg/ml) coated coverslip (22x22 mm). The cells were incubated at 37°C with
5% CO2 for 2 to 3 days, after which measurements were performed. To perform the imaging,
the coverslip was mounted on a cell chamber and cells were stained with the Fluo-4, AM-ester
from Life Technologies at an end concentration of 5 uM (5 pl of the dye + 995 ul MilliQ water
or WFI water). The cells were incubated with 0.5 ml or 1 ml of the dye for 30 mins at RT in
the dark. After this time, the cells were washed twice with 1 ml of 1% Tyrode’s solution (See
section 2.16) and maintained in 0.5 ml differentiation media during measurement. Calcium
transient was first recorded at a baseline, and for recording with caffeine, 20 uM of caffeine
was prepared in 2 ml tubes and 0.5 ml of the compound was applied to the cells during recording
for a final caffeine concentration of 10 uM. For all measurements, good beating cells were
selected (region of interest, ROI) for data analysis. Data were analysed using the following
software: FV-1000 Olympus, sigmaPlot 8.0, and CorelDraw 2020.

N.B: All cell cultures were performed under sterile conditions.
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3 Results

3.1 Culture of hiPSCs in a xeno-free and feeder-free system

Xeno- and feeder-free systems were developed to support the transfer of in-vitro studies to the
clinic. Studies revealed that E8 media efficiently supports hiPSCs expansion in a xeno-free
system [154]. Moreover, the extracellular matrix vitronectin and matrigel are a feeder-and-
Xeno-free system that has shown effectiveness in hiPSCs expansion [154-156]. This system,
therefore, renders the transfer of in-vitro studies to the clinic feasible. During our study, both
extracellular matrices were used for hiPSCs proliferation, and the cells were cultured in the
Essential 8 (E8) media. The three cell lines: NP0040-8 (control cell line), NP0016-C3 (LQTS3
cell line carrying a missense mutation C7718>A, p.V240M on the exon 7 of SCN5A) and
NP0134-26B (BrS cell line carrying a heterozygous mutation in the exon 13 of SCN5A,
€.1936delC, p.GIn646Argfs*5) grew and expanded successfully as shown in Figure 3-1. Cell
culture was kept at 37°C with 5% C02 and passaged each 4 to 5 days.

A D1 D2 D3

W Control

LQTS3

0

BrS

Figure 3-1. hiPSCs culture in E8 media
A-C lllustrates representative pictures of cells’ proliferation from a control subject, LQTS3 and BrS patients in
E8 media, respectively. We passaged the cells every 4 or 5 days and maintained them in an incubator at 37°C with

5% CO02 and the media were changed every day. The pictures were taken with the 10x objective.
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3.2 High effectiveness of cardiomyocytes differentiation with RPMI
supplemented with ascorbic acid

To access the pathophysiological mechanism underlying our disease models, we needed to
differentiate the stem cells into cardiomyocytes for further molecular, cellular as well as
functional analysis. Previous studies showed that small molecules such as CHIR99021, which
IS @ GSK3 inhibitor, and WNT inhibitors such as Wnt-C59 are effective for cardiac
differentiation [157]. Additionally, designed cardiomyocytes differentiation protocols revealed
that promoters of cardiac progenitors such as ascorbic acid could enhance cardiac
differentiation effectiveness [158, 159]. Therefore, we developed our protocol based on these
findings as illustrated in Figure 3-2A. Using the healthy control cell line, we illustrated an
example of cell structure before and after induction of gastrulation (Figure 3-2B). The three
cell lines have been successfully differentiated into cardiomyocytes. The characterisation were
performed on day 20 and revealed that cells appropriately express sarcomere” markers troponin
T (green) and alpha-actinin (red) (Figure 3-2C), whose organization is primitive within this
unit. FACS analysis showed that after cell purification almost 90% of cells are cardiomyocytes

(Figure 3-2D) showing the effectiveness of this protocol.
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Figure 3-2. hiPSC-CMs differentiation and characterization.

A, Illustrates a schematic protocol of cardiomyocytes (CMs) differentiation. B, example of cell structure before
and after induction of gastrulation using the healthy control cell line picture of day 0 to day 4 of differentiation
corresponding to the day before gastrulation induction (DO0), the day after the gastrulation (D2), and the day after
inhibition of the Wnt pathway (D4). C, Representative illustration of T troponin and alpha-actinin staining of each
cell line (scale bar = 50uM). D, FACS analysis revealed that almost 90% of CMs are obtained after CMs
purification. Results represent at least 2 biological replicates.

3.3 Characterization of the sarcomere and connexin 43 organization at a late
stage of differentiation between the control and the disease models

To compare sarcomere organization at the late time point vs the early time point, further

staining for alpha-actinin was performed at day 40 as illustrated in Figure 3-3A. Compared to

the early stage illustrated in Figure 3-2C above, the sarcomere organization at a late time point

shows better myofibrils alignment, supporting the hypothesis of cell maturation in long-term

culture. It was difficult to identify any difference in the structure of the contractile units of the

cardiac muscle cells between the control and patient-derived cardiomyocytes. We, therefore,
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hypothesized that this unit might not be affected by the mutation. However, additional
characterization is required to make a proper statement.

LQTS3 and BrS are both associated with electrical disturbance, and a recent study has raised
the hypothesis of a probable delocalization of connexin (Cx43) within the intercalated discs
during BrS [160]. Therefore, to go further with this speculation, double staining of CMs using
alpha-actinin and Cx43 was performed. Contrary to the previous hypothesis, disturbance in
Cx43 alignment in BrS CMs (Figure 3-3B) could not be identified, which is also true for
LQTS3-derived cardiac cells, indicating that mutation related to these pathologies might not
have a direct impact on Cx43 distribution within the cells. We also localized Cx43 in the

nucleus’ surroundings in all cell types.

A Control LQTS3 BrS

alpha actinin

alpha actinin+Cx43

Figure 3-3. Characterization of cardiomyocytes and distribution of Cx43 within the cells.
A, Sarcomere organization of a healthy subject (control), an LQTS3, and a BrS patients CMs. B, Present Cx43
distribution in the healthy control and the disease models cell lines showing Cx43 alignment within the intercalated

discs and the end-to-end interdigitations. Pictures were taken with 60x oil objective and scale bar: 20 pum.

3.4 Validation of the disease mutations.

A skin biopsy-derived fibroblast from male subjects suffering from LQTS3 and BrS was
cultured and reprogrammed by the Saric group from the Institute for Neurophysiology at the
University Hospital of Cologne. The cell line was indicated as NP0016-C3 for LQTS3 and
NP0134-26B for BrS. The latter were sequenced and cryopreserved for further use by the same
group. Studies could demonstrate that gene expression, pluripotency markers as well as
karyotype are maintained during hiPSCs cryopreservation [161, 162]. However, validating the
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existence of these mutations in this present study removes any doubt about their existence. The

sequence analysis showed that the LQTS3 patient effectively carries a point mutation

(c7718>A, p.V240M) on exon 7 of the SCN5A gene (Figure 3-4).

Healthy control iPSCs
T CG T

G G GG GCCCTG A

LQTS3 iPSCs
A AGACCATTC CAT GGG GGTCCTCTSG

I." '|| lv240M

Figure 3-4. Validation of LQTS3 Mutation
llustration of the wild-type sequence of SCN5A gene from healthy control and LQTS3 patient. The

heterozygous mutation ¢.718G>A, V240M was identified on the exon7 of the SCN5A sequence gene

of the patient.

The frameshift in the sequence of the BrS patient was observable on the exon 13 (Figure 3-5)

as previously published [163, 164]. Thus, we could further validate the existence of the

disease-driven mutations on these cell lines.
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Healthy control iPSCs
ACCTC CCCAGGCTTCCGTGTGTA

f\
R \ { .\
‘_ - \ . J )

ACC TCC CAG GCT CCG TGT GTA
T §$ Q A P C V

BrS (Q646Rfs*5)
ACCTCCCAGGCCCCTGGGGTA A A

ACC TCC CAG GCC CCT GGG GTA
T §$ Q@ A P AV

ACC TCC AGG CCC CTG GGG TAA
T S R P L G Stop

Figure 3-5. Validation of BrS mutation
BrS mutation carries ¢.1936delC heterozygous mutation at the exon13 of the cardiac sodium channel.

