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Abstract

Background: Arrhythmogenic Cardiomyopathy (AC) is a genetic
cardiac disease resulting from different mutations within proteins
constituting the intercalated disc, including desmosomal and non-
desmosomal proteins. Recent studies have revealed that mutations in
filamin-C (FLNC) may lead to AC. The arrhythmogenesis and
electrophysiological effects of FLNC-related AC are incompletely
understood. Therefore, the aim of this study is to assess the potential
electrophysiological consequences of FLNC loss as occurs in AC in
human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-
CMs). Specifically, | aimed to characterise abnormal electrical activity
and the expression and function of key proteins in cardiac electrical
activity such as gap junction protein connexin 43 (Cx43).

Methods: hiPSC-CMs were differentiated and observed by
immunofluorescence microscopy. Small interfering RNA (siRNA)
transfection was utilised to knockdown the expression of FLNC in
hiPSC-CMs. Protein analysis was performed using western blotting to
confirm the knockdown efficiency. Electrophysiological properties were
recorded using a multielectrode array and manual patch clamping.
Optical recording of membrane potential and calcium activity from

hiPSC-CMs were also carried out using parameter sensitive dyes.



Results: Silencing of FLNC led to markedly decreased
immunofluorescence signals of FLNC, Cx43, desmoplakin, and
junctional plakoglobin. No significant reductions were noted in the
immunofluorescence signals of voltage-gated sodium channel (Nav1.5)
and plakophilin-2 compared with control hiPSC-CMs. Western blotting
showed the reduction of FLNC and Cx43 expression following silencing
of FLNC. Knockdown of FLNC resulted in disturbances to the recorded
action and field potential signals of hiPSC-CMs and arrhythmic like-
events. Transfected hiPSC-CMs with siRNA-FLNC were associated
with prolongation of calcium transient durations, optical action potential
duration, and action potentials measured with patch clamping.

Conclusion: The current findings indicated that loss of FLNC resulted

in a complex arrhythmogenic phenotype in hiPSC-CMs.



Impact statement

Human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-
CMs) can model inherited myocardial disorders such as arrhythmogenic
cardiomyopathy, a leading genetic cause of sudden cardiac death.
These cells offer an opportunity to study human heart physiology and
pathophysiology at the cellular level, therefore providing a valuable tool
to recapitulate the molecular and electrophysiological effects of
cardiomyopathies. Studying the genes implicated in the development of
arrhythmogenic cardiomyopathy, such as filamin-C, at a more
fundamental level is necessary to translate these findings into the
practice of precision medicine. This study reveals the potential for
elucidating the mechanism of arrhythmogenesis by using a dish model

of arrhythmogenic cardiomyopathy caused by filamin-C mutations.
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1.1 Arrhythmogenic Cardiomyopathy

Arrhythmogenic Cardiomyopathy (AC) is a genetic cardiac
disease, characterised by pathological damage of ventricular
myocardium and fibrofatty replacement leading to a number of serious
and potentially life-threatening conditions such as ventricular
arrhythmias, systolic dysfunction, heart failure and sudden cardiac
death (SCD). Although AC is originally described as right ventricular
disease, there is now evidence that AC can be presented with both
biventricular and left ventricular-dominant disease. This condition is rare
and known to be heritable due to mutations in different genes that
encode intercalated disc (ID) proteins (Figure 1. 1), including
desmosomal and non-desmosomal proteins (2). Despite the high
prevalence of desmosomal gene mutations in AC cases such as
plakophilin-2, desmoglein-2, and desmoplakin (DSP), mutations of other
cellular components in the ID have also been identified to cause AC.
Titin, desmin, and filamin-c (FLNC) are considered as intracellular
structural proteins and have been linked with AC (3). FLNC belongs to
a family of filamins, and its expression occurs mainly in the skeletal and
cardiac muscle. More importantly, FLNC plays a fundamental role in
structural stability of the actin network as well as cell membrane

interactions. To elaborate, FLNC binds to many proteins along the Z-
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disc, which defines the lateral borders of the sarcomere, and therefore
variants in FLNC have been reported with certain pathological
conditions, including skeletal myopathies and cardiomyopathies (4).
Currently, truncation and missense mutations in FLNC can be
associated with the two forms of AC: Arrhythmogenic Right Ventricular
Cardiomyopathy (ARVC) and Arrhythmogenic Left Ventricular
Cardiomyopathy (ALVC). Prior preclinical investigations revealed that
loss of desmosomal integrity causes a decrease in gap junction protein
Cx43 and cardiac sodium channel Nav1.5, resulting in
electrophysiological abnormalities. Indeed, ID function of Cx43 and
Nav1.5 require intact desmosomes (3, 5). It is not yet completely
understood whether the disruption of FLNC affects Cx43 and sodium
channel expression and causes electrophysiological abnormalities in a

cellular model.
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[ 3 re d
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Figure 1. 1: structure of intercalated disc, including desmosomal proteins. The desmosome
composed mainly of plakoglobin, desmoplakin, plakophilin-2, desmoglein, and desmocollin.
Desmoplakin connects the desmosome complex to the desmin filaments and the desmosomes
work together with sodium channels and gap junctions to facilitate mechanical support and
electrical coupling of cardiomyocytes. Figure obtained from Yen-Nien Lin et al (6).
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This study set out to understand the electrophysiological effects of
FLNC-driven AC pathogenesis. To achieve this goal, differentiation
protocols were conducted to produce cardiomyocytes from induced
pluripotent stem cells (iPSCs). Despite the availability of other human
sources to model cardiac disease, for example fresh isolation of human
ventricular cardiomyocytes, these are difficult to obtain and often
diseased. Perhaps the most serious disadvantage of this method is the
limited access of enzymes to isolated cardiomyocytes during cardiac
surgery, and low cell yield as well as the risk of hypoxia (7-9). Thereby
the notion of using hiPSC-CMs is frequently considered the most
utilisable tool in terms of drug screening and disease modelling. Indeed,
these cells offer substantial promise as an alternative to animal models
with regard to disease modelling, specifically arrhythmic disorders
caused by mutations in ion channel-related proteins, structural and

modulatory proteins (10).

1.1.1 Aetiology of Arrhythmogenic Cardiomyopathy

AC can result from different causes, including: genetic, systemic,
infectious, and inflammatory disorders. The underlying aetiology of AC
in most cases is due to genetic mutations within the ID components,

very commonly in the five desmosomal genes DSP, junctional
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plakoglobin, desmoglein-2, plakophilin-2, and desmocollin-2 (11).
However, it is becoming clear that non-desmosomal protein mutations
have also been associated with AC, which comprises adherens junction
proteins, cytoskeleton proteins, ion transport proteins, calcium-handling

proteins, and cytokine signalling proteins (3, 12).

1.1.2 Epidemioloqy of Arrhythmogenic Cardiomyopathy

The estimated prevalence rate of AC is approximately 1 in 2000
to 1 in 5000, depending on regional incidence (13). For example, it has
been reported that the population prevalence of AC in ltaly and
Germany is higher and estimated to affect around 1:2000 people (2).
Another important point is that particular gene mutations of AC have
been found frequently in specific nations such as junctional plakoglobin
in Greece, phospholamban in the Netherlands, and transmembrane

protein 43 in Newfoundland and Canada (14).

1.1.3 Pathogenic and Genetic Mechanisms in AC

In most AC cases, the pattern of inheritance is an autosomal
dominant (15) and the fibrofatty replacement of cardiomyocytes is the

histopathological hallmark (16). Originally, AC was known as
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arrhythmogenic right ventricular dysplasia (ARVD) because it was
thought to be a congenital defect due to abnormal development of the
RV. Later, it was discovered to result from a gene mutation in the
desmosome and classified as a cardiomyopathy (15). However, due to
the presence of fibrofatty replacement not only in RV but also LV, or
biventricular myocardium, it has now been renamed as AC (2).
Furthermore, recent studies suggested a significant contribution of
inflammation to AC pathogenesis and it can be either as active driver or
as modulator of the disease phenotype (17). Apoptosis and
adipogenesis are all known to be involved in AC pathology as well (3).

The maijority of AC patients have desmosomal gene mutations with
varying frequencies. For example, in plakophilin-2 (20-46%),
desmoglein-2 (3-20%), DSP (3-15%), desmocollin-2 (1-15%), and
junctional plakoglobin  (0-1%). Nevertheless, non-desmosomal
mutations have also been associated with AC and emerged in various
proteins such as aT catenin (0-2%), cadherin-2 (0-2%), Phospholamban
(0-4%), Transmembrane Protein 43 ( 0-2%), Nav1.5 (2%), lamin A/C (0-
4%), desmin (0-2%), titin (0-10%), and (FLNC; 0-3%) (12, 14). While
these mutations are rare, efforts are needed to understand their

pathological roles and mechanisms in AC.
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1.1.4 Diagnosis of Arrhythmogenic Cardiomyopathy

AC can be diagnosed by using the appropriate clinical tests
outlined by a Task Force Criteria in 1994, which was then updated in
2010. The criteria encompass multiple factors such as tissue
characterisation, structure/function assessment, ventricular
arrhythmias, repolarisation and/or depolarisation ECG abnormalities, as
well as family history. In 2020, however, the new Padua criteria were
proposed by Corrado et al (18), suggesting a modification in the original
ARVC diagnostic criteria to include the left-sided AC phenotype. Yet the
diagnostic challenges reported by clinicians still exist, such as variable
disease expression and incomplete penetrance among individuals.
Recently, considerable advances have been made in the improvement
of risk stratification by developing prediction models for ventricular
arrhythmias caused by different genetic variants, and hence aid to

subclassifying AC patients into phenotypic groups (5, 11).

