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Summary




Inherited cardiac arrhythmias (ICA) encompass a group of cardiac diseases with common
characteristics such as low prevalence, reduced penetrance and similar but variable
phenotypical expression including electrocardiogram (ECG) abnormalities, syncopes,
ventricular fibrillations and increased risk for sudden cardiac death (SCD). Most ICAs are
autosomal dominantly inherited and are accounted for by roughly 70 genes which
demonstrate substantial genetic overlap. The complete genetic architecture of these ICA
is not yet fully understood. Even with the rise of next generation sequencing (NGS)
techniques, many cases remain genetically unsolved, in part because of more complex
genetic inheritance patterns and still unidentified genetic causes, but also due to the
substantial number of variants of uncertain significance (VUS) in the known genes.
Functional analyses can provide the ultimate proof to reclassify a VUS to either (likely)
benign or (likely) pathogenic but as this is labour intensive and expensive, it is not
routinely done in a diagnostic setting.

A case of sudden cardiac death was investigated at our Center of Medical Genetics using
two diagnostic gene panels including 51 ICA and 51 cardiomyopathy genes to screen for
possible causal variants. We detected two VUS in the KCNQ1 and DSG2 genes. On
research basis, an in vitro functional analysis of the KCNQ1 variant, performed by a
master student, did not show any effect on the potassium current. Segregation analysis
revealed that the DSG2 variant was de novo, upscaling its classification to likely
pathogenic. Both the mother and daughter of the deceased patient carried the KCNQ1
variant, for which they initially were receiving treatment. However, based on the
functional analysis this variant could be reclassified as likely benign and consequently
the treatment was discontinued. This case highlights the added value of performing a
molecular autopsy and functional analysis of VUS.

Brugada syndrome (BrS) is an ICA displaying extreme variable expressivity and only up
to 30% of the patients can be genetically diagnosed. In our Center of Medical Genetics,
together with colleagues | collected clinal data from 350 patients’ records and examined
the genetic diagnostic yield of an ICA gene panel in a BrS cohort and only found a (likely)
pathogenic genetic variant in 9% of the patients. These patients showed a more severe
clinical phenotype with more spontaneous type | BrS pattern on ECG, prolonged PR
interval and QRS segment, ventricular fibrillations and more often presented with a
family history of BrS or SCD. If only patients are included with a definite BrS diagnosis
following the Shanghai scoring system, a yield of 18% is reached. VUS were found in 31%
of the full BrS cohort, but apart from the opportunity to perform segregation analysis,
such VUS do not contribute to more informative genetic counselling for the patient and
family members.



To better interpret VUS, functional analyses can be performed in heterologous
expression systems, as we did for the KCNQ1 VUS. But a new human cellular model to
study variants became available with the advent of induced pluripotent stem cells (iPSC).
Using small molecules, these iPSCs can be differentiated into cardiomyocytes (iPSC-CM),
providing a disease-specific physiologically relevant cell model for investigation. We
generated iPSCs from skin fibroblasts from five BrS patients carrying a Belgian SCN5A
founder mutation (c.4813+3_4813+6dupGGGT) and two unrelated healthy control
individuals. These cells showed their pluripotent nature and were validated using a series
of molecular assays. Although the five patients carried the same mutation, they
presented with different clinical phenotypes, ranging from being asymptomatic to
suffering from SCD. To investigate the effect of the SCN5A mutation, iPSCs were
differentiated into cardiomyocytes which show spontaneous contraction and express
cardiomyocyte-specific markers. iPSC-CMs of patients did not differ significantly from
the ones originated from control individuals when comparing total SCN5A mRNA and
protein expression, sodium current density and action potential (AP) characteristics. The
only significant difference we observed was in the expression of the transcripts of SCN5A
where patient iPSC-CMs expressed two mutant transcripts, one with a 96 base pair (bp)
deletion and one with an intronic GTGG retention leading to a frameshift. Only few
parameters analysed in the iPSC-CMs of the patients correlated with the clinical severity
of the patients. These parameters are the expression of WT and 96 bp deletion SCN5A
transcripts, AP amplitude, upstroke velocity and AP duration at 90% of repolarization.
An important observation was that our ability to identify statistically significant
differences and correlations was hampered by the variability of the results. We
differentiated two different iPSC clones per individual and performed at least two
differentiations per clone and we observed substantial variation in the results between
two clones of one individual as well as within one clone. The use of a CRISPR generated
isogenic control of one of the severely affected patients, in which absence of the two
mutant SCN5A transcripts was confirmed, did result in a peak sodium current that was
significantly higher in the isogenic control compared to the patient iPSC-CMs. This
supports the use of isogenic controls as a promising strategy to study this and other
mutations.

With enhanced molecular techniques for investigating the genetic landscape of ICAs, it
has become clear that the effect of genetic variants is not always easy to interpret and
functional analysis is needed. For this purpose, novel study models such as iPSC-CMs can
play an important role as they represent the disease-relevant cell type with full
cardiomyocyte-specific molecular machinery, can be patient-specific and isogenic lines
can be generated. In this way, also more complex interactions can be studied in a
relevant cell model.



10



Samenvatting
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Erfelijke hartritmestoornissen (EHS) vormen een groep van hartziekten met
gemeenschappelijke kenmerken zoals een lage prevalentie, beperkte penetrantie en
gelijkaardige maar variabele fenotypische expressie waaronder afwijkingen in het
elektrocardiogram (ECG), syncopen, ventrikelfibrillaties en een verhoogd risico op plotse
hartdood. De meeste EHS worden autosomaal dominant overgeérfd en worden
veroorzaakt door ongeveer 70 genen die een aanzienlijke genetische overlap vertonen.
De volledige genetische architectuur van deze EHS is nog niet volledig begrepen. Zelfs
met de opkomst van next generation sequencing (NGS) technieken, blijven veel gevallen
genetisch onopgelost, deels vanwege een complexer genetisch overervingspatroon en
nog niet geidentificeerde genetische oorzaken, maar ook vanwege het substantiéle
aantal varianten van onzekere betekenis (variants of uncertain significance - VUS) in de
bekende genen. Functionele analyses kunnen het ultieme bewijs leveren om een VUS te
herclassificeren naar (waarschijnlijk) goedaardig of (waarschijnlijk) pathogeen, maar
omdat dit arbeidsintensief en duur is, wordt het niet routinematig gedaan in een
diagnostische setting.

Een geval van plotse hartdood werd in ons Centrum voor Medische Genetica onderzocht
met behulp van twee diagnostische genpanels met 51 EHS- en 51 cardiomyopathiegenen
om te screenen op mogelijke causale varianten. Er werden twee VUS’en gedetecteerd in
de genen KCNQ1 en DSG2. Een in vitro functionele analyse van de KCNQ1 variant toonde
geen effect op de kaliumstroom. Segregatieanalyse toonde aan dat de DSG2 variant de
novo was, waardoor de classificatie verhoogd werd naar waarschijnlijk pathogeen. Zowel
de moeder als de dochter van de overleden patiént waren drager van de KCNQ1 variant,
waarvoor ze aanvankelijk werden behandeld. Op basis van de functionele analyse kon
deze variant echter worden geherclassificeerd als waarschijnlijk goedaardig, waardoor
de behandeling werd gestaakt. Deze casus benadrukt de toegevoegde waarde van het
uitvoeren van een moleculaire autopsie en functionele analyse van VUS.

Brugada syndroom (BrS) is een EHS met zeer variabele expressiviteit en slechts bij 30%
van de patiénten kan een genetische diagnose worden gesteld. In ons Centrum voor
Medische Genetica onderzochten we de genetische diagnostische opbrengst van een
EHS-genenpanel in een BrS cohorte en vonden we slechts bij 9% van de patiénten een
(waarschijnlijk) pathogene genetische variant. Deze patiénten vertoonden een ernstiger
klinisch fenotype met meer spontaan type | BrS patroon op ECG, verlengd PR-interval en
QRS-segment, ventriculaire fibrillaties en hadden ze vaker een familiale
voorgeschiedenis van BrS of SCD. Als alleen patiénten worden geincludeerd met een
definitieve BrS diagnose volgens het Shanghai scoresysteem, wordt een opbrengst van
18% bereikt. VUS’en werden gevonden in 31% van de BrS cohorte, maar afgezien van de
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mogelijkheid om segregatieanalyse uit te voeren, dragen dergelijke VUS en niet bij aan
een meer informatieve genetische counseling voor de patiént en familieleden.

Om VUS’en beter te kunnen interpreteren, kunnen functionele analyses worden
uitgevoerd in heterologe expressiesystemen, zoals we hebben gedaan voor de KCNQ1
VUS. Maar een nieuw humaan celmodel om varianten te bestuderen werd beschikbaar
met de komst van geinduceerde pluripotente stamcellen (iPSC). Met behulp van ‘small
molecules’ kunnen deze iPSCs worden gedifferentieerd in cardiomyocyten (iPSC-CM),
waardoor een ziektespecifiek fysiologisch relevant celmodel ontstaat. We hebben iPSCs
gegenereerd uit huidfibroblasten van vijf BrS patiénten met de Belgische SCN5A
foundermutatie (c.4813+3_4813+6dupGGGT) en twee niet-verwante gezonde
controlepersonen. Deze cellen toonden hun pluripotente aard en werden gevalideerd
met behulp van een reeks moleculaire testen. Hoewel de vijf patiénten dezelfde mutatie
dragen, vertoonden ze verschillende klinische fenotypes, variérend van asymptomatisch
tot plotse hartdood. Om het effect van de SCN5A mutatie te onderzoeken, werden iPSCs
gedifferentieerd tot cardiomyocyten die spontane contractie vertonen en cardiomyocyt-
specifieke markers tot expressie brengen. iPSC-CM van patiénten verschilden niet
significant van die afkomstig van controlepersonen bij het vergelijken van de totale
SCN5A mRNA en eiwitexpressie, natriumstroomdensiteit en actiepotentiaal (AP)
karakteristieken. Het enige significante verschil dat we zagen was in de expressie van de
transcripten van SCN5A, waar iPSC-CMs van patiénten twee gemuteerde transcripten
tot expressie brachten, één met een deletie van 96 baseparen (bp) en één met een
intronische GTGG retentie wat leidt tot een frameshift. Slechts enkele parameters die in
de iPSC-CMs van de patiénten werden geanalyseerd, correleerden met de klinische ernst
van de patiénten. Deze parameters zijn de expressie van WT en 96 bp deletie SCN5A
transcripten, AP amplitude, upstroke snelheid en AP duur bij 90% van de repolarisatie.
Een belangrijke observatie was dat ons vermogen om statistisch significante verschillen
en correlaties te identificeren gehinderd werd door de variabiliteit van de resultaten. We
differentieerden twee verschillende iPSC klonen per individu en voerden ten minste
twee differentiaties per kloon uit en we zagen aanzienlijke variatie in de resultaten
tussen twee klonen van één individu en binnen één kloon. Het gebruik van een CRISPR-
gegenereerde isogene controle van een van de ernstig aangedane patiénten, waarin de
afwezigheid van de twee gemuteerde SCN5A transcripten werd bevestigd, resulteerde
in een piek natriumstroom die significant hoger was in de isogene controle in vergelijking
met de iPSC-CMs van de patiént. Dit ondersteunt het gebruik van isogene controles als
een veelbelovende strategie om deze en andere mutaties te bestuderen.

Met verbeterde moleculaire technieken voor het onderzoeken van het genetische
landschap van EHS, is het duidelijk geworden dat varianten niet altijd gemakkelijk te
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interpreteren zijn en dat functionele analyse nodig is. Voor dit doel kunnen nieuwe
studiemodellen zoals iPSC-CM een belangrijke rol spelen, omdat ze het ziekterelevante
celtype vertegenwoordigen met een volledige cardiomyocyt-specifieke moleculaire
architectuur, patiént specifiek kunnen zijn en isogene controlelijnen kunnen worden
gegenereerd. Op deze manier kunnen ook complexere interacties worden bestudeerd in
een relevant celmodel.
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Introduction

Abstract

With the discovery of induced pluripotent stem cell (iPSCs) a wide range of cell types,
including iPSC-derived cardiomyocytes (iPSC-CM), can now be generated from an
unlimited source of somatic cells. These iPSC-CM are used for different purposes such as
disease modelling, drug discovery, cardiotoxicity testing and personalised medicine. The
2D iPSC-CM models have shown promising results, but they are known to be more
immature compared to in vivo adult cardiomyocytes. Novel approaches to create 3D
models with the possible addition of other (cardiac) cell types are being developed. This
will not only improve the maturity of the cells, but also leads to more physiologically
relevant models that more closely resemble the human heart. In this review, we focus
on the progress in the modelling of inherited cardiac arrhythmias in both 2D and 3D and
on the use of these models in therapy development and drug testing
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Introduction

Introduction

Since the discovery of induced pluripotent stem cells (iPSCs) in 2006 by Takahashi and
Yamanaka (1), iPSCs have increasingly gained popularity in the scientific field; not only
to perform stem cell research but also to create somatic cells derived from these iPSCs
such as neurons (2), cardiomyocytes (3) and hepatic cells (4) amongst many others. The
numerous advantages, such as access to difficult-to-access human cell types, the
development of patient-specific cell types, decreased need for laboratory animals and
less ethical concerns compared to embryonal stem cells (ESC), are well-known. However,
there are also some drawbacks on the use of these derived cells such as variability, low
differentiation efficiency and the immature state of the differentiated cells.
Nevertheless, iPSC-derived cells are indispensable in the current cell-biology research
community.

In 2009, Zwi et al. presented their work on the development of a way to differentiate
iPSCs into cardiomyocytes (3). Their iPSC-derived cardiomyocytes (iPSC-CM) expressed
the cardiac specific markers cardiac troponin-l and sarcomeric a-actinin, were
electrophysiologically active and they displayed the expected response to the admission
of different drugs. Ever since, an increasing number of papers have been published using
iPSC-CM to model diseases, perform drug and cardiotoxicity testing and develop new
therapies.

In this review, we take a closer look at these recent developments focusing on cardiac
arrhythmia disorders and the transition from 2D to 3D culture models (Figure 1).

3D iPSC-CM
models
iPSC 2D iPSC-CM Microtissue Organoids
® © _
- (@ —»> -
Drug safety ~ Therapy  Disease Hearr':jon-a- rI]Engi?te;ered
Cardiac Arrhythmia Patient testing  development model chip carlissue
Long QT syndrome
SB;I‘;'??S{I’_ imrrgm o - Future perspective

Improved knowledge on
disease mechanisms and
therapeutic options in more
mature and complex models

Catecholaminergic polymorphic
ventricular tachycardia
Arrhythmogenic Cardiomyopathy

Created with BioRender.com

Figure 1. Schematic representation of different applications of iPSC-cardiomyocytes.
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Introduction

iPSC-Derived Cardiomyocytes as Inherited Cardiac Arrhythmia Models

Inherited cardiac arrhythmias (ICAs) are characterised by the dysfunction of cardiac ion
channels, their accessory proteins or cell-cell contact proteins which can lead to
ventricular arrhythmias and potential sudden cardiac death. The most well-known
inherited cardiac arrhythmias (see Table 1) include long QT syndrome (LQTS), Brugada
syndrome (BrS), catecholaminergic polymorphic ventricular tachycardia (CPVT), short QT
syndrome (SQTS) and arrhythmogenic cardiomyopathy (ACM). These diseases are
caused by pathogenic variants in genes encoding components or accessory elements of
these ion channels or desmosomes. The type of mutation (loss-of-function (LOF) or gain-
of-function (GOF)) is also important in defining the disease outcome. In the past,
mutations were detected using Sanger sequencing, which is still the gold standard. This
technique allows to read the DNA sequence of a gene in several small parts, which is a
rather slow process. As such, potential candidate genes were sequenced one by one,
starting with the most likely causal one. As soon as next generation sequencing (NGS)
techniques were developed, using massive parallel sequencing technology, large
amounts of DNA could be read simultaneously and many genes sequenced at the same
time. Currently, three different approaches are available in a clinical setting for detecting
(causal) variants, namely targeted next generation sequencing (NGS), whole exome
sequencing (WES) or whole genome sequencing (WGS). The difference resides in the fact
that targeted NGS reads a specific subset of genes that may play a role in the
development of ICAs, while WES looks at all exons of all known genes at once. With WGS,
the entire genome is examined, including the non-coding sequence and deep intronic
variants. In the following section a brief overview of the different ICAs is given.

Long QT syndrome has a prevalence of 1 in 2000 and is clinically diagnosed by a
prolongation of the QT interval (heart rate-corrected QT (QTc) interval 2480 ms) on the
electrocardiogram (ECG) (5). Patients present with symptoms like syncopes, palpitations,
arrhythmias and typical development of Torsades de pointes that can lead to death. To
prevent the development of symptoms, adjustments of lifestyle is advised with the
addition of beta-blockers to reduce the risk of sudden cardiac death (SCD), and
avoidance of any medication that could have a QT-prolonging effect. In case symptoms
still occur under the treatment with beta-blockers, an implantable cardioverter
defibrillator (ICD) can be implanted (6,7). Currently, there are 17 subtypes of LQTS based
on the gene involved and the most common subtypes, responsible for up to 90% of
patients with a causative mutation, are LQT1, LQT2 and LQT3, caused by mutations in
the KCNQ1, KCNH2 and SCN5A genes, respectively (8,9).
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Short QT syndrome is diagnosed by a shortening of the QT interval (QTc <340 ms) on the
ECG and has a prevalence ranging from 1 in 1000 to 1 in 5000 (10). Clinical symptoms
are syncopes, atrial fibrillation, ventricular arrhythmia and SCD (10,11). Causal GOF
mutations are mostly found in potassium channel genes such as KCNH2, KCNQ1 and
KCNJ2 (11,12). The disease can be managed with the implantation of an ICD in
symptomatic patients. As possible alternative a pharmacological treatment with
quinidine or sotalol can be considered to prevent symptoms (13,14).

CPVT most often occurs in young adults and athletes and is triggered by B-adrenergic
stimulation related to exercise or emotional stress. It is diagnosed based on an ECG with
unexplained catecholamine-induced or stress-induced bidirectional ventricular
tachycardia with normal resting ECG and in the absence of structural cardiac anomalies
(15). Symptoms such as syncopes, ventricular (tachy)arrhythmias and SCD occur typically
during physical activity or emotional stress (15,16). It is mainly caused by mutations in
Ca?*-handling related genes such as RYR2 and CASQZ2 and has an estimated prevalence
of 1in 10.000 (12,17). Both proteins are essential in the Ca?* handling in heart and muscle
cells, responsible for the proper contraction of the cells. The preferred treatment is the
administration of the beta-blocker nadolol in combination with lifestyle adjustments
such as exercise restriction although this cannot prevent all the arrhythmic events in
patients. In these cases, ICD implantation can be considered (5).

ACM, previously known as arrhythmogenic right ventricular cardiomyopathy (ARVC), has
a prevalence of 1 in 5000 and is characterised by fibrofatty myocardial replacement,
leading to impaired ventricular systolic function and ventricular arrhythmias. These can
lead to SCD, which is an important cause of death in young athletes (18). Currently, there
is no golden standard to diagnose ACM but scoring systems have been proposed, all
using multiple parameters such as functional and structural ventricular abnormalities,
tissue characterization, electrocardiographic alterations, ventricular arrhythmias, and
familial/genetic background (19,20). Mutations in desmosomal genes such as PKP2,
DSG2, DSP, DSC2 and JUP play a prominent role in the development of the disease (18).
Patients should adjust their lifestyle and not participate in competitive or endurance
sport activities. On top of that, beta-blockers are recommended as well as the use of
anti-arrhythmic drugs, implantation of an ICD and catheter ablation, all can help to
manage the disease (18,21).

Brugada syndrome is a cardiac arrhythmia with a prevalence ranging from 1 in 500 to 1
in 2000 and patients display a specific ST-segment elevation on the ECG (Type I) in more
than one right precordial lead (V1-V3), either occurring spontaneously or after
administration of a sodium channel blocker like ajmaline or flecainide (22). BrS patients
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and affected family members can show a variety of symptoms ranging from being
asymptomatic over heart palpitations, syncopes and ventricular fibrillations (VF) which
could eventually lead to SCD indicating the reduced penetrance and variable expression,
phenomena’s well known in BrS. This makes is challenging to apply risk stratification,
even within one family. Currently only one gene is considered causal for BrS, namely
SCN5A, encoding the cardiac sodium channel Nay1.5 (23). Mutations in SCN5A account
for up to 20—-25% of the BrS cases (24,25). Many other genes encoding sodium (SCN10A,
SCN1B, SCN2B, SCN3B), calcium (CACNA1C, CACNA2D1, CACNB2B) and potassium
channels (HCN4, KCND2, KCND3, KCNE3, KCNE5, KCNJ8) and their associated proteins
have been associated with the disease but evidence is lacking to definitely consider them
as causal (23). Regarding the treatment and management of BrS, an ICD is advised for
BrS patients with previous cardiac arrest or syncopes. All BrS patients should treat fever
immediately and avoid drugs that can provoke BrS. Other treatments that might be
considered are the use of quinidine and in some cases ablation (5,29).

Table 1: Inherited cardiac arrhythmias

Disease Genes Diagnosis Treatment
KCNQ1 1D
LQTS KCNH2 QTc = 480ms Beta-blockers
SCN5A
KCNH2 ICD
SQTS KCNQ1 QTc < 340ms Quinidine
KCNJ2 Sotalol
ICD
ECG with unexplained Lifestyle changes
RYR2 . -
CPVT CASQ2 catecholamine-induced or stress- (reduces exercise)
induced bidirectional VT Beta-blockers
(Nadolol)
PKP2 §coring system: N
DSG2 ventricular abnormalities ICD
tissue characterization Beta-blockers
ACM DSP . . . .
DSC2 electrocardiographic alterations Catheter ablation
JUP ventricular arrhythmias
familial/genetic background
BrS SCN5A Type | ECG with ST-segment IcD

elevation

In the past, mutations/variations were studies in heterologous expression systems
where immortalized human or animal cells were used to express a specific ion channel
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with or without the mutation in order to study the effect on the functioning of the
channel. In some cases, auxiliary subunits are added to resemble more the in vivo
situation. However, this technique does not allow to mimic the full physiological state to
for example investigate the effect on action potentials generated in cardiac cells. In ICAs,
arrhythmias mostly occur in the ventricles, making ventricular cardiomyocytes the most
relevant cell type to investigate. Most of the currently used iPSC-CM differentiation
protocols generate a mixture of atrial, ventricular and sinoatrial pacemaker
cardiomyocytes, but with a clear overrepresentation/higher presence of ventricular
cells. Ventricular action potentials (AP) are characterised by a more negative maximum
diastolic potential, a rapid AP upstroke, a long plateau phase and an APD90/APD50 ratio
<1.3/1.4 (30-32). It is also possible to differentiate iPSCs directly into the specific
cardiomyocyte types (33).

In 2018, Garg et al. reviewed the published iPSC-CM models of several channelopathies
(34) and Pan et al. updated this review with the addition of ACM (Table S1
(Supplementary Materials)) (35). Here, the overview is updated (see Table 2) with more
recently published models.

Long QT Syndrome

Over the years, several LQTS iPSC-CM models have been published, the first in 2010 by
Moretti et al. (31). The latter investigated patient-specific iPSC-CM of three related LQT1
patients harbouring a p.(Arg190GIn) variant and showed a prolonged action potential
duration at 90% of repolarisation (APD90) and lower potassium current densities
compared to control individuals. This corresponded to the phenotype observed in the
patients. Since then, several papers have been published describing LQTS iPSC-CM
models of known pathogenic mutations (reviewed by Garg et al. (34), Table S1). More
recently, LQTS iPSC-CM models have been used to investigate the pathogenicity of
variants of uncertain significance (VUS). For example, Garg et al. created a LQT2 iPSC-
CM model harbouring the VUS p.(Thr983lle) in the KCNH2 gene. Using CRISPR/Cas9
technology, they developed both a homozygous VUS cell line as well as an isogenic
control line. Both patch-clamp and multi-electrode array (MEA) experiments showed
prolonged APD50, APD90 and field potential duration (FPD) in the homozygous as well
as in the heterozygous VUS iPSC-CMs . In addition, more beat irregularity or early after
depolarisations (EADs) were observed and the phenotype of the homozygous VUS iPSC-
CMs resembled that of the known pathogenic p.(Ala561Val) KCNH2 variant. Potassium
(I¢r) current was decreased in the VUS cell line and restored to normal current densities
in the isogenic control (36). Chavali et al. took a different CRISPR/Cas9 approach when
they introduced a VUS p.(Asn639Thr) in the CACNA1C gene into iPSCs to create a patient-
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independent iPSC model. Prolonged APD and FPD were recorded due to a slower
inactivation of the Ca,1.2 current. As this cellular phenotype recapitulated the patient
phenotype, the authors reclassified the VUS as probably pathogenic (37).

Brugada Syndrome

The first report on iPSC-CM in BrS was published by Davis et al. They modelled an iPSC-
CM line harbouring a SCN5A mutation p.(1798insAsp) from a patient with an overlap
syndrome of LQT/BrS and conduction disorder. Reduced and persistent sodium currents,
slower upstroke velocity and prolongation of APD90 were observed in patients’ iPSC-
CMs but not in controls, mimicking the LOF and GOF phenotype of this mutation (38).
Later, two iPSC-CM lines from BrS patients with SCN5A (p.(Arg620His)+ p.(Arg811His)
and c. 4190delA) mutation were evaluated by Liang et al. Both cell lines showed
abnormal action potentials (AP) compared to the controls as well as a reduced sodium
current (39). In 2021, Nijak et al. published a review on iPSC-CM models generated of
BrS patients, included in Table S1 (40). More recently, extra reports on BrS iPSC-CM
models harbouring variants in SCN5A (p.(Vall405Met), p.(Ser1812X)), SCN1B
(p.(Ala197Val)) and CACNB2 (p.(Ser142Phe)) were published. Reduced expression of the
encoded proteins was observed as well as reduced sodium or calcium currents leading
to reduced action potential amplitude (APA) and maximum upstroke velocity (Vmax) but
prolonged APDs (41-43). Calcium imaging showed more proarrhythmic events such as
EADs and DADs (early and delayed after depolarisations) in BrS cell lines compared to
control cell lines (42). A SCN5A p.(Ser1812X) variant resulted in reduced conduction
velocity and proarrhythmic events (43).

Short QT Syndrome

The first iPSC-CM model of SQTS was published by El-Battrawy et al. in 2018 where one
patient cell line with a p.(Asn588Lys) mutation in the KCNH2 gene was compared to two
control cell lines. They demonstrated an upregulation of the hERG channel expression
and increased potassium currents (lx) resulting in a shortening of the action potential.
During calcium-handling experiments, irregular beating, DAD-like and EAD-like
arrhythmic events were recorded more in patient iPSC-CMs compared to control iPSC-
CMs (44). Later, the same mutation and another KCNH2 p.(Thr618lle) variant were
modelled in iPSC-CMs and similar electrophysiological and molecular results were
obtained (45,46). An iPSC-based cardiac cell sheet model was created by Shinnawi and
colleagues and an increase in susceptibility to the development of re-entrant
arrhythmias recorded (45). The p.(Thr618lle) variant did not give rise to any arrhythmic
events. However, there was an increased beat-to-beat variability in the patient cell line
(46).
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Catecholaminergic Polymorphic Ventricular Tachycardia Type

Different iPSC-CM CPVT models have been developed (reviewed by Garg et al. in 2018
(34), included in Table S1). The first CPVT iPSC-CM model from a patient carrying a RYR2
pathogenic variant (p.Phe2483lle) was published in 2011 by Fatima et al. The analysis
revealed more DAD events in patient iPSC-CMs compared to control iPSC-CMs and
embryonal stem cell-derived cardiomyocytes (ESC-CM), recapitulating the CPVT
phenotype. The underlying aberrant sarcoplasmic reticulum (SR) Ca?* release in the iPSC-
CMs is responsible for the development of these DADs and arrhythmias (47). The same
variant was modelled using CRISPR/Cas9 by Wei et al. and showed longer calcium sparks
in both hetero- and homozygous iPSC-CMs, larger SR Ca?* leak levels and smaller load
levels which is consistent with higher diastolic Ca?* levels (48). In 2018, Acimovic et al.
published an iPSC-CM model of a CPVT patient with a RYR2 p.(Asp3638Ala) variant. They
found an increase in beat rate in the patient cell line compared to both iPSC- and ESC-
derived CMs and a weaker response in force contraction upon stress induction. Calcium
handling was normal under basal conditions, but upon stress more irregular Ca%*-release
events in CPVT iPSC-CMs were recorded. Patch clamp data revealed a prolongation of
the AP in basal conditions while during stress, APD, Vmax and the amplitude were lower
in CPVT CMs compared to controls (49). Several other reports on RYR2 variants, either
from patient-specific (50,51) or CRIPSR/Cas9-induced iPSC-CMs (52), show similar
aberrant Ca?* handling although mutant lines also differ from each other, for example in
the magnitude of the Ca®* leak or SR Ca?* content (50-52). Two CASQ2 (p.(Asp307His))
patient-specific iPSC-CM models showed DADs, oscillatory prepotentials, after-
contractions and diastolic (Ca®"); rises similar to RYR2 CPVT models (53).

Arrhythmogenic Cardiomyopathy

The first model of ARVC was published in 2013 by Ma et al. They created a patient-
specific iPSC-CM model with a PKP2 p.(Leu614Pro) mutation and showed
downregulation of the expression of plakophilin and plakoglobin but no other
desmosomal genes (54). El-Battrawy and Buljubasic studied the same patient-derived
iPSC-CM ACM model harbouring a mutation in the DSG2 gene (p.(Gly638Arg)) (55,56).
The amplitude and the upstroke velocity of the AP were decreased as well as peak Ina,
Incx, lto, Isk @and Ikate, While Iy on the contrary was enhanced. Mutant iPSC-CMs showed
more arrhythmogenic effects compared to control cells (55). In addition, Buljubasic
further investigated the underlying molecular mechanisms and revealed upregulation of
SK4 channels and NDPK-B resulting in increased Isxs, pacemaker activity and arrhythmic
events (56).
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Table 2: overview of published 2D iPSC-CM cardiac arrhythmia disease models.