The deletion of the nucleotide prematurely introduces the stop codon (TAA) in the sequence.

3.5 Gene expression profiles between healthy control and disease models

Transcriptomic analysis helps researchers investigate the whole transcriptome of an organism,
which provides information on how genes are regulated characterizing the organism’s biology
[165]. Two methods are used for this aim: namely next-generation sequencing (NGS) and
microarray technology [165, 166]. The latter has been used for gene profiling characterization
during this study. To date, molecular mechanism related to LQTS3 and BrS is still elusive.
Principal component analysis (PCA) provides a platform for the overview and first
interpretation of large data sets [167, 168]. Additionally to the PCA, hierarchical clustering
subsequently allows the grouping of data sets based on their expression profiles that further
help for the first data investigation [169]. With the same goal of having a broad overview of
the gene expression profiling on healthy control and patients, we performed a transcriptomic
analysis and performed with the data a PCA as well as hierarchical clustering. For this purpose,
the RNA was sequenced at different time points: day 0, day 20, and day 40 of differentiation.
The PCA shows us that at day 0, the gene-level expressions profile between the healthy control
and the disease models are close (Figure 3-6A). This result is further confirmed by the
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clustering of the different cells group in that same condition (Figure 3-6B). However,
differentiated cells present a difference in gene expression between the early and late stages of
the same cell group that could be related to the difference in cell maturation. A clear difference
was noticed between the different cell lines showing that gene expression profiles differ

considerably among them.

A . B . . .
PCA Mapping 82.4% (CHP) Hierarchical Clustering
20
PCA2 11.1%
Condition 15
M ctri_Do
B cti_D20
= Ctrl_D40 25
o® 5] tggg‘ggo M ctr_Do
® ELQTS3_D40 M Ctr_D20
© W Brs_DO M CtrZD40
Blsre e,
Oprs | _|
R0 = ELQTS3_D40
M Brs_DO
mem [ BrS_D20
L ¥ OBrs_D40

PCA1 11.1%

PCA3 11.1%

Figure 3-6. PCA and hierarchical clustering

A, lllustration of the principal component analysis (PCA) of cells at different time points. B,
Hierarchical clustering of the different cell groups. Both present less difference in gene expression
between cell lines at DO, but in differentiated CMs differences were observed between cell lines. The

gene marker expression was run in triplicate for each condition.

3.6 Genes expression regulation in LQTS3 and BrS compared to the control

Disturbance in the mechanism of depolarization and repolarization has been elucidated during
LQTS3 and BrS. However, very little is known regarding the expression profile of the genes
involved in this mechanism during the pathology. Therefore, with this study, we aimed to
identify the regulation of some key genes that are involved in the mechanism of cardiac
physiology during LQTS3 and BrS compared to the healthy control. Gene expression levels
obtained from the transcriptomic analysis were considered up- or downregulated when gene
level was > 2 or < -2, respectively with p >0.05. Data analysis shows us that some genes are
expressed only at a late time point of differentiation (day 40) but not at day 20 as shown on
Figures 3-7A and 3-7B. This observation highlights the need to use an advanced stage of

maturation of cardiomyocytes during gene profiling studies. Moreover, genes such as RyR2,

42



CasQ2, and PLN that are involved in the mechanism of excitation-contraction coupling,
although dysregulated during both conditions (early and late stages), show changes in gene
expression level in the two conditions (D20 & D40 CMs), which further underline the impact
of cell maturity on gene expression. Gene profiling also demonstrated that the T-type calcium
channel gene, L-type calcium channel gene, and its 3-subunits are dysregulated in disease
models. The TNNI3 gene is upregulated in the two disease models when compared to the
control (Figure 3-7B). Interestingly SCN5A was downregulated in CMs derived from the
LQTS3 patient and upregulated in BrS CMs. In both disease models, the hyperpolarization-
activated funny current gene (HCN4) and the beta-adrenergic receptor ADRB2 genes are
upregulated which might portray a dysfunction in the heart rate. The T-type calcium channel
gene (CACNA1G) was upregulated in LQTS3-derived cells. The dysregulation of some of those
genes was further validated via gPCR (Figures 3-7C & 3-7D). We therefore postulated that
during LQTS3 and BrS genes involved in the proper function of the heart are dysregulated.
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Figure 3-7. Gene-level expression and gPCR validation

A-B, lllustrates gene-level expression between the control and the disease models at different time
points early stage (D20) and late stage (D40) of differentiation. Disease models (LQTS3 and BrS)
harbour a dysregulation in genes involved in the regulation of ECC, CICR mechanism as well as
in cell repolarization. Gene dysregulation was further validated by gPCR (C-D) and GAPDH was

used as a positive control. Chip and gPCR experiments were run as technical replicates.
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3.7 Gene ontology analysis of healthy and defective cardiomyocytes

Cardiac defects can be detectable at a prenatal stage [170, 171]. Therefore, performing the gene
ontology (GO) of cardiomyocytes from a healthy subject and patients could tell us if during
cardiomyogenesis any abnormal features or pathways will differ from the control. For this
analysis, positive regulation of genes at day 40 CMs of each cell line has been compared to
their day O counterpart corresponding to the pluripotent stage. Genes were plotted in the
Metascape analysis tools for functional enrichment analysis. The first 20 sets of gene functions
have been selected for our analysis. Functional processes analysis of CMs from the healthy
subject and patients revealed that genes involved in heart morphogenesis and heart
development are highly regulated and, although gene enrichment shows a positive regulation
of cell adhesion in both disease models, this process is more enriched in the control cell line,
which also shows a high regulation of cell junction organization (Figure 3-8A-C). Other
pathways such as head development are also present in all cell lines, which might originate

from the use of the B27-supplemented in the differentiation media.
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Figure 3-8. Gene ontology analysis.

A-C Represents the gene ontology of derived CMs obtained from the healthy control and LQTS3 as
well BrS patients, respectively. The health control shows a higher enrichment in cell-cell adhesion
and cell junction organization compared to both patients. Genes involved in the heart development
and heart morphogenesis are high regulated in all cell lines. For enrichment analysis, we considered
the gene prioritization by evidence counting (GPEC) with p <0.01.
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3.8 Field potential recording in healthy and disease cardiomyocytes: QTc
analysis

Multielectrode Array (MEA) has extensively been used due to its high throughput recordings
to access cardiomyocytes’ activity by evaluating the field potential rate or QTc interval [172].
Therefore, the device was used during our study to record field potential (FP) and access the
difference in QTc between the early stage and late stage of maturation of cardiomyocytes within
the same cell line. The results show that the cardiomyocyte of the control subject and the BrS
patient present a significant difference in QTc interval between both time points of
differentiation (Figure 3-9A and 3-9B panels a & b). Moreover, the control cell line presents
a lower amplitude at the early stage of differentiation that is statistically significant, reflecting

the immaturity of cardiomyocytes on day 20 in contrast to day 40 (Figure 9A panel c).

Comparing the QTc interval between the control and LQTS3 cardiomyocytes, we detected a
significant prolongation of the QTc interval in the LQTS3 CMs (Figure 3-9C panels a & ¢),
revealing the existence of the disease phenotype in this cell line. The comparison was only
possible at an advanced time point of differentiation (D40 — D45). Elevated T-wave was also
identified on LQTS3 CMs characteristic of the disease phenotype. This observation points out
the importance of using late time point CMs to study the different features that are associated

with cardiac pathology during in-vitro research.
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Figure 3-9. QTc evaluation between healthy control and LQTS3 CMs and between early and late

stages cardiomyocytes

A-B, Represent the field potential traces of the healthy control and BrS derived cardiomyocytes respectively
showing a statistically prolonged QTc interval at the early stage (days 20-25) compared to its late-stage (days
40-45) counterpart. The late stage of the healthy CMs showed an improved cardiac contraction amplitude.
C, QTc elapsed time is prolonged in the LQTS3 disease model compared to the healthy control. The
experiments were performed at 37°C and each experiment represents at least 3 biological replicates. QT was
corrected to QTc according to the formula of Fridericia and Hodges. ** represents P<0.005, ***P<0.0005.