1.1.5 Treatment of Arrhythmogenic Cardiomyopathy

Clinical management of AC are focused on symptomatic relief as
well as preventing disease progression and SCD since there is currently

no cure for this disease. Treatment consists of primarily placement of
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an implanted cardioverter-defibrillator (ICD), and prescribing some
medications, particularly beta-blockers and antiarrhythmic drugs (sotalol
and amiodarone), which are effective in reducing lethal
tachyarrhythmias. In severe cases, for example sustained monomorphic
ventricular tachycardia, catheter ablation may be used when patients
are intolerant or the medications are ineffective. In selected patients who
have lethal arrhythmias and advanced heart failure due to

cardiomyopathy, heart transplantation may be needed (5, 11, 19, 20).
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1.2 Electrical activity of the heart

1.2.1 Overview of cardiac electrophysioloqy

The electrical signal of the heart in healthy individuals initiates in
specialised cells (Sinoatrial (SA) node) located in the right atrium that
depolarise in a spontaneous manner. This signal subsequently
propagates throughout the entire heart from cell to cell with each cell
exhibiting an action potential (AP). Thus, the AP spreads through
conducting pathways and in the atria and ventricle causes contraction.
The APs are categorised based on the upstroke speed into slow AP,
originating from sinoatrial and atrioventricular (AV) nodes, and fast AP
in atrial myocytes, Purkinje fibers, and ventricular myocytes. The cells
in SA node have intrinsic pacemaker activity and are able to depolarise
spontaneously. At rest, these cells generate action potentials at a
regular pace with intrinsic rate of approximately 70 beat per minute. The
pacemaker activity can be regulated by sympathetic and
parasympathetic responses. The resting membrane potential of SA
node cells is approximately -60 mV. Nevertheless, the cells undergo
spontaneous depolarisation as consequence of inward and outward
current movements. In general, both Na* and Ca*? are inward currents

while outward activity carried by K* current. Upon reaching to threshold,
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the firing of AP occurs due to Nav1.5 that activates opening of L-type
(T-type may also be contributed) Ca?* channels. Conversely, closing of
Ca?* channels and high K* conductance causes repolarisation and that
the pacemaker cycle is fully completed. The impulse then reaches the
AV node cells in the atrial septum. The importance of AP in the heart is
that during excitation contraction coupling, in which the propagation of
AP must be timed to synchronised ventricular contraction in order to

eject the blood effectively (21).

1.2.2 Cardiac ion channels

The myocardial cell membrane, known as sarcolemma, consists
of phospholipids that, by itself, acts as barrier and is highly impermeable
to ions. In addition, the sarcolemma is composed of specialised integral
membrane proteins, including ion channels, passive cotransporters, and
active transporters. These are important to accommodate multiple
cellular functions, particularly maintaining the ion concentration
gradients and distribution of charges between the inside and outside of
the myocardial cells. Normally, the concentrations of sodium and
calcium are greater outside the cell, whilst the potassium concentration
is much higher inside the cell. Specific ions can across the sarcolemma

and constitute the basis of cardiac action potential (22). These ions must
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pass through specific channels in order to generate the electrical signal
in the heart.

Many cardiac ion channels are voltage-gated channel; in which
their gates open or close depending on the alterations in membrane
potential. As soon as the cell reaches threshold potential, activation
gates of Na* channels are open to permit the influx of Na* across the
membrane, causing the upstroke of the AP and then inactivation gates
close the sodium channels to end the upstroke. The sodium channel is
inactivated until the end of repolarisation underpinned by the opening of
potassium channels when the cell returns to the resting membrane
potential. Of note, action potentials vary between different regions of the
heart in terms of resting membrane potential, AP peak, and AP duration,
as these determined by the number and type of ion channels (23). The
importance of these ion channels is elucidated below with particular

stress on ventricular electrical activity in the myocardium.

1.2.2.1 Voltage-gated sodium channels (Nav1.5)

Nav1.5 channel has unique physiological functions upon
activation since it facilitates the rapid rise of action potential. There are

several voltage-gated Na* channels that have been expressed in
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cardiomyocytes though they cannot compensate for the important
physiological role of Nav1.5 in the myocardium. Recent studies have
revealed that Nav1.5 resides in distinct complexes at two different
subcellular domains of the cardiomyocyte, one localised at the lateral
membrane with the dystrophin/syntrophin complex, and the other is
locating at the IDs, specifically with the MAGUK protein SAP97. In
addition, Nav1.5 can be associated with other regulatory proteins at the
IDs that are involved in stabilisation and targeting (Ankyrin-G), electrical
coupling (Cx43), and cell adhesion (Plakophilin-2). These Nav1.5
channels consist of a primary alpha subunits that may interact with
auxiliary beta subunits as well. The expression of alpha and beta
subunits was studied in the heart tissue and identified Nav1.1q,
Nav1.5a, B1, and B2. Other group of researchers identified the existence
of Nav1.3 and Nav1.6 in cardiomyocytes. Although the a subunit was
found to be associated with both 1 and 32, only 81 subunit has shown
a modulatory effect on electrophysiological characteristics of Nav1.5
(24). The alpha-subunit of Nav1.5 forms an ion-conducting pore and
voltage-dependent gating. It consists of an intracellular N-terminus and
C-terminus as well as four homologous domains (DI-DIV), with each
domain containing six transmembrane segments (S1-S6). The distinct

cytoplasmic linker region between segments 5 and 6 of all four domains
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forms the P segment channel pore, which regulates the selectivity and
permeation of ions (24-26). Positively charged residues on S4 segments
serve as voltage sensors to increase channel permeability, resulting in
rapid activation of the Na* channel when membrane potential (Vm) is
depolarised. The voltage gated Na* channel is characterised by
activation and inactivation gates that determine whether the channel is
open or closed, with each state corresponding to a different
transmembrane protein conformation (21). In the resting membrane
(phase 4), most ion channels (but not all) are in a closed state and even
if the inactivation gate is open, sodium ions cannot pass through due to
the closure of the activation gate. However, as soon as Vm is rapidly
depolarised (phase 0), the membrane voltage becomes less negative,
leading to the opening of both activation and inactivation gates and the
entry of Na* ions. The slow inactivation that occurs over hundreds of
milliseconds has been attributed to the late sodium current (INaLate),
which represent a sustained depolarising current during phase 2,
therefore play a key role to maintain the relatively long plateau of the AP
(25). Given the spontaneous closure of the inactivation gate, the Na*
current ceases and the channel cannot reopen directly from this inactive
state due to the conformational change that maintains a closed pore,

thereby preventing any flow of sodium ions. On the other hand, when
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membrane voltages return to a high negative level during cellular
repolarisation (phase 3), the channels recover from the inactivated to
the closed resting state. Resting potential of most cells is negative to
zero because more K* channels are open than Na* channels at rest (22).
Overall, Nav1.5 is the essential channel due to the capability to initiate
the cardiac action potential as well as the subsequent propagation
throughout the heart (24, 27, 28). However, mutations that disrupt
Nav1.5 function are known to be associated with life-threating
arrhythmias in the heart such as familial atrial fibrillation, Brugada
syndrome, cardiac conduction diseases, long QT syndrome (LQT3),

arrhythmogenic and dilated cardiomyopathy (24, 26).

1.2.2.2 Voltage-qgated calcium channel

Through voltage-gated L-type calcium channels, calcium enters
the cardiomyocyte and plays a central role in myocardial contractility. In
principle, voltage-gated calcium channels are vitally important in signal
transduction of electrical excitability, which in turns link membrane
depolarisation to intracellular Ca?* transients (29). The calcium channels
may be classified on the basis of their current type into L-type, T-type,

N-type, P/Q-type, and R-type (30). Among these types, only L-type (long
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lasting) and T-type (transient-type) calcium channels are involved in
cardiac function. L-type calcium channel (Cav1.2) is highly expressed
and has an important physiological role in the heart during excitation-
contraction coupling and in the plateau phase of the action potential as
well. L-type calcium channel conducts current through the pore forming
alpha 1 subunit encoded by CACNA1C gene, and it can co-assembles
with the extracellular alpha 2 and intracellular beta 2 subunits in cardiac
tissue that modulate kinetics, gating and trafficking properties of the
channel. Inward current of L-type calcium channel has a rapid activation
and is specifically essential for excitation contraction coupling, since it
acts as a trigger for the calcium-induced calcium release from the
sarcoplasmic reticulum. The inactivation kinetics of L-type calcium
current are depending on both Vm and intracellular calcium
concentration, which is dynamically changing during the action
potential. The recovery from inactivation is complex and mainly depends
on voltage. In addition, L-type calcium current can be modulated by
cAMP dependent phosphorylation and other factors, such as
intracellular levels of calcium. Also, Calmodulin has been shown to
support both inactivation and facilitation of L-type calcium current (25

31). Genetic mutations of this channel have been found to associate with

33



two forms of cardiac channelopathies: Timothy syndrome (LQT8), and

a form of Brugada syndrome (21).

1.2.2.3 Potassium channel

Potassium channels in the heart are divided into three
categories: voltage-gated channels, inward rectifier channels, and the
background currents (31). With regard to voltage-gated ion channels,
potassium channels are considered the largest and most diverse family
and there are at least 79 distinct genes in the humans (21). These
potassium channels consist of both a-subunits and accessory f3-
subunits, which essentially regulate the transform in the cardiac AP
configuration in response to changes in heart rate. Mutations in cardiac
K* channels are linked to several forms of long QT syndrome and short
QT syndrome as well as atrial fibrillation (21, 22). The table below is
adapted from previous studies (21, 25, 31, 32), and summarises the
genes encoding the K* channel subunits (primarily a-subunits) which
compose the cardiac membrane currents that are voltage gated and

time dependent:
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Current

Description

Activation
mechanism

Channel protein/Gene

Common
cardiac
disorders

lo, T Transient Voltage Kv4.2/KCND2
outward 1 repolarisation  Kv4.3/KCND3/KCNIP2 Heart failure
current, fast
Io, s Transient Phase Voltage, Kv1.4/KCNA4 Heart failure
outward 1 repolarisation  Kv1.7/KCNA7
current, Kv3.4/KCNC4
slow
Ixur Delayed Phase Voltage, Kv1.5/KCNA5 Atrial fibrillation
rectifier, 1 repolarisation  Kv3.1/KCNC1
ultrarapid
Ixr Delayed Phase Voltage, Kv11.1(HERG)/KCNH2 LQT2, short
rectifier, fast 3 repolarisation QT1
KCNE2 LQT6
Iks Delayed Phase Voltage, Kv7.1(KVLQT1)/KCNQ1 LQT1, short
rectifier, 3 repolarisation QT2, familial
slow atrial fibrillation
KCNEA1 LQT5
Ik1 Inward Phase Voltage, Kir2.1/KCNJ2 LQT7, Short
rectifier 3&4 repolarisation  Kir2.2/KCNJ12 QT3
Ikatp ADP Phase [ADP]/[ATP] Kir6.2/KCNJ11 Myocardial
activated K+ 1&2 T ischemia
current
Ixach Muscarinic- Phase  Acetylcholine Kir3.1/KCNJ3
gated K+ 4 Kir3.4(GIRK4)/KCNJ5 LQT13
current
Ixp Background Al Metabolism, TWK1/KCNKA1 hypokalaemia
current phases stretch (33)
TWK2/KCNKG6
TASK1/KCNKS Atrial fibrillation
TRAAK/KCNK4
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1.2.3 The human cardiac ventricular action potential