Syndrome ca:‘,:::ﬁne Ex:s::zae::al Cellular Phenotype Ref.
Prolonged AP, reduced Igs
current, ER retention,
increased susceptibility to
KCNQ1 PC, IF catecholamine-ind.uced (31)
p.(Arg190GlIn) tachyarrhythmia,
attenuation of this
phenotype with beta
blockade
Prolonged APD50 and
LQTS APD90, beat irregularity,
KCNH2 PC, MEA, WB, EAD, decreased Ik, (36)
p.(Thro83lle) Cl density, reduced channel
surface expression,
higher diastolic Ca®*
Prolonged Maximum
CACNALC CardioExcyte Field Potential Duration
o.(Asn639Thr) 96, PC and APD, slower Cay1.2 (37)
voltage-dependent
inactivation
Reduced Ina peak current,
BrS/LQT 0 (1§gglii?Asp) PC, persistent Ina, reduced (38)
) Vmax, prolonged APD90
SCNBA Reductions i'n Ina and
. Vmax of AP, increased
p-(Arg620His)+ burden of triggered
p.(Arg811His) PC, Cl activity, abnormal (39)
SCN5A . t
(c. 4190delA) calslum tran5|ents.an.d
beating interval variation
Reduction in peak lca.,
acceleration recovery of
BrS . -
inactivation and altered
voltage dependent
CACNB2 PC, CI inactivation, reduced APA (41)

p.(Ser142Phe)

and Vmax, reduced
protein expression of the
CACNB2 gene, increased
arrhythmia-like events,
suppression of
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p.(Asp3638Ala)

contraction during stress,

Causal Gene Experimental
Syndrome Variant Approach Cellular Phenotype Ref.
arrhythmic events by
quinidine and bisoprolol
Reduction in peak Ina
iy, e 4 e
p.(Val1405Met) i
PC, Cl proarrhythmic events (42)
SCNB1 .
(Ala197Val) (EAD, DAD-like events),
P- reduced Nav1.5 protein
expression
Reduced Ina and a
delayed sodium channel
activation, slowed AP
upstroke velocity,
SCNSA PC, IF, MEA reduced FP and CV, (43)
p.(Ser1812X)
enhanced |, and an
augmented lc,.. window
current, reduced Nay1.5
protein expression
Shortening APD,
Increased I tail current,
KCNH2 arrhythmic events, (44,
PC, IF, Cl .
p.(Asn588Lys) increased hERG 45)
QTS expression, re—'entrant
arrhythmias
Increased Iy, shortened
KCNH2 APD, beat-to-beat
p.(Thre18lle) PC, WB variability, increased (46)
membrane expression
RYR2 Arrhythmias, DAD,
o.(Phe2483lleu) PC, MEA, CI forskolin can rescue these (47)
phenotypes
Longer Ca®* sparks, higher
. . 2+
CPVT RYR2 Cl i(:erStfllali EZat:ﬁvesé (48)
p.(Phe2483lle) °8 &
calcium leak and lower
load levels
RYR2 Higher beat rate, diastolic
AFM, CI, PC, SR Ca® leak, weaker force (49)
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Syndrome Ca:x/ii:;ine Ex:s::zae:;al Cellular Phenotype Ref.
APD, Vmax and APA
decreased during stress
RYR2 al Aberrant diastolic SR Ca% (50)
p.(Argl76GlIn) release, EAD
p.(GIn4201Arg): decrease
RYR2 mRNA levels RYR2,
p.(GIn4201Arg) PC, Cl, gPCR, protein similar, All (52)
p.(Arg420GlIn) WB mutants: longer sparks
p.(Phe2483lle) p.(Arg420GIn): lower
spark frequency
2+ ;
it
Eiigjii;‘:g; Cl, WB, gPCR, decrease in calcium (51)
MEA LEAP transient duration,
p.%rg11756PC:r) irregular beating,
p-(Arg n) decreased beat rate
DADs, oscillatory
arrhythmic, after-
contractions and diastolic
p.(Ai/?)I-SsggHis) PC, Cl, EM (Ca?");rise, less organised  (53)
myofibrils, enlarged SR
cisternae and reduced
number of caveolae
Reduction in rate of
spontaneous cell
contraction and
p.(LeiIg;iPro) PC, Cl, gPCR, IF amplitude under (54)
nifedipine, reduced
expression plakophilin2
and plakoglobin
ACM Lower APA and Vmakx,
DSG2 decreased peak' Ina, Incx,
0.(Gly638Arg) IF, PC, Cl, gPCR o, lsk, and lxate, mcreasgd (55)
Ik, more arrhythmogenic
events
DSG2 Upregulation of SK4 and
PC, WB, gPCR NDPK-B, enhanced SK4 (56)

p.(Gly638Arg)

channel currents,
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Causal Gene Experimental

Syndrome Variant Approach

Cellular Phenotype Ref.

pacemaker activity and

more arrhythmic events
Adapted and updated from Garg et al. (2018) and Pan et al. (2021) (34,35). PC: patch clamp; IF:
immunofluorescence; MEA: Multi electrode array; WB: Western Blot; Cl: Calcium imaging; AFM: atomic
force microscopy; AP: action potential; Ixs: slow delayed rectifier K+ current; ER: endoplasmic reticulum;
APD50-90: Action potential duration at 50%—90% of repolarisation; EAD: early after depolarisation; l.: rapid
delayed rectifier K+ current; Ic,..: L-type calcium current; APA: action potential amplitude; Vmax: maximum
rate of rise of the action potential; Ina: sodium current; DAD: delayed after repolarisation; FP: field potential;
CV: conduction velocity; hko: transient outward current; SR: sarcoplasmic reticulum; EM: electron
microscope.

From 2D to 3D

In the iPSC-CM field, immaturity of the created iPSC-CM is a well-known problem. As the
cardiomyocytes often only stay in culture for 30 days or less, it is not surprising that the
phenotype of these cells does not fully recapitulate the phenotype of a mature native
cardiomyocyte that has been developing for many years. Ahmed et al. (2020) reviewed
the currently applied methods of maturation and pinpointed the main differences
between fetal-like iPSC-CMs and adult cardiomyocytes. Methods to promote maturation
include prolonged culture, addition of hormones (e.g., thyroid hormone) or cellular
energy source (e.g., fatty acids such as palmitate, oleic acid, linoleic acid), co-culture,
extracellular matrix, mechanical or electrical stimulation and 3D culture (57). The latter
is not only beneficial for the maturity of the cardiomyocytes but also enables the
creation of 3D models that are more similar to native heart tissue. The heart consists of
cardiomyocytes, but also various other cell types are present in the tissue such as
endothelial cells (EC), fibroblasts (FB), pericytes, smooth muscle cells, immune cells
(myeloid and lymphoid), adipocytes, mesothelial cells and neuronal cells (58).
Meanwhile, Pinto et al. found that CMs accounted for only 25%—35% of the cells in the
heart, ECs for 60% and FBs for less than 20%; Litviiukova found CMs represented 30%
to 50% of the cells in atrial and ventricular samples, respectively, while ECs represented
10% and FBs 20% (58,59). Adding these extra cell types to the model will make it even
more physiologically relevant and likely more suitable for modelling pathological
conditions and downstream applications such as drug or cardiotoxicity screening.

Below, we will discuss the development from 2D to 3D iPSC-CM cultures with or without
other cell types using scaffold-free and scaffold-based techniques.
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Scaffold-Free 3D Culture

One method to create a 3D cell culture is the scaffold-free hanging droplet method in
which iPSC-CMs are placed in a droplet in an ultra-low attachment plate with (60,61) or
without (62,63) the addition of other cell types such as cardiac fibroblasts and
endothelial cells. Beauchamp et al. and Ergir et al. reported a long-term stable 3D model
of iPSC-CMs that was able to respond to electrical, pharmacological, and physical stimuli
but Ca?*dyes only partially penetrated the culture and the CMs still displayed more fetal-
like features such as shorter sarcomeres (62,63). Sharma et al. combined iPSC-CM with
human cardiac fibroblasts (HCFs) and human coronary artery endothelial cells to create
cardiac spheroids containing a cardiac endothelial cell network that recapitulated better
than the in vivo human heart (61).

Organoids are mainly formed by differentiating iPSC directly to CM (and other cell types)
in ultra-low attachment plates. Drakhlis et al. generated a model of heart-forming
organoids (HFO) by differentiating free-floating iPSC aggregates into cardiac organoids
that resemble the early embryonic heart as they are composed of a myocardial layer and
endocardial-like cells. They were able to model a NKX2.5 KO which resulted in similar
cardiac malformations such as decreased cardiomyocyte adhesion and hypertrophy as
observed in in vivo mouse studies (64). A similar HFO protocol by Lewis-Israeli et al. using
different small molecules’ concentrations and adding one WNT pathway modulation
step enabled the generation of multiple cardiac-specific cell lineages such as endo- and
epicardial cells, endothelial cells and cardiac fibroblasts (65). Lee at al. started from
embryonic bodies and generated chamber-forming HFOs. RNA-seq revealed that they
more closely resembled the fetal heart than adult heart tissue, but here as well, several
cell types were generated (66). As such, a drawback of this technique is that the iPSC-
CMs still display an immature phenotype but the HFOs are well suited to studying cardiac
diseases linked to development.

Another scaffold-free method is used to create cardiac microtissues (cMT) where several
(previously generated) cell types (CMs, ECs, FBs, ...) are combined. Giacomelli et al.
combined iPSC-derived ECs, iPSC-derived cardiac FBs and iPSC-CMs to form a microtissue
displaying mature iPSC-CM ultrastructures such as elongated tubular myofibrils and T-
tubule-like structures (67). RNA-seq indicated a mature expression profile of the iPSC-
CMs comparable to that of adult CMs. Electrophysiological maturation was proven by
the presence of the typical AP notch, although this has also been observed in 2D cultures
(43,68). As a proof-of-concept they created a cMT consisting of healthy iPSC-CMs and
iPSC-ECs combined with mutant cardiac FB of an ACM patient with a PKP2 (c.2013delC,
p.(Lys672ArgfsX12)) mutation (Table 3) and found reduced Cx43 expression in ACM cMT
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as well as arrhythmic behaviour (50), highlighting the importance of the presence of
these non-myocytes in the model. In another paper, a LQTS cMT harbouring a KCNQ1
p.(Arg594GIn) variant, showed a prolonged field potential compared to wild-type cMT
(69) proving that the cMT can recapitulate the disease phenotype (Table 3). However,
as 2D models already showed this phenotype, the MT model was not of specific added
value in this case.

Scaffold-Based 3D Culture

Another frequently used method is scaffold-based culture. These scaffolds consist of
(decellularised) extracellular matrix (ECM) (70), natural or synthetic polymers (71,72)
and can be combined as a hydrogel in an organised well-defined shape or in certain
orientations (73). Fong et al. tested the effect of adult and fetal extracellular matrix from
decellularised bovine adult and fetal heart tissue on the maturity of the CMs in both 2D
and 3D cultures. Adult heart ECM improved maturation, demonstrated by increased
expression of several calcium-handling genes and enhanced calcium signalling, both in
2D and 3D culture with the highest expression levels observed in 3D cultured iPSC-CMs.
However, there was no improvement on the formation of T-tubules (70).

In engineered heart tissue (EHT) iPSC-CMs are grown on hydrogel scaffolds wrapped
around two flexible pillars that have the ability to mechanically stimulate the cells and
improve maturation. Several published models indeed prove that CMs grown in EHT
present more mature electrophysiological properties such as action potential amplitude
and upstroke velocity and more mature rod-shape morphology and sarcomere
alignment (74). Expression profiles as well as the cardiac ultrastructure, bioenergetics
and t-tubule formation of stimulated EHT are more in line with adult cardiac tissue then
fetal cardiac tissue (75). To improve maturation even more, Lu et al. induced progressive
stretch on the EHT which led to higher contractility and passive elasticity, more mature
excitation/contraction coupling and a higher ratio of beta-myosin heavy chain (MHC) by
alpha-MHC mRNA (76). Goldfracht et al. combined the use of ECM with EHT, and in
comparison, using a 2D model they found an increased expression of cardiac-related
genes and the cardiomyocytes were arranged anisotropically and developed relatively
elongated and oriented cell alignments. They created a LQTS2 (KCNH2 p.(Ala614Val))
and CPVT2 (CASQ2 p.(Asp307His)) (Table 3) model and using voltage and calcium dyes,
AP prolongation in LQTS iPSC-CM was revealed while the CPVT cell model showed
abnormal calcium transients and more arrhythmias under stress conditions, indicating
that these EHT models can be used to study channelopathies. In comparison with a 2D
single cell model, the EHT showed less frequent, severe or complicated arrhythmogenic
activity which is clinically more relevant as the extremely high incidence of arrhythmias

32



Introduction

as recorded in a single cell model would probably be incompatible with life. Re-entrant
arrhythmias were not observed at baseline in the LQT-EHT but they were developed
after blocking the Ik, mimicking the clinical situation in LQT patients challenged with a
QT prolonging agent (77). The major advantage of this technique is the maturation state
of the CMs, but special equipment for the generation of this EHT is needed, which might
not be available for every lab.

Table 3: Overview of published 3D iPSC-CM arrhythmia models.
Disease/Gene/

3D Model Variant Cellular Phenotype Ref.
. ACM Lower Cx43 expression and arrhythmic
Cardiac PKP2 . -
. . behaviour of ACM cMT consisting of control (67)
Microtissue (c.2013delC, CM and EC and ACM cardiac fibroblasts
p.(Lys672ArgfsX12))
Cardiac LQTS Prolonged field potential duration (FPD), B-
Microtissue KCNQ1 adrenergic stimulation shortened the RR  (69)
p.(Arg594GlIn) interval and decreased the FPD
. LQTS APD prolongation (via ArclLight), re-entrant
Engineered . . . .
heart tissue KCNH2 arrhythmic activity after Iy blocking with  (77)
p.(Ala614Val) dofetilide
. CPVT More (Ca2+); transient abnormalities and
Engineered .
heart tissue CASQ2 arrhythmias compared to control EHT but  (77)
p.(Asp307His) less than single cell CPVT iPSC-CM

Heart-on-a-chip

Heart-on-a-chip is a method to culture iPSC-CM—with or without other cell types —in a
2D or 3D manner on a microfluidic device in a chamber with built-in channels for fluids,
microactuators and microsensors (78). Microactuators can give either electrical or
mechanical stimuli to the cells/tissue, while the sensors record electrophysiological
signals or contraction force (78). Heart-on-a-chip has been used for drug toxicity
assessments and maturation was shown to be improved through electrical and
mechanical stimulation (79). Although some cardiac disease models such as ischaemia
and fibrosis have been investigated using the heart-on-a-chip method (80,81), to date
there are no publications on its use for inherited cardiac arrhythmias. The technique is
currently still under development and the primary focus is on its application for drug
cardiotoxicity screening. Even for this application, there are some challenges such as
standardisation, reliable tissue manufacturing, high throughput, high content functional
readouts and high cost, that still need to be solved before heart-on-a-chip can be more
widely used (82,83).
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Drug and Gene Therapy Testing
Cardiotoxicity Screening

A first application of iPSC-CMs and their ability to model/display/show arrhythmias and
structural pathology is testing of the cardiotoxicity of a drug under development.
Cardiotoxicity and arrhythmia induction such as life-threatening Torsade de pointes
(TdP) are a main reason for preclinical and clinical drug failure and withdrawal from the
market. In 2013, the Comprehensive in Vitro Proarrhythmia Assay (CiPA) initiative was
founded to overcome the low specificity of the preclinical studies and clinical trials at
that time (84). One of the novel components is testing the effect of a drug in vitro in
iPSC-CM. A total of 28 compounds with known cardiac effects were tested in
commercially available iPSC-CMs using a MEA system and voltage-sensitive dyes and
could be classified as high-, intermediate- and low-risk for TdP (85). To confirm these
findings, these drugs were tested over several laboratories/facilities, commercial
cardiomyocyte types and different MEA platforms and reproducible concentration-
dependent electrophysiological responses were reported, indicating that iPSC-CMs can
predict clinical QT prolongation and/or arrhythmogenic potential of drug compounds
(86-88). Lee at al showed that addition of a contractility assay (impedance
measurement) into the evaluation of cardiotoxicity provides/allows more mechanistic
insights on the drug effect (89). As discussed above, 3D heart-on-a-chip models are also
being tested, holding promise for even better prediction of cardiotoxic and pro-
arrhythmic drug effects as they better recapitulated the clinical effects compared to 2D
iPSC-CM models as they present occasionally with arrhythmias that are not reported in
adult cardiomyocytes (90,91). Regarding inherited cardiac arrhythmias, variable
expressivity is a known characteristic, with many individuals who carry pathogenic
variants remaining asymptomatic throughout life. However, specific drugs can also elicit
life-threatening arrhythmias in these carriers/patients and patients are recommended
to avoid taking them. Using iPSC-CM with such pathogenic variants in cardiotoxicity
screening could be a valuable option to predict these adverse effects in a subset of the
population.

Drug Testing

In addition to cardiotoxicity, iPSC-CM can also be deployed to test compounds that could
(partially) restore the phenotype of inherited cardiac arrhythmias models (Table 4). Two
recent publications reported a 2D LQT3 (SCN5A p.(Phe1473Cys)) model that was used to
test mexiletine and different analogues in their ability to reduce the prolongation of the
AP and they found that the analogues were more potent and selective in inhibiting the
late sodium current, responsible for the APD prolongation in patients. In addition, they
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did not induce AP prolongation or EADs, known off-target effects of mexiletine due to
unwanted inhibition of hERG (92), and were still able to suppress arrhythmias (93,94).
Verapamil and lidocaine were able to reduced APD in another LQT model harbouring to
variants (KCNQ1 p.(Gly219Glu)/ TRPM4 p.(Thr160Met)) (95).

Several LQT2 models, with pathogenic variants in the KCNH2 (hERG channel) have also
been used to test drugs. Telmisartan and GW0742 are agonists of the PPARS pathway,
which helps hERG to stabilise the PKA-phosphorylated active state of the channel
opening at more negative potentials. Duncan et al. tested these agonists in a patient
iPSC-CM model harbouring a KCNH2 p.(Ala561Thr) variant and found a 20% reduction in
APD for both compounds, which is comparable to the observed effect of NS1643 (also
20% APD shortening), a known compound that reduces inactivation of the hERG channel
(96). Mehta et al. created iPSC-CMs of five patients with either disrupted KCNH2
trafficking (p.(Ala561Val), (IVS9-28A/G)) or synthesis (p.(Ser428X), p.(Arg366X)) to test
the use of lumacaftor as a treatment option as the drug acts as a chaperone during
protein folding. As predicted, they found higher KCNH2 expression and shortened field
potentials after 7 days of treatment with lumacaftor in patients with trafficking defect
mutations but not in patients with disrupted synthesis of the hERG channel (97). Two of
the patients received treatment with lumacaftor and Ivacaftor and indeed showed a
shorter QTc, however this shortening was not as pronounced as in the in vitro model
indicating that the translation from in vitro to in vivo is not straightforward (98). Another
study also tested lumacaftor on three LQT2 (KCNH2) patient iPSC-CM lines with different
pathogenic variants and found rescued phenotypes in two (p.(Asn633Ser),
p.(Arg685Pro)) of the three lines. For the third one (p.(Gly604Ser)), on the other hand,
they saw a prolongation of the AP after administration of the compound, which could be
explained by the dominant-negative effect that was observed next to the trafficking
defect caused by the third variant (99). Another compound (ICA-105574, a type Il Ik,
activator) was used by two groups and tested both on VUS (p.(Thr983lle)) and
pathogenic (p.(Ala422Thr) LQT2 iPSC-CM models. They both saw a shortening of the
action potential, field potential or calcium transient but with the risk of overcorrection
at higher concentrations which might induce arrhythmic events (36,100).

Ajmaline is a class IA anti-arrhythmic drug that can be used to diagnose BrS patients.
Studies have already shown that ajmaline can inhibit various currents, including Ina, lto Or
I (101). In the iPSC-CM of a BrS patient without a known genetic cause ajmaline had the
same blocking effect on both the repolarisation and depolarisation caused by an
inhibition of both Ina and Ik as observed in the control iPSC-CMs. In an iPSC-CM model
harbouring two SCNI10A (p.(Arg1268GIn)/p.(Arg1250GIn) variants there was a more
pronounced reduction in APA and Vmax compared to control iPSC-CMs (102). The same
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was observed in a SCN1B (p.(Leu210Pro)/p.(Pro213Thr)) iPSC-CM model (103). Cilostazol
and milrinone, two phosphodiesterase Il inhibitors, increased lc, and suppressed Iy, by
increasing the heart rate (104). These were tested on BrS iPSC-CM models from two
patients carrying a SCN5A p.(Ser1812X) variant, which resulted in a reduction in I, and
arrhythmic beating (43). Bisoprolol, a beta blocker, was recently tested in a CACNB2
p.(Ser142Phe) iPSC-CM model and reduced variation in beat-to-beat interval time as well
as arrhythmic events. Quinidine, a class | antiarrhythmic agent, on the other hand, only
reduced arrhythmic events (41). The same anti-arrhythmic effect of quinidine was
observed in a SCN5A (p.(Val1405Met)) and SCN1B (p.(Ala197Val)) iPSC-CM model (42).

Guo et al. tested quinidine in an iPSC-CM model of a SQT (KCNH2, p.(Thr618lle)) patient
who was already receiving quinidine treatment. The cell model confirmed the beneficial
effect of quinidine as APD was prolonged, comparable to the APD of the isogenic control.
Next to quinidine, a short peptide derived from a scorpion, BmKKx2, prolonged the APD
by targeting the KCNH2 gene (46). In another model (KCNH2 p.(Asn588Lys)), quinidine
reduced Vmax, prolonged APD and abolished arrhythmic events while sotalol and
metoprolol did not have an effect (44). lvabradine, ajmaline, and mexiletine prolonged
APD and reduced arrhythmic events in the same iPSC-CM model (105).

One way to prevent arrhythmias in CPVT is to upregulate the calcium uptake by the
mitochondria by, for example, mitochondrial Ca?* uptake enhancers (MiCUp) such as
efsevin and kaempferol (106). These MiCUps were tested both in mice and RYR2 (p.
(Ser406Leu)) patient iPSC-CMs and were able to reduce episodes of stress-induced
ventricular tachycardia in mice and reduce arrhythmogenic Ca** waves in iPSC-CMs
(106). Two other MiCUps, ezetimibe and disulfiram, suppressed arrhythmogenesis in
patient iPSC-CMs (107) (genetic variant not specified). Another way to modulate calcium
is by inhibiting the Ca?*/calmodulin-dependent protein kinase Il (CaMKII) with a CaMKI|
inhibitory peptide, which is successful in reducing the abnormal Ca?* release events and
frequency of Ca?* sparks in two CPVT RYR2 (p.(Ser404Arg)/p.(Asn658Ser),
p.(Gly3946Ser)/(p.(Gly1885Glu)) iPSC-CMs (108). EL20, a tetracaine derivative and RYR2
inhibitor, decreased spark activity in iPSC-CMs of a CPVT patient harbouring a RYR2
(p.(Arg176GIn)) mutation without negatively affecting the Ca? transient amplitude (50).
Stutzman et al. created four iPSC-CM lines of CPVT patients with RYR2 mutations,
(p.(Phel3Leu), p.(LeuldPro), p.(Argl5Pro) and p.(Argl76GIn)), and treated them with
nadolol and flecainide. Both were able to decrease the Ca? transient amplitude and
spark activity (51).
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All these reports confirm the great potential of iPSC-CM arrhythmia models to test novel
and existing therapies, and also for personalised medicine. In both 2D and 3D, they could
also be effectively used for larger drug-library screening experiments.

Table 4: Overview of published drug testing in iPSC-CM arrhythmia models.

Mode of Disease
Drug . Gene Effect on Phenotype Ref.
Action .
Mutation
Mexiletine: Ina. inhibition
and APD shortening at
lower dose but modest
prolongation at higher
dose and proarrhythmic
Class 1B LQT response
Mexiletine antlarr'hyt‘hr'mc SCNBA Alnalogutles MexA2' and (92,
drug, inhibits MexA5': more potent
analogues p.(Phe1473Cys), . 93)
Ina 0.(Asn406Lys) and selective for INa.L over
Inap @and lxr, Shortening of
APD and suppression of
arrhythmia
Analogues '13, 14, 25"
shortening of APD and no
EADs
Calcium
channel Lar
Verapamil, blocker kenal L
Lidocaine sodium p.(Gly219Glu)/ Reduction in APD (95)
channel TRPMA
blocker p.(Thrl60Met)
Agonists of the
PPARS L
Telmisarta pathway Reduction in APD50,
’ o Lat APD90 and
GW0742 stabilise the . s
. KCNH2 triangularisation (96)
active PKA-
phosphorylate p.(Ala561Thr)
d state of
hERG
Change the LQT Reductions in APD50,
NS1643 voltage KCNH2 APD90 and (96)

dependence of

p.(Ala561Thr)

triangularisation
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Mode of Disease
Drug . Gene Effect on Phenotype Ref.
Action .
Mutation
inactivation of
hERG
Trafficking variants
Increased membrane
QT localisation, reduced
KCNH2 cF.PD and APD90, |n‘crease
. in I current densities,
Trafficking . .
reduced calcium transient
__ p.(Ala561Val), . e
Trafficking irregularities and
(IVS9-28A/G),
chaperone frequency (97,
Lumacaftor . . p.(Asn633Ser), ;
during protein p.(Gly604Ser): increased 99)
. p.(Arg685Pro), .
folding (Gly604Ser) membrane expression, no
P-AIYBUE effect on APD90
Synthesis Other variants
p.(Serd28X), .
Reduced calcium
p.(Arg366X) . . ..
transient irregularities
and frequency, no effect
on cFPD
Increased l,, shortening
Type Il I APD/cFPD in patient and
activator LQT control, shortened
(impairs KCNH2 calcium transient, at (36,
ICA-105574 transition to p.(Thro83lle), higher concentrations 100)
the inactivated  p.( Ala422Thr) (10-30uM): cessation of
state) the spontaneous calcium
transients
BrS No difference between
Unknown .
. patient and control (101)
mutation
Class IA anti- BrS
L arrhythmic SCN10A Prolonged APDS0 and (102)
Ajmaline L APD90, reduced APA and
drug inhibits  p.(Arg1268GIn)/ Vimax
Ina, lo OF Ik p.(Arg1250GIn)
BrS
SCN1B Reduced APA and Vmax  (103)

p.(Leu210Pro)/
p.(Pro213Thr)
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Mode of Disease
Drug . Gene Effect on Phenotype Ref.
Action .
Mutation
Phosphodieste
rase lll BrS Reduction in I,
Cilostazol, inhibitors, decreased arrhythmic
o . SCN5A . (43)
Milrinone increase lc, beating, no EAD- or EAD-
p.(Ser1812X) ) -
and suppress triggered activities
|t0
Reduced arrhythmic
BrS events and reduced
Bisoprolol Beta blocker CACNB2 variation in the beat-to- (412)
p.(Ser142Phe) beat interval time at
30nM
CAI?II;\?BZ Reduced arrhythmic (41)
p.(Ser142Phe) events
BrS Elimination of arrhythmic
SCN5A events (EAD, DAD), Vmax,
Class | p.(Vall405Met) APA, and RMP reducedin  (42)
Quinidine antiarrhythmic SCN1B control and patients’
agent, p.(Alal97Val) groups
blocking I sQT
KCNH2 Prolonged APD (46)
p.(Thre18lle)
saT Reduced Vmax,
KCNH2 __ prolonged APD, ),
elimination of arrhythmic
p.(Asn588Lys)
events
. . sQT
B:noli‘l'(:’(z Set':sz'll':r'” KCNH2 Prolonged APD (46)
p.(Thre18lle)
Inhibitor of
Ivabradine, the pacemaker
funny current sQT Prolonged APD90,
Ajmaline, Class IA anti- KCNH2 reduced number of (105)
arrhythmic p.(Asn588Lys) arrhythmic events
Mexiletine  drug, inhibits
INa, Ito or IKr
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Mode of Disease
Drug . Gene Effect on Phenotype Ref.
Action .
Mutation
Class 1B
antiarrhythmic
drug
MiCUbs CPVT Reduced number of cells
,p . . RYR2 displaying Ca** waves and  (106)
(efsevin, Mitochondrial 9
" p.(Ser406Leu) reduced frequency of Ca
kaempferol Ca** uptake
. waves
, ezetimibe, enhancers
disulfiram) CPVT
unknown Reduced Ca% waves (107)
mutation
., Ca*/calmoduli CPVT Reduced abnormal Ca%*
Autocamtid .
e--related n-dependent RYR2 transients, reduced
inhibitor protein kinase  p.(Ser404Arg)/p  frequency of Ca®* sparks, (108)
o tidey Il (CaMKII) .(Asn658Ser), restored regular and
p(,EIP) inhibitory p.(Gly3946Ser)/ spontaneous Ca?*
peptide p.(Gly1885Glu) transients
Reduced the Ca?* spark
Tetracaine Targeted CPVT frequency, prevented
derivative inhibition of RYR2 pacing-evoked Ca? (50)
EL20 RyR2 p.(Argl76GlIn) oscillations
Reduced Ca* transient
Non-selective CPVT amplitude, reduced
Nadolol beta blocker RYR2 spontaneous Ca* release,
! Class IC anti- p.(Phel3Leu), reduced Ca* sparking
, - (51)
Flecainide arrhythmic p.(Leul4Pro), activity, decreased
agent inhibits p.(Argl5Pro), irregularities in beat
Ina and g p.(Argl76GIn) period and spontaneous

beat rate

Gene Therapy Testing

Inherited cardiac arrhythmia iPSC-CM models have also been used to test novel gene
therapies, acting straight on the nucleic acid molecular/genetic level.

40



Introduction

One way to perform gene therapy is by patient-specific targeting the causal mutation.
Matsa et al. used an allele-specific small interfering RNA to knock down the mutated
KCNH2 mRNA in LQTS (KCNH2 p.(Ala561Thr)) patient iPSC-CMs thereby preventing the
dominant negative-trafficking defect. This resulted in a shortening of the AP, increase in
K* current and rescue of the arrhythmogenic phenotype (109). A more general gene
therapy approach was published by Dotzler et al. They developed a novel method with
a dual mode of action called suppression-and-replacement (SupRep) KCNQI1 gene
therapy. As the name indicates, first the endogenous alleles were suppressed by short
hairpin RNA (shRNA) and in the next step, the KCNQ1 gene was replaced by expression
of a shRNA-immune (shIMM) KCNQ1 cDNA immune for breakdown by the shRNA. This
method was tested in four LQT1 (KCNQ1 p.(Tyr171X), p.(Val254Met), p.(lle567Ser) and
p.(Ala344Ala/splice variant)) patient iPSC-CM models and showed a shortening of the
APD in all 2D patient models. As a proof-of-concept, a 3D cardiac organoid of one of the
patient lines (p.(Tyrl71X)) was created and here as well, an APD shortening was
observed after treatment (110). The same treatment approach was used for KCNH2
variants, in iPSC-CM models of two LQT2 (p.(Gly604Ser), p.(Asn633Ser)) patients as well
as in one SQT (p.(Asn588Lys) patient and resulted in a normal APD90 for both the LQT2
and SQT patients (111).