3.9 Lidocaine effect on LQTS3-derived cardiomyocytes

Lidocaine which belongs to class 1b of antiarrhythmic drugs has been used to reduce the QTc
prolongation induced during tracheal intubation [173]. However, it has also been used on
patients underlying the LQTS3 phenotype to correct the functional abnormality of the heart
[174]. In this study, pharmacological lidocaine range as well as non-clinical range were used.
Using lidocaine’s clinical range on hiPSC-CMs derived from LQTS3 patients, we observed

that this drug failed to restore the QTc to normal. On the contrary, it further prolonged it in a
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concentration-dependent manner as illustrated in Figures 3-10A panel a and 3-10B panel a.

Moreover, with concentrations above the pharmacological range, the QTc interval could not be
restored either (Figure 3-10A panel b and 3-10B panel d). At 20 uM the drug tends to increase
the FP rate with a statistical significance, but it does not increase the amplitude of cells (Figure

3-10B, panels b & c). However, at higher lidocaine concentrations (30 uM — 50 uM) the

voltage significantly decreases which might reflect the toxicity of the drug at these

concentration ranges (Figure 3-10B, panel f). Moreover, at these latter concentrations, the

cells’ activity was significantly increased in a concentration-dependent manner (Figure 3-10B,

panel e).
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Figure 3-10. Effect of lidocaine on LQTS3-derived cardiomyocytes.

A, Representative illustration of lidocaine treatment on LQTS3-derived cardiomyocytes at clinical and

nonclinical concentrations. In both cases, lidocaine failed to restore the QTc interval to normal. B,
Statistical representation of lidocaine effect on the QTc, the FP rate and the amplitude of LQTS3 CMs.

The study was carried out at 37°C and n represents a minimum of 3 biological replicates. *P<0.05. non-

treated (no drug) and treated cells are compared.
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3.10 Field potential comparison between healthy control and disease models in

different maturation time points
Bradycardia phenotype observed during LQTS3 has been correlated to age [175]. In BrS
patients as well, this phenotype is responsible for the phenomenon of SCD that occurs at rest
[176]. Therefore, to identify this phenotype in-vitro, FP recording was performed at different
stages of cardiomyocyte maturation. Using derived cardiomyocytes from LQTS3 and BrS
patients at D20 — D25 of differentiation, we observed that the pathological phenotype could be
observed on LQTS3 CMs but not on BrS CMs (Figure 3-11A panels a-c and 3-11B panel a).
However, at a more mature stage (D40 — D45) the phenotype appeared in both disease models
(Figure 3-11A, panels d - f) with statistical significance (Figure 3-11B, panel c) when
compared with the control. This suggests that during the characterization of derived cardiac
cells in-vitro, it is important for the cells to reach a certain threshold of maturity to mimic what
could occur or what is occurring in-vivo. Moreover, at the early stage of differentiation, the
amplitude of contraction was significantly increased in BrS cardiac cells compared to the
control, while in the late stage of differentiation, the amplitude between the control and BrS

CMs did not show a difference (Figure 3-11B panels a and b).

We also observe that at the late time point of differentiation, CMs generally exhibit a higher
amplitude in all cell lines compared to their early-stage counterparts (Figure 3-11B, panels b
and d) further characterizing a better setup of ion channels involved in the mechanism of

cardiac cell contractility.
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Figure 3-11. Amplitude and field potential rate of control cell line and disease models

A, Representative field potential traces of control, LQTS3, and BrS cardiomyocytes. B,
Statistical results of FP rate and amplitude differences between the control and both disease
models obtained from the recorded FP (n represents at least 3 biological replicates). The
experiment was performed at 37°C. *P<0.05, **P<0.005, ***P<0.0005. Comparison is

made between control vs disease models or LQTS3 vs BrS.




3.11 Calcium transient measurement for fiel potential rate evaluation on cell

sheets

Another technique of measuring FP rate is through the evaluation of calcium transient during

calcium imaging with the help of calcium indicators. Although showing some limitations and

disadvantages, this technique further helps in the understanding of disease mechanisms.

Performing the experiments with CMs at both stages of differentiation, we were able to observe

that, compared to the control, patient-derived CMs present a reduced cells’ activity (Figure 3-
12 A & B) and the result was statistically significant (Figure 3-12 C & D). Moreover, CMs of

patients tend to present more signs of arrhythmia during measurement than the control. We also

observed that, at the early stage, cells of the healthy subject have a reduced activity compared

to the late stage, while in BrS-derived cardiomyocytes, the opposite was observable (Figure 3-

12C panel left and right respectively) pointing out the importance of cell maturation during

in vitro studies to mimic what might occur in vivo.
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Figure 3-12. Calcium transient in control and patient derived cardiomyocytes

BrS

A-E, Field potential traces of derived cardiomyocytes from a healthy subject, BrS, and LQTS3

patients at the early and late stages. F, Statistic quantification of the FP rate between the healthy

control and the disease models at the early and late stages. n=19 for LQTS3 CMs. n=80 and n=42

for the healthy control at early and late stages respectively. n=42 and n=52 for BrS CMs at early and
late stages respectively. This study was done at RT (22°C to 24°C). *P<0.05 and ****P<0.00005.
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3.12 Calcium transient measurement for field potential rate evaluation on single
cells CMs

To further validate the difference in FP rate between the cells of the healthy control and the
patients, we performed the experiment with single cells to obtain the results on both dimensions
(single cell and cell sheets). Indeed, fluorescence imaging can be performed with different cell
types: clusters, sheets, or single cells [177]. The aim of performing this analysis with both cell
types was to evaluate the impact of those on the data interpretation. The study was done with
days 20-25 and days 40-45 cardiomyocytes corresponding to the early and late stages,
respectively. The results show that compared to the control, the bradycardia phenotype is
observable in disease models at all stages of differentiation with a statistical significance
(Figure 3-13 A, B, D). We also noticed that within cell lines, no difference in FP rate was
noticeable between the early and the late time point of differentiation as is the case for the
control and LQTS3 cell lines (Figure 3-13 C panels left and middle). However, a difference
was observable in the BrS cell line (Figure 3-13 C, panel right).
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Figure 3-13. Evaluation of field potential rate using single cells

A-B Representative traces of FP from the control and the disease models. C, Statistical representation of the
early and late stages CMs between the same cell lines. Compared to the control, the activity of the cells is
reduced in both disease models (D). n= 49 and n= 60 for the control at the early and late stages of CMs
respectively. n= 61 and n= 28 for LQTS3 CMs at the early and late-stages respectively. n= 131 and n=131
for BrS-derived CMs at early and late stages respectively. The experiment was run at RT between 22°C to
24°C. *P<0.05 and ****P<0.00005.

3.13 Comparison of the field potential rate between early and late stages CMs in
single cells and cell sheets

Cardiomyocytes analysis using single cells (SC) or cell sheets (LC) may influence

cardiomyocytes characterization. Therefore, for our study, we used both cell types at different

time points of differentiation to compare the FP rate outcome between both. The result analysis
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shows that within cell lines, using single cells or cell sheets significantly impacts the FP rate
(Figure 3-14 A-C). In the control cell line, for example, we observed that using cell sheets
resulted in an increase in cell activity at the late stage of differentiation whereas in BrS this
activityis reduced compared to the SC equivalent. At the early stage, on the other hand,
cardiomyocyte activity is increased in BrS cell sheets compared to the single-cell counterpart,
whereby in the LQTS3 disease model, the adverse result was obtained. These observations
showed that during disease model investigation the type of cells that are used could influence

the interpretation of the FP rate.
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Figure 3-14. Field potential rate comparison between single cells and cell sheets

A-B, Represents the quantification of cells’ activity between single cells (SC) and cell sheets (LC) in
distinct maturation time points of the control and BrS cell lines respectively. Differences in FP rate were
observable between two cell types within the same cell line. C, Early-stage CMs of LQTS3 display a
difference in the FP rate between single cells and cell sheets. The number of measured cells for each
individual was as followed: 40>N>130. Data was recorded at 22°C to 24°C RT. **P<0.005,
***pP<0.0005, ****P<0.00005, ns=non significant.