In brief, the cardiac ventricular action potential is divided into five
phases (Figure 1. 2). Phase 0 is the rapid depolarisation triggered by
sodium influx and represented by the upstroke velocity. Phase 1 is
characterised by a brief current repolarisation carried by the outward
potassium current. Phase 2 is relying on the balance of inward of
calcium and potentially sodium currents versus outward potassium
current, therefore causing a plateau phase. During this plateau phase,
L-type calcium channels located in the t-tubules start opening and lead
to calcium influx through this channel, resulting in activation the nearby
ryanodine receptor (RyR2) within dyadic clefts. Consequently, this
calcium entry triggers the release of even more calcium from the
sarcoplasmic reticulum (SR) in a complex process called Ca%*-induced
Ca?* release (CICR) detailed in the section below 1.2.4. Phase 3 is a
repolarisation phase where the delayed rectifier or slow K* channels
open, causing K* conductance to predominates while Ca?* conductance
decreases due to closing of L-type Ca?* channels, leading to a large
outward K* current, which in turns allow the membrane potential to
return toward diastolic levels. Phase 4 is a resting membrane potential
and the ion concentrations that were changed by the firing action

potential are restored to resting levels by the sodium-potassium
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ATPase, sodium-calcium exchanger, and ATP-dependent Ca?* pump

(10, 21, 23, 25).
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Figure 1. 2. Action potential profile (A) and representative ionic currents (B). In ventricular
myocytes, the AP profile is influenced by opening and closing gates of specific ion channels that
governed by time and voltage-dependent amplitudes (10). The rapid phase 0 that produces fast
conduction of the wave of depolarisation occurs when the cells reach threshold and Nav1.5
channels (Ina/ SCN5A) open, leading to a decreased in potassium conductance. Phase 1 is
rapid repolarisation to the plateau caused by inactivation of sodium channels and
simultaneously opening of voltage-sensitive K* channels (I / KCND3), causing a transient
outward potassium current. Phase 2 is plateau generated by fine balance of inward current of
calcium (lcar / CACNA1C) and slow outward current of potassium. Eventually Ica. become
inactivated and in Phase 3 the activation of potassium channels occurs, producing mainly slow
and rapid repolarisation due to outward current of potassium (Iks/ KCNQ1 and Ix-/ KCNH2).
Phase 4 is the resting membrane potential (Ik1/ KCNJ2), where ion concentrations that were
altered by AP firing are returned to resting levels by the sodium-potassium ATPase, sodium-
calcium exchanger, and ATP-dependent calcium pump (23, 34). Figures taken from Leonard S.
Lilly (34).
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1.2.4 Role of calcium in cardiomyocytes

During the cardiac ventricular action potential, under normal
conditions, the concentration of sodium and potassium are maintained
hence high potassium inside the cell and low potassium outside and
high sodium outside the cell and low sodium inside the cell (Figure 1.
3). To elaborate, sodium is moving inside the cell during depolarisation
whilst potassium current is moving outward to drive repolarisation.
These cellular ion gradients are maintained due to presence of specific
pumps and exchangers. For example, the Na*-K* pump is essential to
maintain the membrane potential, where it moves 3 Na* ions outside the
cell for every 2 K* inside, and that requires ATP energy due to moving
these ions against their concentration gradient, and therefore the charge
transfer becomes more positive outside as well (34). Acting in the
opposite direction, NCX1 transports 3 Na* ions into the cytoplasm in
exchange for 1 Ca?* extruded out. NCX1 is therefore one of the main
mechanisms of Na* influx in cardiac cells (35). More importantly, calcium
contributes to regulation of ventricular cardiomyocytes function via
voltage-gated calcium channel, calcium pumps/transporters as well as

activation of ryanodine receptors (RyR2 in the heart) (36).
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Figure 1. 3: lon channels and ion transporters of the cardiomyocytes. Figure obtained from
Leonard S. Lilly (34). (A) sodium entry through the fast Na* channel is responsible for phase 0
of the cardiac ventricular action potential. (B) Ca®* enters the cell via L-type Ca?* channel during
phase 2. (C) K* exits via different K* Channels to repolarise the cell. Opening K* channels
contribute to the resting potential (Phase 4). (D) Na*-Ca?* exchanger (NCX1) transports Ca?*
from low intracellular concentration to high extracellular concentration in order to maintain the
low intracellular Ca?* concentration. This achieved by moving 3 Na* ions into the cell and
extruding one Ca®* ion, using electrochemical gradient for Na* as an energy source for transport,
hence NCX produces an inward or depolarising current. (E) Na*-K*pump maintains
concentration gradients for these ions by moving 2 K* ions into the cell for every 3 Na* ions that
it transports out of the cell, using ATP as an energy source. Therefore, this pump produces an
outward or hyperpolarising current (21). (F) & (G) Active Ca®* transporters help removal of Ca?*
to the external environment and into the sarcoplasmic reticulum, respectively.
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Calcium is a key player that links excitation to contraction. Indeed,

cardiac contraction is generated by a transient surge in intracellular Ca2+
concentration induced by depolarisation of the membrane potential in a
process known as excitation-contraction coupling (EC coupling). During
the cardiac ventricular AP, the propagation spreads along the T-tubules
and the membrane depolarisation causes the L-type calcium channel in
the cell membrane to open, allowing calcium influx into the dyadic
space, which separates the sarcolemma from the closely apposed (~15
nm) junctional SR in ventricular cardiomyocytes (Figure 1. 4). Significant
calcium release events from the junctional SR (called Ca?* spark that
can be monitored with Ca?*sensitive dye by fluorescence microscopy)

are triggered by extracellular influx of calcium, leading to a substantial

increase in local [Ca” '], and activation of a cluster of RyR2. This process
is known as calcium-induced calcium release (CICR). Thus, during
cardiac systole, the temporal summation of these local events by the
propagating AP produces a regenerative calcium transient, which can
be detected by troponin C to induce the sliding of the myosin-actin
filaments, cell shortening, and thus an increase in intraventricular

pressure and blood ejection. When the heart’s chambers begin to refill

with blood during diastole, the [Ca?*]i must fall and mechanical force

relaxes rapidly to resting diastolic levels. The myocardial relaxation
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occurs when the cytosolic calcium is either extruded across the
sarcolemma by Na*/Ca?* exchanger (NCX1) and plasma membrane
calcium-ATPase (PMCA) or sequestered into the SR by a pump called
sarco-endoplasmic reticulum calcium-ATPase 2a (SERCAZ2a).
Depending on the phosphorylation state, phospholamban is a key
regulator that can either increase or decrease the pumping rate of
SERCA2a, hence controlling the Ca?* affinity. For example, during

unphosphorylated state, phospholamban binds to SERCA2a and halts
the pump’s ability to transport Ca2+ by decreasing its apparent affinity

for Ca2+. On the other hand, when phospholamban is phosphorylated, it

relieves the inhibition of SERCAZ2a, thus enhancing the pump’s affinity

for Ca2+ and promoting relaxation. It is noteworthy that when multiple L-
type calcium channels in ventricular cardiomyocytes open
simultaneously, the resulting global increase in [Ca®*]iis a consequence
of the spatial and temporal summation of many Ca?* sparks. Given this
a global rise in [Ca?]i of ventricular cardiomyocytes has a longer
duration than the action potential due to the fact that RYR Ca?* release
channels remain open for longer periods of time than L-type calcium
channels (blue curve below). Because an increase in [Ca?*]i can initiate
the process of cross-bridge cycling, thick filaments slide through thin

filaments, resulting in cardiac tension (red curve below). The
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development of cardiac tension occurs more slowly than the global rise
in intracellular Ca?* concentration (Figure 1. 3). There are four
mechanisms of Ca?* removal from the cytoplasm: (1) NCX1 and PMCA
in the sarcolemma both extrude Ca?* from the cell, (2) SERCA2a pump
sequesters Ca?* into SR, (3) uptake of Ca?' from the cytosol into
mitochondria, and (4) Ca?* dissociates from troponin C, preventing
actin-myosin interaction and causing relaxation of the myocardium (21,

36-38).
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Figure 1. 4. Role of calcium in myocardial contraction of ventricular cardiomyocytes.
Membrane depolarisation opens Cav1.2 channels in the cell membrane leading to entry of Ca®*
through it, causing an increase in [Ca®*]; in the vicinity of the RYR2 on the SR. As a result, Ca?*
simultaneously activates a neighbouring cluster of RYRs, producing more release of local Ca®*
into the cytoplasm. CICR is a robust amplification system whereby the local influx of Ca®*from
small clusters of Cav1.2 in the sarcolemma triggers the corresponding release of Ca®* from
stores in the SR. Reverse NCX activated by sodium currents may be involved in triggering
Ca®*release, although with a small amount of Ca®*, during the initial part of the AP (39). Thus, a
global increase in [Ca?*]; initiates contraction of myocardial cells due to binding of Ca?* with the
myofilaments, allowing cross-bridge formation and contraction (1-3 black arrows denote the
contraction steps). Ca®* is extruded from the cell via the NCX1 and to a lesser extent via the
PMCA or taken up by the SR via SERCAZ2a. Phosphorylation of PLN accelerates myocardium
relaxation. Consequently, fall in [Ca®*]; leads to unbinding from myofilaments and promote
relaxation. (1-4 red arrows denote the relaxation steps). Cav1.2, L-type Calcium channels;
RYR2, ryanodine receptor/calcium release channel; SR, sarcoplasmic reticulum; PLN,
phospholamban; NCX1, Na*/Ca?*exchanger; PMCA, Ca®*ATPase; SERCAZ2a, sarco-
endoplasmic reticulum Ca®*ATPase 2a; H*protons; MiCa, mitochondrial Ca?*channels. Figure
obtained from Boron and Boulpaep (21).
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1.2.4.1 Calcium-mediated signallinqg cascades in cardiac cells