Discussion and Conclusions

With the advent of iPSC creation, major steps have been taken to differentiate these
stem cells into several cell types including iPSC-derived cardiomyocytes. Using this model
in inherited cardiac arrhythmia research has increased knowledge on the underlying
disease mechanisms and creates opportunities to functionally characterise and interpret
the pathogenicity of patient-specific genetic variants and to perform (personalised) drug
testing. As a proof-of-concept of this more ‘personalised’ drug testing, a few ‘clinical
trials in a dish’ have been performed where healthy control individuals and their iPSC-
CMs were challenged with known QT-prolonging drugs to compare the effect on the in
vitro model to the in vivo situation. Using sotalol, a correlation was found between the
in vivo QT interval and in vitro FPD results (112). One study also found such a positive
correlation for moxifloxacin (113) while another did not find a correlation between the
APD response slopes and clinical QT response to moxifloxacin or dofetilide (114). Using
(subject-specific) iPSCs for research and drug testing also requires the use of a
comprehensive informed consent explaining future use of created iPSCs and derivatives.
The reported 2D iPSC-CM disease models recapitulate the patients’ phenotype at the
cellular level, however, if the specific tested characteristics are compared over several
iPSC-clones or several different papers, quite some variability can be observed (115). In
addition, for example, the iPSC-CM models of BrS patients with an unknown genetic
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cause did not show any electrophysiological differences compared to healthy control
iPSC-CMss (116). The known immature phenotype of iPSC-CMs with immature ion
channel expression most likely plays a role in these observations and small changes in
ionic currents might not be picked up. More in-depth analysis of the iPSC-CM cellular
disease phenotype including transcriptomics or proteomics approaches could be useful
to further characterise these models.

In addition, efforts have been made to improve the maturity of iPSC-CMs, with one
important strategy to culture them in 3D models such as microtissues, organoids and
engineered heart tissue. Amongst others, Kerr et al. showed that iPSC-CM in 3D cultures
showed a higher similarity to human adult myocardial transcriptome compared to 2D
models and had enhanced cell-cell communication, ECM organisation and
vascularisation capacity (117). The addition of other (iPSC-derived) cell types that are
present in heart tissue further improves the physiological relevance and maturation
state of the model. Use of these 3D models will certainly increase the suitability for
disease modelling and drug testing. It should be taken into account, though, that they
are more complex at the culture level — complicating the high-throughput needed for
larger screenings, so that extra variability is introduced to an already variable model (98)
and the complexity of the analysis is also increased. Light for microscopy, fluorescent
dyes and drugs need to penetrate deeper and evenly into the 3D culture to reach all
cells, more computational power might be needed and more expensive single-cell
analysis approaches such as scRNA-seq could be necessary. Indeed, Feng et al. already
performed single cell analysis on cardiac organoids and found more differentially
expressed genes in iPSC-CMs compared to other cell types present in the organoid
between Ebstein’s anomaly patients and healthy controls (118).

Despite the immense progress that has been made in iPSC-CM generation and
application potential, some limiting factors such as immaturity, genetic and phenotypic
heterogeneity and variability still have an impact on their usability and should be kept in
mind when translating the results in vivo (115). For clinical application in regenerative
medicine the arrhythmogenic potential, immunogenicity, tumorigenicity and
heterogeneity of the iPSC-CMs should be taken into consideration (119, 120, 121). In
conclusion, iPSC-CMs have been instrumental in modelling inherited cardiac
arrhythmias, small-scale testing of disease-specific drugs or gene therapies and
cardiotoxicity testing. The transition from 2D to 3D models has improved cellular
maturity and physiological relevance, but also increases the complexity of the model and
its analysis. Large-scale drug library screenings have not yet been performed, but further
automation and high-throughput analysis methods will certainly pave the way for this
application. Further evolution of both 2D and 3D iPSC-CM modelling and analysis
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techniques will allow the discovery of new treatment options for cardiac arrhythmias in
general as well as for personalised medicine.

Supplementary Materials: The following are available online at
https://www.mdpi.com/article/10.3390/biomedicines11020334/s1, Table S1: overview of
previously published 2D iPSC-CM cardiac arrhythmia disease models. References (122-152) are
cited.
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Supplementary Table S1: overview of previously published 2D iPSC-CM cardiac arrhythmia disease models

Experimental

Syndrome Causal gene approach Cellular phenotype Ref
KeNQ1 PC, MEA Reduced Ik, prolonged APD,
(c.1893del) reduced wlld-type KCNQ1I mRNA (122)
and protein
PC Reduced Ik, APD prolongation,
KCNQ1 reduced wild type KCNQ1 mRNA
exon 7 and protein, small molecule (123)
deletion ML277 partially restored APD
and reversed the decreased Is.
kenaz o vetion thatwas reversed
p.(Arg594Gin) . V' (124)
(Arg190GIn) hERG allosteric modulator
p-\ATe LUF7346
KCNH2 PC Prolonged APD,.reductlon of IK.r,
EADs, arrhythmias and potential (125)
p.(Ala614Val) . . .
improvement with pinacidil
LQTS KCNH2 PC, MEA Prolonged APD, reduced I, ‘
demonstrated arrhythmogenic (126)
p.(Argl76Trp) . .
electrical activity
KCNH2 PC APD prolongation and EADs (109)
p.(Gly1681Ala)
PC, MEA Prolonged APD, reduced Ik
KCNH2 activation that was reversed by (124)
p.(Asn996lle) hERG allosteric modulator
LUF7346
KCNH2 MEA, 3D Prolonged FP duration, more
culture frequent spontaneous (151)
p.(Asn588Asp) .
arrhythmias
PC Delayed repolarization,
SCNBA Prolongefj QT |r1terval W|th
increase in pacing improving the (127)
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Experimental

| llular phenot Ref
Syndrome Causal gene approach Cellular phenotype e
sous P ol dme et
p.(Val1763Met) SN
reverse related symptom
SCN5A PC Insignificant increase in APD,
p.(Val240Met) delayed time to peak Ina (129)
p.(Arg535GIn) inactivation
PC, MEA Prolonged APD, high EADs, and
accelerated recovery from
SCN5A inactivation of Na* currents.
. (130)
p.(Argl644His) Rescue of abnormal
phenotypeby mexiletine and
ranolazine
MEA, Cl Strong arrhythmic events, higher
KCNJ2 incidence of irregular Ca%
p.(Arg218Trp) release. Flecainide, but not (131)
p.(Arg67Trp) pilsicainide, suppressed irregular
p.(Arg218GlIn) Ca?* release and arrhythmic
events
PC, CI APD prolongation and DADs,
CACNALC fa\bnormal calcium handlmgf
(Gly1216Ala) irregular and slow contraction. (132)
pABlY Roscovitine rescued abnormal
cellular phenotype
PC, MEA, CI Prolonged APD, defective lcat
inactivation, altered rate-
CALM1 dependency and response to (133)
p.(Pheld2Leu) isoproterenol. Repolarization
abnormalities reversed by
verapamil
PC Lower beating rate, prolonged
CALM2 .APD,‘and‘ impaired Ic.a'L
inactivation, correction of the (134)
p.(Asn98Ser)
mutant allele rescued abnormal
phenotype
CALM2 PC, IF Prolonged APD, disrupted Ca?* (135)

p.(Asp130Gly)

cycling properties, and
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Syndrome

Causal gene

Experimental

Cellular phenotype

Ref

approach
diminished Ca?*/CaM-dependent
inactivation of lc,... Suppressing
the mutant gene rescued
abnormal phenotype
PKP2 PA, MEA, Cl Reduced In,, deficit restored by (136)
(c.2484C>T) transfection of WT gene
PKP2 . PC Reduced APD90 (101)
p.(Argl01His)
MEA, 3D Decreased FP duration, Lower
SQT KCNH2 culture arrhythmogenicity comparedto  (151)
p.(Asn588Lys) ¥ & ¥ P
control
PC, CI Reduced Vmax of AP, prolonged
APs and increased incidence of
RRAD EADs, decreased Ina peak (137)
p.(Arg211His) amplitude, increased Iy,
persistent amplitude, decreased
lca-L amplitude
SCN5A PC Reduced Vmayx, reduced Iy,
p.(Arg1638X) (138)
p.(Trpl56X)
SCN5A PC Ala226Val/Arg1629X: Reduced
p.(Ala226Val)+ Ina, reduced Vmax and APA
p.(Argl629X) Thr1620Met: no effect on Inaand  (139)
BrS SCN5A normal AP
p.(Thr1620Met)
PC Reduced In,, shift in activation
SCN5A and inactivation voltage- (140)
p.(Arg367His) dependence curves, faster
recovery from inactivation
PC Reduced APA and Vmax,
SCN5A reduced In,, shift in activation (141)
p.(Ala735Val) and inactivation voltage-
dependence curves
SCN5A PC, MEA, CI Arrhythmic waveforms, (150)
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Syndrome Causal gene

Experimental
approach

Cellular phenotype

Ref

variability, reduced Vmax,
reduced APA, reduced
conduction velocity, reduced Iya,
irregular Ca®* transient

SCN10A
p.(Arg1250GIn)+
p.(Arg1268GIn)

PC, Cl

Reduced peak Inaand Inat,
accelerated recovery from
inactivation in patient iPSC-CMs,
reduced Ic...and lgs, reduced APA
and Vmax, increased EAD-like
events

(102)

SCN1B
p.(Leu210Pro)+
p.(Pro213Thr)

PC, Cl

Reduced peak Ina and Inai,
positive shift in the voltage
dependence of activation and
negative shift of the inactivation,
reduction in IKs and lx;, Reduced
APA and Vmax, increased
arrhythmia like events

(103)

CPVT

RYR2
p.(Ser406Leu)

PC, ClI

Elevated diastolic Ca?*
concentrations, a reduced SR
Ca? content, DADs and
arrhythmia, dantrolene can
restore these phenotype

(142)

RYR2
p.(Pro2328Ser)

PC, Cl

Increased non-alternating
variability of Ca%* transients in
response to isoproterenol and B-
agonists decreased AP upslope
velocity

(142)

RYR2
p.(Met4109Arg)

PC, MEA, Cl

DADs were eliminated by
flecainide and thapsigargin

(143)

RYR2
p.(Leu3741Pro)

Cl, MEA

Altered intracellular Ca
homeostasis, B-adrenergic
stimulation potentiated
spontaneous Ca** waves and
prolonged Ca?* sparks.
Flecainide ameliorated disease
phenotype

(144)
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Experimental

Syndrome Causal gene approach Cellular phenotype Ref
PC, CI Increased diastolic Ca?* waves
RYR2 . . .
(lle4587Val) and DADs with pacing, while (145)
P- S107 suppressed the DADs
PC, CI B-adrenergic agonist caused
CASQ2 DADs, oscillatory arrhythmic (53,1
p.(Asp307His) pre-potentials, and diastolic 46)
(Ca*)irise
PC, CI Ca?* transient irregularities,
CASQ2 EADs and reduc.ed threshozlfl for
(Asp307His) store overload-induced Ca (147)
PRSP release, B-blockers prevented
arrhythmia
PC, CI EADs and DADs, triggered
P 2+
CALM2 activities, abnormal Cza+ .
release, decreased Ca** transient (149)
p.(GludbLys) . .
amplitude, altered intracellular
Ca2+ homeostasis
Cl, seahorse Abnormal plakoglobin nuclear
PKP2 . .
metabolic translocation, decreased B-
(c.2484C>T) . .
PKP2 assay catenin activity, exaggerated (148)
lipogenesis and apoptosis
(c.2013delC) calcium-handling deficits
ACM
cell pair defective cell-cell junction
platform, IF, assembly, reduced F-actin
PKP2 . .
cl sarcomeric a-actinin (152)

p.(Argd13Ter)

organization, slower Ca?* wave
propagation

Adapted and updated from Garg et al. (2018) and Pan et al. (2021) (9,10). PC: patch clamp; IF:
immunofluorescence; MEA: Multi electrode array; WB: Western Blot; Cl: Calcium imaging; AFM: atomic force
microscopy; AP: action potential; Ixs: slow delayed rectifier K+ current; ER: endoplasmic reticulum; APD50-90:
Action potential duration at 50%—90% of repolarisation; EAD: early after depolarisation; Ix.: rapid delayed
rectifier K+ current; Ica.: L-type calcium current; APA: action potential amplitude; Vmax: maximum rate of rise
of the action potential; Ina: sodium current; DAD: delayed after repolarisation; FP: field potential; CV:
conduction velocity; ly: transient outward current; SR: sarcoplasmic reticulum; EM: electron microscope.
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Aim of the thesis

Inherited cardiac arrhythmias (ICA) encompass a group of heterogeneous disorders
characterized by abnormal heart rhythms that can result in life-threatening
complications and sudden cardiac death (SCD). Despite extensive research efforts, a
significant proportion of individuals suffering from ICA still lack a definitive genetic
diagnosis. The genetic architecture of these syndromes is a subject of ongoing
investigation, revealing its complexity, with consequences for both diagnosis and genetic
counselling. Even when a clear causal variant is identified in a patient, understanding the
full spectrum of symptoms and their variable severity within families remains a puzzle.
The identification of these genetic variants predominantly relies on next-generation
sequencing (NGS) technology, enabling comprehensive exploration of the exonic
sequences and intron-exon boundaries of known ICA-related genes. However,
determining the pathogenicity of these variants is still challenging and many identified
variants remain ‘of uncertain significance’. This is where functional studies play a vital
role bridging the gap between genetic findings and clinical implications.

In this thesis, we aim to contribute to the general knowledge on ICA by answering the
following research questions:

e Can the cause of sudden cardiac death be determined by molecular autopsy
followed by functional analysis and what is the impact on relatives?

e What is the genetic yield of a specific ICA gene panel in a Belgian cohort of
Brugada Syndrome patients and how does it correlate to the clinical phenotype?

e s it possible to model phenotypical differences observed in Brugada syndrome
patients carrying the same causal mutation in induced pluripotent stem cell
derived cardiomyocytes (iPSC-CMs)?
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Chapter 1:

Molecular autopsy and subsequent
functional analysis reveal de novo DSG2
mutation as cause of sudden death
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Chapter 1

Abstract

Sudden cardiac death (SCD) is a common cause of death in young adults. In up to 80% of
cases a genetic cause is suspected. Next-generation sequencing of candidate genes can
reveal the cause of SCD, provide prognostic management, and facilitate pre-
symptomatic testing and prevention in relatives. Here we present a proband who
experienced SCD in his sleep for which molecular autopsy was performed.

We performed a post-mortem genetic analysis of a 49-year-old male who died during
sleep after competitive kayaking, using a Cardiomyopathy and Primary Arrhythmia next-
generation sequencing panel, each containing 51 candidate genes. Autopsy was not
performed.

Genetic testing of the proband resulted in missense variants in KCNQ1 (c.1449C > A;
p.(Asn483Lys)) and DSG2 (c.2979G > T; p.(GIn993His)), both absent from the gnomAD
database. Familial segregation analysis showed de novo occurrence of the DSG2 variant
and presence of the KCNQ1 variant in the proband's mother and daughter. KCNQ1
p.(Asn483Lys) was predicted to be pathogenic by MutationTaster. However, none of the
KCNQ1 variant carrying family members showed long QTc on ECG or Holter. We further
functionally analysed this variant using patch-clamp in a heterologous expression system
(Chinese Hamster Ovary (CHO) cells) expressing the KCNQ1 mutant in combination with
KCNE1 wild type protein and showed no significant changes in electrophysiological
function of Kv7.1.

Based on the above evidence, we concluded that the DSG2 p.(GIn993His) variant is the
most likely cause of SCD in the presented case, and that there is insufficient evidence
that the identified KCNQ1 p.(Asn483Lys) variant would confer risk for SCD in his mother
and daughter. Fortunately, the DSG2 variant was not inherited by the proband's two
children. This case report indicates the added value of molecular autopsy and the
importance of subsequent functional study of variants to inform patients and family
members about the risk of variants they might carry.

71



Chapter 1

Introduction

Sudden cardiac death (SCD) has an estimated annual incidence of 1:1000. In the young
(<50 years) in up to 80% of the SCD cases a genetic cause is suspected, with inherited
cardiac arrhythmia or cardiomyopathy among the main disease categories (1). Next-
generation sequencing (NGS) of candidate genes can reveal the cause of SCD, provide
prognostic management, and facilitate pre-symptomatic testing and prevention in
relatives. Generally speaking, mutations affecting ion channels involved in generation
and conduction of action potentials in the heart's electrical system are underlying
cardiac arrhythmias, while cardiomyopathies are caused by mutations affecting
structural and/or cell-cell adhesion proteins. Several reports have been published
regarding the screening of genes related to inherited cardiac arrhythmias and
cardiomyopathies in SCD cases, both in larger cohorts as well as in smaller groups (2-10).
In a recent study with 70 individuals, who were tested for 100 arrhythmia and
cardiomyopathy related genes, 16% of SCD cases carried pathogenic or likely pathogenic
variants (2). In another SCD study where 100 genes related to inherited cardiac diseases
were tested in 61 individuals, 21 individuals (34%) carried a variant with a likely
functional effect (3). A larger study with 302 SCD cases revealed a yield of 13% after
testing 77 genes (4). Functional testing of variants can help with the interpretation of
the pathogenicity of the variant, both in variants located in ion channel genes as well as
in structural genes expressed in the heart (11,12).

Here we present a male proband who experienced SCD in his sleep for which molecular
autopsy was performed to enable the identification of a causative mutation and allow
family screening and counselling.

Clinical description

The proband is a 49-year-old man who died suddenly in his sleep. The day before, he
participated in a kayaking competition and finished the race without problems. The
sudden cardiac death happened abroad, and no additional evaluation was carried out.
An autopsy could not be performed due to the embalming of the body. His past medical
history was uneventful and two previous pre-participation screening ECGs at rest and
during exercise (rowing exercise) showed no abnormalities. His family history did not
reveal any instances of unexplained sudden cardiac death in first or second degree
relatives. His two children (10 years old son and 13 years old daughter), both competitive
sporters as well, underwent cardiac evaluation by ECG, echocardiography, SA-ECG, 24-h
holter monitoring and cyclo-ergometry, but no abnormal findings were revealed.
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Figure 1. A) Pedigree of the family. Proband is identified with an arrow and a full symbol indicates an affected
individual. B) Lead Il ECG traces from three individuals (1:2; 11:1 and 1ll:1) with the KCNQ1 variant.

From a recent occupational health evaluation two serum tubes were available from the
deceased proband. After inverse centrifuging the serum tubes, we were able to recover
white blood cells and obtained sufficient quality and amount of DNA. After informed
consent and permission of his spouse post-mortem genetic analysis was performed on
this sample using next-generation sequencing panels of known cardiomyopathy and
primary arrhythmia genes (each n = 51 genes) (13).

The molecular screening revealed two variants of uncertain significance: ¢.1449C > A
(p.(Asn483Lys)) in KCNQ1 (NM_001943.4, ENST00000155840) encoding the potassium
channel Kv7.1 and ¢.2979G > T (p.(GIn993His)) in DSG2 (NM_000218.2,
ENST00000261590) encoding the cell-cell contact protein desmoglein 2. KCNQ1
p.(Asn483Lys) was absent in the gnomAD v2.1.1. database
(https://gnomad.broadinstitute.org/) and predicted to be damaging by MutationTaster
and benign by SIFT and Polyphen-2. DSG2 p.(GIn993His) was also absent from gnomAD
v2.1.1 and only Polyphen-2 scored the variant as probably damaging.

Segregation analysis showed that the KCNQ1 variant was inherited from the proband's
mother and transmitted to the proband's daughter. The DSG2 variant occurred de novo
(with proven paternity) and was not inherited by his children (Fig. 1A). The mother and
daughter showed normal ECG at rest (Fig. 1B) and during cyclo-ergometry, as well as a
24-h holter registration with normal QTc intervals. Because of the daughter's sport
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activities, it was decided to put her on beta-blockers and limit competitive sporting as
long as the pathogenicity of the KCNQ1 variant was not excluded, as intensive sporting
is known to be a trigger for arrhythmias in Long QT syndrome type 1 (LQT1) (14).
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Figure 2. Electrophysiological properties of WT Kv7.1 and Kv7.1-Asn483Lys co-expressed with KCNE1
(representing in vivo Ixs current). A) Displayed from left to right are representative whole cell ionic current
recordings of CHO cells expressing WT Kv7.1 + KCNE1, Kv7.1-Asn483Lys + KCNE1 and the co-expression of
WT Kv7.1 with Kv7.1-Asn483Lys + KCNE1. The K+ selective currents were elicited with the pulse protocol
shown on top. Horizontal bar at the start indicates the zero current level. B) Current density of WT Kv7.1 +
KCNE1 (white circles, n = 5) and Kv7.1-Asn483Lys + KCNE1 (black circles, n = 7) obtained by normalizing the
peak current amplitudes after 6 s depolarization, from recordings shown in panel b, to the cell capacitance.
C) Current density of the co-expression of WT Kv7.1 with Kv7.1-Asn483Lys + KCNE1 (n = 5). In this condition
the amount of Kv7.1 a-subunit cDNA doubled compared to the expression of WT Kv7.1 and Kv7.1-Asn483Lys
alone. Accordingly, the current density increased a 2-fold compared to the data displayed in panel c. The
data from panel c and d indicate that the Asn483Lys mutation does not affect current expression. D) Voltage
dependence of channel activation obtained by plotting the normalized amplitudes of the tail currents at -40
mV, elicited after 6 s depolarization as shown in panel b, as a function of the depolarizing potential. E)
Voltage-dependent kinetics of channel activation and deactivation. Shown values are the means + S.E.M.
with n the number of cells analysed.

In order to further investigate the pathogenic nature of the KCNQ1 variant, we tested
the variant electrophysiologically in Chinese Hamster Ovarian cells (CHO). Both wild type
(WT, Kv7.1) and mutant (MUT, Kv7.1-Asn483Lys) were tested on their own as well as in
combination, and we always co-expressed the auxiliary Mink protein encoded by the
KCNE1 gene, that is necessary for proper functioning of the ion channel. lonic currents
were recorded during the following pulse protocol: starting from a -80mV holding
potential, a 6s depolarizing pulse from —-60 to +80 mV in 10 mV steps was forced to the

74



Chapter 1

cells after which they were repolarized to -40mV to measure the tail current. Whole cell
current recordings show no significant differences in current density between the
different combinations (WT, MUT, WT/MUT). Normalized tail current amplitudes
(1/max) were plotted as a function of the depolarizing potential. The resulting voltage
dependence of channel activation was not impaired by the variant and also both
activation and inactivation kinetics were the same in the different combinations (WT,
MUT, WT/MUT) (Fig. 2).

Discussion and conclusions

Genetic analysis of the proband's DNA revealed two possible causal variants for his SCD,
namely p.(Asn483Lys) in KCNQ1 and p.(GIn993His) in DSG2. The Kv7.1 potassium channel
is responsible for the delayed rectifier current Ik, important in the repolarization of the
cardiac action potential. Mutations in KCNQ1 are a known cause of LQT1 which can cause
ventricular fibrillations and lead to SCD (15). Pathogenic mutations are mostly located in
the transmembrane part of the channel as well as the C-terminal domain of the protein
(16), where our variant is located. Many variants have been modelled in heterologous
expression systems, often showing a loss-of-function or a dominant negative effect on
the functioning of Kv7.1 (17-20). Although sometimes, a variant is reported that does
not have an effect on the functioning of the channel (21). Wedekind et al. found two
variants (p.(Val254Met) and p.(Val4d17Met)) in a family that were located in cis on the
same KCNQ1 allele and electrophysiological data showed that only p.(Val254Met) had
an effect on the function of Kv7.1 (21).

The electrophysiological data we generated in a heterologous expression system
indicates that the function of the Kv7.1 protein is not altered by the p.(Asn483Lys)
variant, which is consistent with the normal results of the QTc measurements in the
proband's mother and daughter. Based on these results, we concluded that there is
insufficient evidence that this variant would confer risk for SCD in the mother and
daughter of the proband. Beta-blockade was discontinued in the daughter and she was
allowed to continue her sports career, with close clinical follow-up.

Desmoglein-2 is a cadherin providing cell-cell contact in cardiac desmosomes. In 2006,
Pilichou et al. and Awad et al. were the first to report DSG2 variants in family members
with ARVC (22, 23). ARVC is characterized by fibro-fatty replacement, predominantly in
the right ventricle, which can induce ventricular arrhythmias and eventually lead to SCD
(22). The DSG2 p.(GIn993His) variant which occurred de novo in this described case is
located in the intracellular repeat unit domain (RUD). Previously, two variants in this RUD
were reported. A p.(Val920Gly) variant was found in the father of a boy who died at age
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17. Post-mortem analysis of the boy suggested left ventricular involvement in ARVC as
the cause of death. The father was asymptomatic but had late potentials on signal-
averaged ECG and cardiac imaging revealed hypokinesia of the anterior wall of the right
ventricular outflow tract and the apical free wall (24). A functional study showed that
this variant reduces cell-cell cohesion in HL-1 cardiomyocytes (25). Another
p.(Tyr1047Arg) variant in the same RUD was reported in a patient with ARVC and a family
member whose phenotype was not specified in the report (26). Together, these findings
support the potential pathogenicity of variants located in the RUD domain of DSG2.

The DSG2 p.(GIn993His) variant occurred de novo (with proven paternity) in a proband
without family history (PS2 argument). In addition, we can assign PM2 (moderate
evidence) for absence in controls and PP2 (supportive evidence) for a missense variant
in a gene that has a low rate of benign missense variation and where missense variants
are a common mechanism of disease. Overall, the variant is classified as a likely
pathogenic variant (according to the ACMG-rule “1 Strong (PS1-PS4) AND 1-2 Moderate
(PM1-PM6)”) (27). Based on all the mentioned evidence and the fact that ARVC is a
typical cause of death in competitive sportsmen, we can conclude that the DSG2
p.(GIn993His) variant is the most likely cause of SCD in the proband. We proved that the
KCNQ1 variant did not interfere with the function of Kv7.1. As such, the daughter could
be taken off the beta-blocker treatment. But since still additional unknown genetic
variants not detected by the used gene panels could have contributed to the proband's
SCD, close clinical follow-up of the children remains warranted when performing
competitive sports. A limitation in this study is the fact that an autopsy was not
performed, which could have revealed typical ARVC-related abnormalities in the
structure of the proband's heart. This case report indicates the added value of molecular
autopsy and the importance of subsequent functional study of detected variants to
inform patients and family members about the risk of variants they might carry.
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Chapter 2:
Diagnostic yield of a cardiac arrhythmia
gene panel in a Brugada syndrome cohort
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Abstract

Background and Aims: Brugada syndrome (BrS) is a rare inherited cardiac arrhythmia
disorder characterized by a typical ST-segment elevation on an electrocardiogram (ECG)
and is associated with an increased risk of ventricular fibrillation and sudden cardiac
death (SCD). The main and only gene considered to be definitively causal for BrS is
SCN5A, encoding the cardiac sodium channel, although other ion channel and related
genes have been associated with the disease as well. We aimed to determine the
diagnostic yield of a gene panel for inherited cardiac arrhythmias in a cohort of BrS
patients.

Methods: We collected clinical history, ECG parameters and genetic results of 350 BrS
patients (showing a type | BrS ECG) screened with a diagnostic cardiac arrhythmia gene
panel (N=51 genes in 272 patients, N=60 in 78 patients) at the Center of Medical Genetics
Antwerp.

Results: In our cohort (38% females), 15% of BrS patients showed a spontaneous type |
ECG and according to the Shanghai criteria 46% of the cohort has a definite BrS diagnosis
with a score 23.5. In total 142 (40%) patients carried a variant of uncertain significance
(VUS) or a (likely) pathogenic variant in one of the investigated genes. Most variants
were found in SCN5A, followed by CACNAI1C. One hundred and nine BrS patients carried
a VUS, 10 a likely pathogenic (LP) and 22 a pathogenic (P) variant, of which 15 the same
known founder mutation in SCN5A. Of the 16 unique P/LP variants, 14 were found in the
SCN5A gene and the other two in LMINA and SCN2B. Patients harbouring a P/LP variant
had a significantly longer PR interval and QRS segment, more often a spontaneous Type
| ECG, developed more ventricular fibrillations, had more often a familial history and had
a higher Shanghai score.

Conclusion: In a cohort of 350 patients, the overall diagnostic yield is 9.4% which
increases to 17.5% in BrS patients with a definite diagnosis following the Shanghai
criteria and 19% in patients with a family history of BrS and/or SCD.

Key words: Brugada syndrome, genetics, NGS panel, Shanghai Score

83



Chapter 2

What’s New?

e Extensive genetic testing in a cohort of 350 Brugada patients revealed a (likely)
pathogenic variant in 9% of the patients.

e Additional supporting evidence is provided for a role of LMNA and SCN2B in
BrS pathogenesis.

e Theyield of (likely) pathogenic variants is higher in patients with a definite BrS
diagnosis (Shanghai criteria) and in patients with a family history of BrS and/or
SCD.

BrS cohort o
[ [ Shanghai score Genetic yield of BrS cohort
109 SCN5A
31% 30
LMNA
/1
217 133
Type | ECG SCN2B

l

NGS panel for inherited
cardiac arrhythmias

Possible BrS diagnosis Definite BrS diagnosis Family history of BrS/SCD

Clinical data from
medical records

Q

mP/LP ~ VUS m No Variant
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Introduction

Brugada syndrome (BrS) is a rare inherited cardiac arrhythmia disorder with a prevalence
of approximately 1/2000 and it is 8 to 10 times more prevalent in men (1). BrS is
diagnosed by a typical ST-segment elevation in more than one right precordial lead (V1-
V3) on an electrocardiogram (ECG), either occurring spontaneously or after
administration of a sodium channel blocker like ajmaline or flecainide (2). The clinical
presentation ranges from no symptoms at all to heart palpitations, syncopes and
ventricular fibrillation that can eventually lead to sudden cardiac death (SCD), indicating
the well-known reduced penetrance and variable expressivity in BrS. The first gene
reported as causal for BrS is SCN5A, encoding the cardiac specific voltage gated sodium
channel Nav1.5, which is responsible for the fast depolarisation of the cardiac action
potential (3). Loss-of-function variants in SCN5A are found in approximately 20-25 % of
the BrS patients. Other genes have been associated with the disease (listed in Table 1),
but these are not (yet) considered as definitively causal (4, 5). These genes encode
sodium (SCN5A, SCN10A, SCN1B, SCN2B, SCN3B), calcium (CACNAIC, CACNA2C1,
CACNB1) and potassium channels (HCN4, KCND2, KCND3, KCNE3, KCNE5, KCNJ8) and
their associated proteins.

In 2016, the Shanghai score system to diagnose BrS, was proposed in the
HRS/EHRA/APHRS/SOLAECE J-Wave Syndrome Consensus Report (6). This scoring
system includes several parameters such as the ECG type | pattern (spontaneous, fever-
induced or after provocation), clinical and familial history and genetic test results. Each
parameter is given a certain number of points, based on severity, and when the sum of
these points reaches 3.5 or above, a definite BrS diagnosis is established (6). Historically,
this scoring system was used only for diagnostic purposes but more recently, it is also
being tested as a risk stratification tool. At present only patients at high risk of
arrhythmic events can be identified while the predictive capability for asymptomatic and
intermediate-risk patients remains modest (7, 8).