3.14 Cardiomyocyte calcium transient in healthy control and disease models

Calcium plays a key role in the mechanism of ECC. Therefore, improper calcium transient
could be subject to dysfunctional cardiac functionality. Accordingly, a defect in calcium
homeostasis has been observed during LQTS3 [178] and BrS [179]. To verify this hypothesis
with our disease models, calcium imaging was performed using single cells or cell sheets at
different maturation time points. At a single-cell level, there was likely no difference
observable in the calcium transient of the control and the BrS cell line at the early stage.
However, at this stage, LQTS3 CMs already present signs of arrhythmias (Figure 3-15A). At
the late stage, both disease models present an impaired calcium transient compared to the
control characterized by a prolonged Ca?* transient in LQTS3-derived CMs and an appearance

of trigger activity (EADs) in BrS-derived CMs (Figure 3-15B). Indeed, it takes a long time for
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LQTS3 CMs to return to the baseline whilst most of BrS CMs show signs of trigger arrhythmia,
illustrating a defective cardiac functionality. Using cell sheets, we could further validate the
abnormal cardiomyocyte functionality in the LQTS3 model. Interestingly, by using this cell
type, it was possible to observe impaired Ca?* homeostasis in BrS CMs at the early stage,
highlighting the importance of considering the type of cell used during in-vitro studies of

cardiac diseases (Figure 3-15C).
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Figure 3-15. Calcium transient in healthy control and disease models

A-B, Representative traces of calcium transient on control and patient derived CMs at early and late
stages of differentiation at single cells level. Patient-derived CMs show a disturbance in calcium
homeostasis. C, Calcium homeostasis between healthy control and disease models at the early stage of
differentiation using cell sheets. Both disease models show an abnormal calcium transient (FPD). The

experiments were done at RT (22°C to 24°C).

3.15 Time to 50% relaxation in healthy and unhealthy cardiomyocytes

To further access the calcium transient in healthy control and disease models, the time of 50%
calcium decay has been evaluated. Indeed, this analysis provides additional information
regarding the halftime of cardiomyocytes’ relaxation in healthy control and disease models.
The experiment was run with single cells and cell sheets at distinct cardiomyocytes maturation

time points and the results show that data interpretation can be affected by the kind of cells that
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have been used and the time point of maturation. Indeed, single cells analysis shows that the
halftime extrusion of the calcium from the cytosol lasts longer in LQTS3 CMs compared to the
control, while no difference was noted between the control and BrS-derived cardiomyocytes at
the early stage of maturation (Figure 3-16A). However, at a more mature stage (D40 — D45),
the analysis of the single-cell revealed that the half time of Ca?* removal is delayed in either
disease model (Figure 3-16B), indicating that cell maturity is important for the functional
characterization of disease models. Moreover, by comparing this time in cardiomyocyte’s from
early and late stages within cell lines, we observed a significant reduction in this time in the
healthy control and BrS at the late stage (Figure 3-16C), further showing the maturation of the
cells at day 40 compared to day 20 of differentiation. In the case of LQTS3, this time also
tended to be reduced at day 40, although this reduction was not statistically significant. Using
linked cells, we observed that at the early stage (D20 - D25) of differentiation, both disease
models could show a prolonged half time of Ca?* extrusion as illustrated (Figure 3-16D).
Additional comparison of the half time of Ca?" removal between single and linked cells
revealed that this time could change significantly depending on the type of the cells used
(Figure 3-16E), which could explain the occurrence of inadequate Ca?* extrusion in both

disease models at the early stage when using cell sheets.
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Figure 3-16. T50% of calcium extrusion in healthy control and disease models

A-B Represents respectively the statistical analysis of 50% Ca?* decay in control and disease
models at early and late-stage at the single cells level. Delay in [Ca?*]-related fluorescence decay
is detected in the two disease-related cardiomyocyte populations at the late stage of CMs. C, A
difference in the time elapsed to extrude half of the Ca?* from the cytosol differs between both
stages of maturation. Using cell sheets, a prolonged fluorescence decay could be identified at the
early stage in both disease models (D). E, lllustrates the difference of half time of Ca?* extrusion
between single cells and cell sheets within the same cell line. The study was performed at RT
between 22°C and 24°C. *P<0.05, **P<0.005, ***P<0.0005, ****P<0.00005, ns=nonsignificant.
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4 Discussion

4.1 Culture of hiPSCs in a xeno-free and feeder-free system

Cardiovascular diseases are acquired or congenital heart disorders representing one of the main
causes of morbidity and mortality worldwide [180, 181]. LQTS3 and BrS are congenital
channelopathies caused by a mutation in the SCN5A genes leading to a gain-of-function and
loss-of-function of the channel respectively [182]. Pathophysiological mechanisms

characterizing both diseases are still elusive and require more investigation.

Thanks to the novel technology using reprogramming factors to drive differentiated cells into
stem cells, scientists have been able to generate human-induced pluripotent stem cells (hiPSCs),
which constitute a valid in-vitro model for diseases and drug discovery. Therefore, to conduct
in-vitro experiments that will be beneficial for clinical application, different hiPSCs culture
protocols have been developed to obtain a culture deprived of animal supplements in a xeno-
and-feeder-free system [183-185]. Indeed, despite maintaining a normal phenotype in a
prolonged culture, it was shown that culturing hiPSCs on mouse embryonic fibroblast (MEFs)
and human dermal fibroblasts (HDFs) could be problematic for the transfer of in-vitro study
into a clinical approach, due to cell contamination [186]. Therefore, cell culture in a xeno-free
and feeder-free system has gained scientists’ interest. Thus, for our cell culture, the same system
was used. We cultured our hiPSCs in the E8 media from Thermo Fisher and used either
vitronectin or matrigel as an extracellular matrix for cell’ plating, which offers a xeno-free and
feeder-free system [187, 188]. The culture of our cell lines in this system was successful and
up to 50 cell passages could be performed with successful differentiation showing the accuracy
of the media and the extracellular matrix to preserve the cell’s pluripotency in a long-time
culture. Nevertheless, we also observed that proper handling during cell passage is required to
maintain cell quality and viability. Indeed, we noticed that an appropriate cell passage is a

crucial step for good differentiation.

4.2 High effectiveness of cardiomyocytes differentiation with RPMI
supplemented with ascorbic acid

To date, many protocols based on monolayer culture using small molecules such as

CHIR99021, Activin A, BPMP4 and Wnt inhibitors such as IWP2, IWR1, or Wnt-C59 [189-

191] have been proposed for cardiomyocytes differentiation for further scientific investigation

and cell therapy. Burridge et al. for example showed that incubating hiPSCs in a chemically

defined media supplemented with an appropriate concentration of CHIR99021 for two days
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followed by another two days of cell treatment with Wnt-C59 could give up to 90% CMs after
purification [189]. Moreover, studies have shown that ascorbic acid is an effective enhancer of
cardiac differentiation via the promotion of cardiogenesis [192, 193]. Therefore, we adapted
our protocol of differentiation based on these previous findings. We used the same small
molecules as Burridge and the same incubation time as described in Figure 3-2A, but a
different media composition made of RPMI+glutamax supplemented with B-27-insulin, and
we maintained the ascorbic acid in the media to promote cardiac differentiation and maturation
as previously described [159]. After cardiomyocytes purification through glucose starvation for
4 days, cells were characterized at day 20 by immunohistochemistry to access troponin T and
alpha-actinin expression. In all cell lines, both markers were considerably expressed and
revealed cross-striated organization, although primitive. FACS analysis further revealed that
up to 90% of cells were TNNT2 positive showing the efficiency and the robustness of this

protocol.

4.3 Late-stage characterization of the sarcomere and connexin 43 organization
between the control and the disease models

The sarcomere organization is important to assure and maintain the proper functionality of the
heart [11, 194]. Although primitive in in-vitro-derived cardiac cells, their characterization using
sarcomeres’ markers are crucial to validate the quality of the cardiomyocytes. In all our cell
lines, we were able to identify the establishment of this cardiac unit, whose arrangement is
already taking place at the early stage of differentiation. Nevertheless, when comparing the
late-stage CMs to early-stage CMs, we observed a better alignment of myofibrils, an
observation that was also made by Pioner and associate on their long term hiPSC-CMs culture
[195]. Therefore, long-term culture promotes the maturation of CMs. However, additional
experiments are necessary to access the organization of this cell unit in disease models which
will help to bring more insight in the pathological mechanism underlying LQTS3 and BrS.