Beside its role in EC coupling, different calcium-dependent
signalling pathways can be activated during disease and participate in
cardiac arrhythmogenesis, including calpain, protein kinase C (PKC),
Ca?*/Calmodulin-dependent protein kinase Il (CaMKIl), and calcineurin/
NFAT signalling pathway. Calpain is involved in the calcium dependent
regulation of many different cellular processes. Dysregulation of calpain
resulted from calcium handling abnormalities during heart diseases
such as, atrial fibrillation, heart failure, or hypertrophy can have a severe
effect on cellular function. The PKC signalling pathway is a major target
of calpain. PKCs have been involved in cardiac arrhythmias because of
their role in the electrical remodelling of the heart. For example,
downregulation of PKC could contribute to increase activity of the
acetylcholine-activated inward-rectifier potassium current, which
shorten the APD and hyperpolarise the resting membrane potential,
leading to re-entry and atrial fibrillation promotion. Also, increased PKC-
mediated phosphorylation of TnT and Tnl were observed during heart
failure, which alters the myofilament calcium sensitivity. CaMKII
activation is one of the major calcium regulations during heart disease.
For example, sympathetic stimulation enhances CaMKII activation via

fast heart rate, increased [Ca?!]i, and regulation of exchange-protein
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activated by cAMP. Active CaMKII can regulates many key components
in calcium handing of heart cells, such as RyR2, L-type calcium channel,
SERCAZ2a, and phospholamban. In addition, CaMKII plays a key role in
myocardial contraction (through the phosphorylation of myosin binding
protein-C and titin), intracellular trafficking, hypertrophy, inflammation,
and other mechanisms. The proarrhythmic events associated with
CaMKII hyperactivity have been shown in different experimental model.
For instance, CaMKIl-mediated phosphorylation of Nav1.5 increases
late Na current, and causes prolongation of the APD, resulting in

calcium handling abnormalities and DADs (40).
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1.2.5 Cellular arrhythmias- Early and Delayed Afterdepolarisation
(EAD and DAD) and re-entry

Cardiac arrhythmias are generally classified as abnormal
impulse formation, including early after-depolarisation (EAD), and
delayed after-depolarisation (DAD), and abnormal conduction facilitated
by re-entry (41). Under certain conditions, the ventricular AP can
originate a triggered activity of abnormal depolarisations that result in a
spontaneous abnormal beat or series of beats. High concentrations of
intracellular sodium can lead to increases in intracellular calcium
concentration via NCX1, therefore provoking arrhythmogenic triggered
activity such as EAD and DAD. EAD is characterised by additional
depolarisation occurring prior to the end of the preceding AP during the
plateau of phase 2 or phase 3 repolarisation. EADs are typically
generated when the action potential duration (APD) is abnormally
prolonged at relatively slow rates. Consequently, L-type calcium
channels which have recovered from inactivation and are now able to
reopen, and some of the Ca?* channels carry a calcium window current,
generating positive voltage oscillation in membrane potential (Figure 1.
4) during phase 2 and phase 3 (25). EADs are more likely to develop
with certain pathologies or medications that cause calcium loading or

reduction in K* currents or increasing the late Na* current. For example,
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ventricular hypertrophy, heart failure, and drugs like B-adrenergic
agonist are predisposing factors for the development of EADs (42).
Nevertheless, EADs can also be triggered by CaMKII phosphorylation
which decreases the inactivation time of L-type calcium channels,
thereby accelerating the recovery from inactivation and potentially
leading to EAD events. Another example of EAD formation is due to
activation of NCX current and therefore generating membrane
depolarisation caused by an increase in Ca?* transients resulting from
elevated [Ca?'] whilst Vm is negative to the equilibrium potential for
NCX1(38). On the other hand, DADs are abnormal changes of the Vm
that occur after full repolarisation (Figure 1. 5). DAD is likely generated
by calcium-sensitive depolarising currents when spontaneous calcium
is released from the SR during calcium overload, or CaMKIl
phosphorylation. DADs are usually induced at fast rates and have been
associated with different forms of heart disease such as chronic atrial
fibrillation, catecholaminergic polymorphic ventricular tachycardia, heart
failure, ischemia or drugs like digitalis. It is now understood that calcium-
sensitive current (most commonly NCX) or calcium-sensitive chloride
current play an important role in DAD formation (25). For example,
during diastole, the events of spontaneous Ca?* sparks, which are able

to combine to form a sub-sarcolemmal Ca?* wave and cleared by NCX1,
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can rise in response to an increase in SR Ca?* leakage. This causes a
depolarising (3 Na* moving inside: 1 Ca?" moving outside) inward
current to flow into the myocardial cells at an inappropriate time, eliciting
ventricular arrhythmia. In addition, an increase in CaMKII-dependent
phosphorylation contributing to an increase in RYR2-mediated Ca?*
leak has also been associated with DADs and arrhythmia. This is
certainly true in the case of catecholaminergic polymorphic ventricular
tachycardia and heart failure (37).

Another mechanism of cardiac arrhythmia is a conduction
disturbance caused by re-entry. Re-entry is a self-sustained activity in
which a propagating electrical wave can return to tissue in a circus
movement pathway. It occurs when an activation wavefront propagates
around an anatomic or function obstacle and re-excites the site of origin.
Thus all cells take turns in recovering from excitation and so that they
are ready to be excited again upon arrival of the next wavefront (42). In
general, the classical concept of re-entry requires a substrate and a
trigger. The substrate can be defined as the structure and
electrophysiological activity of the tissue through which the re-entry
wave moves. The trigger can be seen as an ectopic beat in ECG and it
associated with unidirectional conduction block that forces the wave to

move and propagate in a circuitous pathway. However, any interruption
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of the re-entrant circuit at any point along its path would terminate the

circus movement (41).
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Figure 1. 5. Mechanisms of cellular arrhythmia caused by abnormal impulse formation.
(A) EAD can be resulted from inward current of L-type calcium channels. Prolongation in APD
may leads EAD formation (dashed blue line) followed by a triggered activity started in phase 2
of cardiac ventricular AP (dashed red line). (B) DAD results from several mechanism, including
calcium transient inward current associated with NCX1, as well as spontaneous Ca®* release
from the SR. Typically, Ca?*handling abnormalities can activate transient-inward NCX1 currents
and promote DAD occurrences. The initial rise (dashed red line) illustrates DAD formation, which
can then induce a triggered beat. (C) Re-entry is usually caused by a substrate with two
pathways for conduction that favour unidirectional block. Then re-entry is triggered by ectopic
beat. The re-entrant wave follows an anatomically defined path that surrounds a region of non-
conducting tissue. DAD, delayed after-depolarisation; NCX1, sodium-calcium exchanger; SR,
sarcoplasmic reticulum;, EAD, early after-depolarisation; AP, action potential. Figures is taken
from Brenda Yang et al (41).
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1.2.5.1 Cardiac electrical alternans

Cardiac alternans that are detected by the ECG characteristically
have alternating complexes of differing QRS amplitudes and T wave
morphologies. It has been linked to an increased risk of ventricular
tachyarrhythmic events and SCD. There are two hypotheses that may
explain the cellular mechanisms of cardiac alternans. First, the
alternation in cellular sarcolemmal currents (e.g. Calcium and
potassium currents), APD, and AP amplitude causes an alternation in
[Ca?*]ion a beat-to-beat basis. Thus, disruptions of intracellular Ca2*
homeostasis at the subcellular level result in [Ca?*] alternans, which
leads to APD and ECG alternans. The second hypothesis proposes that
[Ca?*)i alternans is the primary driver that can lead to changes in AP
morphology (43). For example, a study has found that alternans in
intracellular Ca2* concentration were correlated with APD alternans in
time and magnitude. Also, suppression SR Ca?* release abolished APD
alternans in voltage-clamped cardiomyocytes while alteration of the
voltage command had no effect on Ca?* alternans. Therefore, perhaps
a primary disturbance in Ca?* handling may be responsible for the

cellular manifestations of alternans (44, 45).
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1.2.6 Electrical abnormalities of Arrhythmogenic cardiomyopathy

AC is considered a disease of the ID. The cardiac IDs are
composed of gap junctions, desmosomes, adherens junctions, and
subsidiary ion channels (Figure 1. 5). All these complexes are
necessary for the normal function of cardiomyocytes, specifically
electrical and mechanical communication between neighbouring cells
(46-48). It is thought that changes in mechanical adhesion ID proteins
can affect the functional roles of Nav1.5 and Cx43, leading to disruption
of the cardiac electrical signals and arrhythmia (49-51). Nav1.5 is a
primary cardiac isoform of the sodium channel and responsible for the
rapid upstroke of AP in the cardiomyocytes and normally expressed in
the sarcolemma. Cx43 in the ventricle is necessary for gap junctional-
mediated intercellular communication and important in controlling of
electrical signal passage from one cell to another (52). The estimated
size of gap junctional pore is 2.5 nm in the open state, which allows
several ions and molecules of less than 1 kDa to move between
adjacent cells, including cAMP, IP3, Ca?*, ATP, and other metabolites
(53, 54). Thus, the disturbance of Nav1.5 and/or Cx43 can lead to
abnormal electrical activity in myocardial cells (Figure 1. 6).
Furthermore, some studies have revealed mechanistic insights into the

interaction between Cx43 and Nav1.5 expression in that Cx43 may acts
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as a regulator for Nav1.5 functions at IDs (55, 56). Indeed, it has been
confirmed that Cx43 could modulate Nav1.5 recruitment at ID in hiPSC-
CMs, resulting in increased sodium current and upstroke velocities,
hence improving the electrical activity (52). In AC, for instance, both
mislocalisation of Cx43 and degradation of Nav1.5 expression at IDs
were noted (49, 50, 57, 58). Also, plakophilin-2 has a role in forward
trafficking of Nav1.5 and synapse-associated protein 97 (SAP97) as
well was found as a major vehicle protein for incorporation of Nav1.5 in
the membrane and it is shown to be majorly downregulated in hearts of

AC patients (3).
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Figure 1. 6. Electrical coupling of cardiomyocytes.(A). The cartoon above is Adapted from
Boron & Boulpaep (21) and shows the structural organisation and localisation of Cx43 gap
junction and Nav1.5 channels in the intercalated disc. When an action potential is initiated in
one cell of myocardium, the current flows via gap junctions and depolarises adjacent cells,
generating self-propagating action potentials (51, 55, 59). (B). The cardiac IDs composed of gap
Junctions, desmosomes, adherens junctions, and voltage-gated sodium channel. Figure
obtained from S.costa M. Cerrone Sagunar et al (60). DSP, desmoplakin; DSG2, desmoglein-2;