To find potential pathogenic variants in patients, next-generation sequencing (NGS)
panels are commonly used in molecular diagnostics. Genes associated with inherited
cardiac arrhythmia (ICA) disorders, such as long/short QT syndrome (L/SQTS), BrS,
catecholaminergic polymorphic ventricular tachycardia (CPVT) and arrhythmogenic
(right ventricular) cardiomyopathy (ARVC/ACM) are combined in these panels (9), due
to the genetic overlap between these disorders. At our genetic centre, a multigene NGS
panel (Primary Electrical Disease PED panel) is used to screen for variants in 51 or 60
genes related to ICA (9).
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Table 1: Genes associated with BrS

Gene Gene name Ref.
ABCC9 ATP Binding Cassette Subfamily C Member 9 (10)
ANK2 Ankyrin 2 (12)
CACNA1C Calcium Voltage-Gated Channel Subunit Alphal C (12)
CACNA2D1 Calcium Voltage-Gated Channel Auxiliary Subunit Alpha2deltal (13)
CACNB2B Calcium Voltage-Gated Channel Auxiliary Subunit Beta 2 (12)
FGF12 Fibroblast Growth Factor 12 (14)
GPD1L Glycerol-3-Phosphate Dehydrogenase 1 Like (15)
HCN4 Hyperpolarization Activated Cyclic Nucleotide Gated Potassium (16)
Channel 4
HEY?2 ;|es Related Family BHLH Transcription Factor With YRPW Motif (17)
KCND2 Potassium Voltage-Gated Channel Subfamily D Member 2 (18)
KCND3 Potassium Voltage-Gated Channel Subfamily D Member 3 (19)
KCNE3 Potass'ium Voltage-Gated Channel Subfamily E Regulatory (20)
Subunit 3
KCNES Potass'ium Voltage-Gated Channel Subfamily E Regulatory (21)
Subunit 5
KCNH2 Potassium Voltage-Gated Channel Subfamily H Member 2 (22)
KCNJ8 Potassium Inwardly Rectifying Channel Subfamily J Member 8 (23)
LMNA Lamin A/C (24)
LRRC10 Leucine Rich Repeat Containing 10 (25)
MYBPC3 Myosin Binding Protein C3 (26)
PKP2 Plakophilin 2 (27)
RANGRF RAN Guanine Nucleotide Release Factor (28)
SCN1B Sodium Voltage-Gated Channel Beta Subunit 1 (29)
SCN2B Sodium Voltage-Gated Channel Beta Subunit 2 (30)
SCN3B Sodium Voltage-Gated Channel Beta Subunit 3 (31)
SCN5A Sodium Voltage-Gated Channel Alpha Subunit 5 (3)
SEMA3A Semaphorin 3A (32)
SLMAP Sarcolemma Associated Protein (33)
TPM1 Tropomyosin 1 (34)
TRPMA Transient Receptor Potential Cation Channel Subfamily M (35)
Member 4

Here we present a BrS cohort of 350 patients who were screened for variants in the PED
panel genes. We investigate the diagnostic yield of our PED panel and use the Shanghai
scoring system to diagnose the patients.
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Material and methods
Ethics

This study was approved by the Ethical Committee of the Antwerp University Hospital
(EC20/20/257). All patients signed an informed consent.

Clinical evaluation

Medical records of 520 patients with possible BrS, who were referred to our Centre of
Medical Genetics Antwerp for genetic testing were collected over 32 medical centres
across Belgium. Family history and clinical data were investigated. 350 patients met the
diagnostic criteria for BrS, showing a type | BrS ECG either spontaneously, during fever
or provoked with a sodium channel blocker and were index patients in their family. 158
were patients at the Antwerp University Hospital. For 175 patients ECG recordings were
available for both PR interval and QRS segment analysis. Patients’ Shanghai score was
calculated following the guidelines drafted in the 2016 HRS/EHRA/APHRS/SOLAECE J-
Wave Syndrome Consensus Report (6). In Supplementary Table 1, the proposed score
system is presented. A score 23.5 points is classified as definite BrS, between 2 and 3
points is a possible BrS diagnosis and below 2 points is non-diagnostic.

Genetic testing

Genomic DNA was extracted from blood using standard procedures. Amplification of the
target regions was performed using the PED MASTR Plus assay (n=272, Multiplicom;
including 51 genes; see Proost et al. (9), Supplementary Table 2) or the Twist Human
Core Exome kit spiked-in with additional custom probes (n=78, Twist Bioscience;
selection of 60 genes for analysis, Supplementary Table 2), according to the
manufacturer’s instructions. This was followed by NGS-sequencing on a NextSeq or
NovaSeq instrument (lllumina). Data analysis was performed using the SeqNext module
of Sequence Pilot (JSI Medical Systems) detecting variants in the coding exons, including
exon/intron boundaries up to 15 intronic nucleotides, of the set of PED genes. For all
samples, minimum 99% of the targeted region was covered at 230x. The list of genes
and their respective transcripts are given in Supplementary Table 2. Variants were
classified following the ACMG guidelines (36).

Statistical analysis

Groups were compared either using the non-parametric Kruskal-Wallis test followed by
pairwise Mann-Whitney U test or the Fisher's exact test. Statistical analysis was
performed in R.
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Results
Clinical characteristics of the patient population

Our population comprises 350 patients of which 133 (38%) are female. Most of the
patients (80.3%) only showed a type | ECG after provocation with a sodium channel
blocker, while 52 (14.9%) had a spontaneous type | ECG and 10 (2.9%) showed a type |
ECG during fever. A history of sudden cardiac death (SCD) and/or BrS in first- or second-
degree relatives was observed in 112 patients (32%). Fifty-five patients (15.7%) suffered
a suspected cardiac syncope while 13 patients (3.7%) were documented with ventricular
fibrillation (VF) and/or polymorphic ventricular tachycardia (VT) and 9 (2.5%) suffered
from (aborted) cardiac arrest. An implantable cardioverter defibrillator (ICD) was
implanted in 114 (32.6%) patients of whom 9 (7.9%) received an appropriate shock while
11 (9.6%) had an inappropriate shock. Sixty-one patients (17.4%) were documented with
atrial fibrillation. One hundred and sixty patients (45.7%) had a definite BrS diagnosis
according to the Shanghai scoring system, the median calculated Shanghai score for the
whole population was 3. ECG analysis of 175 patients (50%) showed a median PR interval
of 160 ms (normal range 120 — 200 ms) and median QRS segment of 104 ms (normal
range <200 ms).

Table 2: Summary of the BrS Cohort

Patients  Patients Patlent.s
P /'.\" without  carrying harbouring P-value
atients variant VUS P/.LP
variant
Total 350 209 109 32
(59.4%) (31.4%) (9.1%)
Female (%) 133 78 46 9
(38%) (37.3%) (42.2%) (28.1%)
Diagnosis
Spontaneous Type | ECG 52 20 19 13 <0.0001
(14.9%) (9.6%) (17.4%) (40.6%)
Type | ECG during fever 10 7 2 1 ns
(2.9%) (3.3%) (1.8%) (3.1%)
Provoked Type | ECG 281 176 88 17 <0.001
(80.3%) (84.2%) (80.7%) (53.1%)
Family History 112 60 31 21 <0.001
(32%) (28.7%) (28.4%) (65.6%)
Family History of BrS 77 40 20 17

(22%)  (19.1%)  (18.3%)  (53.1%)
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Patients  Patients Patlen'fs
All . . harbouring
Patients without  carrying p/LP P-value
variant VUsS .
variant
Unexplained SCD<45 46 24 15 7
yrs in 1st or 2nd degree (13.1%) (11.5%) (13.8%) (21.9%)
relative
Clinical symptoms
Suspected cardiac 55 26 22 7 ns
syncope (15.7%) (12.4%) (20.2%) (21.9%)
Atrial Fibrillation 61 40 17 4 ns
(17.4%) (19.1%) (15.6%) (12.5%)
Major adverse event 23 16 2 5
(6.6%) (7.7%) (1.8%) (15.6%)
VF/VT 13 8 1 4 <0.05
(3.7%) (3.8%) (0.9%) (12.5%)
Cardiac arrest 9 7 2 0 ns
(2.5%) (3.4%) (1.8%) (0%)
ICD shock 9 6 2 1 ns
(2.5%) (2.9%) (1.8%) (3.1%)
ECG data 175 98 57 20
(50%) (46.9%) (52.3%) (62.5%)
PR interval (ms) 160 160 158 181 <0.01
[IQR] [148 — [148 — [144 — [162 —
174] 172] 170] 207]
QRS segment (ms) 104 103 100 110 <0.01
[IQR] [92 - [90 - [92 - [108 —
116] 114] 114] 125]
Electrophysiology 102 58 33 11 ns
study (30%) (27.8%) (30.3%) (34.4%)
Induction VF/VT 13/102 7/58 5/33 2/11 ns
(12.7%) (12.1%) (15.2%) (18.2%)
Implantable 114 64 36 14 ns
cardioverter (32.6%) (30.6%) (33%) (43.8%)
defibrillator
Appropriate shock 9/114 6/64 2/36 1/14 ns
(7.9%) (9.4%) (5.6%) (7.1%)
Inappropriate shock 11/114 5/64 5/36 1/14 ns
(9.6%) (7.8%) (13.9%) (7.1%)
Median Shanghai score 3 2 3 4.5 <0.0001
[1QR] [2-4] [2-4] [2-4] [4-6.5]

89



Chapter 2

Patients Patients Patlent.s
Al without  carrying harbouring P-value
Patients variant VUS P/_ LP
variant
Variant in SCN5A 46 16 30 <0.0001
(13.1%) (14.7%) (93.8%)

% are compared to the total number of patients per group unless otherwise specified
VUS: Variant of unknown significance, P/LP: Pathogenic or likely pathogenic, BrS: Brugada syndrome,
SCD: sudden cardiac death, VF/VT: ventricular fibrillation/tachycardia, IQR: interquartile range

Cardiac arrhythmia PED gene panel yield

In total 141 patients (40.3 %) carried a variant of uncertain significance (VUS, class 3),
likely pathogenic (LP, class 4) or pathogenic (P, class 5) variant (Table 2, Table 4). One
hundred and nine patients (31.1%) carried a VUS, 10 patients (2.9%) a LP variant and 22
patients (6.3%) a P variant. Twenty-three patients (6.6%) carried two or more VUS and
in 8 patients (2.3%) with a P/LP variant one or more VUS were observed. All the variants
we discovered in 35 different genes are depicted in Figure 1 and listed in Supplementary
Table 3.

In our cohort most variants were detected in the SCN5A gene, with 46 patients (13.1%)
carrying a SCN5A variant, 16 (4.6%) a VUS, and 30 (8.6%) a (L)P variant. 28 different
variants in the SCN5A gene were observed of which 6 are classified as pathogenic, 8 are
likely pathogenic and the other 14 are considered VUS. One pathogenic variant
(c.4813+3_4813+6dupGGGT) detected in 15 patients of this cohort is a founder mutation
we described in 2021 (37). The location of the variants in the SCN5A gene is depicted in
Figure 1E. The different types of variants are spread across the different regions of the
Nayl.5 protein with at the c-terminal region only the presence of VUS. Other (L)P
variants were observed in the LMNA, SCN2B and KCNE1 genes (Table 3). One pathogenic
variant is found in LMNA (p.(Arg331GIn)), encoding the Lamin-A/C protein in a patient
with a positive ajmaline test, prolonged PR interval and a familial history of SCD (father
and grandfather). The likely pathogenic SCN2B variant p.(Val99Met) is harboured by a
BrS patient who presented the ECG type | pattern after ajmaline provocation, with a
history of SCD in her family (father at age 40 yrs and paternal grandfather at age 32 yrs)
and an affected brother (type 1 BrS ECG) harbouring the variant as well. One class 5
variant (p.(Arg98Trp)) was detected in the KCNE1 gene encoding minK, a voltage-gated
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Figure 1: Overview of genes with variants. A) Pie chart of number of patients carrying variants per genes
found. B-D) Pie chart of genes with Variants of uncertain significance, likely pathogenic and pathogenic
variants, respectively. E) Overview of the variants found in the SCN5A gene (Intronic variants not included,
adapted from (54)). Red dots: pathogenic variant, yellow dots: likely pathogenic variant, blue dots: VUS.

C

potassium channel B-subunit which primarily interacts with the Kv7.1 a-subunit. KCNE1
is a known LQTS gene but has not yet been associated with BrS. The proband carrying
this variant showed a type | ECG after provocation with ajmaline and no sign of long QT.
Segregation analysis showed that both her daughter and brother with unknown clinical
phenotype carried the KCNE1 variant, while another brother with BrS (with ICD after
resuscitation) doesn’t carry it. This indicates that there might be another cause for the
BrS phenotype in this family and therefore we classify this variant as VUS for BrS.
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Table 3: Class 4 and 5 variants identified in the BrS cohort.

Gene Variant Variant Variant Class No.
LMNA c.992G>A p.(Arg331GlIn) 5 1
SCN2B c.295G>A p.(Val99Met) 4 1
SCN5A c.20delC p.(Pro7Leufs*90) 5 1
c.361C>T p.(Argl121Trp) 4 1
¢.1099C>T p.(Arg367Cys) 4 1
c.1127G>A p.(Arg376His) 5 1
c.1855C>T p.(Leu619Phe) 4 1
c.2320delT p.(Tyr774Thrfs*28) 5 2
c.2466G>A p.(Trp822%*) 5 1
c.3911C>T p.(Thr1304Met) 4 1
c.4132G>A p.(Vall378Met) 4 1
¢.4258G>C p.(Gly1420Arg) 4 1
c.4296G>T p.(Argl432Ser) 4 2
c.4297G>T p.(Gly1433Trp) 4 1
c.4813+3_4813+6dupGGGT 5 15
c.4978A>G p.(llel1660Val) 5 1
KCNE1  c.292C>T p.(Arg98Trp) 5* 1

*Pathogenic variant for Long QT syndrome, VUS (Class 3) for BrS

Genotype-phenotype correlations

To investigate genotype-phenotype correlations, we divided our cohort into three
groups: ‘No Variant’, ‘VUS’ and ‘Pathogenic or likely pathogenic variant (P/LP)’ (Table 2).
We observed that a higher proportion of the patients with a P/LP variant presented with
a spontaneous type | ECG-pattern compared to the VUS and no variant group (41% vs
17% and 10%, p=0.000067) and have more positive family histories of BrS/SCD (66%)
compared to the VUS and no variant groups (28% and 29% respectively, p=0.00029).
Regarding clinical symptoms, only the occurrence of VF/VT was significantly more
prevalent in the P/LP group (13% compared to 4% in the no variant group and 1% in the
VUS group, p=0.023). Also in terms of ECG parameters, we found a significant
prolongation of the PR interval from 181 ms in the P/LP group vs 160 ms in the no variant
and 158 ms in the VUS group (p=0.0012). With a median value of 110 ms, the QRS
segment was also significantly prolonged in the class 4/5 group compared to the no
variant and class 3 group (103 ms and 100 ms respectively, p=0.0023)(Figure 2).
Electrophysiological studies (EPS) were performed in 102 patients of which 13 (12.7%)
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developed VF/VT. There was no significant difference in occurrence over the different
genotype groups.

The subpopulation of patients with a P/LP variant had a median Shanghai score of 4.5,
which is significantly higher compared to the two other groups (p=2.9x10%°) and
indicates a definite BrS diagnosis. Even if we leave the P/LP mutation status out of the
Shanghai score, the median in this group (median = 4) is still significantly different from
the patients without any variant or with a VUS (Shanghai score of 2 and 3 respectively)
(p=7.6x10, Figure 2).

A PR interval per group B QRS segmentpergroup C  Shanghai score per group

Kruskal-Wallis, p = 00012 Kruskal-Wallis, p = 0.0023 x Kruskal-Wallis, p = 7.6¢-08
300 f § — —
—— 200 r 1
ns
ns A  —— 9 —
—_ » .
» (0]
£ 250 £ . §
= ® @
g £ 150 =
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= 200 c %
[2]
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" | N S ’
150 E 100
3
No Variant vuUs P/LP No Variant VuUs P/LP No Variant vuUs P/LP

Figure 2: ECG parameters and Shanghai score per variant group. A, B) Boxplot of the PR interval and QRS
segment (median with Interquartile range, n per group: No variant = 98, VUS =57, P/LP = 20). C) Boxplot of
the Shanghai score without mutation status (median with Interquartile range, n per group is: No variant =
209, VUS = 109, P/LP = 32) . ns: not significant, *: p<0.05, **: p<0.01, ***: p<0.001, ****: p<0.0001

Shanghai score

Another way to analyse our data is to divide the patients in groups based on their
Shanghai score: possible BrS (2-3) and definite BrS (23.5) (Table 4). As clinical data is
mostly included in this scoring system, it is only informative to look at the parameters
that are not included such as gender, electrophysiology study, and ICD implantation.
Here we only found a significant difference in ICDs implanted with 93 patients with
definite BrS (58.1%) versus only 21 patients with a possible BrS diagnosis (11.1%)
(p=3.8x107?°). In patients with a definite BrS diagnosis (Shanghai >3.5) the diagnostic
yield increases to 17.5% and when we look at the diagnostic yield in patients with familial
history of SCD and/or BrS a percentage of 18.7% (21/112) is reached.
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Table 4: Comparison based on Shanghai score

Possible Definite
All Patients BrS diagnosis BrS diagnosis p-value
(2-3) (23.5)
Total 350 190 (54.3%) 160 (45.7%)

Female (%) 133 (38%) 83 (43.7%) 50 (31.3%) <0.05
Variant 142 (40.6%) 63 (33.2%) 79 (49.4%) <0.01
VUS 109 (31.1%) 58 (30.5%) 51 (31.9%) ns
P/LP 32 (9.1%) 4(2.1%) 28 (17.5%) <0.0001
SCN5A variant 46 (13.1%) 10 (5.3%) 36 (22.5%) <0.0001
VUS 16 (4.6%) 7 (3.7%) 9 (5.6%) ns
P/LP 30 (8.6%) 3(1.6%) 27 (16.9%) <0.0001
Electrophysiology 102 48 54 Ns
study (29.1%) (25.3%) (33.8%)

Induction VF/VT 13/102 (9.0%) 4/48 (8.3%) 10/54 (18.5%) ns
Implantable 114 21 93 <0.0001
cardioverter (32.6%) (11.1%) (58.1%)

defibrillator

Appropriate shock  9/114 (7.9%) 0/21 (0%) 9/93 (9.7%) ns

% are compared to the total number of patients per group unless otherwise specified

VUS: Variant of unknown significance, P/LP: Pathogenic or likely pathogenic, BrS: Brugada syndrome,
SCD: sudden cardiac death, VF/VT: ventricular fibrillation/tachycardia, Cl: confidence interval, ICD:
Implantable cardioverter defibrillator

Even if we leave out the mutation status from the Shanghai score (minus 0.5), the p-values remained
exactly the same

Discussion

In this study we aimed to evaluate the yield of our NGS cardiac arrhythmia PED panel
(n=51 genes) used in the genetic diagnosis of BrS patients requesting a test at the Centre
of Medical Genetics Antwerp. Overall, in our cohort of 350 patients we detected a (likely)
pathogenic variant in 9.1%, with 8.6% carrying a P/LP variant in SCN5A and in 109
patients (31.4 %) a VUS was found. This (P/LP) diagnostic yield is substantially lower
compared to the yield of around 15-30% reported in literature (38-42). Although this 15-
30% might be an over-estimation because these papers were published before the
introduction of the ACMG criteria in 2015 (36) - providing a more restricted set of rules
to classify variants as P/LP - and studied smaller and more severely affected cohorts (44-
130 probands). Kapplinger et al. combined the genetic results of 2100 BrS patients
(tested in 9 centres) and found a yield ranging from 11% to 28% over the centres with
an overall yield of 21% in the SCN5A gene (43). In 2022, Zaklyazminskaya et al.
investigated the diagnostic yield ((likely) pathogenic variants) in genes encoding the
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Nav1.5 channel (SCN5A, SCN1B, SCN2B, SCN3B, and SCN4B) in their cohort of 75 patients
and reached 13% (44). They found only one VUS in SCN4B (not included in the yield
calculation), whereas all other variants were detected in SCN5A. In our cohort, only 8.8%
(31/350) of the patients carried a (L)P variant in the five sodium channel genes
mentioned above with 30 patients harbouring a (L)P variant in SCN5A and one in SCN2B.
In 2021 Milman et al. looked at the genotype-phenotype correlation in 392 BrS patients
(45). Twenty-three percent of the patients carried SCN5A variants, with only 11% being
(likely) pathogenic variants and 12% VUS which is higher compared to our data (8.6%
P/LP and 4.6% VUS). An explanation for this difference lies in the population studied by
Milman et al. which is part of the SABRUS patient cohort, all presenting with a first
arrhythmic event. Regarding the phenotype, they also found a higher percentage of
familial history of SCD in patients carrying a P/LP variant but unlike our observation no
significant difference in the occurrence of a spontaneous type | ECG. The prolongation
in PR interval and QRS segment we found in our P/LP variant carriers compared to the
VUS and No Variant group, was also observed in other recent studies (46, 47). When we
look in our cohort only at the patients with a family history of BrS and/or SCD, the
diagnostic yield increases to 18.8% (21/112) which is more in line with previously
mentioned reports.

In 2016, the Shanghai scoring system was introduced in order to diagnose BrS patients
(6). The scoring system takes several characteristics into account such as familial history,
cardiac (arrhythmia) events, genetics and the occurrence of type | ECG pattern. More
severe cardiac events like VF/VT and cardiac arrest are awarded more points. In our
cohort, 160 patients (45.3%) fulfilled the criteria for a definite BrS diagnosis and taking
only this selection into account the genetic yield of our panel increased to 17.5%
(28/160), supporting the value of the Shanghai score. Zhang et al. found a slightly higher
yield of 22.9% in a BrS cohort of 262 definite BrS patients (48). The Shanghai score was
designed as a scoring system for the diagnosis of BrS, but nowadays it is tested as a
predictive tool as well. In 2018, Kawada et al. validated the scoring system and used it as
a tool for risk stratification. They found that patients with a higher Shanghai score (>4)
were having a progressively higher risk for VT/VF, while patients that were asymptomatic
and had a score <3.5 did not show any symptoms during their follow up (49). Two more
studies validated the Shanghai score as a predictive value and one found that the score
is good at predicting both the highest and lowest at-risk patients but it performs
moderate in the groups with an intermediate risk, while the second study indicated that
only high-risk patients could be predicted (7, 8). In combination with EPS it might help
identifying patients with a higher risk for adverse cardiac events. Based on these
publications, in our cohort there are 190 patients (54.3%, Shanghai score <3) with a low
risk of development of sudden cardiac arrest and VT/VF, 14 patients (4%) have a
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Shanghai score above 7 and as such a high risk for the development of arrhythmic events,
while for the other 146 patients, risk stratification is unclear.

In 32 BrS patients we found P/LP variants of which 30 patients harboured 14 different
P/LP variants in the SCN5A gene (6 P, 8 LP). Our P/LP cohort as such almost exclusively
consists of SCN5A variant carriers (with clinical characteristics described in Table 2). The
other two patients harboured a class 5 variant in LMINA and a class 4 variant in the SCN2B
gene.

The pathogenic variant (p.(Arg331GIn)) located in the LMNA gene was discovered in a
proband with a provoked type | ECG and no clinical symptoms except for a prolonged PR
interval. The variant is a known founder mutation discovered in 23 Dutch probands and
35 family members showing a mild and variable phenotype ranging from atrioventricular
conduction disturbances, supraventricular arrhythmias to dilated cardiomyopathy but
without any record of a BrS type | ECG (50). A role for LMNA in BrS was first described in
2020, when the p.(Arg216Cys) variant was found in a male BrS patient who experienced
a cardiac arrest at the age of 31 and showed a spontaneous type | ECG pattern. The
patient itself did not show laminopathy features but two family members carrying the
same variant presented with mild signs of conduction disturbances (24). This indicates
that the variant (p.(Arg331GlIn)) we have found could play a role in the BrS phenotype of
our patient (also without overt laminopathy features), but considering the complex
genetic background of BrS this will likely not be the sole causal variant. The class 4 variant
p.(Arg98Trp) in the SCN2B gene is carried by an asymptomatic female patient with a
provoked type | ECG. SCN2B, a B-subunit of Na,1.5, was first associated with BrS in 2013
by Riuro et al. where they found a variant (p.(Asp211Gly)) that reduced sodium current
by reduced surface expression (30). We detected another class 5 variant: p.(Arg98Trp)
in the KCNE1 gene, a known LQTS gene (51), in a BrS proband showing a type | ECG after
provocation with ajmaline but without any clinical symptoms or QTc prolongation. In this
family the daughter and brother carried this variant, but their clinical status is not yet
known. Another brother with a Brugada type | ECG who was successfully resuscitated
after SCD at age 44, does not carry the variant. This KCNE1 (51) p.(Arg98Trp) variant was
reported as pathogenic in several LQTS patients (clinical and functional reappraisal in
(52)), but has not yet been associated with BrS. Most likely, this variant is not the causal
variant in this family, but nevertheless it could play a modulating role in the development
of BrS and therefore we classify this variant as a VUS for BrS.

Comparing three ‘genetic groups’ in our cohort: patients carrying ‘no variant’, ‘VUS’ or a
‘P/LP variant’ (Table 2), a significantly higher proportion of the P/LP patients presented
with a spontaneous type | ECG-pattern, had a family history of BrS/SCD, experienced
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VF/VT and had a significantly longer PR interval and QRS segment. This underscores the
true pathogenic role of these variants. Differences between the VUS and no variant
groups were not significant. Some of these VUS might turn out to be pathogenic variants
if more data become available, but many of them might have no pathogenic effect on
their own. It is now generally accepted that the genetic architecture of BrS is complex
and more likely polygenic (53), so likely the detected VUS and (likely) pathogenic variants
cause the BrS phenotype in our patients in combination with untyped and/or still
unknown genetic variation. Currently, these VUS are documented and when possible
functionally investigated. When in the future knowledge is gained on the (polygenic)
genetic architecture, they can be re-analysed for pathogenicity on their own or in
combination with other variants.

For 78 patients in our cohort whole exome sequencing (WES) was performed and nine
extra arrhythmia related genes analysed (Supplementary Table 2). Three VUS in SCN10A
and one VUS in RRAD were detected (see Supplementary Table 3). For one patient the
VUS in SCN10A was the only variant found, but the other three patients also carried
another VUS in one of the 51 screened PED panel genes. The nine extra genes have
rather limited evidence to be involved in BrS, so screening them in all patients would
mainly have increased the yield of VUS (with an estimated 5% (4/78)). Nevertheless,
these VUS could play a role in BrS causation in combination with other genetic variants.

As debated by Hosseini et al. (4) SCN5A is currently considered the only causal gene for
BrS. In our cohort as well, almost all of the P/LP variants were indeed found in the SCN5A
gene (30/32). Therefore, some might say that screening SCN5A is the most informative
screening for BrS patients. However, additional knowledge or evidence for other genes
playing a role in the development of BrS can only be achieved after thorough
investigation of the genetic background of patients.

Limitations of our study

One limitation of our approach is the retrospective character of the study, with missing
data for some of the parameters we investigated and often no possibility to follow-up
on these. We also collected data using patient’s medical records gathered in different
hospitals, so we are aware there will be some variability in the way of recording data.
Although in all participating hospitals family members of BrS patients are contacted for
clinical examination and - if applicable - segregation analysis, this is not always
successful, reducing the possibility to reclassify some of the VUS.
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Conclusion

In a cohort of 350 BrS patients, the overall diagnostic yield was 9.4%, which increases to
17.5% in BrS patients with a definite diagnosis according to the Shanghai score (28/160)
and to 18.8% in patients with a family history of SCD or BrS (21/112). These results might
serve as an indication for clinicians for genetic counselling and the decision to refer their
BrS patients for genetic testing. Patients carrying a P/LP variant presented more often
with a spontaneous type | ECG, familial history of BrS or SCD and showed prolonged PR

interval

and QRS segment compared to the other patients.
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Supplementary Table 1: Proposed Shanghai Score System for Diagnosis of Brugada Syndrome (6)

Points
I. ECG (12-Lead/Ambulatory)*
A. Spontaneous type 1 Brugada ECG pattern at nominal or high leads 35
B. Fever-induced type 1 Brugada ECG pattern at nominal or high leads 3
C. Type 2 or 3 Brugada ECG pattern that converts with provocative drug challenge 2
Il. Clinical History*
A. Unexplained cardiac arrest or documented VF/ polymorphic VT 3
B. Nocturnal agonal respirations 2
C. Suspected arrhythmic syncope 2
D. Syncope of unclear mechanism/unclear etiology 1
E. Atrial flutter/fibrillation in patients <30 years without alternative etiology 0.5
1ll. Family History
A. First- or second-degree relative with definite BrS 2
B. Suspicious SCD (fever, nocturnal, Brugada aggravating drugs) in a first- or second- 1
degree relative
C. Unexplained SCD <45 years in first- or second- degree relative with negative 0.5
autopsy
IV. Genetic Test Result
A. Probable pathogenic mutation in BrS susceptibility gene 0.5

*Only award points once for highest score within this category. One item from this category must apply.
*Only award points once for highest score within this category.

VF: ventricular fibrillation, VT: ventricular tachycardia, BrS: Brugada syndrome, SCD: sudden cardiac
death

Supplementary Table 2: Overview of the genes included in the gene panel for inherited cardiac arrhythmias.