To understand the disturbances occurring during heart failure, studies related to gap junction
expressions and organization were conducted. Cell-to-cell communication in the heart is mostly
assured by Cx43, which expression can be impaired or improperly distributed in an abnormal
heart [196-199]. Moreover, a study on mutated mice mimicking the BrS phenotype revealed
impaired conduction velocities and a probable delocalized Cx43 from the intercalated discs
[160] raising the hypothesis of delocalized Cx43 arrangement during BrS. During our study,
we could not observe a displacement of Cx43 within the intercalated discs of CMs derived from

the BrS patient suggesting that disturbance in the electrical coupling during BrS might not be
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a consequence of Cx43 defects. This observation align with the finding of Li et al. who used
hiPSC-CMs as well [200]. However, the latter author described a probable reduction of the
Cx43 protein in BrS CMs, which is similar to the finding of Nademanee and collaborators
[201]. Indeed, performing an in-vivo study using ablated epicardial of the right ventricular
outflow tract (RVOT) of BrS patients, the author shows that Cx43 could be reduced in those
patients. This suggests that the reduction of this protein in a heart of a BrS patient may be the
reason for the abnormal conduction velocity observed and not the dislocation of the protein
within the intercalated discs. Cx43 also seems to be properly distributed within the sarcomere
in LQTS3 cardiac cells, but just as in the case of BrS, additional analysis such as the protein
quantification should be accessed to obtain supplemental information. Furthermore, looking
for Cx43 and SCNS5A interaction could bring more insight in the understanding of arrhythmia
occurring during both diseases. Indeed, it has been speculated that electrically altered sick
hearts frequently exhibit decreased excitability and reduced expression of gap junctions [202]
with unknown impact on the heart functionality. Moreover, a recent study showed that the
overlap and interaction of Cx43 and SCN5A is reduced in BrS CMs compared to the control
CMs [200], which required further investigation.

The immunostaining also revealed that Cx43 can be localized in the nucleus in all cell types.
Indeed, it has been shown that the presence of Cx43 at this site of the cell, as well in the
mitochondria, has a cardioprotective effect and is also involved in cell growth regulation and

differentiation [203] showing the multifunction of connexins in cells.

4.4  Validation of the disease mutations.

HiPSCs derived from a skin biopsy of a healthy donor and patients were reprogrammed and
cryopreserved by the Saric group at the University Hospital of Cologne. More details regarding
those cell lines can be found online (https://hpscreg.eu/) under UKKi011-A, UKKIi008-A, and
UKKIi030-C, respectively. The gene sequencing performed during this study could further

validate the existence of the V240M mutation responsible for the LQTS3 as previously reported
[163]. The frameshift mutation 1936delC has also been identified and revealed that this
mutation leads to the insertion of a premature stop codon in the sequence of the SCN5A gene.
A previous study associated with this BrS mutation further supports our finding [164].
Therefore, in this study, we were able to prove that the mutations that drove both diseases:
LQTS3 and BrS are present on the respective cell line, which allowed us to continue with the

characterization of the cardiac cells.
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4.5 Gene expression profile between healthy control and disease models

To date, the molecular mechanisms related to LQTS3 and BrS are still elusive and require
further investigation. During this study, we aimed to discover whether gene mutation could also
impact the expression of other genes involved in cardiac functionality. For the gene expression
analysis, we performed transcriptomic analysis of each cell line at distinct differentiation time
points: day O, day 20, and day 40 corresponding to hiPSCs, the early and late stages of
cardiomyocytes, respectively. The principal component analysis (PCA), as well as the
hierarchical clustering, show that gene expression between all cell lines at day 0 of
differentiation is likely the same, whereas, for differentiated cells, both graphs present
differences in gene expression between cell lines and within cell lines at different time points
of maturation. Although genes at day 20 and day 40 of the same cell line are distinctly expressed
due probably to the difference in cell maturation, the difference in gene-level expression was
more pronounced between CMs of the healthy control and the disease models, as well as
between the two disease models. These differences could be directly related to the non-identical
genetic background of the subjects while some differences could be associated with the disease.
Due to this observation, we decided to do an in-depth investigation by looking at genes that
could be differentially expressed focussing our attention on genes that are involved in the

mechanisms of cardiac excitability and contractility.

4.6 Genes expression regulation in LQTS3 and BrS compared to the control

LQTS3 and BrS are associated with an electrical disturbance of the heart. Although some
functional aspects are well studied, very little is known on the molecular level. Therefore,
during our study, we tried to identify genes that might present differences in regulation and
paid attention to some key genes that are directly involved in the mechanical as well as
functional properties of the heart. In the first approach, we evaluate the SCN5A gene expression
in BrS and LQTS3 CMs. Interestingly SCN5A was up regulated in BrS CMs, a result that was
further validated by gPCR. However, even though the transcriptomic analysis could not provide
any information regarding SCN5A expression in LQTS3 CMs, gPCR analysis shows that this
gene is downregulated compared to the control. This result outcome might be controversial to
the sodium channel functionality described to date for both diseases, namely gain-of-function
and loss-of-function during LQTS3 and BrS, respectively [182, 204]. However, this
controversy may be explained by the discrepancy that can be found between gene expression
at the mRNA and the protein level [205], suggesting that to make a proper conclusion of our

observation we required the data of this gene at the protein level. Indeed, it has been postulated
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that loss-of-function of the channel associated with BrS is related to the synthesis deficiency of
the channel [206], which further supports the hypothesis of deficiency of the channel at the
protein level. This hypothesis is also supported in this study by the introduction of a premature
stop codon in the sodium channel sequence due to the frameshift mutation as shown in the BrS
sequence. Down-regulation of SCN5A in LQTS3 cardiac cells could also be associated with an
existing overlapping phenotype between LQTS3 and BrS. Indeed, a mixed phenotype between
LQTS3 and BrS has already been published in earlier studies [129, 207], where our hypothesis
of mixed phenotype displayed by the SCN5A-V240M mutation.

Gene profile analysis also displayed a dysregulation in the genes involved in the mechanical
and functional activity of the heart, and some of those genes were further validated by
guantitative PCR (gqPCR). LTTCs have diverse functions: initiation of the mechanism of
excitation-contraction coupling, regulation of the action potential duration (APD), and gene
expression [208]. In both disease models, CACNALC that codes for the CaV1.2 calcium channel
was upregulated, and dysregulation of the CACNALD gene encoding for CaV1.3 calcium
channel was additionally observed in LQTS3 derived CMs. Overexpression of LTCCs in
LQTS3-derived CMs has already been described in a previous study [178]. Moreover,
dysregulation of LTTCs has also been signalized during heart failure [209], suggesting that
dysregulation of these genes during LQTS3 and BrS may affect the calcium transient and
impact cardiac contractility. Moreover, functional analysis revealed that on patient derived
CMs, L-type calcium channels fail to be properly inactivated [210]. However, the current
density was not increased. The transcriptomic analysis also showed that beta subunits (Cavf3)
genes are dysregulated in both disease models. In fact, previous studies have already showed
their importance in the mechanism of excitation-contraction coupling (ECC) [211, 212].
Additionally, previous studies revealed that Cav3 may play an important role in calcium current
density [213, 214]. In this study we observed a downregulation of CayR1, CavRR3, and Cav34 in
both disease models compared to the control, and an upregulation of the Cav32 gene. Indeed,
among all the Cavl} subunits isoforms, CavR2 is the most common form found in the human
adult heart [215] and also the only subunits to form the L-type voltage-dependent Ca?* channel
(L-VDCC) [216]. During their study, the latter authors speculated that Cav32 is impaired in
mice with heart deficiency, which could raise the importance of this protein in the regulation
of calcium trafficking. A previous study also supported the hypothesis of regulation of LTCCs
activity through CavR2 [217]. However, a recent study speculated that Cavf3 subunits are not

indispensable for ECC but are essential for proper modulation of the R-adrenergic stimulation
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[218]. Thus, understanding the role of these subunits might further help to understand the

pathological mechanism associated with BrS and LQTSS3.