DSC2, desmocollin-2; PKP2, plakophilin-2; Cx43, connexin-43; Nav1.5, voltage gated sodium
channel.
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1.3 Stem Cells

1.3.1 Definition

Stem cells are undifferentiated cells that are capable of self-
renewal and can be differentiated to many different types of cells in the
human body. They can be used to establish a unique cellular platform
to model disease progression. Unlike animal models, stem cells and
their derivatives overcome the challenge of species differences. This is
evident in the case of gene mutations of AC such as transmembrane
protein 43, as it was found that animal models were unable to mimic the
human phenotype (61-63). However, the benefit of using stem cells in
disease modelling must not disregard the importance of animal models
to understand pathophysiological mechanisms associated with cardiac
diseases (10). The stem cells may be classified on the basis of
differentiation potency into pluripotent, multipotent, unipotent, totipotent,
and oligopotent stem cells. Given that the capability of these cells to
generate all the cell types from ectoderm, endoderm, and mesoderm,
they termed as pluripotent stem cells (64). However, multipotent and
unipotent stem cells are restricted to specific tissues or lineages.
Multipotent cells develop only in their tissue or cell types and are unable

to differentiate into other cell types of different tissue origin under normal
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physiological conditions, for example hematopoietic stem cells.
Similarly, unipotent cells can only be induced to one cell type (e.g., blast
forming unit-erythroid) can be differentiated into erythrocytes (65).
Another class of stem cells is totipotent, which derived from fertilised
egg, can differentiate into embryonic and placental cell types (66).
Oligopotent stem cells can differentiate and renew themselves only into
a few cell types, for example a lymphoid stem cell (67). Recently, the
human PSCs have been commonly used in disease modelling and drug
discovery (68) and are generally categorised into two types: embryonic
stem cells (ESCs) and iPSCs. These two classes of stem cells share a
number of key features to differentiate in all the derivatives of the three
germ layers (64). However, iPSCs-derived cardiomyocytes offer the
advantage of obtaining sophisticated cardiac electrophysiological
features for elucidating the functions of inherited heart diseases (69).
Another shortcoming, human ESCs technique is prohibited in some
nations due to ethical and religious concerns (70). Although some ESCs
have been examined in cardiac stem cell studies, the emphasis of this
work will be mainly on hiPSC-derived cardiomyocytes.

An experimental demonstration of reprogramming factors to
generate iPSC was first carried out by Takahashi and Yamanaka at the

onset of the 213t century (71). They established murine ESC-like from
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mouse embryonic fibroblasts and adult fibroblasts for induction of PSCs
by expressing reprogramming factors, which include Oct3/4, Sox2, Klf4,
and c-Myc. Subsequently, another study discovered that Nanog and
LIN-28 (72) were also able to induce pluripotency in somatic cells
(Figure 1. 7). Three years later, functional cardiomyocytes were
successfully derived from iPSC using Takahashi protocols, offered a
promising start for in vitro models of cardiovascular research

applications (73).

Adult fibroblast cells

KLF4, SOX2, c-Myc, Nanog, Oct-3/4, LIN-28

Reprogrammed cells

iPSC cells

Cardiomyocytes

Figure 1. 7. Generation of hiPSC-CMs from individuals. Created with BioRender.com.
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1.3.2 Adult Cardiomyocytes vs hiPSC-CMs

The human adult heart is normally composed of fibroblasts,
endothelial cells, immune cells, pericytes, smooth muscle cells, and
cardiomyocytes (74). Due to the limited availability of human adult
cardiac tissue, most of the experimental studies are conducted using in
vivo and in vitro models (75). Although it has been difficult to model the
complex cellular and molecular characteristics of the heart of
cardiomyopathy patients using hiPSC-CMs in vitro due to the variability
of cellular compositions under pathological conditions such as fibrosis
or inflammation, hiPSC-CMs are still useful for examining the
electrophysiological phenotype of the heart cells (62). Another obvious
challenge that cannot be ignored is the state of maturity of hiPSC-CMs
(Table 1), which demonstrates differences compared to adult
cardiomyocytes in structural features, metabolism, contractile functions,
and electrical properties. Despite this, researchers have been
developed several approaches to overcome these shortcomings in
many different ways including, biochemical, environmental, and
multicellular 3D culture. The following table summarises the significant

differences between these two forms of cells (76-79).
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Table 1: The major differences between adult CMs and hiPSC-CMs

Properties Adult cardiomyocytes hiPSC-CMs

Structure Elongated, T length: width Round, ¥ length: width
ratio ratio

Sarcomere Longer, organised Shorter, unorganised

Banding I, H, A, M, and Z-discs Z-discs and | bands

T-tubules Yes No

Distribution of
gap junctions

Polarised to intercalated
discs

Circumferential

Resting = -90 mV = -60 mV
membrane

potential

Upstroke velocity | ~250 V/s ~50 V/s
Amplitude High Small
Sodium current High Low

(Ina)

Calcium Efficient Inefficient
transients and Increase with pacing Decrease with pacing
amplitude

Excitation- Fast Slow
contraction

coupling

Contractility

No spontaneous beating
Higher force

High spontaneous
beating
Lower force

Metabolism

Fatty acids, energy

production through oxidative

phosphorylation

Glucose, lactate, and
rare or none fatty
acids
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1.4 Filamin C (FLNC) in Arrhythmogenic
Cardiomyopathy

1.4.1 FLNC structure and function

The filamins are an assembly of actin-binding proteins that
thought to be involved in cell membrane interactions. In the human
genome, filamins exist in three forms: filamin-A, filamin-B, and filamin-
C. The latter is more prevalent in cardiac and skeletal muscles while
filamin-A and filamin-B are widely expressed. Mutations in Filamin-A are
found to be associated with central nervous system diseases, skeletal
disease, haematological diseases, and respiratory diseases.
Nonetheless, certain cardiovascular disorders, such as mitral valve
prolapse, patent ductus arteriosus, hypertension, and aortic aneurysm,
may result from Filamin-A mutations (80, 81). Filamin-B mutations have
been linked to skeletal malformations, for example delay in bone growth
and low bone mineral density, as well as apoptosis in chondrocytes, and
defects in angiogenesis (82). Structurally, all these filamins contain an
N-terminal actin-binding domain and a C-terminal immunoglobulin-like
domain that causes protein dimerisation (83, 84), which in turn support
anchors filamentous actin (F-actin) to the cell membrane via specific

transmembrane receptors (85). This interaction of C-terminal domains
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and transmembrane receptors provided a clue of association between
F-actin cytoskeleton and focal adhesion, which is thought to play a role
in mechano-transducing stiffness and biochemical signalling pathways.
Due to the involvement of filamins in these mechanisms, they underlie
the cell membrane interactions of extracellular matrix receptors such as
integrins, as well as signal communication of intracellular proteins (83).
Thus, FLNC may not only be necessary for maintaining the mechanical
link but also for transmitting signals from plasma membrane proteins
(86). The (Figure 1. 9) below obtained from Ortiz Genga (87) illustrates

the cellular interactions of FLNC in the heart.

1.4.2 FLNC mutations and AC

Pathogenic variants in the FLNC gene are now known to be
linked with different subtypes of cardiomyopathies such as restrictive
cardiomyopathy (88-91), hypertrophic cardiomyopathy (92, 93), dilated
cardiomyopathy (DCM) (94-96), and non-compaction left ventricular
cardiomyopathy (97, 98). It is becoming increasingly appreciated that a
minority of AC cases (4.4%) arise from FLNC mutations with a
predominantly left dominant form (98-100). More recently, Marta Gigli et

al (101) studied 85 patients carrying FLNC truncating variants and found
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that phenotypes were heterogenous at presentation: 49% DCM, 25%
ALVC, and 3% ARVC.

Notably, FLNC-related cardiomyopathy has been associated with
different types of genetic mutations, including, missense, nonsense,
frameshift, and splicing (102). Missense variants of FLNC were identified
in hypertrophic and restrictive cardiomyopathy as well as right atrial
cardiomyopathy (103), whereas nonsense variations were associated
with arrhythmogenic and dilated cardiomyopathies (104). Autosomal
dominant FLNC mutations tend to result in high penetrance (>97%) in
carriers aged 40 years or over (100). Prevalence of ventricular
arrhythmias and SCD in patients harbouring FLNC truncations was
relatively high (82%) in addition to LV fibrosis observed on MRI and
histological samples (87). In 2018, Begay and co-authors reported
manifestations of FLNC truncating mutations, which demonstrated
robust evidence of the relationship between FLNC mutations and AC.
These manifestations include fibrofatty infiltration in sub-epicardial
myocardium and changes in both sarcomeric structures and adherent
junctions, which closely represent AC phenotype. Besides the
immunohistochemical study, junctional plakoglobin showed normal
signals in myocardium and buccal mucosa whereas DSP and SAP97

signals were reduced. In addition staining for glycogen synthase kinase
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3B (GSKS3p) revealed that this protein retained intracellularly and did not
translocate to the IDs, which previously has shown in ARVC. Staining
for Cx43 at ID revealed similar immunoreactive signals in intensity and
distribution to the healthy control heart tissues, but diminished

immunostaining signal of the buccal mucosa (105).

Moreover, both FLNC and DSP shared some disease features
like LV impairment and circumferential scarring (106). According to
studies of genotype-phenotype correlations, FLNC and DSP are the two
most prevalent disease genes in ALVC (107, 108). Another significant
aspect of the similarities between FLNC and DSP is the intercellular
connections. Indeed, DSP is a major protein that plays a central role for
the intracellular adhesion to the intermediate filaments (Figure 1. 8),
thereby it is not surprising that a mutation that impairs the desmin
filament network will eventually influence the distribution of DSP at the
junctional sites, leading to AC phenotype (37, 109, 110). However, FLNC
and DSP were also strongly associated with the DCM phenotype,
indicating that DCM and AC may have overlapping phenotypes (105,

111).
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Desmosome

i

= ~ Desmoplakin

Figure 1. 8. Proposed molecular mechanism of FLNC contributing to AC pathogenesis.
Desmin is connected to the desmosome via desmoplakin. Due to the ability of desmin to form a
link between the desmosome and cytoskeleton, impaired interaction between these cellular
multiprotein complexes may lead to abnormal cellular adhesion (110). A potential consequence
of a mutation that alters the desmin filaments network (e.g.FLNC) may change the distribution
of desmoplakin at the junctional sites, eventually leading to an Arrhythmogenic cardiomyopathy
phenotype. Figure is modified from Mestroni and Sbaizero (109).
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Nonetheless, FLNC truncations were identified in two unrelated
families with a predominant phenotype of ARVC (112). In parallel work,
Shimrit Oz and colleagues (104) reported the reduction in FLNC
transcript in three unrelated Ashkenazi Jewish families affected by AC.