Gene Disease Transcript Alternative transcript
ABCB4* AF ENST00000265723

ABCC9 SQTS, AF ENST00000261200 ENST00000261201: Exon 38
ACTN2* AF, VF ENST00000542672 ENST00000366578: Exon 8
AKAP9 LQTS ENST00000356239

ANK2 LQTS ENST00000357077 ENST00000506722: Exon 2

ENSTO0000399634: Exon 8

BrS, LQTS,
ENST00000344100: Exon 32
CACNAIC zgl(-)sc’i;\t/gd ENST00000347598 ENSTO0000399595: Exon 38

ENST00000399617: Exon 43

BrS, SQTS, IVF

CACNA2D1 . ENST00000356860
associated
ENST00000396576: Exon 1
BrS, SQTS, IVF ENST00000377329: Exon 1
CACNB2 associated, ENST00000324631 ENST00000377315: Exon 1
ERS ENST00000282343: Exon 1

ENST00000352115: Exon 7
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Gene Disease Transcript Alternative transcript
ENST00000377319: Exon 6
CALM1 CPVT, LQTS ENST00000356978
CALM2* LQTS ENST00000272298 ENST00000456319: Exon 2
CALM3* LQTS ENST00000291295
CASQ2 CPVT ENST00000261448
CAV3 LQTS ENST00000343849
CTNNA3 ARVC/D ENST00000433211
DES ARVC/D ENST00000373960
ENST00000332007: Exon 1
DPP6 IVF ENST00000377770 ENST00000404039: Exon 1
ENST00000406326: Exon 6
DSc2 ARVC/D ENST00000280904 ENST00000251081: Exon 16
DSG2 ARVC/D ENST00000261590
DSP ARVC/D ENST00000379802
GJA1 AF, SIDS ENST00000282561
GJA5 AF ENST00000271348
ID with
GNB5* cardiac ENST00000261837
arrhytmia
GPD1L BrS ENST00000282541
HCN4 BrS, SSS ENST00000261917
JUP ARVC/D ENST00000393931
KCNA5 AF ENST00000252321
KCND3 BrS ENST00000315987
KCNE1 LQTS ENST00000399286
KCNE2 LQTS, AF ENST00000290310
KCNE3 BrS ENST00000310128
KCNES5 BrS ENST00000372101
ENST00000330883: Exon 1
KCNH2 LQTS, SQTS ENST00000262186 ENST00000430723: Exon 9
LQTS
(andersen
KCNJ2 Tawil ENST00000243457
syndrome),
SQTS, AF
KCNJ5 LQTS ENST00000529694
BrS, SQTS, IVF
KCNJ8 associated, ENST00000240662
ERS
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Gene Disease Transcript Alternative transcript
KCNK17* CCD ENST00000373231 ENST00000453416: Exon 5
KCNQ1 'I&(ETS’ Sars, ENST00000155840
LMNA zr\r/lythmoge”'c ENST00000368300
ASD & AV
conduction
NKX2.5 defect, ENST00000329198 ENST00000521848: Exon 2
Ebstein ASD
+/- AV block
NOS1AP LQTS ENST00000361897 ENST00000493151: Exon 1
NPPA AF ENST00000376480
PKP2 ARVC/D ENST00000070846
PLN zr\r/lythmoge”'c ENST00000357525
sudden
PPA2* . ENST00000341695
cardaic failure
PRKAG2 WPW ENST00000287878
RANGRF BrS ENST00000226105
RRAD* BrS ENST00000299759
RYR2 ARVC/D, CPVT ENST00000366574
SCN1B BrS ENST00000262631 ENST00000415950: Exon 3
SCN2B BrS, AF ENST00000278947
SCN3B Brs, IVF ENST00000392770
associated
SCN4B LQTS ENST00000324727
SCN5A 2::5’ LQTS, IVF, ENST00000333535 ENST00000413689: Exon 6
SCN10A* BrS ENST00000449082
SLMAP BrS ENST00000295952
SNTA1 LQTS ENST00000217381
TGFB3 ARVC/D ENST00000238682
TMEMA43 ARVC/D ENST00000306077
TRDN CPVT ENST00000398178
TRPMA4 HB type 1B ENST00000252826

AF: atrial fibrillation; ARVC/D: arrhythmogenic right ventricular cardiomyopathy/dysplasia; ASD&AV: atrial
septal defect and atrioventricular; BrS: Brugada syndrome; CCD: cardiac conduction disorder; CM:
cardiomyopathy; CPVT: catecholaminergic polymorphic ventricular tachycardia; ERS: early repolarization
syndrome; HB: heart block; ID: intellectual disability; IVF: idiopathic ventricular fibrillation; LQTS: long QT
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syndrome; SIDS: sudden infant death syndrome; SQTS: short QT syndrome; SSS: sick sinus syndrome; VF:
ventricular fibrillation: WPW: Wolff-Parkinson-White syndrome

* These genes are only included in the gene panel containing 60 genes and variants detected in these genes
were not included in the general analysis because not all patients (only n= 78) were tested for them.

Supplementary Table 3: Variants detected in BrS patients

. . Variant
Gene c.notation p.(notation) Class
c.1987C>T p.(Arg663Cys) 3 1
c.2158G>A p.(Gly720Ser) 3 1
ABCCY c.2885A>T p.(Asp962Val) 3 1
c.4205C>G p.(Ser1402Cys) 3 1
€.752T>G p.(Leu251Arg) 3 1
c.1259A>G p.(GIn420Arg) 3 1
c.3736A>G p.(Argl246Gly) 3 1
c.4075C>G p.(GIn1359Glu) 3 1
c.4091A>T p.(Glul364Val) 3 1
c.4225A>G p.(Asn1409Asp) 3 1
AKAP9 c.4927A>C p.(lle1643Leu) 3 1
c.4960_4961delAG p.(Arg1654Glyfs*23) 3 1
€.5204T>G p.(Leul735Arg) 3 1
c.5668A>T p.(Thr1890Ser) 3 1
c.7816T>G p.(Leu2606Val) 3 1
¢.10013C>G p.(Pro3338Arg) 3 1
c.11085T>G p.(His3695GIn) 3 1
c.4373A>G p.(Glu1458Gly) 3 1
c.5615C>T p.(Ser1872Leu) 3 1
c.5737C>T p.(Arg1913Cys) 3 1
€.7283C>T p.(Ser2428Leu) 3 1
c.7894G>A p.(Val2632lle) 3 1
ANK2 c.7897G>T p.(Asp2633Tyr) 3 1
c.8645C>T p.(Thr2882lle) 3 1
€.9223T>A p.(Ser3075Thr) 3 1
€.9526G>T p.(Asp3176Tyr) 3 1
c.10084T>A p.(Ser3362Thr) 3 1
c.11516G>C p.(Ser3839Thr) 3 1
c.76G>A p.(Ala26Thr) 3 1
c.107C>T p.(Ala36Val) 3 1
CACNALC c.178C>T p.(Arg60Trp) 3 1
c.202G>A p.(Ala68Thr) 3 1
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. . Variant
Gene c.notation p.(notation) Class
c.974A>G p.(GIn325Arg) 3 1
c.1342G>A p.(Asp448Asn) 3 1
c.1721A>G p.(Lys574Arg) 3 1
€.2861G>A p.(Gly954Asp) 3 1
c.3391G>A p.(Vall131lle) 3 1
c.3446C>T p.(Thr1149Met) 3 1
c.5086G>A p.(Ala1696Thr) 3 1
c.5452G>A p.(Ala1818Thr) 3 1
€.6235G>A p.(Gly2079Ser) 3 1
c.6416A>G p.(Asn2139Ser) 3 1
Duplication exon146-49 3 1
CACNA2D1 c.1663-5C>G 3 1
¢.104T>C p.(Leu35Pro) 3 1
c.1018G>A p.(Ala340Thr) 3 1
CACNB2 c.1171C>T p.(Pro391Ser) 3 1
c.1207G>A p.(Val403lle) 3 1
c.1735G>A p.(Val579Met) 3 1
CAV3 c.376C>T p.(Argl126Cys) 3 1
¢.137G>C p.(Serd6Thr) 3 1
c.392C>T p.(Alal31Val) 3 1
c.719C>T p.(Thr240lle) 3 1
CTNNA3 c.796C>T p.(Pro266Ser) 3 1
€.2201C>G p.(Ala734Gly) 3 1
€.2501G>T p.(Arg834Leu) 3 2
€.2638_2639insA p.(lle880Asnfs*9) 3 1
DES c.216C>A p.(Ser72Arg) 3 1
c.1147C>T p.(Arg383Cys) 3 1
c.154G>A p.(Val52lle) 3 1
DSC2 c.713A>G p.(Asp238Gly) 3 1
c.1322C>T p.(Alad41Val) 3 1
€.2393G>T p.(Arg798Leu) 3 1
DSG2 c.1072G>A p.(Ala358Thr) 3 1
c.347A>G p.(Asp116Gly) 3 1
c.2720G>A p.(Arg907His) 3 1
DSP c.4775A>G p.(Lys1592Arg) 3 1
€.5324G>T p.(Argl775lle) 3 1
c.7604A>G p.(Asp2535Gly) 3 1
c.8128G>T p.(Ala2710Ser) 3 1
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. . Variant
Gene c.notation p.(notation) Class
GJA1 c.868A>G p.(Thr290Ala) 3 1
GJA5 c.1025G>A p.(Arg342GIn) 3 1
c.458A>G p.(Glu153Gly) 3 1
HCNG c.3125C>T p.(Pro1042Leu) 3 1
c.3304C>T p.(Arg1102Cys) 3 1
c.3502_3505delTTTG p.(Phel1168Glyfs*12) 3 1
c.56C>T p.(Thri9lle) 3 1
JUP c.427G>A p.(Ala143Thr) 3 1
c.460G>A p.(Glul54Lys) 3 1
€.634C>G p.(Leu212Val) 3 1
KCNA5 c.1580C>T p.(Thr527Met) 3 1
KCNE1 €.292C>T p.(Arg98Trp) 5 1
€.260A>G p.(Tyr87Cys) 3 1
KCNE2 c.369_370delCT p.(Ter124llefs*15) 3 1
c.2T>C p.? 3 1
KCNE3 c.139C>T p.(Argd7Trp) 3 1
c.524C>A p.(Alal75Asp) 3 1
c.526C>T p.(Argl76Trp) 3 1
c.1120G>T p.(Val374Phe) 3 1
KCNH2 c.2717C>T p.(Ser906Leu) 3 1
c.2904G>A p.(Pro968=) 3 1
c.3107G>A p.(Gly1036Asp) 3 1
c.3251C>T p.(Pro1084Leu) 3 1
KCNJ5 c.514G>A p.(Alal72Thr) 3 1
€.1150_1168delCCACTGCT  p.(Pro384Leufs*45) 3 1
KCNJ8 c.601G>A p.(Val201lle) 3 1
c.136G>A p.(Ala46Thr) 3 1
c.160_168dupATCGCGCCC  p.(lle54_Pro56dup) 3 1
c.211G>T p.(Ala71Ser) 3 1
kenal c.1195G>T p.(Ala399Ser) 3 1
c.1388G>C p.(Ser463Thr) 3 1
c.1876G>A p.(Gly626Ser) 3 1
LMNA c.161C>T p.(Thr54Met) 3 1
€.992G>A p.(Arg331GIn1) 5 1
c.374G>A p.(Argl25Lys) 3 1
PKP2 c.1031T>C p.(Leu344Pro) 3 1
c.1568C>T p.(Ala523Val) 3 1
€.2330T>C p.(lle777Thr) 3 1
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. . Variant
.notat .{\notat

Gene c.notation p.(notation) Class
RRAD* c.695C>T p.(Thr232lle) 3 1
c.1727A>G p.(His576Arg) 3 1
c.2050C>A p.(Pro684Thr) 3 1
c.4188G>A p.(Asp1396Asn) 3 1
c.5638G>A p.(Glu1880Lys) 3 1
€.6022+5G>A 3 1
RYR2 c.9667G>A p.(Glu3223Lys) 3 1
c.10541A>T p.(His3514Leu) 3 1
€.12859T>C p.(Tyr4287His) 3 1
c.13379A>G p.(GIn4460Arg) 3 1
c.13712C>T p.(Thrd571Met) 3 1
€.926T>C p.(Leu309Pro) 3 1
SCN10A* c.3674T>C p.(lle1225Thr) 3 1
€.3739A>G p.(Lys1247Glu) 3 2
SCN1B c.637C>A p.(Pro213Thr) 3 1
c.82C>T p.(Arg28Trp) 3 1
SCN2B €.295G>A p.(Val99Met) 4 1
SCN4B c.362T>C p.(Leul21Pro) 3 1
c.20delC p.(Pro7Leufs*90) 5 1
c.361C>T p.(Argl21Trp) 4 1
€.393-5C>A 3 1
c.841G>A p.(Val281Met) 3 1
c.1099C>T p.(Arg367Cys) 4 1
c.1127G>A p.(Arg376His) 5 1
c.1855C>T p.(Leu619Phe) 4 1
c.2199C>A p.(Phe733Leu) 3 1
€.2320delT p.(Tyr774Thrfs*28) 5 2
c.2466G>A p.(Trp822Ter) 5 1

N5A

SCN5, 3 1
3 3
3 1
4 1
4 1
4 1
4 2
4 1
3 2
3 1

€.3667-14G>A

c.3784G>A p.(Gly1262Ser)
c.3878T>C p.(Phe1293Ser)
c.3911C>T p.(Thr1304Met)
c.4132G>A p.(Val1378Met)
c.4258G>C p.(Gly1420Arg)
c.4296G>T p.(Argl1432Ser)
c.4297G>T p.(Gly1433Trp)
€.4299+6T>C

c.4720G>A p.(Glu1574Lys)
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. . Variant
Gene c.notation p.(notation) Class
.4813+3_4813+6dupGGGT 5 15
c.4913G>A p.(Arg1638GIn) 3 1
c.4978A>G p.(lle1660Val) 5 1
€.5065G>C p.(Asp1689His) 3 1
€.5513T>C p.(Met1838Thr) 3 1
c.5540G>A p.(Arg1847His) 3 1
€.5561T>C p.(Leu1854Pro) 3 1
€.5968G>C p.(Val1990Leu) 3 1
c.1637G>T p.(Arg546Leu) 3 1
SLMAP c.1889A>G p.(GIn630Arg) 3 1
€.2300A>G p.(GIn767Arg) 3 1
€.333G>A p= 3 1
TMEMA3 c.844A>G p.(Thr282Ala) 3 1
c.95G>A p.(Gly32Glu) 3 1
c.1294G>A p.(Ala432Thr) 3 2
TRPM4 c.1744G>A p.(Gly582Ser) 3 2
c.2117G>A p.(Arg706His) 3 1

* Variants is these genes were not included in the analysis because not all patients (only n=78) were

tested for them
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Chapter 3:

Generation of two induced pluripotent stem
cell (iPSC) lines (BBANTWIi006-A,
BBANTWIi007-A) from Brugada syndrome
patients carrying an SCN54 mutation
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Abstract

Brugada syndrome (BrS) is an inherited primary electrical disorder of the heart. 25% of
BrS patients carry a mutation in the SCN5A gene, encoding the cardiac specific voltage-
gated sodium channel Nav1l.5. Here we report two iPSC lines (BBANTWIi006-A,
BBANTWIi007-A) of a brother and a sister carrying an SCN5A mutation (c.4813 + 3_4813
+ 6dupGGGT) causing BrS. iPSCs were generated from dermal fibroblasts and
reprogrammed with the Cytotune®-iPS 2.0 Sendai Reprogramming Kit (Invitrogen). The
generated iPSCs showed a normal karyotype, expressed pluripotency markers, were
differentiated into cells of the three germ layers and carried the original genotype.
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Resource Table

Unique stem cell lines identifier

BBANTWIi006-A
BBANTWIi007-A

Alternative name(s) of stem cell
lines

BrS9 C7 (BBANTWIi006-A)
BrS10 C3 (BBANTWi007-A)

Institution University of Antwerp

Contact information of Maaike Alaerts —

distributor maaike.alaerts@uantwerpen.be
Type of cell lines iPSC

Origin Human

Additional origin info required

BBANTWIi006-A: 50 yrs, Male, Caucasian
BBANTWIi007-A: 46 yrs, Female, Caucasian

Cell Source

Dermal Fibroblasts

Clonality

Clonal

Associated disease

Brugada Syndrome

Gene/locus

SCN5A c.4813+3_4813+6dupGGGT

Date archived/stock date

23/10/2018 (BBANTWi006-A)
26/12/2018 (BBANTWi007-A)

Cell line repository/bank

Hpscreg
https://hpscreg.eu/cell-line/BBANTWi006-A
https://hpscreg.eu/cell-line/BBANTWIi007-A

Ethical approval

This study was approved by the Ethics
committee of Antwerp University Hospital
(18/05/059).

Resource utility

Because the invasiveness of a heart biopsy often prohibits the use of native
cardiomyocytes to investigate the pathomechanism of cardiac arrhythmias including
Brugada syndrome, iPSC-derived cardiomyocytes provide an alternative to study the
underlying disease mechanisms, including the variable expressivity and reduced

penetrance observed in family members carrying the same mutation.

Resource Details

Brugada syndrome (BrS) is an inherited primary electrical disorder of the heart with a
prevalence of approximately 1/2000 and accounts for about 4 % of all sudden cardiac
deaths (SCD) (1). Following symptoms can be observed: heart palpitations, syncopes and
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SCD. Mutation carriers show a variability in symptoms, even within one family. Up to
25% of the BrS patients carry a mutation in the SCN5A gene, encoding Nav1.5, the alpha
subunit of the cardiac specific voltage gated sodium channel, which plays an important
role in the generation of the action potential upstroke. Here, we present two iPSC lines
generated from fibroblasts from BrS patients carrying an SCN5A mutation (c.4813 +
34813 + 6dupGGGT). This mutation has been reported twice but was not yet studied in
cardiomyocytes (2,3). The clinical spectrum of mutation carriers ranges from
asymptomatic over abrupt syncopes to a significant number of SCD (4). To study the
mechanism of this phenotypical variability, two iPSC lines from SCN5A founder mutation
carrier siblings are generated (Table 1), one from a symptomatic patient (BBANTWi006-
A) and one from an asymptomatic (BBANTWi007-A) mutation carrier and will be
differentiated into iPSC-derived cardiomyocytes.

In this study, fibroblasts, collected through a skin biopsy from two BrS patients were
transduced with Sendai virus to deliver Oct3/4, Sox2, KIf4 and hc-MYC to the cells. iPSC
colonies appeared approximately 20 days after transduction and were manually picked
five times before expanding them. iPSCs expressed pluripotency markers Oct3/4, Nanog,
Tra-1-60, Tra-1-81 confirmed with immunocytochemistry staining (Fig. 1A and B) and
NANOG, POU5F1, DNTM3B and SOX2 detected with RT-gPCR (Fig. 1C). Mutation analysis
was performed with Sanger sequencing and confirmed the presence of the SCN5A
mutation in the patient cell lines (Fig. 1D). Spontaneous differentiation to mesodermal,
ectodermal and endodermal layers was proven with the formation of embryoid bodies
followed by RT-gPCR (Fig. 1G). SNP array analysis indicated that the genotypes of donor
cells (fibroblasts or blood cells) and iPSCs were consistent with each other (Fig. 1H). CNV
analysis revealed no clinically relevant duplications or deletions (Fig. 1E and F,
duplications in green, deletions in purple). A more detailed overview of the deletions
and duplications, including genes located within the CNVs can be found in
Supplementary Table 1 and 2. Absence of the Sendai vector was tested with a RT-PCR
and Mycoplasma contamination was also excluded.
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Table 1: Characterization and validation

Classification Test Result Data
. ) Available
Morphology Photography Bright field Normal with
author
L . Positive for: Oct3/4, Figure 1
Qualitative analysis:
Immunocytochemistr Nanog, Tra1-60, panel A
y y Tral-81 and B
Phenotype
Quantitative analysis: Expression of Fioure 1
RT-qgPCR POUSF1, NANOG, fnel c
SOX2 and DNMT3B P
Resolution 72kb, no Figure 1
Genotype HumanCytoSNP-12 array major copy number Panel E
variations andF
. >99,9% of identical Figure 1
Identity HumanCytoSNP-12 array SNPs Panel H
STR analysis N/A N/A
Heterozygous SCN5A
Mutation analysis Sequencin c.4813+3_4813+6du  Figure 1
(IF APPLICABLE) g 8 pGGGT panel D
Southern Blot OR WGS N/A N/A
Microbiology and Mycoplasma testing Avalilable
virolo Mycoplasma by PCR: Negative with
gy ¥ - Neg author
e.g. Embryoid body Expression of
Differentiation formation markers from each Figure 1
potential with RT-gPCR germ layer panel G
Ectoderm: PAX6 &
Expression of these MAP2
List of markers has to be Mesoderm: NKX2.5
recommended demonstrated at mRNA (RT & ACTA2 (A-SMA) Figure 1
germ layer PCR) or protein (IF) levels, = Endoderm: SOX17 & panel G
markers at least 2 markers need to CXCR4

be shown per germ layer

Reference genes:
GAPDH & ACTB
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Pluripotency markers
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Characterization of 2 iPSC lines BBANTWIi006-A, BBANTWi007-A

H FB vsiPSC Blood vs iPSC
BBANTWIiO06-A BBANTWIi007-A
Total counts 288009 286741
l:o.rrel:.t couﬁts 287.'98.0 286?’35
errors 29 6
% matched counts 99,995 99,99791
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Materials and Methods

Fibroblast culture and iPSC culture

A punch biopsy from the inner side of the upper arm was taken from the patient. The
biopsy was cut in smaller pieces and incubated with collagenase and trypsine for 1 h in
37 °C. Afterwards fibroblasts were cultured in RPMI medium (Life Technologies)
supplemented with 15% FBS (Life Technologies), 1% sodium pyruvate (Life
Technologies), 100 U/mL Pen/Strep (Life Technologies) and 0,1% primocin (InvivoGen
Europe). Fibroblasts were plated in one well of a 6-well plate and after two days, the
cells were transduced with the CytoTune™-iPS 2.0 Sendai Reprogramming Kit (Life
Technologies) following the manufacturer’s protocol. After seven days, cells were plated
on Matrigel (Corning). One day later, the medium switched from RPMI to E8 flex medium
(Life Technologies). Colonies were manually picked and seeded on Matrigel coated 24-
well plates and incubated at 37 °C/5%C02/5%02. After five rounds of picking, cells were
chemically passaged as small clumps with Versene (EDTA 0,02%) (Lonza) every 4-5 days
and expanded in a 1:5 ratio. Cells were supplemented with 1x Revitacell (Life
Technologies) for 24 h after a picking/passage.

Embryoid body formation

iPSCs (p16-BBANTWIi006-A, p16-BBANTWIi007-A) were collected using Versene (EDTA
0,02%) (Lonza) for 5 min at room temperature (RT) followed by washing of the cells.
500.000 cells/well were seeded onto a 24-well low-attachment plate with E6 medium
(Life Technologies) and incubated at 37 °C/5%C02/5%02 and half a medium change was
performed every other day. After 14 days EBs were collected for RNA extraction.

RNA extraction and RT-qPCR

Total RNA was extracted from cell cultures (passage 10-15) using the Quick-RNA
Miniprep Kit (Zymo-Research). cDNA was synthesized using SuperScript™ Il First-Strand
Synthesis System (Life Technologies). RT-gPCR was performed using Roche
LightCycler480/BioRad CFX meastro with TagMan® probes ((Life Technologies) (Table 2)
and TagMan® gene expression mastermix (Life Technologies) following manufacturer’s
protocol.

Sendai virus detection

SeV genome and transgenes detection in iPSCs (p16-BBANTWi006-A, p16-BBANTWIi007-
A) was performed with RT-PCR (94 °C5 min, 34x (94 °C 155,60 °C30s,72°C45s),72°C
10 min, 10 °C 1 min) using primers (IDT) (Table 2) provided in the manufacturer’s
protocol.
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Immunocytochemistry

iPSCs (p22-BBANTWIi006-A, p11-BBANTWIi007-A) were fixed with ice cold methanol for
20 min at -20 °C and permeabilized with 0.1% triton X-100 (Sigma-Aldrich) at RT for 15
min. 5% goat serum (Jackson ImmunoResearch) was used as blocking buffer for 30 min
at RT. Subsequently, iPSCs were incubated overnight with primary antibodies at 4 °C.
After three washing steps, cells were incubated with secondary antibodies for 1 h at RT.
DAPI (Life Technologies) was used to stain the nuclei of the iPSCs.

Mycoplasma detection

Contamination of mycoplasma was analyzed with the LookOut Mycoplasma PCR
Detection Kit (Sigma-Aldrich) following manufacturer’s protocol.

SNP array (CNV analysis — cell identity)

DNA sample was collected from fibroblasts or blood cells and iPSC clones (p16-
BBANTWIi006-A, p10-BBANTWIi007-A). DNA was extracted using an automatic DNA
extraction system Maxwell® RSC with Maxwell® RSC Cultured Cells DNA Kit (Promega),
following manufacturer’s protocol and DNA samples were stored at + 4 °C after
extraction. HumanCytoSNP-12 array (lllumina) was run according to the manufacturer’s
protocol for the automated Infinium HD Assay Ultra on an iScan instrument. Results were
visualized using Genome Studio software (lllumina) and identity between the iPSC clones
and original cell line confirmed. Results were further analysed with CNV-WebStore, an
in-house developed online available CNV Analysis tool (http://cnv-webstore.ua.ac.be).

Mutation analysis

SCN5A exon 27 was amplified in genomic DNA obtained from iPSCs and fibroblasts, by
PCR (Touch down PCR: 94 °C 5 min, 20x (94 °C 45 s, 65 °C (A-0.5) 45 s, 72 °C 45 s), 15x
(94 °C 455,56 °C45 s, 72 °C 45 s), 72 °C 1 min) in a Veriti Fast Thermal Cycler (Applied
Biosystems). The mutation was verified with Sanger sequencing. Primers are listed in
Table 2.

Table 2: Reagents details

Antibodies used for immunocytochemistry/flow-cytometry

Antibody Dilution Company Cat # RRID
Mouse anti-  1:200 Cell Signaling Technology AB_2119059
Pluripotency TRA-1-60 . Cat# 1.1746.
Markers Mouse anti-  1:200 Cell Signaling Technology AB_2119060
TRA-1-81 Cat# 4745
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Antibodies used for immunocytochemistry/flow-cytometry

Antibody Dilution Company Cat # RRID
Rabbit anti- 1:500 Thermo Fisher Scientific ~ AB_2539867
NANOG Cat# PA1-097
Rabbit anti- 1:100 Santa Cruz AB 2167703
Oct3/4 Biotechnology Cat# sc-
9081
Goat anti- 1:500 Thermo Fisher Scientific =~ AB_2535847
Mouse IgM Cat# A-21426
Secondary (AF555)
antibodies Goat anti- 1:500 Thermo Fisher Scientific =~ AB 2576217
Rabbit I1gG Cat# A-11034
(AF 488)
Primers
Target Size of Forward/Reverse primer (5’-3’)
band
Sev 181bp GGATCACTAGGTGATATCGAGC
ACCAGACAAGAGTTTAAGAGATATGTATC
KOS 528bp ATGCACCGCTACGACGTGAGCGC
Sendai virus ACCTTGACAATCCTGATGTGG
Plasmids (PCR) KIf4 410bp  TTCCTGCATGCCAGAGGAGCCC
AATGTATCGAAGGTGCTCAA
c-MYC 532bp TAACTGACTAGCAGGCTTGTCG
TCCACATACAGTCCTGGATGATGATG
H°“Sg:;z‘:p'"g GAPDH 93bp  Hs02758991_gl
(RT-qPCR) ACTB 63bp Hs01060665_g1l
Pluripotency POUSF1 77bp  Hs04260367_gH
Markers NANOG 99bp  Hs04260366_gl
(RT-qPCR) SOX2 91bp Hs01053049_s1
DNMT3B 55bp Hs00171876_m1
SOX17 149bp  Hs00751752 sl
. I CXCR4 153bp  Hs00607978 sl
D'ff:q':'xf:'°" PAX6 76bp  Hs00240871 m1
(RT-qPCR) MAP2 98bp Hs00258900_m1
NKX2.5 64bp Hs00231763_m1
ACTA2 105bp  Hs00426835 gl
. GGCTTTGGGCTCACTAGAGG
Genotyping SCNSA S25bP  CGGGTGAGAAATGCACTGAA

122



Chapter 3

Declaration of Competing Interest
The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper

References

1.

Antzelevitch, C., P. Brugada, M. Borggrefe, J. Brugada, R. Brugada, D. Corrado, I. Gussak,
H. LeMarec, K. Nademanee, A. R. Perez Riera, W. Shimizu, E. Schulze-Bahr, H. Tan, and
A. Wilde. 2005. 'Brugada syndrome: report of the second consensus conference:
endorsed by the Heart Rhythm Society and the European Heart Rhythm Association’,
Circulation, 111: 659-70.

Hong, K., A. Guerchicoff, G. D. Pollevick, A. Oliva, R. Dumaine, M. de Zutter, E.
Burashnikov, Y. S. Wu, J. Brugada, P. Brugada, and R. Brugada. 2005. 'Cryptic 5' splice site
activation in SCN5A associated with Brugada syndrome', J Mol Cell Cardiol, 38: 555-60.
Rossenbacker, T., E. Schollen, C. Kuiperi, T. J. de Ravel, K. Devriendt, G. Matthijs, D.
Collen, H. Heidbuchel, and P. Carmeliet. 2005. 'Unconventional intronic splice site
mutation in SCN5A associates with cardiac sodium channelopathy', ] Med Genet, 42:
e29.

Sieliwonczyk, E., M. Alaerts, T. Robyns, D. Schepers, C. Claes, A. Corveleyn, R. Willems, E.
M. Van Craenenbroeck, E. Simons, A. Nijak, B. Vandendriessche, G. Mortier, C. Vrints, P.
Koopman, H. Heidbuchel, L. Van Laer, J. Saenen, and B. Loeys. 2021. 'Clinical
characterization of the first Belgian SCN5A founder mutation cohort', Europace, 23: 918-
27.

123



Chapter 3

Appendix A. Supplementary data

Supplementary Table 1: Overview of the deletions and duplications in BBANTWi006-A

BBANTWi006-A

Chromosome Location Copy Size Genes in Region
Number
140,466,604- A
4 140,563,222 Duplication 96617 SETD7
75,348,505- A
7 75,374,880 Duplication 26374 HIP1
131,722,521- .
12 131,842,011 Deletion 119489 LINC02370
106,752,607- A
14 107,188,814 Duplication 436206 LINC00221
44,204,373- A KANSL1, KANSL1-
17 44,289,232 Duplication 84858 AS1
HKR1, WDR87,
ZNF529, ZNF571-
19 ?;%%%2737085_ Deletion 1788526 AS1, ZNF793-AS1,
T LOC644189,
SNORD152, ZFP82
3,843,668- .
20 3,897,014 Deletion 53345 MAVS
184,508- A
X 1473247 Duplication 1288738 CRLF2
1,520,995- A
X 2,704,609 Duplication 1183613 AKAP17A,P2RY8
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Supplementary Table 2: Overview of the deletions and duplications in BBANTWi007-A

BBANTWi007-A

Chromosome Location Copy Size Genes in Region
Number
58,412,472- .
2 58 481,863 Duplication 69390 FANCL
2 242,517,966-ter Duplication 681406 LINCO1237
90,296,480- —
3 93,632,198 Duplication =~ 3335717 PROS1
151,190,804- .
4 151,346,422 Duplication 155617 LRBA
82,484,885- .
5 82 737 843 Duplication 252957 XRCC4
110,468,988- .
7 110,580,701 Deletion 111712 IMMP2L
120,666,122- —
7 120,819,121 Duplication 152998 CPED1
35,148,739- .
10 35 456,389 Duplication 307649 CREM
131,722,521- .
12 131,830,332 Deletion 107810 LINC02415
55,236,342- .
13 55 428,049 Duplication 191706
IGHV10R15-1,
REREP3, CXADRP2,
LINC02203,
LOC646214,
21,907,922- . MIR3118-2, MIR3118-
15 22,576,118 Deletion 668195 3, MIR3118-4,
MIR5701-1, MIR5701-
2, MIR5701-3, NF1P2,
POTEB, POTEB?2,
POTEB3
39,193,242- .
15 39.319,573 Duplication 126330
23,794,032- —
19 23,837,145 Duplication 43112 ZNF675
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Chapter 4:

Characterization of a Belgian SCN54
founder mutation in induced pluripotent
stem cell derived cardiomyocyte models
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Abstract

Brugada syndrome (BrS) is a rare inherited cardiac arrhythmia disorder with symptoms
varying from asymptomatic to life-threatening ventricular fibrillation. SCN5A is a key
gene linked to BrS, encoding the cardiac Nav1.5 sodium channel. Prior research primarily
relied on heterologous expression systems, but induced pluripotent stem cells (iPSCs)
now offer a more comprehensive model of BrS by including cardiomyocyte (CM)-specific
proteins and patient genetic background. Here, we focus on a specific SCN5A founder
mutation (c.4813+3_4813+6dupGGGT) identified in over 25 Belgian families, leading to
varying clinical manifestations and penetrance. Functional analysis of this mutation
revealed the presence of three distinct mutant transcripts in heterologous expression
systems.