Low voltage-activated calcium channels also known as T-type calcium channels are implicated
in several physiological functions [219]. It was speculated that the faculty for this channel to
be activated under low membrane depolarization is beneficial for the cells during certain
physiological events [220]. However, studies revealed that, although not directly involved in
the phenomenon of ECC, the T-type Ca?* channel might play a role in cardiac diseases [221-
223]. Indeed, T-type Ca?* channels are mainly expressed in fetal heart [224] and studies have
demonstrated that in a failing heart, fetal genes could be reactivated and contribute to cardiac
dysfunctionality [225]. Moreover, studies postulated that in pathological hearts the channel
resurface [226]. Indeed, our experimental study revealed that the Cayv3.1 gene persists in CMs
derived from LQTS3 patients, which may point out the pathologic feature of those cells.
However, we are still sceptical regarding this hypothesis, due to the fetal-like type of CMs
produced in-vitro on the one hand and the protective cardiac effect of its channel in another
hand [227]. Therefore, further research is required to determine the importance of this channel
in LQTS3 disease. Additional genes such as RyR2, CASQ2, and PLN encoding proteins that are
involved in calcium regulation were also dysregulated in both disease models. Among those
genes, some have already been associated with SCD by a previous report [228]. Furthermore,
other studies demonstrated that proteins that are tightly bound to Ca?* store and Ca?* release
from the SR are dysregulated during both LQTS and BrS, which could explain the impaired
contractile function of the heart during both channelopathies [229-231] due to an impaired Ca?*
load in the SR. However, supplemental studies are needed to additionally provide a deep
understanding of the molecular pathology underlying LQTS3 and BrS.

Further analysis of the gene-level expression between the healthy control and heart insufficient
patients revealed that in both pathological CMs, R2-adrenoreceptor (ADRB2) is upregulated.
Although 31-adrenoreceptor (ADRBL1) is the main cardiac receptor involved in the modulation
of the heart rate and cardiac contractility, it has also been suggested that ADRB2 may play a
role in this above-mentioned mechanism [232]. This finding supports the hypothesis that
compromised heart rate could be associated with dysfunctional adrenergic receptors. That R1-
adrenoreceptor is not expressed at day 40 of differentiation might reflect the immature
phenotype of the cells compared to the native human ventricular cardiomyocytes. Indeed, a

previous study showed that on day 30 of differentiation, ADRB2 is highly expressed and only
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on day 60 a transition of downstream signalling to ADRB1 occur [233], explaining the absence

of the expression of this gene in our experiment.

To gain a deeper insight into the features that can influence the proper function of the heart
during LQTS3 and BrS, we examined the HCN4 gene expression, which plays an important
role in cardiac automaticity. The result showed that in both disease models, this gene is
upregulated. A recent study indicates that overexpression of this gene impairs calcium
homeostasis and increases arrhythmia events [234]. Therefore, it might also play a role in

arrhythmia events occurring in LQTS3 and BrS patients.

It is important to notice that some genes could only be expressed at a late stage of maturation
(D40-D45) and, although some genes could be expressed during both time points of
differentiation, differences in the degree of expression were observed, noting the importance
of reaching a threshold of maturity during in vitro study of cardiovascular diseases. However,
because of the differences in genetic background between individuals, it would have been
appropriate to perform a CRISPR-Cas9 on both disease models to correct the mutation and
compare the obtained data to the corrected cell lines. We are also aware that using single-cell
RNA analysis may bring deeper comprehension of the functional unit by profiling gene
expression of each cell types present in the differentiated cell culture, helping to provide more
accurate data. Nevertheless, these results provide us with an approach to what is taking place
during BrS and LQTS3 on the gene expression level. It is important to note that these results
may not apply to all LQTS3 or BrS CMs, since different mutations could drive distinct disease
outcomes correlated to varying degrees of the same disease’s phenotypic expression as also
previously described during CPVT [235].

4.7 Gene ontology analysis of healthy control and defective cardiomyocytes
(BrS & LQTS3)

By performing the gene ontology (GO) of cardiomyocytes from healthy subjects and patients,
we were able to learn whether there are any aberrant features or pathways that deviate from the
norm during cardiomyogenesis. During BrS for example, a defect in electrical conductivity is
observed [236, 237]. An impaired electrical conductivity could be the result of a delay and
lower cell-to-cell communication. Using the bioinformatics tool of Zhou et al [238] we
established the gene ontology (GO) of the 20 more enriched processes of healthy and defective
CMs and observed that all the cell lines display a positive regulation of cell adhesion, whereby

the expression score in healthy CMs was higher than in both disease models, suggesting that
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cell-cell communication might be reduced in disease models. The high regulation of the tube-
and-heart morphogenesis pathways erased the probability of structural abnormalities of the
heart during LQTS3 and BrS in this study, which further supports prior statement [239-242].
Thus, the hypothesis of a cardiac defect related to ion channel dysfunction during LQTS3 and

BrS is the most likely cause of arrhythmic disorders occurring during both diseases.

Interestingly we notified that in all cell lines, genes that are involved in head development are
enriched in cardiomyocyte populations. The presence of these genes might result from the use
of the B-27 supplement in the differentiation media. Indeed, B-27 has been designed to support
neuronal cultures by improving cell survival and cell differentiation [243, 244]. Thus, although
important for a successful cardiac muscle cell differentiation, the supplement might also enrich
the cardiomyocytes population with genes that enter the establishment of head development.

This suggests that protocols for cardiomyocyte differentiation should be improved.

4.8 Field potential recording in healthy and disease cardiomyocytes: QTc
analysis
It is known that prolonged cell culture improves the maturation of CMs in-vitro to more adult-

like cells [245] characterized by a better contractile apparatus of the cells, elongated cell types,
and an improved cell functionality [246]. During our study, we were able to align with this
hypothesis. Indeed, when comparing early and late stages CMs from the healthy control and
BrS patient, we observed that field potential duration (FPD) was significantly increased on day
20 of differentiation compared to day 40. Moreover, the amplitude of CMs contraction in the
control was considerably increased at the late time point of differentiation, which can be linked
with a better expression of genes involved in the mechanism of ECC, and therefore, the
contractile apparatus of the cells. All these observations support the hypothesis that prolonged
in vitro culture of CMs increase their maturity. Indeed, a previous study has shown that the
long-term culture of CMs may favour the adult-like CMs through a switch in gene expression
over time [247], during which sarcomere may present a more mature phenotype and therefore
better regulate cell functionality [248]. This might be the reason why the long QT phenotype
was observable at day 40 of differentiation and not earlier in LQTS3-derived cardiac cells,
suggesting that for in-vitro characterization of pathophysiological features related to heart
failure, CMs need to reach a certain maturation threshold. The study of Knight et al. further
supports this statement. Indeed, with the aim to model cardiac hypertrophy, they developed a
platform that will enable the obtaining of CMs in a more mature-like phenotype for a better

characterization of the disease [249]. Overall, these observations tell us that during in-vitro
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characterization of a disease or healthy model, a certain threshold of CMs maturity is required
to have a better approach to data interpretation. In addition of showing a prolonged QTc,
LQTS3 CMs also showed late-onset T-waves which is characteristic in LQTS3 patients [250].
The observation was further confirmed by the study of Horigome et al. who use the ECG of
different LQTS3 patients to perform some geometric morphometries on the T-wave [251].
Since the QTc phenotype was observable after FP measurement, we tried to correct the

phenotype using the class Ib anti-arrhythmic drug lidocaine during MEA recording.

4.9 Lidocaine effect on LQTS3-derived cardiomyocytes

HiPSC-CMs offer a potential paradigm for drug safety testing in the preclinical stage [252].
The MEA system has been widely used because of its high-throughput platform to access the
safety and the pro-arrhythmic action of drugs [172]. Class Ib anti-arrhythmic drugs such as
lidocaine, mexiletine have shown their effectiveness in shortening the QTc interval in LQTS3
patients [123, 253, 254]. Using both: clinical concentration range (5uM -20uM) [255] and
nonclinical concentrations on cardiomyocytes derived from the LQTS3 patient, lidocaine
treatment failed to restore the QTc interval. On the contrary, it further increases it in a
concentration-dependent manner, suggesting that for this patient this drug is ineffective and
could be life-threatening. Although lidocaine failed to restore the QTc interval to normal, it did
increase the FP rate concentration-dependently, a result that confirmed the study of
Abramovich-Sivan et al. [256]. Muller-Edenborn et al. additionally showed that lidocaine can
improve the heart’s contractility in ischemic mouse models revealing that lidocaine plays a role
in the contractile function of the heart [257]. However, Lidocaine did not change the amplitude
of the CMs at pharmacological concentrations. Nevertheless, at concentrations above this
range, the amplitude of the cells significantly decreased in a concentration-dependent manner

indicating the toxicity of the drug at these concentrations.