Recent published work carried out by Celeghin et al (99) studied
the prevalence of FLNC variants in AC probands and found that
eighteen carriers of FLNC variant had a diagnosis of AC (72% males,
mean age 45 years) in a cohort of 270 gene-elusive AC probands. The
clinical phenotype of FLNC-cardiomyopathy has been characterised by
late-onset presentation and typical ECG and CMR features. In ECGs,
low QRS voltages and T wave inversion were also detected. SCD has
found to be associated with LV fibrosis, but not with severe LV systolic
dysfunction. This contrasts with studies published by Akhtar et al (113)
and Kandhari et al (100) findings, which found that the previously
mentioned manifestations were associated with severe LV systolic
dysfunction and LV dilation among carriers of truncating variants in
FLNC. Additionally, a group of researchers led by Eric D. Carruth et al
have recently evaluated the prevalence and associated phenotype of
individuals with loss-of-function FLNC variants from MyCode cohort.
They found that 10% of FLNC patients have presented with both

ventricular dysfunction and arrhythmia- suggestive of ALVC- as
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compared to 3% of the remaining variants-negative cohort. Also, they
identified through genome screening that those individuals had
increased odds of DCM and AC phenotypes, such as decreased LV
function during systole as well as frequent ventricular arrhythmias
compared to control group (114).

In contrast, in spite of these recent findings about the role of
FLNC in AC, Charlotte Hall and other authors (115-117) have highlighted
the distinctive phenotype of AC associated with FLNC variants and
suggested that the clinical presentation and molecular representation of
FLNC- related myocardial disease may demonstrate different
appearances of the classical ARVC caused by mutations in the
desmosome. In addition, mutations in DSP, FLNC, Nav1.5 or
phospholamban can present with an AC phenotype that overlaps with
other cardiomyopathies, especially DCM. These findings described
above suggest that mutations in FLNC cause diseases with distinct
underlying mechanisms. Thus, further investigations and
electrophysiological studies with documented arrhythmias at an early
stage would be necessary to distinguish AC phenotype from other

cardiomyopathies (11).
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Figure 1. 9. Cellular interactions of FLNC at the cardiac IDs. (A) Cardiomyocytes bind to
each other at the IDs. (B) FLNC is primarily localised to Z-discs, where it crosslinks F-actin.
FLNC is also involved in interactions with fascia adherens components and costameres. Figure
obtained from Ortiz Genga et al (87).
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1.4.3 Effects of FLNC mutations on skeletal and cardiac muscle

Initially, mutations in FLNC gene were found in families
presenting with distal and myofibrillar skeletal muscle disease, which
impact the upper and lower limbs resulting in severe muscle weakness
and eventually permanent disability (118). The first mutation described
of FLNC by Matthias Vorgerd group used pedigree analysis of a German
family and identified a nonsense variant of FLNC associated with
myofibrillar myopathy (119). Two years later, they carried out further
investigations and found one-third of those patients with myofibrillar
myopathy showed signs of cardiac anomalies comprising left ventricular
hypertrophy, diastolic dysfunction, tachycardia, and conduction block
(120). For this reason, FLNC was established as a cause of myopathy
and it was apparent that FLNC plays a vital role not only in the structural
integrity of skeletal muscle at the myotendinous junction, sarcolemma,
and Z-discs but also in cardiac muscle due to its localisation at the IDs

of cardiomyocytes (121).
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144 FLNC in iPSC-CMs cultures

The development of iPSCs has provided an opportunity for
studying FLNC at cellular levels. To date, four different studies of FLNC
have been conducted in both human embryonic stem cells-derived
cardiomyocytes (hESC-CMs) and hiPSC-CMs; however, multiple
studies have been published in mice, zebrafish, and yeast two-hybrid
assays. In addition, other studies have been conducted in patient-

derived material as well, including heart samples and buccal cells (105).

Despite the key findings of FLNC in iPSC-CMs of Chen et al
study, the functional properties were not fully understood and more
efforts are needed to investigate the electrical phenotype of FLNC
cardiomyopathy (122). They identified the disease-specific mechanism
of FLNC-related Cardiomyopathy and found a novel link to B-catenin
and PDGFRA pathway, which previously observed in human hearts with
a DCM and FLNC variants. Also, they found that FLNC-deficient iPSC-
CM affected expression levels of desmosomal proteins (desmoplakin,
plakoglobin) and caused mis-localisation of connexin43.
Electrophysiological properties were assessed using whole-cell patch
clamp recordings and abnormal traces were displayed in both mutants

FLNC and isogenic FLNC KO-’ iPSC-CMs, specifically beat rate
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variations and delayed afterdepolarisations. PDGFRA inhibitor,
crenolanib, was used and showed a partial reverse of the pathological
gene expression profile, cardiac dysfunction, and electrical instability in
FLNC patient-specific CMs. Another study using hiPSC-CMs model, it
was found that FLNC cardiomyopathy variants cause protein and
lysosome accumulation (123). Agarwal and co-authors suggested that
not only FLNC haploinsufficient variants, but also variants that produce
misfolded FLNC proteins can cause disease by similar proteotoxic
mechanisms in hiPSC-CMs. Complete loss of FLNC (-/-) caused
profound sarcomere misassembly, impaired actin-crosslinking and
reduced transcription of thin flament genes. Unlike FLNC(-/-) hiPSC-
CMs, heterozygous cardiomyopathy variants (FLNC+/-) did not cause
sarcomere misassembly, indicating that other mechanisms were
involved. Heterozygous FLNC variants caused significant increases in
lysosome protein expression and autophagic flux. FLNC(+/-) hiPSC-
CMs had increased levels of FLNC binding partners and Z-disc proteins,
indicating impaired Z-disc protein turnover. Using hiPSC-CMs, Gabbin
(124) generated 2D and 3D models with the goal of developing a new
therapeutic approach for RCM patients. He used CRISPR/Cas9
genome editing into healthy control hiPSC-CMs and showed an altered

sarcomeric structure of mutants CMs in immunofluorescence assays.
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The 3D model of mutant engineered heart tissues showed lower
contraction force. One other study has reported the development of
hESC-CMs and showed significant reduction of contractility, suggesting
an impairment of the contractile apparatus caused by FLNC mutation.
No differences in protein expression level and subcellular fraction and
FLNC expression was equivalent in both WT and FLNC CMs (125).
However, several studies were conducted in mice to understand
the role of FLNC in cardiomyopathy. It was reported that loss of FLNC
decreased systolic force development in single CMs and isolated
papillary muscles without affecting calcium signalling and twitch
kinetics. Electron and immunofluorescence microscopy demonstrated
significant abnormalities in Z-disk alignment in knockout mice. Loss of
FLNC induced a softening myocytes cortex and structural adaptation at
the subcellular level that led to disrupted longitudinal force production in
cardiac contraction (126). In addition, mouse model showed that FLNC-
deficit myoblasts have changes in cell migration, proliferation, and
differentiation as well as dysregulation of Hippo pathway activity (127).
Moreover, mouse embryonic CMs with loss of FLNC resulted in foetal
death, but in adult CMs showed rapid and severe DCM within 2 weeks.
Loss of FLNC was associated with upregulation of different proteins

within costamere, ID, and desmin (128). In mice, FLNC mutations affect
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the mechanical stability of myofibrillar Z-discs and increased number of
lesions upon acute physical exercise, leading to muscle weakness and
myofibrillar instability (129). Another study showed that shortly after birth,
FLNC deficient mice die due to respiratory failure with severe loss of
birth weights and less fibres and primary myotubes, suggesting defects
in primary myogenesis (130).

Additional studies used zebrafish to investigate the pathological
mechanisms caused by FLNC mutations. Knockdown of FLNC in
zebrafish induced systolic dysfunction and severe cardiac phenotype.
Sarcomere organisation defects, particularly z-discs irregularity (94).
FLNC was found to be an essential for fibre integrity during muscle
contraction, but not for muscle specification and loss of FLNC led to
muscular failure in zebrafish (131). Progressive degeneration of skeletal
muscle in late embryonic stages and myocardial enlargement were
detected using Medaka mutant zacro (121). Zac acknowledged as a
homozygous nonsense mutation in FLNC and the localisation of FLNC
was found at myotendinous junctions, sarcolemma, Z disks in skeletal
muscle, and IDs in the myocardium.

Two separated studies were using yeast two hybrid assays to
understand the role of FLNC in protein interactions. FLNC was

recognised as a putative interactor with KCNE2. The co-localisation of
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FLNC and KCNE2 was confirmed within the cell though a physical
interaction was only associated with hypoxia (132). It was also found
that Plectin and FLNC organise the cytoskeleton with vital roles in
myogenesis, muscle structure, and muscle disease as well. Co-
localisation of these proteins was detected at the costameres in adult
muscle fibres (133). Only one study induced depletion of Drosophila by
RNAIi and showed filamin leads to heart dilatation, impaired systolic
function, and sarcomeric disorganisation. Using CRISPR/Cas9
system, three human FLNC missense variants identified in HCM

patients showed no impact on cardiac and sarcomere function (134).

75



Chapter 2 : Hypothesis and aims of research

Cardiac arrhythmias are a leading cause of death and
considerable efforts have been dedicated to develop
experimental cell models to study different inherited
arrhythmogenic diseases during the past few decades. These
models could improve our understanding of the underlying
arrhythmia  mechanisms and hence translate those
understandings into the clinical therapeutic management.
Hypothesis: Lack of filamin-C is highly arrhythmogenic by
disrupting gap junction protein connexin 43 (Cx43) and voltage-
gated sodium channel (Nav1.5) expression, results in abnormal
electrical activity in hiPSC-CMs.

The aim of my research

o Characterise the expression and subcellular localisation of
key desmosomal (Plakophilin-2, desmoplakin, and
plakoglobin) and non-desmosomal proteins (FLNC, Cx43,
and Nav1.5) following FLNC siRNA administration to

knock down FLNC expression in hiPSCs model.
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o Assess the electrophysiological consequences of FLNC
downregulation in a cellular model using different

functional approaches.
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Chapter 3 : Materials and Methods

78



3.1 Cell culture

All cell culture experiments were carried out in a culture hood
under sterile conditions and cells were routinely maintained in a

humidified incubator at 37°C and 5% COo..