In this study, iPSC-CMs of five BrS patients with different disease severity, two unrelated
healthy control individuals and one isogenic control were created using a chemically
defined monolayer-based differentiation protocol. At least two separate differentiations
were performed of two different iPSC-clones per individual. Generated iPSC-CMs were
characterized for expression of cardiomyocyte markers on RNA and protein levels with
RT-gPCR and immunocytochemistry. Several techniques such as RT-qPCR, Western blot
and patch clamp were deployed to investigate the effect of the SCN5A mutation on
different levels.

The created iPSC-CMs expressed both CM specific structural markers and ion channel
genes required for action potential (AP) generation. Expression studies revealed the
presence of two mutant transcripts in BrS patient iPSC-CMs besides the wild type (WT)
transcript but no significant difference in expression of the latter was observed between
patients and controls. Sodium current density or AP characteristics did not show
statistically significant differences between patient and control iPSC-CMs in general due
to the high variability in the data. Sodium current density was also not correlated with
clinical disease severity, while decreased AP amplitude and upstroke velocity and
increased APD90c was observed with increasing clinical severity. Comparing iPSC-CMs of
a severely affected patient and its isogenic control, the sodium current density and
APD90c were significantly decreased.

Overall, we were able to model a Belgian SCN5A founder mutation and highlighted the
added value of the use of iPSC-CMs as disease specific cell type. Due to the high
variability in our results, arising from both intra- and interclonal differences, detection
of statistically significant differences between patients and controls and between
symptomatic and asymptomatic carriers was hampered, but we show that the use of
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isogenic controls is a promising strategy to study the effect of the mutation under
investigation.
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Introduction

Brugada syndrome (BrS) is a rare inherited primary cardiac arrhythmia disorder with a
prevalence of approximately 1/2000. It is diagnosed with a typical ST-segment elevation
in more than one right precordial lead (V1-V3) on an electrocardiogram (ECG) either
occurring spontaneously or after administration of a sodium channel blocker like
ajmaline or flecainide (1). BrS patients show symptoms ranging from asymptomatic over
heart palpitations, syncopes and ventricular fibrillations which could lead eventually to
sudden cardiac death (SCD), indicating reduced penetrance and variable expression of
the disorder.

SCN5A, encoding the cardiac specific voltage gated sodium channel Na,1.5 is the only
gene classified as a ‘definitive evidence’ gene for BrS (2). Loss-of-function variants in
SCN5A are found in approximately 20-25% of the BrS patients. Another 5% of BrS cases
is explained by pathogenic variants in other genes encoding cardiac ion channels and/or
accessory proteins. Nav1.5 is responsible for the inward sodium current which underlies
the fast depolarization phase of the action potential (AP) generated in cardiomyocytes
(CMs). Variants in SCN5A have extensively been studied in heterologous expression
systems such as HEK293 or CHO cells (3-6). Although these models have proven to be
effective, they have some drawbacks as only the ion channel(s) under study are
expressed, missing all other CM-specific AP related proteins. This disadvantage has been
overcome by the more recent discovery of induced pluripotent stem cells (iPSCs) and
further differentiation into iPSC-derived cardiomyocytes (iPSC-CMs) (7, 8). In addition,
these models have the advantage of presenting the full genetic background of the donor.
Several BrS iPSC-CM models of SCN5A pathogenic variants have been investigated
(reviewed in (9)). These all presented with a reduction in sodium current density and
some models also showed an effect on sodium channel kinetics, which was not always
visible in heterologous expression systems. This underlines the added value of iPSC-CM
as they express channel auxiliary subunits influencing the main channel. In most models
AP recordings revealed a reduction in upstroke velocity and in some a reduction in
amplitude, reflecting sodium current deficits (9).

This paper focuses on an SCN5A founder mutation (c.4813+3_4813+6dupGGGT in intron
27) identified in over 25 Belgian families with mutation carriers presenting large
phenotypical heterogeneity described in Sieliwonczyk et al (10). The mutation was
previously functionally modelled and reported to result in a loss-of-function of the
Nay1.5 channel (11, 12). Hong et al. studied a patient’s lymphoblastoid cell line and found
two transcript bands on PCR with sequencing revealing one wild type (WT) transcript
and one transcript with a deletion of 96 base pairs (bp) in exon 27 caused by activation
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of a cryptic splice site. This results in a deletion of 32 amino acids in the fourth domain
of Nay1.5 on protein level. Patch clamping of TSA cells expressing this mutant Na,1.5
revealed complete absence of sodium current (11). Rossenbacker et al. performed an
exon trapping experiment in COS-7 cells and found three different mutant transcripts,
one with the deletion of 96 bp, another one with the retention of intronic GTGG and a
third one where no splicing occurred. The latter results in an addition of 95 amino acids
not native to the normal sequence before a stop codon is recognised. The GTGG
retention leads to a frameshift incorporating 183 aberrant amino acids before
termination (12). Since the mutation occurs after the last exon-exon junction, no NMD
will occur (13) and the mutant transcripts can be translated.

Here we present the functional characterization of iPSC-CMs derived from three
symptomatic (with syncopes/SCD) and two asymptomatic patients (BrS type-1 ECG
pattern) carrying the SCN5A ¢.4813+3_4813+6dupGGGT mutation, one isogenic control
(CRISPR correction of mutation in iPSC of symptomatic patient) and two unrelated
healthy control individuals. Two iPSC clones of each individual were selected and several
differentiations per clone were performed followed by investigation of
electrophysiological characteristics (I and AP) and SCN5A RNA/Na,1.5 protein
expression.

Material and methods
iPSC generation and culture

In Chapter 3 of this thesis, we describe the inhouse generation and validation of iPSCs
starting from fibroblasts (14). In short, fibroblasts of two healthy control individuals (one
male and one female) and five BrS patients were obtained from a skin biopsy from the
inner side of the upper arm and were cultured in RPMI medium (Life Technologies)
supplemented with 15% FBS (Life Technologies), 1% sodium pyruvate (Life
Technologies), 100 U/mL Pen/Strep (Life Technologies) and 0,1% primocin (InvivoGen
Europe) in a humidified incubator at 37°C/5% CO, . Fibroblasts were plated in a 6-well
plate and two days later the cells were transduced with the CytoTune™-iPS 2.0 Sendai
Reprogramming Kit (Life Technologies) following the manufacturer’s protocol. Colonies
were manually picked and seeded on Matrigel (Corning) coated plates at
37°C/5%C0,/5%0,. After 5 picking rounds, wells were passaged using 0,5mM EDTA/PBS
(Life Technologies) and expanded. iPSCs were cultured in E8 flex (Life Technologies) or
Stemflex medium (Life Technologies) and grown on Matrigel (corning) or Geltrex (Life
Technologies). iPSCs were characterized as described in (14). In short, iPSCs were tested
for pluripotency, in vitro differentiation potential, morphology, identity and the
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presence of the mutation in case of the patients. iPSCs from patient BrS12 were
corrected using CRISPR/Cas9 (outsourced to Synthego) to create an isogenic control.

Differentiation to iPSC derived cardiomyocytes

iPSCs were plated in 6-well plates and at 80-90% confluency (3/4/5 days after plating),
cells were incubated with RPMI1640 medium (Life Technologies) supplemented with
6uM CHIR99021 (Axon Medchem), 1x B27 supplement without insulin (Life
Technologies) and 1x Revitacell (Life Technologies) at 37°C/5%C0,/5%0; for 2 days. After
48h medium was changed to RPMI 1640 supplemented with 2uM Wnt-59 (Selleck
Chemicals GmbH) and 1x B27 supplement without insulin. At day 4, medium was
replaced with RPMI1640 medium supplemented with 1x B27 supplement without insulin
and Pen/Strep (Life Technologies). Medium was changed every other day. From day 8
on, medium was supplemented with 20 ng/mL thyroid hormone (T3) (T3 medium, Sigma
Aldrich). From day 14 to day 20, cells were deprived from glucose to enrich the culture
for iPSC-CM using lactate medium (RPMI1640 minus glucose (Life Technologies)
supplemented with 500 pg/mL albumine (Sigma Aldrich), 213 pg/mL ascorbic acid (Sigma
Aldrich), 5 mM lactate (Sigma Aldrich), 20 ng/mL T3). Cells were cultured in T3 medium
till day 30-40 to perform functional characterization. Cells were dissociated using 1x
TrypLE Select for 5-15 min in 37°C. iPSC-CM were washed twice using T3 medium to
collect the cells.

Mutation analysis

Genomic DNA was obtained from iPSCs and fibroblasts and extracted using an automatic
DNA extraction system Maxwell® RSC with Maxwell® RSC Cultured Cells DNA Kit
(Promega), following supplier’s protocol. DNA was used for PCR amplification followed
by purification and sanger sequencing. Primers are listed in Supplementary Table 1.

Immunocytochemistry

iPSC-CM were fixed with 4% paraformaldehyde on day 33-38 for 15 min at room
temperature (RT). Cells were permeabilized with 0,1% triton x-100 (Sigma Aldrich) for 15
min, blocked with 5% goat serum (Jackson ImmunoResearch) for 1h at RT and incubated
overnight at 4°C with primary antibodies diluted in DAKO diluent (Agilent). The next day,
cells were washed three times with PBS (Life Technologies) and incubated with the
secondary antibodies (Supplementary Table 2). After two more washes with PBS, 1
pg/mL DAPI (Life Technologies) was added and incubated for 5 min. After two more
washes, cover slips were mounted with Fluoromount-G (Life Technologies). Pictures
were taken with an Olympus BX51 or with a Leica Dmi8 fluorescence microscope at 40x
and 100x.
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Electrophysiology

The electrophysiological experiments were executed between differentiation day 30-40.
Cells were superfused at 1 mL/min with extracellular solution (ECS): 150 mM NaCl, 5.4
mM KCl, 1.8 mM CacCl;, 1 mM MgCl;, 15 mM glucose, 15 mM HEPES, 1 mM Na-pyruvate
and adjusted at pH 7.4 with NaOH. Patch pipettes were pulled from 1.2 mm borosilicate
glass capillaries (World Precision Instruments, Inc.) with a resistance of approximately
2MQ using a P-2000 puller (Sutter Instrument Co.) and filled with an intracellular solution
which consists of 150 mM KCI, 10 mM HEPES, 5 mM MgCl,, 5 mM NacCl, 2 mM CaCl,, 5
mM EGTA adjusted to pH 7.2 with KOH. Data was collected using the Axopatch 200B
amplifier and a pClamp 10.7/Digidata 1440A acquisition system (Axon CNS Molecular
Devices). Sodium current was recorded after passing a 5- or 10-kHz low pass filter,
sampled at 10 or 20 kHz and digitized at room temperature (RT) in voltage clamp mode
on singularized iPSC-CM using a whole cell (ruptured) patch. The cell is approached with
a pipette and after contact and sealing of the cells, small pressure pulses rupture the
membrane that attach to the pipette. The activation protocol consists of 21 sweeps with
following voltage steps: holding potential of -90 mV, a prepulse of -130 mV for 80 ms, a
depolarizing step of 40 ms ranging from 80 mV to -130 mV with 10 mV steps and a final
step bringing the cell back to 0 mV. The inactivation protocol consists of 22 sweeps with
following steps: a 100 ms prepulse of -130 mV, a 500 ms step starting at -135 mv and
increasing per swipe with 5 mV to -30 mV and a final 50 ms step to 0 mV. The last
protocol, inactivation of recovery, has 10 sweeps with following setup: a starting 40 ms
pulse of -130 mV, a next 500 ms step depolarizes the cell to -10 mV, followed by a step
to -130 mV for 0.5 to 500 ms increasing per sweep and a final 10 ms of -10 mV. Action
potentials (AP) were recorded at RT on groups of cells or monolayers in current clamp
mode using a perforated patch. Hereto, 0.84 mM Amphotericin B (Sigma Aldrich) was
added to the intracellular solution.

Sodium current data was analysed using the pCLAMP10 software (Axon CNS Molecular
devices). AP waveforms were extracted from pCLAMP and analysed using an in-house
developed Matlab script. Following parameters were analysed: resting membrane
potential (RMP), AP duration at 50% and 90% of repolarization (APD50, APD90), beats
per minute (BPM), beat interval, AP amplitude and upstroke velocity. APD50 and APD90
were corrected for heart rate according the Fridericia formula: APDc = APD/

‘:’/beat interval/1000.

RNA collection and RT-qPCR

Total RNA was extracted from approximately 1.5x1076 iPSC-CMs at day 35 using the
Quick-RNA Miniprep Kit (Zymo-Research). From 1 ug RNA, cDNA was synthesized using
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SuperScript™ Il First-Strand Synthesis System (Life Technologies). RT-gPCR was
performed using Roche LightCycler480/BioRad CFX maestro using gPCR 2X MasterMix
Plus for SYBR® Assay No ROX (Tebubio) or TagMan® gene expression mastermix (Life
Technologies) following the manufacturer’s protocol with in-house developed primers
and probes (IDT) (Supplementary Table 1) or TagMan® probes (Life Technologies)
(Supplementary Table 3). Each reaction was performed in triplo and three reference
genes (ECHS1, RPL13A and GAPDH) were used for normalization. Fold changes of the
cardiac markers (ANK2, ANK3, CAV3, GJA1l, HCN4, KCND3, KCNH2, KCNJ2, KCNJS,
CACNAIC, RYR2, TNNI3, TNNT2, MLC2a, MLC2v, MYH6, MYH7 and SCN5A) are analyzed
using a modified delta-delta-Ct method (15) in the gBase+ software (Biogazelle) and
results are presented relative to the mean of all samples of control 1 (n=4) . Tissue
expression levels of the left ventricle of a human heart are shown as a reference for
normal tissue expression levels.

Expression levels of the different SCN5A transcripts were normalized using the same
three reference genes (ECHS1, RPL13A and GAPDH). Following formulas are used to get
the relative expression per transcript type: mutant deletion = 2*-(mean Ct geletion - Mean
Ct reference genes), mMutant insertion: 22-(mean Ct insertion - Mean Ct reference genes), Wild type: 2/-
(mean Ct wild type - MeaN Ct reference genes) - 2*-(Mean Ct insertion transcript - MeaN Ct reference genes)-
Because the probe detecting the wild-type transcript also detects the insertion
transcript, while for insertion and deletion transcript we were able to design specific
probes. Next, proportions were calculated to the total amount of SCN5A transcripts.

Western blot

Cytosolic and membrane proteins of approximately 5*1076 iPSC-CMs were collected
using the Mem-PER™ Plus Membrane Protein Extraction Kit (Life Technologies) following
manufacturer’s protocol. Protein concentrations were measured using the Pierce BCA
protein assay (Life Technologies). At least 3.5ug membrane fraction of the protein
extract was loaded and separated on a Tris-acetate 3-8% gel for 50 min at 200 V and
transferred to a nitrocellulose membrane with the Pierce™ G2 Fast Blotter System (Life
Technologies). Ponceau S (Bio-Connect) staining confirmed transfer of proteins. The
membrane was blocked with 5% milk powder (MP) for 2h at room temperature on a
shaker. Primary antibodies were diluted in 5% MP and incubated for 1 hour at RT
followed by an overnight incubation at 4 °C. After washing the membrane, secondary
antibodies diluted in 5% MP were incubated for 2 hours (Supplementary Table 2).
Visualisation was achieved with femto or ECL solution (Life Technologies), following
manufacturer’s protocol. The area under the peak of both Nav1.5 and N*/K* ATPase
(reference membrane protein) was determined using Imagel. The expression of Nav1.5

135



Chapter 4

is calculated relative to the expression of N*/K* ATPase. Results are displayed with the
number of iPSC-CM samples that were analysed (n=) which is different for each cell line.

Statistical analysis

Several statistical tests were used depending on the assay and the comparisons made.
In the text, the used statistical analysis method is mentioned with the abbreviations
indicated in this section.

For comparison of patients versus controls in the patch clamp analyses, a linear mixed
model (LMM_PC) was fitted with mutation status as fixed effect and sodium current
density or AP characteristic as dependent variable. The random intercept included
differentiation, nested within clone, nested within cell line. A log transformation was
performed on the sodium current density results because they were highly skewed. An
F-test with Kenward Roger correction was used to test for significance. For other patients
vs controls comparisons, a linear mixed model (LMM) also fitted mutation status as fixed
effect and qPCR panel data/SCN5A transcript expression/Nav1l.5 membrane expression
as dependent variable with a random intercept that included cell line followed by the F-
test with Kenward Roger correction. A similar approach was used to test differences
between symptomatic and asymptomatic patients (LMM_symp) where affected status
was the fixed effect.

To determine whether there are overall statistical differences between all the iPSC-CM
lines or between the patients themselves, a one-way ANOVA was used (ANOVA)
followed by a TukeyHSD or Dunnett post hoc test. A 2-way ANOVA model that fitted the
independent variables cell line, percentage of SCN5A transcript and the interaction
between them was also performed. An independent sample t-test (t-test) was used to
test the statistical differences between two groups, such as e.g. BrS12 vs BrS12 CRISPR.
To investigate the correlation between severity of the symptoms of patients (most
severely affected patient was ranked 1, least severely affected as 5) and a certain y-value
a Spearman's rank correlation test (Spearman) was used with correlation coefficient rho.
A Pearson correlation coefficient was calculated for WT SCN5A expression versus Nav1.5
protein expression and peak sodium current density.

For the interpretation of the variability of the results, the coefficient of variation (CV%)

standard deviation

was calculated using the following formula: CV% = p— X 100%.
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Results
Clinical and genetic profile of BrS patients and control individuals

Five BrS patients (BrS3, BrS8, BrS9, BrS10, BrS12) carrying the SCN5A founder mutation
(c.4813+3_4813+6dupGGGT) and two healthy unrelated control individuals were
recruited. BrS3, a male child, experienced sudden cardiac death at the age of 10. BrS8
(male, age 35) and BrS12 (male, age 36) both presenting with a positive ajmaline test are
cousins (Figure 1, A). BrS8 is an asymptomatic carrier of the mutation while BrS12
experienced a syncope at the age of 25 and received an ICD which gave one appropriate
shock. BrS9 (male, 54 years) and BrS10 (female, 50 years) are siblings (Figure 1, A). BrS9
showed a type | ECG after ajmaline provocation and presented with a syncope at the age
of 30 for which an ICD was implanted, while BrS10 showed a spontaneous type | ECG but
is asymptomatic. We can rank the BrS patients based on clinical severity starting with
the most severe phenotype: BrS3 (SCD at age 10) - BrS12 (syncope and appropriate ICD
shock) — BrS9 (syncope) - BrS10 (asymptomatic with spontaneous type | ECG) - BrS8
(asymptomatic with provoked type | ECG). Patients are shown in this order in all figures.
The healthy control individuals, Control 1 and Control 2, are a 50-year-old male and a
33-year-old female, respectively. They were screened and tested negative with gene
panels for cardiac arrhythmia, cardiomyopathy and thoracic aortic aneurysm. An
isogenic control was created by CRISPR/Cas9 correction of the founder mutation in iPSCs
of patient BrS12 (BrS12CRISPR).

Generation of iPSCs and iPSC-CMs

Fibroblasts from five BrS patients and two healthy control individuals were cultured from
skin biopsies and reprogrammed into iPSCs, of which two (BrS9 and BrS10) are describe
in Chapter 3 of this thesis (14). Three clones per cell line were fully validated with
immunocytochemistry staining, morphology and in vitro trilineage differentiation
potential as described before (14). Pluripotency was demonstrated through endogenous
expression of Tral-60, Tral-81, Oct3/4 and Nanog (Figure 1, B). The SCN5A founder
mutation was present (Figure 1, C) in all the generated patient iPSC clones and no
relevant genomic aberrations were detected (no CNVs affecting genes involved in
cardiovascular function or development, Supplementary Table 4).
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Figure 1: Characterization of iPSCs and iPSC-CMs of BrS patients and control individuals. A) Pedigree of two
BrS families carrying the SCN5A founder mutation. B) Immunocytochemistry (ICC) staining of iPSC colonies
of a BrS patient and a healthy control individual with pluripotency markers Nanog, Tra1-81, Oct4 and Tral-
60. DAPI was used to stain the nuclei. Scale bar equals 100 um C) Sanger sequencing result of DNA of a BrS
patient iPSC cell line showing the insertion of GTGG in intron 27 of SCN5A. D) ICC of iPSC-CMs of BrS patients
and controls with cardiac specific markers Troponin | (TNNI), sarcomeric alpha actinin (SAA), myosin light
chain 2 (MYL2) and connexin 43 (Cx43) at 100x. DAPI was used to stain the nuclei.

Two iPSC clones per individual were differentiated at least two times. Cardiomyocytes
started beating between day 8 and day 12 of differentiation and were purified with a
lactate treatment for 6 days, starting at day 14. CM-specific markers sarcomeric alpha-
actinin, Troponin |, connexin 43 and myosin light chain 2 were detected by
immunostaining in each iPSC-CM line in each differentiation and showed well-structured
sarcomeres (Figure 1, D). RNA expression profiles of a panel of CM markers were similar
across the different cell lines, only BrS12 showed a significantly higher expression for
10/19 markers (Figure 2, Supplementary Table 5). Excluding BrS12 from the analysis,
there were no significant differences in expression (ANOVA p>0.05). Between patient
and control iPSC-CMs, there was no significant difference in expression of any of these
CM markers (LMM p>0.05, Supplementary Table 5).
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Figure 2: RT-gPCR expression of 19 cardiomyocyte-specific markers in the iPSC-CMs. The graphs represent
the relative expression normalized to 3 reference genes (GAPDH, RPL13A and ECHS1) and relative to the
control line M45-50. As a reference, the expression in native left ventricular (LV) tissue we obtained from a
donor heart is also shown. Results of two clones and their two differentiations are combined as one group
(only for BrS12CRISPR n=2). In this qPCR assay, all transcripts of SCN5A are detected. LV: left ventricle,
*Significantly increased expression for BrS12 compared to at least one other cell line.

SCN5A/Na,1.5 expression

At mRNA level, no significant difference in general SCN5A expression was observed
between patients and control individuals (LMM p=0.13) (Figure 2). Since the mutation
leads to the generation of alternative transcripts when expressed in heterologous
expression systems, we investigated this in more detail in the iPSC-CMs. Using RT-qPCR
and cDNA sequencing, we confirmed the presence of two of the described alternative
transcripts in BrS patient iPSC-CMs: one with the 96 bp deletion in exon 27 (‘deletion
transcript’) and the one with the GTGG insertion between exon 27 and 28 (‘GTGG
transcript’, Figure 3, E). The presence of the latter indicates that NMD did not occur. This
GTGG transcript was not observed in the unrelated controls or the isogenic control while
the deletion transcript was detected, but only in negligible quantities (0.5-2.1%). In all
BrS patients, of the total amount of SCN5A expressed, 24% to 34% was wild type
transcript, 55% to 60% deletion transcript and 9 to 18% GTGG transcript (Figure 3, D).
This proportion was not significantly different between the patients with different
disease severity (2-way ANOVA p=0.34).
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Figure 3: SCN5A and Navl.5 expression in iPSC-CMs of BrS patients and controls. A-C) SCN5A transcript
expression relative to the reference genes with WT (A), deletion (B) and GTGG (C) transcript. A correlation
between severity and transcript expression was observed for the WT (rho= 0.45) and deletion (rho= 0.47)
transcripts. D) Proportions of different SCN5A transcripts. There is no difference in expression of the
transcripts over de different patients (p=0.34). E) Overview of the different transcripts of SCN5A observed in
BrS patients. F-G) Western blot results of Navl.5 membrane expression with Na*/K* ATPase as reference
membrane protein and relative to Control 1. No significant difference is observed in expression of Nav1.5
between patients and controls (p=0.18).

The expression of SCN5A WT transcript is not significantly different between patients
and control individuals (LMM p=0.37) and no significant differences in expression are
observed between the patients for the WT (ANOVA p=0.11), deletion (ANOVA p=0.21)
and GTGG transcript (ANOVA p=0.16) (Figure 3, A, B and C). The SCN5A WT expression
does not seem to differ between BrS12 and its isogenic control BrS12 CRISPR, but the
low number of observations does not allow to perform statistical analysis for this
comparison. When we rank the patients according to severity, there is a moderate trend
of higher expression of WT SCN5A transcript towards the less severe patients (Spearman
rho= 0.45, p=0.045, Figure 3, A). We see a similar moderate correlation for the deletion
transcript (Spearman rho= 0.47, p= 0.036, Figure 3, B) but not for the GTGG transcript
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(Spearman rho=0.29, p=0.21, Figure 3, C). If we compare symptomatic (BrS3, BrS12 and
BrS9) with asymptomatic patients (BrS10 and BrS12), we do not observe a significant
difference in expression of any of the transcripts (WT: p=0.39, deletion: p= 0.36, GTGG:
p=0.53, LMM_symp).

The three different SCN5A transcripts detected with gPCR could in theory translate into
three different proteins. Western blot (WB) analysis of Nay1l.5 membrane expression
showed one band with molecular weight between 205 and 270 kDa (Figure 3, F). The
WT Nav1l.5 protein has a molecular weight of 227 kDa which on WB cannot be separated
from the 96bp deletion mutant channel with a theoretical weight of 223 kDa. The GTGG
retention mutant channel has a theoretical weight of 196 kDa and is thus expected to
show a separate band on WB, but this was not detected. Levels of Nay1.5 membrane
expression showed a pattern similar to the SCN5A WT transcript expression levels with
no significant difference between the patients and control individuals (LMM p=0.18)
(Figure 3, F and G). Expression of Nay1.5 was similar in BrS12 and its isogenic control.
Ranking the patients according to severity did not show a significant trend to higher
membrane expression of Nay1.5 in less severely affected patients (Spearman rho=0.29,
p= 0.24) and no difference was observed comparing symptomatic and asymptomatic
patients (LMM_symp p= 0.57) (Figure 3, G).

There is no significant correlation between the expression of Nayl.5 in the membrane
and mRNA expression of total SCN5A (Pearson r=0.16, p=0.51) or SCN5A WT transcript
only (Pearson r=0.38, p=0.1) (Figure 5, A and B).

Sodium current

The effect of the mutation on the sodium current was measured in singularized iPSC-
CMs using the patch clamp technique. When combining for each individual the data from
all cells from both clones and their different differentiations, no significant decrease in
sodium current density of the iPSC-CMs of the five patients compared to the three
control individuals was revealed (LMM_PC p=0.59, Figure 4, A). Decreased sodium
current is observed in the patient iPSC-CMs compared to control 1 and to BrS12CRISPR
(1/V plot Figure 4, A and mean peak sodium current density Table 3), but this is not
statistically significant (LMM_PC p=0.64 and 0.88 respectively) due to the high (within
patient or control) variability in the data (Figure 4 F and G, Supplementary Figure 1,
Supplementary Figure 2). Control 2 has a peak sodium current density comparable to
BrS3 and BrS10 so not different from the patients (LMM_PC p=0.69). Comparing the
sodium current density of the isogenic control BRS12CRISPR to the original patient BrS12
iPSC-CMs, we observed a significant increase in peak sodium current density from -152
pA/pF in BrS12 to -406 pA/pF in the isogenic control (t-test p<0.01).
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Figure 4: Sodium current density in BrS patient and control iPSC-CMs. A) Current-voltage (I-V) relationship of
all patients and controls, with a representative trace of sodium current and the activation pulse protocol for
voltage dependent sodium current density measurement. B) Sodium current density of the healthy controls
and an isogenic control. C) Significant difference in peak sodium current (p<0.01) between BrS8 and BrS12 in
Family 1. D) Significant difference between BrS9 and BrS10 in peak sodium current density (p<0.001) in Family
2. E) Significant increase in peak sodium current density comparing isogenic control BrS12CRISPR with BrS12
(p<0.01). F-G) Individual peak sodium current density results per clone and differentiation of Control 1 (G)
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and BrS12 (isogenic control included) (F). The number of recorded cells per cell line is displayed as (n=). Results
are depicted as mean * standard error of mean (SEM), “**’ p<0.01, “***’ p<0.001.

Ranking the patients according to severity there is no correlation with the peak sodium
current density (Spearman rho= -0.11, p= 0.057, Table 1) and there is no difference
between symptomatic and asymptomatic patients (LMM_symp p= 0.72).

If we look within the families, we observe a significantly larger peak sodium current
density in the asymptomatic BrS8 patient compared to the severely affected BrS12
patient (t-test p<0.01, Figure 4, C). In the second family however, asymptomatic BrS10,
who has a spontaneous type | ECG, displays a significantly smaller peak current density
compared to BrS9 who is symptomatic (t-test p<0.001, Figure 4, D).

Table 1: Peak sodium current density at -20mV per individual

BrS12 Control Control
BrS3  BrS12  BrS9 BrS10 BrS8

CRISPR 1 2
Mean 041 1518 -3481 -230,3 -3125 -406,1 -584,9 -222.8
(pA/pF)
SD 191,1 2195 260,8 177,5 2876 5351  550,8  273,0
V% 85 145 75 77 92 132 94 123
n 67 27 47 40 109 36 68 63

SD: standard deviation, CV: Coefficient of variation, n: number of recorded cells
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Figure 5: Scatter plots for SCN5A mRNA expression versus protein expression and sodium current density. A)
Correlation of total SCN5A mRNA expression and Nay1.5 protein expression (Pearson p=0.51). B) Correlation
of WT SCN5A mRNA and Nay1.5 protein expression (Pearson p=0.1). C) Correlation of SCN5A WT transcript
expression and peak sodium current density (Pearson p=0.035).
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No differences were observed regarding the voltage dependence of inactivation and
recovery of inactivation of sodium current and both activation and inactivation kinetics
were similar between controls and patients and within these groups (Supplementary
Figure 3).

When we plot the expression of the WT SCN5A transcript versus the peak sodium current
density, a moderate correlation is observed. Higher expression of the WT SCN5A
transcript, results in larger peak current density (Pearson r=-0.41, p= 0.035, Figure 5, C).