4.10 Field potential comparison between healthy control and disease models in
different maturation time points

Low beating activity which is also known as bradycardia is one of the main characterizations
of LQTS3 and BrS, which is involved in the phenomenon of SCD occurring during sleep in
both diseases [258]. To access the FP rate between a healthy subject and LQTS3 and BrS
patients, the FP of derived cardiomyocytes obtained from these patients was recorded. The
result showed that compared to the healthy control, cells from patients present a low beating
activity rate with statistical differences. However, at the early stage of differentiation (D20-
D25), the phenotype could not be detected in BrS-derived CMs, which highlights the
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importance of reaching a certain threshold of CMs maturation for the characterization of cardiac
disease models features during in vitro studies. Moreover, we also observed that the time of
maturation affects the interpretation of the contractility amplitude between the control and
unhealthy cardiomyocytes. Indeed, at the early stage of differentiation, BrS CMs showed a high
amplitude compared to the control, while late-stage CMs do not show a difference between
both cell lines. This result could be interpreted by the less organization, the reduction, or the
absence of some channels involved in the mechanism of cell contractility at day 20 of
differentiation compared to day 40. In the LQTS3 model, however, the amplitude was reduced
compared to the control at both stages. Reduced amplitude observed in these cells could be
directly associated with the SCN5A gene mutation. Indeed, impaired sodium current (Ina) can
affect the refractory period allowing another AP to be generated while the cells have not fully
repolarized, inducing a delayed depolarization resulting in a smaller cell contraction amplitude
[29]. This theory of re-entry during LQTS3 due to slow Nay channel inactivation resulting in
small AP amplitude and prolonged AP has been reported [259], suggesting that defect Ina
affects the AP upstroke affecting the cardiac contractility.

Another explanation for the low voltage in cell contraction could be associated with CASQ2
dysregulation in those cells. Indeed, the CASQ2 gene whose protein buffers Ca?* in the SR is
downregulated in LQTS3 CMs. Hence, we hypothesized that one of the mechanisms involved
in the cell’s contractility reduction may be the reduction of calcium stored in the SR, impairing,
the availability of Ca?* during the phenomenon of ECC. In fact, a study on rats demonstrated
that a reduction in CASQ?2 levels severely reduces the amplitude of Ca?* [260]. In BrS CMs,
on the contrary, no statistical difference in the voltage was observable between those cells and
the CMs of the healthy donor. This could suggest the existence of a compensatory mechanism
in those cells to adjust the amplitude of contraction of the cells, or it could also be that at this
stage of differentiation it is not possible to access the changes on this parameter with the MEA

recording.

4.11 Evaluation of the sodium current in healthy control and disease models

through patch-clamp technique

Electrophysiology is essential to investigate the functionality of the heart and discover
dysfunctional mechanisms occurring in a failing heart. Several tools such as patch-clamp,
Multi-electrode array (MEA), sharp-electrode, and fluorescence microscopy have been used to

elucidate the different pathological features that could take place during cardiac diseases [261].
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Patch-clamp was developed in the 1970s [262] to measure the ionic currents that flow through
a single cell channel and, therefore, provide information regarding the quantity of current that
passes through a cell’s membrane. Using single cardiomyocytes of BrS we were able to show
that in those cells, the current was decreased compared to the control (data obtained by Nour
Katnahji, working group of PD Dr. Jan Matthes, Centre for Pharmacology). This result supports
the hypothesis of loss-of-function of the Nav channel associated with BrS and validates the
affiliation of the ¢.1936delC mutation to BrS as previously published [263]. Thus, we further
support the hypothesis that frameshift mutation in BrS leads to synthesis deficiency of the Nav
channel reducing the Ina during AP. Another hypothesis could be related to channel trafficking
defect toward the membrane [264]. However, the latter has been mainly associated with

missense mutations driven BrS [141, 142].

Patch-clamp analysis of LQTS3 cardiomyocytes, on the contrary, showed us that p.V240M
might be associated with a mixed phenotype between LQTS3 and BrS. Indeed, the Ina current
was reduced in those cells (data obtained by Nour Katnahji, working group of PD Dr. Jan
Matthes, Centre for Pharmacology). Moreover, in LQTS3 cells, we also observed a reduction
of Nav channel availability and a positive shift of activation characteristic of loss-of-function
of the channel [265]. Additionally, a prior study conducted with patient derived CMs carrying
the same mutation showed that the current density can be reduced in those cells compared to
healthy derived CMs [163]. Moreover, the gPCR analysis revealed that SCNS5A is
downregulated in those cells. Indeed, LQTS3 is normally linked with a high Na* current and
therefore upregulation in the SCN5A gene [266]. Therefore, we speculated that the VV240M
mutation is associated with an overlapping phenotype between LQTS3 and BrS. The
overlapping phenotype has already been mentioned between LQTS3 and BrS in prior reports
[129, 151-153]. In fact, during their study, the authors demonstrate that patients carrying the
heterozygote mutation SCN5A-E1784K present a long QT phenotype characteristic to LQTS3,
but a reduced Ina characteristic of BrS, which is associated with a loss-of-function of the
channel and which matches our observation [152]. The existence of an overlapping phenotype
could also explain the inefficiency of lidocaine treatment on those cells. In fact, a recent study
revealed that mexiletine, which is the same class of antiarrhythmic drug as lidocaine, could
rescue the overlapping phenotype observed in an LQTS3 patient [267], suggesting that for this
patient this treatment might be more suitable. However, this hypothesis needs some verification

because therapy with a Nav channel blocker could present some genotype-phenotype
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dependency. Indeed, studies revealed that under LQTS patients, life-threatening arrhythmias

are more likely to occur in a gene-specific manner [268].

4.11 Calcium transient evaluation in healthy control and disease models

The main mechanism relating to electrical excitation and mechanical contraction in
cardiomyocytes is CICR [269]. A method for measuring contraction and calcium
simultaneously using the fluorescent day Fluo-4 has been reported [270, 271]. Therefore, in the
context of our study, we used this tool to access the perturbed Ca?* that has been described in
LQTS3 and BrS. The experiments were carried out with single cells and cell sheets. The use of
cell sheets revealed that the bradycardia phenotype can be identified in both disease models at
a relatively early stage of differentiation (D20 — D25), which is further pronounced at a more
mature stage of differentiation (D40 — D45). This observation indicates a better expression of
genes involved in the contractile function of the heart at this latter stage of differentiation. Using
single-cell, we also concluded that a low beat frequency is associated with LQTS3 and BrS and
that this observation was true for both early and late-stage CMs. Therefore, whether single cells
or cell sheets are used during calcium homeostasis to access the beating activity between
control and patient derived CMs might not influence the interpretation of the results. However,
the use of single cells is preferred by scientists, as the cell sheets could contain distinct types
of CMs such as ventricular, atrial or nodal types, which can be problematic for the
understanding of the pathophysiology of the disease. Nevertheless, the use of cell sheets could
add to the understanding of the mechanisms related to the diseases, as under physiological
conditions, cardiomyocytes are communicating together via gap junctions. Therefore, using
protocols that could pilot the cardiac cell differentiation in ventricular cell type will be

beneficial for this study.

Comparing the FP rate obtained from MEA recording with calcium transient field potential
between the control and disease models, we were able to observe a difference that might be
associated with the difference in temperature during both experiments. Indeed, during the MEA
measurement that was carried out at 37°C, no difference in FP activity was noticeable between
the control and BrS cardiomyocytes at the early stage of differentiation. Moreover, the cell
activity of the control obtained from the calcium transient traces at RT is lowered compared to
the value obtained with MEA, showing the influence of the temperature on cardiac activity. In
fact, a study demonstrated that low temperature has a significant impact on cardiomyocyte
beating activity [272] which further strengthens our statement. Thus, all these parameters
should be taken into consideration when running the experiments and interpreting the data.
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Using single-cell as well as linked cells to analyse the change of FP rate within the same cell
line at different maturation time points, we observed that the types of cells used could
significantly affect the interpretation of the cardiomyocytes’ activity. Indeed, the single-cell
analysis of the healthy control revealed that there is no difference in FP rate at the early and
late stages of CMs but using cell sheets we observed a significant difference. Furthermore,
comparing the FP rate of single-cell and linked cells at the same stage of differentiation
additionally supports our speculation. Hence, the type of cell that is used during the functional
analysis of cardiomyocytes could significantly affect the interpretation of the cardiomyocytes

activity.