3.1.1 Generation of iPSCs

Dermal fibroblasts were obtained from healthy donors and some
were reprogrammed after several passages and then generated as a
control human iPSC cell line - designated HS1M in Professor Andrew
Tinker’s laboratory at (QMUL) by Duncan C. Miller (135). Commercial
iPS cell lines HPSI0214i-kucg_2 (KG2) and HPSI0214i-wibj_2 (WJ2)
purchased from Wellcome Trust Sanger Institute/ HipSci, UK) were
gifted to me by my colleague Dr. Aled Rhys Jones at William Harvey
Research Institute-Queen Mary University of London and was also used

in this study.

3.1.2 Thawing and maintenance of iPSCs

The cryo-vial of frozen cells was obtained from the cryogenic
store, where samples preserved in a secured liquid nitrogen tank, and

instantly warmed in a water bath with 37°C for 90 seconds. Next, the
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cells were transferred in a dropwise manner to a 15 mL falcon centrifuge
tube containing 9 mL of mTeSR™1 medium (Stem Cell technologies,
Canada) at room temperature. The following step involves
centrifugation (Heraeus Labofuge 400R, Thermo Fisher scientific, USA)
of the cell suspension at 150 g for 4 minutes, and then the supernatant
was removed immediately. Afterwards, the cell pellet was re-suspended
with 5 mL mTeSR™1 and 5uM Y27632 (ROCK-inhibitor, Cambridge
bioscience, UK) and placed to a T25 flask. Based on the previous
findings of applying Rho-associated protein kinase inhibitors (ROCK:i for
simplicity), the iPSCs showed an increase in cell survival and cloning
efficiency after cryopreservation and therefore ROCKi can be used in

post-thawing medium (136, 137).The final step for thawing is allowing

the cells to settle in T25 followed by an inspection under the microscope
to ensure that the cells are attached firmly to the surface. The cells were
then incubated and fed with mTeSR™ every 24 hours or mTeSR™ Plus
every 48 hours until they become confluent and ready for the first
passage. For hiPSC cryopreservation, phosphate buffer saline (PBS)
was used to wash the cells and 1 mL of TrypLE, an enzyme for cell
dissociation (Gibco #12604013), was added prior to moving for 3
minutes incubation. After that, 9 mL of mTeSR™1 medium were added

to the cells, and subsequent centrifuging at 150g was performed for a
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full 4 minutes. Once centrifuged, the supernatant was aspirated and the
cell pellets were then re-suspended in adequate amounts of foetal
bovine serum (FBS; Gibco #F4135). Afterwards, this suspension was
typically aliquoted into three cryo-vials with 0.5 mL of mixture 80% cold
FBS and 20% Dimethyl sulfoxide (DMSO, #D2650 Sigma Aldrich, USA)
and placed in a special freezing container named Nalgene® Mr. Frosty
to store overnight at -80°C and then moved to cryogenic store the
following day. A total of 250mL of 2-Propanol (#190764; Sigma-Aldrich,
USA) was placed in a Nalgene®Mr. Frosty container, allowing it to

undergo five freeze-thaw cycles.

3.1.3 hiPSC Passaging

Passaging of hiPSC using TrypLE is an essential step to
differentiate iPSCs into cardiomyocytes. Indeed, the successive
passage promotes cell proliferation and dilutes out the nonproliferating
cells, allowing culture stability with a rapid growth rate. It is worth noting
that despite the increase in cell yield during the first and second
passage, the senescence may occur at any time, more likely between
30 and 60 cell doublings. Thus, it is not recommended to exceed the

fifth passage in continuous cell culture in order to maintain the sufficient
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number of cells for freezing. Cells should be used between passages 7
and 15 and should not be used for more than 20 passages (138).

Cells were routinely grown on Matrigel® (Corning #356230,
USA) coated T25 flasks (Sarstedt, Germany). Initially, Matrigel® was
moved from -80°C to -20°C freezer to thaw out prior to diluting to
1.25uL/cm? in Dulbecco’s Modified Eagle Medium (DMEM) and pipetted
into T25 flasks for a minimum 45 minutes to allow for polymerisation at
room temperature. Geltrex (Thermo Fisher Scientific #A1413301, USA)
is another substrate coating and was also used in this study. Due to a
delay in delivery from suppliers, Geltrex was used as substitute for
Matrigel, despite my preference to use the same substrate to reduce
data variability (139-141). In accordance with our lab protocols, aliquot
of Geltrex was thawed immediately at 4°C and then 0.5ulL/cm? mixed
gently and added to the medium DMEM/F-12 (Thermo Fisher Scientific
#11320033, USA) in the T25 flasks followed by incubation for at least
an hour at 37°C and 5% COa2. Next, the Geltrex coated T25 flasks were
maintained at room temperature until ready to use in the same today or
stored at 4°C for up to one week.

Cells underwent a passaging procedure twice in three days by
washing once with PBS followed by adding 1ml of TrypLE and placed

into 37°C incubator for 3 minutes. Next, 9 mL of mTeSR™1 medium
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was added and mixed for detachment of stem cells and then centrifuged
for 4 minutes at 150 g. Cells were counted by taking the average of the
total number of cells in the four corners squares of haemocytometer.
The estimated number of cells is divided by 4 and then multiplied by
10,000 and finally multiplied by 10 in case of splitting one T25 flask.
Typically, 1 million cells\ mL was specified for the first passage and
250,000 cells\ mL for the second passage upon differentiation of iPSCs.
The supernatant was removed from a centrifuge tube and 2 mL of
mTeSR1 was added to dissolve the pellet. After calculating the required
media, cells were resuspended in specified volumes of mTeSR1 and
Y27632, typically 750,000 (3mL), 1 million (4mL), 1.25 million (5mL),
and 1.5 million (6mL) of cells are the ideal numbers of seeding density
for the iPSCs cell lines in T25 flasks (Figure 3. 1). Thereafter, coated
Matrigel® was removed from T25 flasks and cells were placed into
these flasks after washing with PBS. Finally, these T25 flasks were then
placed in the incubator at 37°C and the media was changed every day
with mTeSR1 or every other day with mTeSR plus. Passaging was

carried out between 70% - 80% of cells confluency.
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Figure 3. 1. Schematic of the protocol for hiPSC passaging using TrypLE. Created with
BioRender.com.
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3.1.4 Cardiomyocytes differentiation

There are several methods for iPSC differentiation into
cardiomyocytes, but the main two ways are embryoid body and

monolayer based methods.

Preliminary studies used the embryoid body approach, which
mimic the early embryonic development by forming small spherical
aggregates, to enhance cardiomyocyte differentiation in PSCs (142).
Whilst embryoid body culture results in differentiation of PSCs toward
beating cardiomyocytes under highly defined conditions (143), such
representations are unsatisfactory due to the low efficiency of embryoid
bodies to give high cardiomyocyte yield and purity (78, 144). Thus,
researchers have developed new techniques in lieu of embryoid body
differentiation and proposed PSC monolayer-based differentiation
approaches.

Monolayer methods of culturing ESCs and iPSCs have been
more effective in inducing differentiation using growth factors and small
molecules added to the medium. There are two key characteristics of
the monolayer technique: Firstly, iPSCs are grown in a 2D monolayer
instead of 3D in embryoid bodies, enabling them to differentiate a large

number of cells in a cost-effective manner (142). Secondly, the
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cardiomyocytes have been demonstrated to mature phenotype during
monolayer differentiation, specifically to ventricular, atrial, or nodal CMs
(145). In 2007, Laflamme and colleagues were the first group to report
hPSCs differentiation into cardiomyocytes by a confluent monolayer
(144). In their experiment, ESCs were cultured on Matrigel® with mouse
embryonic fibroblasts until the formation of a cell monolayer was
completed and following addition of RPMI medium supplemented with
B27. Next, human recombinant Activin-A, followed by a human
recombinant Bone Morphogenic Protein 4 (BMP4), a part of
transforming growth factor beta (TGF-) superfamily, were added to the
medium to enhance mesodermal formation. The serum-induction model
showed that the combined activin/BMP4 had consistently produced
more cardiomyocytes in monolayer cultures than in embryoid bodies,
according to the reports published by Laflamme and others (144).
Subsequently, RPMI supplemented B27 were regularly added to the
cells until a spontaneous beating was observed, typically 8 to 12 days
after differentiation. During the first five days of differentiation, Lian and
co-workers noted that insulin presented in B27 medium supplement
halts cardiac differentiation. Therefore, insulin was removed and
manufactured as B27 minus insulin. Remarkably improvements were

observed in differentiation process of hiPSCs under defined conditions.
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Moreover, suppression of Wnt/B-Catenin signalling was also found to
play a critical role in cardiac differentiation (146). Hence, selected
studies demonstrated that combination of Wnt inhibitors KY02111 and
XAV939 (147, 148) are fundamental to dissect in vitro differentiation of
hiPSCs to a large number of cardiomyocytes under defined media.
Initially cell death is expected during this period due to GSK3p inhibition,
but using the correct doses and maintain the defined culture conditions

are necessary to induce subsequent cell proliferation.