Action potentials

Action potentials were also recorded from in most cases two differentiations of two
clones per individual to investigate the effect of the mutation on AP characteristics such
as AP duration at 50% or 90% of repolarization (APD50, APD90), AP amplitude and
upstroke velocity (Table 2). Recordings were only included in the analysis when the
resting membrane potential (RMP) was below -60 mV (Figure 6, A). During the analysis,
avariable beat rate was noted (Figure 6, B), therefore, APD50 and APD90 were corrected
using the Fridericia formula (APD50c and APD90c) (Figure 6, D and E). When comparing
patient with control iPSC-CMs, no significant differences were observed for any of the
AP characteristics (LMM_PC, Table 3). Again, a high variability in the data was observed.

BrS12 iPSC-CMs had a significantly lower beat rate compared to the isogenic control (22
beats per minute (bpm) vs 46 bpm, t-test p= 0.0009), a higher AP amplitude (112 mV vs
105mV, t-test p=0.004) and a shorter APD90c (307 ms vs 498 ms, t-test p=0.006, Figure
6, B, C, E).

Regarding the clinical severity of patients, a moderate correlation was found in AP
amplitude, upstroke velocity and APD90c (Spearman rho=0.31, p= 6.6x10%; rho= 0.41,
p= 3.3x10°%; rho= -0.40, p= 2.1x10°, Table 3) with a higher amplitude, faster upstroke
velocity and shorter APD90c in less severely affected patients. Asymptomatic patients
showed a significantly faster upstroke velocity compared to the symptomatic ones
(LMM_symp p=0.026, Figure 6, F)
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Figure 6: Action potential (AP) characteristics of BrS patient and control iPSC-CMs. A) Resting membrane
potential filtered for RMP < -60 mV. B) Beat rate C) Amplitude of the AP, D-E) APD50 (D) and APD90 (E)
corrected for beat rate with the Fridericia formula. F) Upstroke velocity of AP.

Table 2: AP characteristics of patient and control iPSC-CMs

Brs3 Brs12 Brs9 Brs10 Brsg o o2 Control Control

CRISPR 1 2
RMP Mean -69 -68 -63 -70 -70 -65 -68 -67
(mV) SD 5 4 3 5 5 2 4 5
CV% 8 7 5 8 7 4 6 7
Beat Rate Mean 35 22 15 29 26 46 27 14
(BPM) SD 14 12 6 11 11 17 10 6
Ve 42 56 43 40 40 36 36 41
Amplitude Mean 103 112 74 113 117 105 109 111
(mV) SD 11 9 12 16 19 4 9 17
CV% 10 8 15 14 16 4 9 16
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BrS12 Control Control
BrS3 BrS12 BrS9 BrS10 BrS8

CRISPR 1 2

APD50c Mean 225 308 130 217 280 357 205 257
(ms) SD 83 79 15 48 56 107 50 121
CV% 37 26 11 22 20 20 24 47
Mean 615 418 429 403 395 566 323 552

APD90c
(ms) SD 140 69 90 85 75 131 63 105
CV% 23 17 21 21 19 23 20 19
upstroke Mean 12 14 4 33 35 17 27 53
velocity SD 10 11 1 34 26 12 15 57
(mV/ms) CV% 86 76 34 104 76 71 53 108
n 16 25 6 37 35 11 27 26

SD: standard deviation, CV: Coefficient of variation, n: number of recorded cells, AP: Amplitude, RMP:
Resting membrane potential, APD50c/APD90c: corrected action potential duration at 50/90% of
repolarization.

Table 3: Statistical analysis of AP characteristics

p-value Clinical p-value

AP Patient vs severity p-value symptomatic vs
characteristic control? Spearman Spearman® asymptomatic®

(LMM_PC) Rho® (LMM_symp)
RMP 0.22 -0.15 0.09 0.16
Beat Rate 0.59 0.01 0.88 0.67
Amplitude 0.51 0.31 6.6x10™ 0.29
APD50c 0.17 0.12 0.23 0.35
APD90c 0.44 -0.40 2.1x10° 0.73
Upstroke 0.49 0.41 3.3x10° 0.026
velocity

aLinear mixed model was used for the comparison of patients vs controls

b Spearmans rank correlation test investigated the correlation between patient severity and AP
characteristics. Rho value indicates the correlation coefficient.

¢ p-value of the Spearmans rank correlation test

d linear mixed model to test the differences between symptomatic and asymptomatic patients.

AP: action potential, RMP: Resting membrane potential, APD50c/APD90c: corrected action potential
duration at 50/90% of repolarization.

Variability

In our different analyses performed on the iPSC-CMs, we observe a large variability in
the data, evidenced by large standard deviations (SD) and coefficients of variance (CV%),
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hampering the detection of statistically significant differences between patient and
control phenotypes. The use of two iPSC clones per individual combined with at least
two separate differentiations of these clones is certainly partly responsible for this.

Regarding variability in SCN5A mRNA or Nav1.5 protein expression —where just one RNA
or protein sample was taken and investigated per differentiation per clone (Figure 2,
Figure 3) — the CV% per individual range from 27% to 97% (mean 57%; Supplementary
Table 9) and from 33% to 141% (mean 79.5%; Supplementary Table 8) respectively. For
the other CM markers in the gPCR panel, CV% vary across different genes with values
ranging from 16% to 97% per individual (Supplementary Table 9). Investigating variability
of peak sodium current and AP characteristics — where several measurements per
differentiation per clone were taken (Figure 4, Figure 6) — a mean CV% of 100% (range
75-145%) is obtained for peak sodium current (Table 1) and mean CV% of 10.5% (range
4-16%), 20% (range 17-23%), 24% (range 11-47%), 41% (range 36-56%) and 72% (range
34-108%) are obtained for respectively AP amplitude, APD90c, APD50c, beat rate and
upstroke velocity (Table 2).

Since the sodium current is dependent on one channel and as such influenced by less
variables than APs, we focused on it to further investigate iPSC-CM inter- and intraclonal
variability. We observed significant differences in sodium current density between
differentiations of one clone (intraclonal) and between two clones of one individual
(interclonal), however not for every cell line (Figure 4, F and G, Supplementary Figure 1).
Significant interclonal differences were observed in BrS8 (C2 > C3, Clone 2 showed higher
peak sodium current than C3; t-test p=6x107), BrS10 (C10 > C3; t-test p=3x10%), BrS12
CRISPR (C1 > C3; t-test p=0.04), Control 1 (C3 > C15; t-test p=2x10~) and Control 2 (C3 >
C2; t-test p=0.03) (Supplementary Table 6). Significant intraclonal differences were
observed for BrS8 C2 (ANOVA p=0.03), BrS8 C3 (ANOVA p= 0.08), BrS12 C4 (t-test
p=0.02), Control 1 C3 (ANOVA p=0.0001) and Control 1 C15 (ANOVA p=0.009)
(Supplementary Table 7).

The linear mixed model used for statistical analysis of the patch clamp results, indicated
that 18.3% of the observed variability in sodium current density is explained by the
differentiation rounds, 16.1% is due to the use of different clones while only 3% is
explained by the individual. This leaves 62.4% of the variation that is not captured by
person, clone or differentiation and represents spread of the data measured per cell.
The mean CV% for peak sodium current density when data are separated per
differentiation is 75.5% (range 31-168%), investigated per clone this increases to 90%
(range 51-145%) and per individual to 100% (range 75-145%).
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Discussion

In this study, we investigated the effect of the SCN5A (c.4813+3_4813+6dupGGGT)
Belgian founder mutation using patient and control iPSC-derived cardiomyocytes.
Brugada syndrome is known for reduced penetrance and variable expressivity and this
founder mutation is a clear example. Sieliwonczyk et al. describe its clinical spectrum in
25 Belgian families and found that 52% of the mutation carriers present with BrS, 65%
with cardiac conduction defects, 11% with atrial dysrhythmia and 17% with no
symptoms at all (10). We aimed to model this mutation in a disease-relevant iPSC-CM
cell type, also to investigate if the phenotypic differences observed in the patients could
be recapitulated at cellular level. We therefore selected five mutation carriers with
different clinical symptoms, ranked them based on clinical phenotype severity and
investigated correlation with cellular characteristics.

Previous research conducted in heterologous expression systems has demonstrated that
this GGGT duplication in intron 27 results in the absence of sodium current and it can
give rise to three mutant transcripts, with only one of these (with 96 bp of exon 27
deleted) observed in patient lymphocytes (11, 12). In the iPSC-CMs of our BrS patients,
we detected the wild-type transcript and two mutant transcripts, the 96 bp deletion
transcript and the one with intronic GTGG retention leading to a frameshift, representing
on average 30%, 59% and 11% of transcripts respectively. With SCN5A (almost) not
expressed in fibroblasts or PBMCs, this already shows the added value of studying the
patient-specific physiologically relevant cell type of iPSC-CMs. In the control iPSC-CMs
we did detect a tiny amount of the 96 bp deletion transcript as well (0.5-2.1%), showing
that even in the WT transcript the cryptic splice site in exon 27 is used during splicing,
but at extremely low level.

Though more than half of the total amount of SCN5A mRNA in patient iPSC-CMs is
mutant transcript, we did not observe the expected reduction of WT transcript in patient
compared to control iPSC-CMs in an allele-specific gPCR, not even between patient
BrS12 and its isogenic control. In fact, SCN5A expression in Control 2 and BrS12CRISPR
was lower than in any other individual. Within the BrS patient iPSC-CMs the amount of
WT transcript was correlated with their clinical severity ranking, suggesting that higher
WT transcript levels could explain reduced penetrance of clinical symptoms, but the low
expression in control individuals questions the validity of relating RNA expression level
with phenotype in this iPSC-CM model. The ratio between the three different transcripts
did not differ over the BrS patients with different clinical severity of the disease.

Membrane expression of the channel Nay1.5 was investigated on Western blot, but only
an antibody that could not differentiate between WT and mutant protein was available
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for use. WT (length 2016 amino acids, 227 kDa) and 96 bp deletion mutant channel
(theoretical length 1984 amino acids, 223 kDa) would certainly be indistinguishable on
the blot, but the GTGG retention mutant channel (theoretical length 1786 amino acids,
196 kDa) should have resulted in a separate band. This was not observed, supporting the
hypothesis that this transcript is not translated to protein, although it is also possible
that the expression of this mutant protein was too low to be visible on the blot. We did
not observe a significant difference in Nayl.5 expression between BrS patient and
control iPSC-CMs or between BrS12 and its isogenic control, which would agree with
presence of both (deletion) mutant and WT channel on the membrane. Then we would
not expect a correlation between Nay1.5 expression and patient clinical severity, which
was indeed the case. But channel protein expression was quite low and variable and
though the pattern of average protein expression resembled this of SCN5A mRNA
expression, it did not show a correlation with mRNA expression per differentiation,
neither with SCN5A WT alone nor with total SCN5A transcript. Based on our data we
cannot conclude whether the mutant transcripts are translated into (non-functional)
proteins that are transported to the membrane. Experiments expressing the single
mutant transcripts in HEK293 cells to investigate protein expression are currently being
performed.

Sodium current is the major cardiomyocyte characteristic affected by an SCN5A/Nay1.5
mutation, and as such a focus of our functional investigations, but we did not observe a
statistically significant difference in sodium current density between BrS patient and
control iPSC-CMs in general. The two included unrelated healthy control individuals
differ significantly in sodium current density with control 2 iPSC-CMs displaying sodium
currents similar to the BrS patient iPSC-CMs. Even if we compare the patients only to
control 1 expressing the largest current, we do not reach statistical significance due to
high variability in the results, represented by CV% ranging from 75-145%. We specifically
opted to use two different iPSC clones per individual and (at least) two differentiations
of each clone to take into account the effect that random variation arising from somatic
mutations that could occur during reprogramming and culturing and random variation
in handling and environmental conditions during culture could have on the cellular
phenotype, to be able to tease out robust mutation-related characteristics and
differences. But this approach resulted in such variable results that reaching statistical
significance was hampered. We observed highly variable data, both between two clones
of one individual as well as within the same clone between differentiations. 18.3% of the
observed variability in sodium current density was explained by the differentiation
rounds, 16.1% by the use of different clones and only 3% by the individual. This leaves
62.6% of the variation that is not captured by person, clone or differentiation and
represents spread of the data measured per cell. In our study also none of the AP
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characteristics showed significant differences between BrS patient iPSC-CMs and control
iPSC-CMs. Again, quite some variability was observed, depending on the characteristic.
The CV% was below 20% for RMP and AP amplitude, 17% to 23% for APD90c, 11% to
47% for APD50c and 34% to 108% for the upstroke velocity of the AP. Upstroke velocity
is known as a more difficult to measure and as such more variable characteristic.

In a literature search on BrS iPSC-CM models, we found that such variability has not been
reported before. Even many recent papers do not use different clones of one individual
and do not show individual results per round of differentiation to address this variability
issue (16-19). Selga et al. did differentiate two clones of their patient cell line twice and
mentioned that the results were similar so they could pool their data, but individual
results per differentiation were not provided (20). Cai et al. used three control lines and
two different clones of one BrS patient line, but no information was provided on the
number of differentiations performed. iPSC-CMs of the two clones of the patient showed
similar sodium current, APs and SCN5A mRNA and protein expression (21). Chai et al
tackled the variability issue by performing the differentiations of iPSCs of a healthy
individual, a severely affected and less severely affected long QT patient always
together. They only compared data within one differentiation round and always found
significant APD prolongation in the severely affected patient compared to the control or
mildly affected patient and this over many differentiations performed over five years
(22). However, such an approach is not always practically feasible. We also performed a
separate analysis on our data comparing only patient and control iPSC-CMs that were
differentiated at the same time, but still did not find a consistent significant difference
in sodium current.

Part of the variability we observed, could be explained by the rather immature
phenotype of iPSC-CM, which is known in the field. They rather resemble fetal
cardiomyocytes, both structurally and electrophysiologically. Efforts have been made to
improve this maturity state. In our protocol, we applied metabolic maturation by
addition of thyroid hormone (T3) and we culture our cells up to at least 35 days to
improve the maturity. However, this does not guaranty that every cell is in the same
state at the same moment. When we compare the expression of cardiomyocyte specific
markers of our iPSC-CMs to left ventricle tissue, we see that the expression profiles differ
for half of the tested genes. This implies that, as expected, full maturity has not yet been
obtained. It has to be noted though that the left ventricle tissue contains several other
cell types such as endothelial cells and cardiac fibroblasts and also their expression of
the marker genes is reflected in the qPCR results.
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Although we observed no general significant differences between patient and control
iPSC-CMs due to the high variability, we detected a significant decrease of peak sodium
current density comparing severely affected patient BrS12 with its isogenic control. This
isogenic cell line was restored to wild type evidenced by receding of the mutant
transcripts. This supports the added value of the use of isogenic cell lines when studying
functional characteristics of iPSC-CMs displaying high variability. At AP level, BrS12
displayed higher AP amplitude and shorter APD90c compared to the isogenic control but
no difference in upstroke velocity or APD50c. Although in theory lower AP amplitude,
slower upstroke velocity and shorter APD could be expected with loss of function sodium
channel mutations, this has not consistently been shown in BrS cellular models and as
such it is not clear how to interpret such differences. In several other studies isogenic
controls of BrS iPSC-CM models have been generated and used for comparison. Liang et
al. studied two BrS iPSC-CM models with SCN5A mutations and of one an isogenic control
was generated that restored the AP and calcium transient properties as well as
membrane expression levels to those of unrelated control iPSC-CMs (17). Similar results
with isogenic controls were obtained by Li et al. and Zhong et al. where they investigated
BrS iPSC-CM models with SCN5A and CACNB2 mutations/variants respectively and found
a recovery of expression, AP and current properties (16, 18). This indicates the added
value of the use of isogenic controls in addition to (unrelated) healthy controls, as they
carry the same genetic background of the patient, helping to pinpoint the effect of just
the mutation.

In our study we also aimed to investigate if the phenotypic differences observed in the
patients could be recapitulated at iPSC-CM level. Ranking the patients according to their
disease severity did not show a significant correlation for Nay1.5 membrane expression,
sodium current density and APD50c. AP amplitude, APD90c and upstroke velocity
correlated with disease severity, with more severely affected patients showing longer
APD90c, lower AP amplitudes, and a slower upstroke velocity. In this case the trend in
the two latter sodium-related AP parameters could be an indication of more
dysfunctional sodium channels in patients with more severe symptoms, although as
mentioned this is not backed up by a reduction in sodium current and channel kinetics
showed no differences anywhere. Comparing more general symptomatic to
asymptomatic patients did not reveal a significant difference in Nayl.5 membrane
expression, sodium current density or AP characteristics except for a faster upstroke
velocity in asymptomatic patients. Failure to demonstrate significant correlations could
again be due to the variability we observe in our results. This hampers the ability to
model and record (small) cellular phenotypical differences that could explain the
observed clinical differences in patients.
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We also compared peak sodium current density between patients of the same family
and did detect significant differences there. The asymptomatic patient BrS8 had a larger
peak current in comparison to the symptomatic patient BrS12. In the second family, it
was the other way around where the symptomatic patient BrS9 had a larger peak current
compared to asymptomatic BrS10 with a spontaneous type | ECG. We based our clinical
severity ranking on the presence of visible symptoms such as syncopes, but it is possible
that a spontaneous type | ECG might be a more severe phenotypic expression of BrS than
a provoked type | ECG in combination with a syncope (BrS9). When we change the
ranking of BrS9 and BrS10, we observe a small rise in the correlation coefficient in WT
and deletion SCN5A transcript expression but none of the other correlations changed in
such a way that they became significant. Penttinen et al. also modelled iPSC-CMs of a
symptomatic and asymptomatic BrS patient and did not find any significant differences
(19). Sun et al. investigated a BrS family with a SCN5A variant creating iPSC-CMs of the
proband with repeated syncopes, his asymptomatic brother and mother harbouring the
variant and seven unaffected non-carrier family members and observed a milder
phenotype for sodium current, calcium handling, AP characteristics and arrhythmic
events in asymptomatic mutation carriers compared to the proband iPSC-CMs (23).
Including unaffected family members could also be an interesting strategy to reduce
variability.

As discussed, a limitation of our (and other) iPSC-CM studies is the immaturity of the cell
type. Several methods have been developed to improve this maturity. We used longer
cell culture and applied T3 hormone, but other biochemical additions such as fatty acids
and dexamethasone or electrical or mechanical stimulation of the cells can improve the
maturity state as well (24). Another way is co-culture of iPSC-CM with other cardiac cell
types such as cardiac endothelial cells or fibroblasts and/or aggregation in 3D models to
create engineered heart tissue, cardiac microtissues or organoids depending on the way
of culture (25-27). However, the question remains if these approaches will reduce the
variability to be able to model small phenotypical differences as the
environment/development of organoids is less controllable and addition of other cell
types might also introduce extra sources of variation. Another limitation in our study is
regarding the recordings of APs that were performed at constant room temperature and
not at the physiological temperature of 37 °C. Due to technical limitations we were not
able to use pacing for AP recordings. The implementation of these two techniques might
have decreased the variability of AP data.

In conclusion, our iPSC-CM model enabled us to investigate the effect of the SCN5A
founder mutation at transcript level. Although for the functional investigations we are
confronted with high inter- and intraclonal variability as well as general data variability,
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hampering the detection of statistically significant differences, we show that the use of

isogenic controls is a promising strategy to study the effect of the mutation under

investigation.
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Supplementary Materials

Supplementary tables

Supplementary Table 1: Primers used for RT-qPCR cardiomyocyte marker panel and PCR mutation analysis

of the SCN5A founder mutation.

Gene Forward primer 5'-3' Reverse primer 5'-3'

ANK2 TGGACTTCACAGCCAGGAAT GCCTCGATCCAGTAAGAGCT
ANK3 ACCAAAGGAGGACAGCAACT GAAAAGACAGACGACCACAGG
CACNA1C TGACATCGAGGGAGAAAACT ACATTAGACTTGACTGCGGC
CAV3 GACCCCAAGAACATTAACGAGG GGACAACAGACGGTAGCACC
ECHS1 AAGGCCCTCAATGCACTTTG ACTCAGGTTCTGCATTTCCTTG
GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG
GJAT (CX43) GGTGACTGGAGCGCCTTAG GCGCACATGAGAGATTGGGA
HCN4 ACCCATGCTACAGGACTTCC GAAGAGCGCGTAGGAGTACT
KCND3 AAACAATCACAGGGACTGGC ACACCATTGTCACCATGACC
KCNHZ2 TCCTTCTCCATCACCACCTC AAATCGCCTTCTACCGGAAA
KCNJ2 GTGCGAACCAACCGCTACA CCAGCGAATGTCCACACAC
KCNJ8 AGTGGAATGGAGAAAAGTGGT TCCTCTGTCATCATCCTCCC
KCNQT ACAAAGTACTGCATGCGTCG CATGAGAACCAACAGCTTCG
MLC2a CACCGTCTTCCTCACACTCTT AGGCACTCAGGATGGCTTC
MLC2v GATGTTCGCCGCCTTCCCCGC GCAGCGAGCCCCCTCCTAGT
MYH6 GATAGAGAGACTCCTGCGGC CCGTCTTCCCATTCTCGGTT
MYH7 TCGTGCCTGATGACAAACAGGAGT ATACTCGGTCTCGGCAGTGACTTT
RPL13A CCTGGAGGAGAAGAGGAAAGAGA TTGAGGACCTCTGTGTATTTGTCAA
RYR2 CATCGAACACTCCTCTACGGA GGACACGCTAACTAAGATGAGGT
SCN5A AGCTGGCTGATGTGATGGTC CACTTGTGCCTTAGGTTGCC
TNNI3 TGTGGACAAGGTGGATGAAG CCGCTTAAACTTGCCTCGAA
TNNT2 AGAGCGGAAAAGTGGGAAGA CTGGTTATCGTTGATCCTGT
SCN5A

mutation ATCAACCTGCTCTTTGTGGC CGTCGGGGAGAAGAAGTACT
specific

SCN5A Exon

27 GGCTTTGGGCTCACTAGAGG GGGGTGAGAAATGCACTGAA

(genotyping)

156



Chapter 4

Supplementary Table 2: List of antibodies used for immunocytochemistry (ICC) staining or Western blot

(WB) of iPSC-CMs and iPSCs.

Antibody Cat nr. Dilution ICC Dilution WB
Anti-Sarcomeric

Alpha Actinin ab3465 1/300

Anti-Cardiac ab47003 1/100

Troponin |

Connexin 43 14-4759-82 1/100

Anti-Myosin Light ab79935

Chain 2 1/300

Nkx2.5 MA5-15551 1/500

SCNS5A Polyclonal

Antibody PA5-115620 1/200 1/200
Anti TRA-1-60 4746 1/200

Anti TRA-1-81 4745 1/200

Anti-NANOG PA1-097 1/500

Anti-Oct3/4 Sc-9081 1/100

goat anti-rabbit IgG

AF48S A11034 1/500

goat anti-mouse

lgG AF555 A21424 1/500

Anti-Sodium ab76020 1/1000

Potassium ATPase

Goat Anti-Rabbit
IgG -HRP Conjugate

1706515 (biorad)

1/5000 - 1/10000

Supplementary Table 3: TagMan probes and custom fluorescent label probes for RT-qPR

Gene Fluorescent label TagMan Probe/sequence
GAPDH FAM Hs02758991 g1

ECHS1 FAM Hs00187943_m1

RPL13A FAM Hs03043885_g1

WT SCN5A FAM TCCATCGTGGGCACTGTGCT
GTGG SCN5A FAM TCTCCATCGTGGGTGGGCAC
Deletion SCN5A HEX TCTTCACAGGCACTGTGCTCTCG
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Supplementary Table 4: Overview of detected CNVs (>100 kb)

. L. . CVN Genes in the
Cell line CNV type CNV minimal region . .
size region
deletion Chr1:2522392-2789108 266716 LOC100996583
. LINC02484,
deletion Chr4:34049908-34492968 443060 LINC02484
. LINCO1017,
duplication Chr5:3520064-5454709 1934645 ADAMTS16
MIR4283-2,
deletion Chr7:62699114-62940543 241429 MIR4283-1,
BrS3 LOC100287704
duplication Chr7:70186701-71168010 981309 AUTS2
. Chr8:141260967-
deletion 141380181 119214 TRAPPC9
. Chr10:31516419-
deletion 31795212 278793 LOC101929352
. Chr19:23619964-
deletion 24070417 450453 RPSAP58, ZNF675
. Chr5:105642031-
deletion 105830691 188660
duplication Chr9:2382247-2625172 242925 VLDLR-AS1, VLDLR
. Chr11:90802950-
deletion 90933499 130549
TP53TG3B,
BrsS8 TP53TG3F,
TP53TG3C,
deletion Chr;i::;;::lz- 394447 TP53TG3E,
SLC6A10P,
TP53TG3,
LOC390705
deletion ChrX:7564428-7736547 172119 VCX
L Chr14:106997898-
duplication 107146692 148794 LINC00221
SNORD152,
LOC644189, HKR1,
Brs9 deletion Chr;98.63362973:2398- 1694354 ZNF529, ZFP82,
WDR87, ZNF571-
AS1, ZNF793-AS1
duplication ChrX:191998-1465537 1273539 CRLF2
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. o . CVN Genes in the
Cell line CNV type CNV minimal region ) .
size region
LINC00106, XG,
duplication ChrX:1530483-2697868 1167385 AKAP17A, P2RYS,
SLC25A6
— Chr2:242917734-
duplication 243029573 111839 LINC01237
duplication Chr5:82500295-82685444 185149 XRCC4
. Chr10:35154346-
duplication 35451598 297252 CREM
. Chr13:55256186-
duplication 55414164 157978
POTEB2, CXADRP?2,
MIR3118-4,
Brs10 LINC02203,
MIR5701-2,
IGHV10R15-1,
deletion Chr125252622333158694' 226624 POTEB3, MIR3118-
2, MIR5701-3,
REREP3, POTEB,
LOC646214,
MIR5701-1,NF1P2,
MIR3118-3
. Chr15:39201066-
duplication 39313182 106673
. Chr1:99415713-
deletion 100006117 590404 LINC01708
. Chr1:189478530-
deletion 189807634 329104
deletion Chr2:55055307-55167820 112513 EML6
. Chr14:22802820-
BrS12 duplication 99974256 171436 LOC105370401
. Chr17:44184828- LRRC37A, NSFP1,
duplication 44369335 164962 \RL178, ARL17A
XGY2, IL3RA,
duplication ChrX:353979-2697868 2343889 CRLF2, AKAP17A,
MIR6089
. LINC02484,
Control 1 deletion Chr4:34049908-34397464 347556 LOC101928622
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. L. . CVN Genes in the
Cell line CNV type CNV minimal region . .
size region
. Chr16:32624879-
deletion 32855389 230510 TP53TG3
. Chr19:54737010-
duplication 54841732 104722 LILRA4, LILRA3
. GLODS5, TIMM178B,
duplication ChrX:48645256-48746726 101470 PQBP1, ERAS
duplication ChrX:91752101-92408647 656546 PCDH11X
CTAG1A, ATP6AP1,
. ChrX:153606281- FLNA, FAM223B,
duplication 153781876 175595 FAM223A,
CTAG1B, LAGE3
. Chr2:141722532-
deletion 142196011 473479 LRP1B
. Chr2:242917734-
Control 2 deletion 243029573 111839 LINC01237
duplication ~ CNX:958808-1257358- ,500cy CRLF2

198646
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Supplementary Table 5: Statistical analysis of RNA expression (qPCR) of cardiomyocyte markers

) L . iPSC-CM  Significant
iPSC-CM Significant Patient/control .
L. . +LV differences
Gene ANOVA pairwise comparison
a . b . ANOVA towards
p-value differences LMM p-value g
p-value Lve
BrS12 vs All
-5 -6
ANK2 3.7x10 iPSC-CM 0.41 1.9x10 BrS12
BrS12 vs BrS3,
ANK3 0.0021 BrS9, BrS10 & 0.66 0.0013 BrS12
Control 2
CACNAIC  0.049 Brs12 vs 0.22 0.020 Brs12
Control 1
CAV3 0.075 0.87 1.0x10*®  All iPSC-CM
BrS12 vs BrS8,
BrS9, BrS12 6 .
ECHS1 0.0014 CRISPR & 0.53 5.1x10 All iPSC-CM
Control 2
GAPD 0.52 0.55 0.56
GJAI 0.17 0.55 0.20
HCN4 0.14 0.18 0.097
KCND3 0.088 0.36 0.088
BrS12 vs BrS3,
KCNH2 0.0038  °r>% Brslo, 0.53 0.0016 Brs12
Control 1 &
Control 2
KCNJ2 0.029  Dro12vsBrs3 0.36 0.034
& Control 1
BrS3,
KCNJ8 0.14 0.54 0.013 Brs10,
Control 1,
Control 2
F
’ ’ -4
KCNQ1 0.0046 BrS12 CRISPR 0.49 3.8x10 Csrzirlozl,l
& Control 2
MLC2a 0.026 0.97 4.7x10°  All iPSC-CM
MLC2v 0.52 0.53 0.0028 AlliPSC-CM
BrS12 vs BrS3, BrS9,
MYH6 0.0022 BrS8, BrS9, 0.93 1.1x10* BrS12,
BrS10, BrS12 Control 1
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. o ) iPSC-CM  Significant
iPSC-CM Significant Patient/control .
L. . +LV differences
Gene ANOVA pairwise comparison
a . b . ANOVA towards
p-value differences LMM p-value d
p-value Lve
CRISPR &
Control 2
MYH7 0.28 0.31 2.8x10*  All iPSC-CM
RPL13A 0.41 0.69 0.16
BrS3, BrSS,
BrS9,
BrS10,
RYR2 3.7x10° B:ﬁéé‘(’;\ﬁ” 0.40 4.2X10°  Brs12
CRISPR,
Control 1,
Control 2
BrS3, BrS12
SCN5A 0.12 0.13 0.024 CRISPR,
Control 2
TNNI3 0.25 0.16 7.2x10°%  All iPSC-CM
BrS12 vs BrS3,
TNNT2 0.0093 BrS8 & Control 0.36 0.0065 BrS12

2

9 A one-way ANOVA was performed on the RT-qPCR panel results of the iPSC-CMs
b Significant differences were tested with a Tukey HSD post hoc test, only BrS12 showed different
expression from the other cell lines.
¢Patient and control iPSC-CMs did not show difference in cardiac marker expression, tested with a
linear mixed model.
9 A one-way ANOVA was performed on the RT-qPCR panel results of iPSC-CMs and LV
e Significant differences were tested with a Dunnett’s post hoc test with LV as control group.
LV: Left ventricle
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Supplementary Table 6: Peak sodium current density per clone of a cell line.

Chapter 4

] Mean p-value

Cell Line SD CV% n
(pA/pF) t-test

BrS3 C1 -262 210 80 30 0.16
BrS3 C2 -193 171 89 37
BrS8 C2 -433 314 73 58
BrS8 C3 -176 175 99 51 0.0000006
BrS9 C3 -400 306 76 24 0.16
BrS9 C7 -293 196 67 23
BrS10C3 -65 60 92 13
BrS10 C10 -310 159 51 27 0.00000003
BrS12 C1 -198 287 145 14 0.26
BrS12 C4 -102 101 98 13
BrS12 CRISPR C1 -500 602 120 25 0.04
BrS12 CRISPR C3 -192 245 127 11
Control 1 C15 -276 248 90 25
Control 1 C3 -764 599 78 43 0.00002
Control 2 C2 -143 117 81 27 0.03
Control 2 C3 -282 337 119 36 )

SD: standard deviation, CV%: Coefficient of variation, n: number of analysed cells
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Supplementary Table 7: Peak sodium current density per individual differentiation of a cell line.