It was speculated that improper calcium transient might be associated with impaired CMs
contractility during LQTS3 [178] and BrS [273]. In terms to go in-depth with this hypothesis,
and relating our molecular findings with the cells’ functionality, we accessed the intracellular
Ca?* homeostasis using 10 mM caffeine. Caffeine is known as a RyR2 agonist that triggers the
mechanism of CICR [274, 275]. Thus, using it further contributes to the comprehension of the
arrhythmic phenotype arising during LQTS3 and BrS. Using early-stage single-cell CMS, we
observed that LQTS3 CMs mostly present signs of arrhythmia while the healthy control and
the BrS cell line show a proper calcium flux. However, at the late stage of differentiation,
calcium transient FP is prolonged in both disease models after caffeine treatment with BrS
mostly showing signs of trigger activity. Moreover, the time to 90% of inactivation obtained
during patch-clamp experiments additionally supports the existence of a prolonged AP (data
obtained by Nour Katnahji, working group of PD Dr. Jan Matthes, Centre for Pharmacology).
The phenomenon of trigger activity observed during BrS might be associated with both:
impaired Na* transient and Ca?* handling. Indeed, in Figure 3-6B, gene expression analysis
showed that BrS CMs exhibit a high expression of CASQ2 and RyR2 genes whose proteins are
responsible for Ca* storage in the SR and Ca?* release, respectively, therefore regulating the
cardiac muscle contractility. Moreover, CASQ2 has been proposed as a possible regulator of
RyR2 in Ca®" release [276]. Therefore, abnormal cardiomyocyte contractility might be
associated with Ca?" overloaded in the SR, which is spontaneously released during the
mechanism of ECC. This phenomenon might further lead to membrane depolarization
hindering proper cell repolarization and causing the observed EAD phenomenon on those cells.
The hypothesis of spontaneous Ca?* release during EADs has been mentioned earlier by Tse et
al. [277]. Moreover, repolarization theory that is based on the reduction of Na* current entry

through the channel, which therefore impaired different currents such as the K* and the Ca?*
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which in turn affect the AP, has been proposed as one of the mechanisms occurring during BrS
[278]. All these observations, from gene expression to calcium imaging, show that for this BrS-
related mutation, the repolarization theory might be more speculative than the depolarization
theory [279], and more study based on the Ca?* or K* current is needed to obtain supplemental

information.

In LQTS3-derived CMs, the calcium transient was prolonged compared to the control which
reflects improper Ca?" homeostasis taking place in those cells. Studies performed in mice
revealed that in mice harbouring the overlapping phenotype SCN5A-1798insD/+, the sodium
current decay was reduced compared to the WT [280]. In the context of our study, we also
obtained the same result after patch-clamp analysis, suggesting that the prolonged APD
observed in this case could be linked to impaired degradation of the Ina, which further prolonged
the plateau phase of the AP. However, the gene expression analysis displays a downregulation
of the CASQ2 gene suggesting a likely impediment to Ca?* accumulation in the SR. Although
NCX also plays an important role in cytosolic Ca®* extrusion that opposes Ca?* accumulation
in the SR [281], it may not compensate for the deficit of Ca** sequestration in the SR, whose
storage is important for adequate cardiac contractile function. Indeed, several studies have
shown that a decrease in the magnitude of the Ca?* transient is associated with a reduced
concentration of Ca?* in the SR [282, 283]. Therefore, the low amplitude of contraction
observed in cardiac cells derived from this LQTS3 patient may also be the result of less calcium
leak from the SR during the ECC mechanism. Thus, reduced calcium stored by the SR could

be associated here with reduced cell contractility amplitude observed during MEA recording.

As calcium transient was prolonged in both disease models, we also evaluated the half-time of
calcium extrusion from the cytosol to further support our hypothesis. Analysis of the calcium
transient at the late stage of CMs at the single-cell level demonstrated that the rate of Ca?*
removal from the cytosol is extensive in both defective CMs. However, at the early stage of
differentiation, this defect in calcium homeostasis could not be validated in BrS, underlining
the importance of cell maturity during in-vitro studies of cardiac diseases. Furthermore, a
significant difference was mainly observed between the early and late stages of CMs from the
same cell line when comparing the half time of cell relaxation, which decreases in the late stage
of differentiation. This difference could be the consequence of the better expression of ion
channels that are involved in the mechanism of contraction and relaxation of CMs. The fact
that the elapsed time to remove calcium from the cytosol of patient-derived cardiac muscle

cells is prolonged has already been proven by other studies [282, 284]. Using cell sheets, we
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observed that at the early stage of differentiation, both disease models showed a prolonged
halftime of Ca* extrusion compared to the control. Comparing both cell types (single cells and
cell sheets) at the same differentiation time point, an important difference in this time was
mostly detected within the same cell line, suggesting that the type of cells used to access cell
functionality during disease models could affect the results’ interpretation, and might need to

be taken into consideration.
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4.12 Conclusion

To bring more insight into the pathophysiological mechanisms underlying BrS and LQTS3, we
engineered human-induced pluripotent stem cells-derived cardiomyocytes from a healthy
donor as well as LQTS3 and BrS patients. The cells were further used for disease
characterization at the cellular, molecular, and functional levels. The experiments were
performed with different stages of CMs to evaluate the impact of cell maturation on cardiac
myocyte physiology during in vitro studies of cardiac diseases. At the cellular level, we
observed that Cx43 distribution within the intercalated discs is not disturbed in disease models
compared to the control, suggesting that the electrical disturbance occurring during the two
diseases is associated with channels defect. Indeed, numerous genes coding for proteins
involved in the mechanisms of ECC and cardiomyocytes’ contractility were dysregulated.
However, the interaction between Cx43 and SCN5A requires further investigation. The
molecular data as well as the patch-clamp analysis performed by our collaborator allowed us
to hypothesize that V240M mutation might be associated with a mixed phenotype between
LQTS3 and Brs. We also postulated that the inefficacy of lidocaine to restore the QTc interval
to normal might result from the mixed phenotype that presents those cells. In BrS
cardiomyocytes we were able to confirm the loss of function of the sodium channel associated
with the mutation. The calcium imaging showed that in the two disease models, the Ca?
transient is impaired, and the time corresponding to 50% of Ca?" extrusion is prolonged.
Additionally, BrS CMs mostly display signs of EADs. Using cardiomyocytes at distinct time
points of maturation, we observed that a certain threshold of CMs maturity is necessary for the
evaluation of disease phenotypes during in-vitro experiments. This study not only suggested a
probable mixed phenotype between LQTS3 and BrS associated with the V240M mutation, but
also provided more information about the gene dysregulation associated with both diseases.
However, additional studies using the CRISPR-Cas9 technique as well the single-cell
sequencing are necessary for better disease characterization, which will help to avoid the
problem of differences in the genetic background, on the one hand, as well as the problem of

mixed cardiomyocytes cell types during molecular analysis, on the other hand.
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5 Appendix

A prolonged culture improved the maturation of human-derived cardiomyocytes and

enable a proper disease characterization

LQTS3
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Clusters were replated on the MEA plate three to five days before FP recording. D40 of differentiation illustrates

a long QTc phenotype characteristic of LQTS3 whereas D20 cardiomyocytes could not display this phenotype.

The beta-agonist lIsoproterenol (Iso) efficiently activates beta-receptors of derived

cardiomyocytes.

A
Early stage
Nod 1uM Iso 5uM Iso 10uM Iso
Late stage

No drug 1uM T S5uM Iso 10uM lIso

A, representatlve traces of Iso on the early stage (D20-D25) of differentiation of derived cardiac muscle cells of
a healthy subject. B, Illustration of the Iso effect on the late-stage (D40-D45) differentiation on derived
cardiomyocytes of a healthy individual. In both cases, isoproterenol increases the cell” activity in a concentration-

dependent manner.
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