. p-value

Cell Line mean SD CV% n
t-test/ANOVA*

BrS3 C1 D1 -325,0 283,2 87 13 0.20
BrS3 C1 D2 -213,6 117,7 55 17
BrS3 C2 D1 -174,2 156,5 90 8
BrS3 C2 D2 -259,8 218,6 84 9 0.42
BrS3 C2 D3 -171,4 154,2 90 20
BrS8 C2 D1 -332,9 257,8 77 29
BrS8 C2 D2 -561,8 347,6 62 24 0.03
BrS8 C2 D3 -391,2 263,6 67 5
BrS8 C3 D1 -183,3 227,6 124 10
BrS8 C3 D2 -112,9 89,0 79 5
BrS8 C3 D3 -185,5 122,1 66 3 0.08
BrS8 C3 D4 -127,7 167,3 131 23
BrS8 C3 D5 -308,3 124,2 40 10
BrS9 C3 D1 -466,1 357,8 77 15 0.11
BrS9 C3 D2 -291,0 152,5 52 9
BrS9 C7 D1 -284,3 152,6 54 14 0.81
BrS9 C7 D2 -307,5 259,4 84 9
BrS10 C3 D1 -65,2 60,3 92 13
BrS10 C10 D1 -333,1 152,7 46 18 031
BrS10 C10 D2 -262,9 171,2 65 9
BrS12 C1 D1 -258,9 322,8 125 10 0.07
BrS12 C1 D2 -44,7 23,1 52 4
BrS12 C4 D1 -26,3 13,8 53 3 0.02
BrS12 C4 D2 -125,3 104,5 83 10
BrS12 CRISPR C1 D1 -574,8 685,0 119 18 0.17
BrS12 CRISPR C1 D2 -308,6 246,7 80 7
BrS12 CRISPR C3 D1 -254,7 283,9 111 7 0.20
BrS12 CRISPR C3 D2 -82,6 114,1 138 4
Control 1 C3 D1 -1124,3 465,1 41 15
Control 1 C3 D2 -828,1 656,8 79 16 0.0001
Control 1 C3 D3 -229,7 116,8 51 12
Control 1 C15 D1 -454,5 278,3 61 10
Control 1 C15 D2 -307,7 94,0 31 3 0.009
Control 1 C15 D3 -135,3 161,7 119 5 '
Control 1 C15 D4 -108,2 74,8 69 7
Control 2 C2 D1 -72,8 69,3 95 7 0.13
Control 2 C2 D2 -188,3 157,3 84 10 )
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. p-value
Cell Line mean SD CV% n
t-test/ANOVA*
Control 2 C2 D3 -148,0 71,8 48 10
Control 2 C3 D1 -499,7 290,4 58 3
Control 2 C3 D2 -331,8 325,2 98 3
Control 2 C3 D3 -358,2 232,2 65 9 0.44
Control 2 C3 D4 -267,9 449,7 168 14
Control 2 C3 D5 -99,3 122,3 123 7

*A t-test was used when there were only two differentiations per clone, otherwise a one-way ANOVA
was used
SD: standard deviation, CV%: Coefficient of variation, n: number of analysed cells

Supplementary Table 8: Nay1.5 membrane expression

BrS12 Control Control
CRISPR 1 2
Mean 0.11 0.08 0.24 0.10 0.36 0.11 1.00 0.29
SD 0.10 0.05 0.20 0.14 0.18 0.15 0.93 0.10
CV% 92 72 84 135 49 141 93 33
n 5 2 4 4 3 2 2 2

SD: standard deviation, CV: Coefficient of variation, n: number of analysed samples

BrS3  BrS12 BrS9  BrS10 Brs8

Supplementary Table 9: Relative expression of cardiomyocyte markers
BrS BrS BrS BrS BrS BrS12 Control Control
3 12 9 10 8 CRISPR 1 2
Mean 0,58 1,78 092 0,76 0,83 0,61 1,00 0,50
ANK2 SD 0,16 0,52 0,24 0,15 0,43 0,24 0,20 0,15
CV% 28 29 26 20 51 40 20 29
Mean 0,39 147 055 044 084 0,40 1,00 0,34
ANK3 SD 035 030 0,43 0,27 0,76 0,27 0,49 0,19

n=4

CV% 89 20 77 61 91 67 49 54
Mean 1,78 0,47 1,46 0,33 1,42 1,32 1,00 0,79
CAV3 SD 1,08 0,36 1,15 0,61 0,63 1,57 0,77 0,44
CV% 61 78 78 184 44 119 77 56
Mean 1,40 096 1,06 1,28 254 0,84 1,00 1,57
GJA1 SD 051 0,22 103 107 1,16 0,98 0,50 1,51
CV% 36 23 97 83 46 117 50 96

Mean 1,98 3,35 2,23 235 1,21 1,92 1,00 1,58

HCN4 SD 066 245 1,10 1,20 0,83 0,63 0,31 0,57
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-4 BrS BrS BrS BrS BrS BrS12 Control Control

" 3 12 9 10 8 CRSPR 1 2
CV% 34 73 49 51 69 33 31 36

Mean 2,55 5,23 2,01 2,53 2,53 2,97 1,00 2,63

KCND3 SD 1,92 2,18 2,08 4,20 2,33 0,66 1,02 1,21
CV% 75 42 103 166 92 22 102 46

Mean 0,70 2,52 1,03 0,74 1,14 0,99 1,00 0,79

KCNH2 SD 0,06 136 0,38 0,19 0,69 0,09 0,26 0,25
CV% 8 54 37 25 61 9 26 32

Mean 1,14 464 1,52 1,81 2,51 1,55 1,00 1,88

KCNJ2 SD 062 286 1,31 1,51 1,551 1,31 0,21 1,04
CV% 55 62 86 83 60 84 21 55

Mean 0,62 2,26 1,15 0,60 1,56 0,99 1,00 0,93

KCNJ8 SD 0,26 1,56 1,25 0,26 1,30 0,45 0,67 0,61
CV% 42 69 109 43 83 45 67 66

Mean 0,71 1,57 094 0,71 0,83 0,56 1,00 0,72

KCNQ1 SD 0,20 0,49 0,13 0,35 0,50 0,08 0,20 0,26
CV% 28 31 14 48 60 15 20 36

Mean 1,09 342 196 1,46 2,04 1,34 1,00 1,36

CACNA1C SD 0,09 1,49 1,27 0,74 2,23 0,72 0,40 0,54
CV% 9 44 65 51 109 53 40 40

Mean 0,59 2,10 1,06 0,71 1,07 0,68 1,00 0,62

RYR2 SD 0,11 o065 0,30 0,10 0,57 0,25 0,11 0,21
CV% 18 31 29 14 53 37 11 34

Mean 0,63 1,31 1,33 1,00 1,66 0,35 1,00 0,53

SCN5A SD 045 0,73 0,41 1,06 1,02 0,39 0,52 0,33
CV% 71 56 31 106 62 109 52 63

Mean 1,12 1,11 1,16 1,25 0,75 0,36 1,00 0,83

TNNI3 SD 0,20 0,56 0,29 0,63 0,53 0,16 0,32 0,35
CV% 18 50 25 50 71 45 32 41

Mean 0,76 1,42 1,03 1,06 0,76 0,71 1,00 0,74

TNNT2 SD 0,18 0,24 0,17 0,39 0,38 0,35 0,22 0,21
CV% 23 17 16 37 50 49 22 29

Mean 0,71 1,17 1,11 092 0,62 1,05 1,00 0,69

MLC2a SD 0,38 0,18 0,36 0,22 0,14 0,36 0,19 0,20
CV% 54 16 32 24 23 35 19 30

Mean 048 164 060 083 1,62 0,25 1,00 0,82

MLC2v SD 050 1,97 0,76 0,65 1,16 0,27 0,49 1,24

CV% 103 120 127 79 71 109 49 151
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. BrS BrS BrS BrS BrS BrS12 Control Control

" 3 12 9 10 8 CRSPR 1 2

Mean 049 1,43 0,74 0,64 0,65 0,71 1,00 0,59

MYH6 SD 0,09 0,42 0,27 0,05 0,45 0,24 0,41 0,20
CV% 18 30 36 8 69 34 41 33

Mean 0,40 2,42 0,57 1,13 2,86 0,19 1,00 0,67

MYH7 SD 049 3,32 0,57 1,35 3,29 0,24 0,78 0,94

CV% 121 137 100 119 115 127 78 141

Mean 1,25 0,77 1,10 0,99 1,04 0,98 1,00 1,22

RPL13A SD 0,22 0,40 0,09 0,18 0,53 0,13 0,25 0,34
CV% 17 52 8 18 51 13 25 28

Mean 0,89 1,10 0,82 1,00 0,88 0,77 1,00 0,86

ECHS1 SD 0,05 0,05 0,04 0,11 0,16 0,06 0,12 0,05
CV% 6 5 5 11 19 8 12 6

Mean 0,86 1,41 1,04 0,98 1,22 1,24 1,00 0,93

GAPDH SD 0,11 0,77 0,12 0,23 0,56 0,07 0,34 0,19
CV% 13 55 12 23 46 5 34 20

SD: standard deviation, CV: Coefficient of variation, n: number of analysed samples
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Supplementary Figures
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Supplementary Figure 1: Sodium Current Density in BrS patient and control iPSC-CMs. Peak sodium current
density per individual differentiation per cell line. The amount of recorded cells per cell line is displayed as
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168

335535353535

N2 OWA NN

— Al



Chapter 4

400 4 I/V plot
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Inherited Cardiac Arrhythmias

Inherited cardiac arrhythmias (ICA) are a group of cardiac diseases that lead in worst
case to sudden cardiac death (SCD). The most well-known inherited cardiac arrhythmias
include long QT syndrome (LQTS), Brugada syndrome (BrS), catecholaminergic
polymorphic ventricular tachycardia (CPVT), short QT syndrome (SQTS) and
arrhythmogenic cardiomyopathy (ACM), previously known as arrhythmogenic right
ventricular cardiomyopathy (ARVC). They share some common characteristics such as
low prevalence, reduced penetrance and symptoms like syncope, ventricular fibrillation
and SCD. Identification of a genetic cause is not complete for every ICA (1, 2). Genes
involved in these diseases partially overlap and encode sodium, potassium and calcium
ion channels and their associated proteins for LQTS, SQTS and BrS, desmosomal genes
or genes encoding intercalated disc proteins for ACM and in genes playing a role in
calcium homeostasis for CPVT. (Likely) pathogenic variants located in these genes are
found in up to 80% of the LQT patients, 50% to 65% in CPVT and ACM cases while only
20% to 30% of the SQTQ and BrS patients harbour a known causal variant (2-5). This
indicates that depending on the disease, up to 80% of the patients remains without a
genetic diagnosis, making (genetic) counselling for the patients and their families more
difficult. With the development of the next generation sequencing (NGS) technologies
such as NGS panels, whole exome and genome sequencing (WES, WGS) more genes
could be screened at the same time. This however did not solve the missing heritability
observed in ICAs. One of the reasons for this are the variants of unknown significance
(VUS) of which the impact on the functioning of the gene is currently not certain. These
VUS could be causative for the disease, but currently there is not sufficient evidence yet.
Another important factor that could partially explain this missing heritability is the more
complex genetic architecture where (common) variants located in several genes do
interact to cause the development of the disease. In addition, our knowledge on the
effect of non-coding and e.g. (deep) intronic variants that could influence the expression
level of genes and contribute to the disease mechanism, is currently far from complete.

The quest for causal variants of ICAs in the NGS era

Next generation sequencing technologies made it possible to sequence many genes, if
not all, at the same time and even intronic sequences are processed with the WGS
technique.
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The worst possible outcome and how to proceed — Molecular autopsy

Sudden cardiac death (SCD) has an estimated annual incidence of 1:1000. In the young
(<50 years) a genetic cause is suspected in up to 80% of the SCD cases, with inherited
cardiac arrhythmia or cardiomyopathy among the main disease categories (6). Sudden
death is often the first symptom that presents and when this event occurs, the patient
itself (when he/she survives) and/or family members remain with many questions on
the cause of this event and their own risk. This is where molecular and clinical diagnostics
come into play. When the patient survived, a full clinical check-up and genetic analysis
can be performed which might reveal diagnostic clues and answers for further treatment
and management for the disease. If on the other hand the patient died, an autopsy or
toxicology screen might provide insights in the underlying cause, but sometimes, for
example in the case of inherited cardiac arrhythmias, no visible changes can be
observed. In this instance looking into the genome by performing a molecular autopsy
can unravel the cause of the cardiac arrest and inform the family members on their risk

(7).

In Chapter 1 a case of a man who died suddenly in his sleep is presented. It was
impossible to perform an autopsy on this person but the molecular autopsy with a NGS
panel investigating ICA genes revealed that he carried two missense variants in the
KCNQ1 and DSG2 genes, both initially classified as VUS. Further segregation analysis in
family members demonstrated the de novo occurrence of the DSG2 variant which led to
the reclassification of the variant to likely pathogenic following the ACMG guidelines (8),
indicating the DSG2 variant as most likely cause of SCD. Segregation analysis revealed
that both the mother and daughter of the patient carried the KCNQ1 variant and
although this is a VUS, precautions must be taken in carriers of this variant to prevent or
suppress any symptoms.

A recent consensus report on molecular testing in sudden cardiac death patients by
Wilde et al. elaborates on when and how this should be performed (7). They advise to
first screen for channelopathies either with an NGS panel or targeted WES/WGS, which
can be extended to cardiomyopathies. Hypothesis-free WES/WGS however is not
recommended. The implementation of a virtual WES panel analysis identified a disease-
causing variant in 10% of 228 cardiac arrest survivors in a recent study (7, 9). In other
studies (likely) pathogenic variants are found using NGS panels (10-12) or a virtual WES
panel (13) in 10% to 34% of the cases (10-13). VUS were detected in 20% to 42% of the
individuals (11-13). Looking outside of these virtual WES panel genes could potentially
lead to the identification of novel candidate genes, but those would need further
investigation. As NGS panels, WES and WGS will reach similar costs, choices have to be
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made which one to use in a diagnostic setting. WGS provides information on the whole
genome, including the non-coding part. This non-coding part plays a role in various
processes that are not yet fully understood in a normal, healthy context, let alone in
disease mechanisms, which will for now result in the detection of even more VUS. So
more research needs to be performed on the non-coding part of the genome. However,
efforts have been made in this field to study non-coding RNAs and epigenetic influences
such as methylation, histone modification and 3D genome architecture (14). Combining
the WGS data with transcriptome data will also improve the knowledge on regulatory
mechanisms in diseases (15). WGS data collected at this moment, can in the future be
re-evaluated when more information is available on disease mechanisms and in this way
help to give a genetic diagnosis to patients later on. Several of this re-evaluation studies
have been performed in different disease areas and found indeed an increase in
diagnostic yield after several months/years (16-18).

Genetic complexity in Brugada syndrome

Brugada syndrome was first described in 1992 and is diagnosed by a typical ST segment
elevation followed by a T wave inversion (Type 1) in the right precordial leads of the
electrocardiogram (ECG) (19). This occurs either spontaneously or after provocation with
a sodium channel blocker such as ajmaline (19). It has a prevalence of 1 in 2000 and
patients show symptoms such as syncopes, ventricular arrhythmias and sudden cardiac
arrest. Several scoring systems, based on the Type | ECG, family history and occurrence
of symptoms, have been developed to improve the diagnosis of BrS including the
Shanghai, Sieira and Delise score (20-22). In approximately 20 to 30% of the patients a
(likely) pathogenic variant is found, mostly a loss-of-function variant in the SCN5A gene
encoding the alpha subunit of the cardiac voltage gated sodium channel Na,1.5. Current
treatment exists of the immediate treatment of fever, avoidance of specific drugs and in
symptomatic patients an implantable cardioverter defibrillator should be considered.

Currently, only SCN5A is linked to BrS, although up to 43 genes have been associated
with the disease (23, 24). It is reported that only up to 30% of the patients have a definite
genetic diagnosis. In Chapter 2 we genetically analysed a cohort of 350 BrS patients using
a gene panel of 51 or 60 ICA associated genes. Clinical parameters were collected and
the analysis of these data in correlation to the genotype revealed a higher incidence of
ventricular arrhythmias in patients carrying a Pathogenic (P) or Likely pathogenic (LP)
variant as well as more familial history and a higher Shanghai score. As previously
reported, these BrS patients have a prolonged PR interval and QRS complex compared
to the groups with only a VUS or no variant (25-27). Looking at the total genetic yield we
found that 9% carried a P/LP mutation which is lower than the 20 to 30% that is generally

176



General discussion

reported. If we diagnose the patients according to the Shanghai score, we have 160
patients with a definite BrS diagnosis and the molecular diagnostic yield in this group is
18%. All P/LP variant except two are located in SCN5A, currently considered as the only
causal gene for BrS. The two LP variants are located in LMNA/C and SCN2B, providing
additional supporting evidence for their role in BrS pathogenesis. VUS are found in 31%
of the BrS patients and some of these variants might be causal, but there is currently a
lack of evidence. SCN5A is the gene with the most VUS, followed by CACNA1C indicating
that this gene also plays a role in the BrS pathology. Although the identification of a P/LP
variant does not lead to a different clinical management, it does have an impact on the
patient's family members. Those can be screened for the specific variant and with the
help of genetic counselling, they can be informed on their risk for developing the disease.
On top of that, preimplantation diagnostics can be provided if needed/wanted.

These results underline that the genetic architecture of BrS is not as straightforward as
first thought. A monogenic Mendelian mode of inheritance with reduced penetrance has
long been proposed. But more recently this idea is challenged and a more complex mode
of inheritance is suggested where genetic modifiers and/or common variants play a role
in the development of the disease. Genome wide association studies (GWAS) have
demonstrated that single nucleotide polymorphisms (SNPs) in several loci such as the
SCN5A-SCN10A and HEY2 loci are associated with BrS (28). Additional loci also include
genes encoding cardiac developmental transcription factors that are involved in the
regulation of ion channel expression in the adult heart, including that of Na,1.5 and
genes encoding microtubule or myofiber associated proteins (29). The common SCN5A
H558R polymorphism has been reported to improve sodium channel gating kinetics and
trafficking of mutated channels possibly by restoring correct folding and to increase
expression of Nayl.5 by reduction of promotor methylation (30-32). However, this
modifier will probably not have an effect on every type of SCN5A mutation as total loss
of function mutations and truncating mutations often don’t lead to the production of
repairable protein. Other types of genetic aberrations such as CNVs are rarely detected
in BrS patients and most of them are located in SCN5A (33, 34). These data emphasize
the complex and more oligogenic character of BrS (35, 36).

Overall with the NGS technique, many questions have been resolved, but many new
guestions have also been added. The number of variants that are detected is huge and
scoring them for the possible impact they might have remains challenging. Therefore
ACMG guidelines have been established to streamline the interpretation of variants.
Numerous variants however are still under debate and are classified as VUS and to
reclassify them, functional research is needed.
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The hunt for functional evidence of pathogenicity

The genetic landscape of ICA is mainly populated by ion channel genes and its associated
proteins although regulatory and structural genes play a role in these disorders as well.
The effect of a variant in these ion channel is often studied in a heterologous expression
system. Here a cell type such as HEK293, TSA201, COS-7, CHO or xenopus oocytes is
transfected with a plasmid to express the gene with the variant of interest. In Chapter
1, the KCNQ1 variant detected in the proband and his mother and daughter was
classified as a VUS. To better understand the impact of this variant, it was modelled in
HEK cells and patch clamp analysis did not reveal significant changes in
electrophysiological function compared to wild type. This reassured both the mother
and daughter that they don’t have an increased risk of SCD and they could be taken of
beta-blocker treatment. This case report emphasises the added value of a molecular
autopsy followed by segregation analyses and functional investigation for family
members. Unfortunately, not every VUS is as easily modelled and reclassified as either
pathogenic or benign which makes an accurate risk assessment or management
challenging. In a diagnostic setting, functional evidence mostly arises from literature and
in silico pathogenicity prediction programs such as Polyphen and MutationTaster,
although these results are not always concordant with functional testing (37, 38). In vitro
and in vivo functional testing of VUS on the other hand is not (yet) routinely done in a
diagnostic setting because most of the current analyses are not high throughput, have a
high cost and are time-consuming. This is why collaborations with specific research
laboratories are beneficial and the further development of novel high-throughput
technologies will help in the future interpretation of VUS.

One advantage of heterologous expression systems (HES) is that you can easily
investigate the molecular mechanism of a mutation although caution is needed as the
results of these experiments could differ because of the variety of cell types (39).
Another drawback of this method is that you cannot model the human complexity of
ventricular cardiomyocytes (CM) in these expression systems as they are not all of
human origin and don’t possess the machinery to mimic CMs. Native human
cardiomyocytes on the other hand are currently the best model to study BrS on a cellular
level however these are not easily obtained from patients. One way to overcome this
problem is by using the innovative induced pluripotent stem cell (iPSC) technique. These
cells can be generated from different human cell types such as blood cells and skin
fibroblasts and carry the full genetic background of the donor. Because of the pluripotent
character they can be differentiated in all cell types of the human body, including
cardiomyocytes, so called iPSC-derived cardiomyocytes (iPSC-CM). Some studies
compare the use of heterologous expressions systems with iPSC-CMs to investigate the
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effect of mutations on ion channels. De la Roche et al. for example found no changes in
sodium channel inactivation properties in the HES while a small shift was observed in
iPSC-CMs of a BrS patient (40). A similar minor difference in activation and inactivation
shifts of sodium current curves between HES and iPSC-CMs was observed by Ma et al.
for BrS a patient (41). In the Introduction, an overview of several iPSC-CM models of ICAs
is given. iPSC-CM models have been used to increase the knowledge on the
pathophysiological mechanisms of cardiac diseases as well as for development of
therapies and drug treatment, not only in 2D models but also 3D models such as
organoids, microtissues, engineered heart tissue and organ-on-a-chip. These in vitro
tissue-like structures mimic even more closely the situation of a heart in the human
body, which makes them an ideal model to study cardiac arrhythmia diseases such as
BrS.

In Chapter 3, we described how we generated iPSC of BrS patients carrying a Belgian
SCN5A founder mutation (c.4813+3_4813+6dupGGGT) starting from fibroblasts. This
mutation has previously been described on molecular and clinical level (25, 42, 43).
Molecularly this mutation leads to the generation of several mutant mRNA transcripts.
Two of these result in a premature stop codon and one in a protein with a deletion of 32
amino acids that is reported to be non-functional. On a clinical level, mutation carriers
show a variety of symptoms ranging from no symptoms at all over atrial dysrhythmias,
cardiac conduction defect to ventricular fibrillations and sudden cardiac death. In
Chapter 4, iPSC-CMs of five BrS patients with a different severity of the disease, two
unrelated healthy controls and one isogenic control were generated and analysed on a
molecular and electrophysiological level. In patients, two mutant transcripts were
detected that were not observed in controls. However, this did not lead to a significant
difference in membrane expression of Na,1.5 between patient and controls.
Additionally, the peak sodium current did not differ significantly between patient and
control iPSC-CMs which was not expected as the mutant transcript is reported as not
functional. One contributing factor is that one of the control cell lines showed sodium
current densities more comparable with those of the patients than the current densities
of the other control line and the isogenic control. Use of an isogenic control is of added
value in mutation analysis investigations as the genetic background of this control is the
same as that of the patient except for the mutation under investigation. As was shown
in our results, the isogenic control indeed showed a ‘normal’ phenotype with an
increased sodium current peak compared to the patient iPSC-CMs and the absence of
mutant SCN5A transcripts. When the deviating control is excluded, statistically
significant results between patients and control individuals were not obtained which can
partly be explained by the high variability we observe not only in sodium current and
action potential data but also in qPCR and western blot data. Variable results were found
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within differentiations of one clone of an individual (intraclonal) and between two
different clones of an individual (interclonal). Interclonal variability might arise from
(small) genetic alterations that occur during the generation of the iPSCs while differences
between several differentiations of the same clone could be the result of small culture
condition changes, such as different batches of medium or small molecules. Although
we tried to keep everything as equal as possible for the differentiations and differentiate
as many cell lines as possible at the same time, this is not always practically feasible and
can also be a source of variability.

Although iPSC-CM is a worthy alternative of native cardiomyocytes of a patient, some
side notes should be considered. One important note is the maturity status of the
generated iPSC-CMs, often they are only in culture for 30 to 60 days, which is
considerably less compared to native CMs. This will result in structural immaturity with
smaller and more round cells, less organised sarcomeres and no T-tubules (44, 45).
Functionally, these immature iPSC-CMs resemble more the foetal state of the native CMs
with a glucose metabolism instead of the fatty acid B-oxidation and action potentials
characteristics such as less negative resting membrane potentials and a slower upstroke
velocity (44, 45). Genes regulating these APs are also less or not expressed in iPSC-CM,
such as the Ix; gene and structural genes are more expressed in their foetal isoform (44,
45). Efforts have been made to improve the maturity of the iPSC-CM culture with
biochemical (dexamethasone, thyroid hormone (T3), fatty acid) or electrical stimulation,
long-term culture and 3D-cultures (46, 47). In Chapter 4, T3 is used for the promotion of
maturation together with a culture time of at least 35 days. With many differentiation
protocols a mixture of several cardiac cell types is generated and to select on
cardiomyocytes, glucose deprivation treatment is performed, which is based on the
capability of CMs to switch from glucose as energy source to lactate for example (48).
We applied this method for 6 days to purify our culture for CM. Although the protocol
we used generated iPSC-CMs, this protocol was not always reproducible meaning that
when we started a differentiation, this would not every time lead to (sufficient) beating
cardiomyocytes after 14 days. Even when beating cardiomyocytes were observed, not
every well of the 6-well plate differentiated as efficient since some wells did not show
any beating activity. A study performed in 2019 elaborates on this reproducibility and
tested five differentiation protocols where the percentage of successful differentiations
varies from 35% to 95% (49).

The current differentiation and analysis methods allow us to investigate ICA in a cell type
specific manner, although not as efficient as we wanted. To improve this efficiency, more
robust protocols and high throughput methods should be developed and applied.
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What will the future bring?

One common point in ICAs is that the underlying genetic background is still not fully
understood. In case of BrS for example, still 70% of the patients don’t have a genetic
diagnosis. The answer of this missing heritability might lie in the more complex
combination of genes that play a role in the development of the disease. Depending on
the number of genes involved in the development of the disease, the term oligogenic or
polygenic can be used. When just a few genes act together, this is called oligogenic. If
many genes with a very small effect size are interacting, we refer to this as polygenic.
The latter is mostly used for continuous traits that are also influenced by non-genetic
factors. In combination with the oligogenic or polygenic inheritance, the use of polygenic
risk scores has gained interest. A polygenic risk score gives an indication of your risk of a
certain disease based on the presence of specific polymorphisms in specified genes. For
BrS, some risk scores have been tested using up to 21 risk alleles which might in the
future be used as a diagnostic tool to identify BrS patients at a high risk of developing a
severe phenotype (29, 50, 51). Here, a multi-omics approach, where you look at the
genome, transcriptome, epigenome and proteome will improve the further
understanding.

With improved techniques such as NGS, novel insights in the genetic landscape of ICAs
have been gained. But in many ICA patients, a clear genetic cause is not yet identified or
VUS are detected. However, following the current ACMG guidelines, these are not
considered causal because of lack of evidence. This is a major issue that can be tackled
with advanced techniques that are being developed. The iPSC-CM field for example has
proven its worth in modelling diseases and can now be used to evaluate the
pathogenicity of variants in a patient-specific way or when combined with DNA editing
techniques such as CRISPR/Cas9 more generally. Currently, the patch clamp method is
still the golden standard to measure individual currents and action potentials of a cell.
Although it is an accurate technique, it is labour intensive and low throughput.
Automated patch clamp devices can overcome this and together with the Multi
Electrode Array (MEA) will increase the throughput which will lead to a better
understanding of disease mechanisms and interpretation of variants, including VUS. For
example, a high-throughput screen of ion channel variants can be performed using an
automated patch clamp system where 384 cells can simultaneously be recorded (52, 53).
Similarly, MEA systems are also increasing their throughput with larger multi-well plates.
These systems record extracellular field potentials similar to ECG recordings. By using
specific stimulation protocols they can also record local extracellular action potentials
(LEAP), similar to action potentials measured with the patch clamp technique (54).
Another technique that improves the throughput is via the use fluorescent imaging in
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combination with both genetically encoded calcium and voltage indicators (GECI/GEVI)
(55, 56). They can be used to either follow the calcium flux in cells or changes in voltage
over the cell membrane which results in calcium transient and action potential
recordings respectively (55, 56) and can be scaled up using multi-well approaches.
Fluorescent imaging can as well be applied to investigate VUS for example for possible
trafficking deficiency variants (57).

The combination of these sophisticated analysis techniques as MEA, automated patch
clamp and optical imaging with GEVIs and GECIs, will lead to novel insights regarding
detected VUS. The current iPSC-CM models still show a more immature phenotype,
where efforts have been made to improve the maturity with electrical, mechanical and
biochemical stimulation. Together with the development of 3D iPSC-CM models with or
without combination with other cardiac cell types, this will lead to models that more
closely resemble the physiology of the human heart. One important remark that should
be made is that there is some degree of variability which makes it difficult to pick up
small phenotypical differences and might hamper the interpretation of VUS in the future.

In addition to the utility of in vitro models for advancing research, in vivo models will
play a significant role in investigating ICAs. While several models, predominantly relying
on mice, have already been established, the introduction of zebrafish represents a more
recent development in the ICA research landscape. Despite anatomical differences in
their hearts, zebrafish demonstrate electrophysiology more comparable to human than
mice do. The integration of innovative techniques such as CRISPR/Cas9, GEVI/GECI, and
refined imaging methods further elevates the potential of studying ICAs. These cutting-
edge tools, in combination with zebrafish models, hold great promise for uncovering and
classifying variants in ICAs.

Gaining deeper insights into the genetic architecture of ICAs is not only beneficial for
genetic counseling of patients and their families but also promises advancements in our
understanding of disease mechanisms. This, coupled with the development of innovative
study models, will pave the way for the discovery of new and improved therapies for
ICA, particularly where existing pharmacological treatments are limited. Additionally,
these models can serve as robust testing platforms for newly developed drugs. A more
personalized approach involves generating cell models directly from patients for patient-
specific testing of therapies, offering a more individualized perspective on treatment
efficacy.

One thing is certain: the genetic landscape of ICAs is far from fully understood and a
combination of novel and innovative genetic and functional techniques will be needed
to fill this knowledge gap.
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