The cardiac differentiation protocol was adapted from previous
studies (135, 149). The hiPSCs were typically differentiated to CMs in
20-30 days using small molecule modulators of Wnt signalling with a
chemically defined medium (section 4.1) (146). The preconditioning step
of hiPSC was carried out on Day -1 by diluting 1:100 of Matrigel\Geltrex
and 1:10,000 of BMP4 (R&D SYSTEMS #314-BP, USA) in StemPro-34
medium minus serum (Gibco #10639011). About 12-16 hours later, 8
ng/mL Activin A (Life Technologies #PHC9564) and 10 ng/mL BMP4
were mixed together and diluted again in StemPro34 medium to induce
cardiac differentiation in stem cells (150). The hiPSCs were then treated
with a Wnt inhibitor, XAV939 and KY02111 (1:1000 dilution; #3748 and

#4731; TOCRIS biotechne, USA) in RPMI 1640 medium (Life
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Technologies, USA) supplemented with B-27 minus insulin (Thermo
fisher Scientific #A1895601, USA) for 48 hours to enhance the cardiac
differentiation process (Figure 4. 1). Subsequently, changing the media
was achieved with RPMI/B27 plus insulin (Gibco #17504044, Fisher
scientific, UK) every other day until day eight of differentiation, at the
time that spontaneous beating of cells was typically observed.
Additionally, | performed a purification method to enrich hiPSC-CMs by
applying 4 mM of sodium lactate (Sigma Aldrich #71718, USA) in RPMI
without glucose for six days, thereby removing whichever non-
cardiomyocytes, including undifferentiated cells (151). hPSC-CMs could
undergo an optional passage at day 19 using a Collagenase ll-based
protocol, as described in the previous studies (152). A brief description
of this procedure: washing the cells was done twice with no Ca?* and
Mg?* - Hank's Balanced Salt Solution (HBSS, Life Technologies
#14175095). Following that, cardiomyocytes were incubated for 3.5
hours with 2.5 mL collagenase Il (Gibco, Life Technologies #17101-015)
per T25 flask, supplemented with 1mM 4-(2-hydroxyethyl) piperazine-1-
ethanesulfonic acid (HEPES, Sigma #H3375, USA), 10uM Y-27632
(ROCKI) and 30uM N-benzyl-p-toluenesulfonamide (BTS, #SC-202087
Santa Cruz Biotechnology, USA), all diluted 1:1000, and instantly

placed at 37°C and 5% COa2. Thereafter, dissociated cardiomyocytes
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were collected from the flasks and washed with RPMI supplemented
with 12 mg/ml deoxyribonuclease Il (DNAse Il — Sigma #D8764, USA)
diluted in (1:500), followed by centrifugation at ~100g for 15min.
Counting the cells was performed using a haemocytometer following
centrifuging again as above. Subsequently, resuspension of the cells
was achieved in warm RPMI/B27, ROCKi, 10% FBS and 1%
Penicillin/Streptomycin and pipetted slowly into a centrifuge tube.
Henceforth, media was replaced by RPMI/B27 in the next day and then
every other day until cells become ready for the experiment. Finally,
cells were treated with Tri-iodo-L-thyronine (T3, Sigma #T2877, USA)
and dexamethasone (Cayman chemical #11015, USA) all diluted
1:10,000, to improve the maturation of T-tubules, Ca-induced Ca
release, and ventricular-like excitation-contraction coupling during days

19 to 30 as described before (153).
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3.2 Immunofluorescence staining

To determine the intracellular localisation and relative expression
of IDs proteins, indirect immunofluorescence staining was carried out
with specific antibodies against targeted proteins. Using specific
antibodies and chemical fluorescent tags, immunofluorescence is a
highly sensitive and versatile method for labelling molecular targets
within cells and tissue, and has been used widely in diagnosis and
research (154). This technique permits excellent sensitivity and signal
amplification compared with immunohistochemistry (155). The
immunofluorescence staining is capable of detecting the protein of
interest either directly or indirectly (154). The latter method is more
sensitive because it requires a labelled secondary antibody to detect an
unlabelled primary antibody. In contrast, the direct method involves the
direct conjugation of a primary antibody to a fluorophore, chemical dye
(156). The Figure 3. 2 shows a substantial distinction between direct
and indirect methods in terms of the amplification of the fluorescents
signals due to the ability of many secondary antibodies to identify a

single bound primary antibody.
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Plakophilin-2 stained only with primary antibody Plakophilin-2 stained with primary and
secondary antibody

Figure 3. 2. Example of antigen detection by using either the direct (A) or indirect (B)
labelling method in hiPSC-CMs with confocal microscopy. It can be clearly seen that the
indirect detection, which involves initial step of applying primary antibodies followed by washing
and subsequent using secondary antibodies, produces higher sensitivity due to signal
amplification as many secondary antibodies identifying one primary antibody (156).
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Initially, hiPSC were dissociated by adding 3mL of accutase
(Fisher scientific #11420705, UK) per T25 flask following incubation for
10-20 minutes at 37°C. The cell pellet was resuspended in 7mL of
RPMI/B27, 1% penicillin/streptomycin and 10% FBS and then
centrifuged for 4 minutes at 150g. Cells were seeded onto 0.1% gelatin-
coated 24-well plate (Thermo Fisher scientific, USA) with 10 mm glass
diameter of the coverslips (thickness No. 1, VWR International Ltd, UK)
at a density of ~300,000 cells per well. The medium was replaced to
RPMI/B27 every 2-3 days until ready for the experiment.

Prior to confocal imaging, cells first rinsed twice with PBS following
fixation with ice-cold methanol/acetone (50%/50% mixture) for 10
minutes. The samples were then washed with PBS and blocked at room
temperature for minimum 1 hour with PBS containing 5% goat serum
(Invitrogen, ThermoFisher scientific, USA) to avoid non-specific binding
of the antibodies and support permeabilisation to stain intracellular
targets due to inability of these antibodies to penetrate across the cell
membrane (154). Once blocking solution was removed from the
coverslips, the coverslips were transferred into humidified chamber and
primary antibodies were added in 1% goat serum solution prior to
incubating overnight in the fridge at 4 °C. In my experiment, | used the

following primary antibodies: mouse monoclonal anti plakophilin-2
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(1:50; Santa Cruz, USA) anti-DSP (1:50) and anti-plakoglobin (1:20),
graciously gifted to us by the David Kelsell lab, anti-connexin 43 (1:200;
Millipore, Germany), and anti-cardiac troponin T (1:200; Abcam, UK);
rabbit polyclonal antibody anti-filamin C (1:200; sigma-Aldrich, USA),
anti-Nav1.5 (1:200; Alomone, Israel). Rabbit polyclonal anti- N-cadherin
antibody (1:200; Abcam, UK) was also used. Following day, primary
antibodies were removed and immediately three washes of the
specimens with PBS were made before incubation with secondary
antibodies. The secondary antibodies included Donkey anti-rabbit 555
IgG, and Goat anti-mouse 488 or 568 IgG (Invitrogen Life Technologies,
USA) diluted to 1:500 in blocking buffer containing 1% goat serum in
PBS, and subsequently incubated at 21°C for minimum 1 hour. These
antibodies are summarised in the (Table 2) below. The coverslips were
washed with PBS three times to remove any remaining antibodies and
then incubated for 5 minutes with 100 ng/ml of 4',6-diamidino-2-
phenylindole (DAPI, 1:10,000 dilution; ThermoFisher, USA) diluted in
PBS. Next, the coverslips were washed twice with PBS and then moved
onto 25x75x1mm Polysine adhesion microscopic slides (Epredia,
Germany) and mounted with Shandon Immu-Mount (Fisher scientific,
UK). Cells were maintained in a dark recipient and stored in the fridge

at 4 °C until ready for microscopy.
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Table 2 :Primary and secondary antibodies used in immunofluorescence

staining

Primary antibody Dilution | Secondary antibody Dilution
Mouse monocloncal Anti-DSP 1:50 Alexa 488, Goat anti-mouse 1:500
antibody (gifted) (Invitrogen, A11001) or Alexa 568,

Goat anti-mouse (Invitrogen, A11004)
Mouse monoclonal Anti- 1:20 Alexa 488, Goat anti-mouse 1:500
plakoglobin antibody (gifted) (Invitrogen, A11001) or Alexa 568,

Goat anti-mouse (Invitrogen, A11004)
Mouse monoclonal Anti- 1:50 Alexa 568, Goat anti-mouse 1:500
Plakophilin-2 (Santa Cruz, (Invitrogen, A11004)
SC393711)
Mouse monoclonal Anti-Cx43 1:200 Alexa 488, Goat anti-mouse 1:500
antibody (Millipore, MAB3067) (Invitrogen, A11001) or Alexa 568,

Goat anti-mouse (Invitrogen, A11004)
Rabbit polyclonal Anti-FLNC 1:200 Alexa 488, Goat anti-mouse 1:500
antibody (Sigma-Aldrich, (Invitrogen, A11001) or Alexa 555,
HPAO006135) Donkey anti-rabbit (Invitrogen,

A31572)
Rabbit polyclonal Anti-Nav1.5 1:200 Alexa 488, Goat anti-mouse 1:500
antibody (Alomone, 493511) (Invitrogen, A11001) or Alexa 555,

Donkey anti-rabbit (Invitrogen,

A31572)
Rabbit polyclonal Anti-N- 1:200 Alexa 555, Donkey anti-rabbit 1:500
cadherin antibody (Abcam, (Invitrogen, A31572)
Ab76057)
Mouse monoclonal Anti- 1:200 Alexa 488, Goat anti-mouse 1:500

Cardiac Troponin T antibody
(Abcam, ab8295)

(Invitrogen, A11001)
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3.3 Cell imaging systems

Imaging techniques of cells can shed light on the fundamental
nature of cellular and tissue structure and function. There are several
modalities that can be used for cell imaging, including widefield
fluorescence, confocal, electron, atomic force microscopy and other
systems. In this section, | will provide a summary of the two systems
that | used in this study: confocal microscopy and fluorescence

microscopy.

3.3.1 Fluorescence imaging

Fluorescence imaging has been adapted to interrogate cardiac
cellular electrophysiology (157). The key principle is an indicator will
absorb light energy (a photon) before emitting a second photon, just a
few nanoseconds later. It should be noted that the emitted photon has
less energy than the absorbed photon due to the loss of some energy
in this process. More importantly, the energy of light with a short
wavelength (towards blue spectral colour) is higher than light with a long
wavelength (towards red spectral colour), therefore the emitted light
from an indicator normally has a longer wavelength than that of the

excited (absorption) light. This change is called the Stokes shift.
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Currently, fluorescence microscope of live cells is important in cell
biology studies. Indeed, fluorescent protein tags, live cell dyes, and
other techniques to fluorescently label proteins of interest provide an
opportunity to study practically any biological event under the
microscope. This technique has many advantages, including the low
cost, simplicity of the system, and the ability to observe the behaviour
of specimens in real time using cameras. Some disadvantages exist
such as low image resolution and shading artefacts caused by uneven
illumination (158). Below is a schematic of the underlying process of

fluorescence microscope Figure 3. 3.
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Figure 3. 3. Schematic diagram illustrating the fluorescence microscope principle. The
basic light paths into two directions through a fluorescence microscope. Initially, an excitation
filter cube containing a dichroic mirror, which first directs excitation light to the specimen and
then passes emitted fluorescence to the emission cube for further separation. The filter cubes
are essential for aligning filters in the path of excitation and emission lights. Emitted fluorescence
is separated by dichroic mirror into two beams. The emission filters can prevent unwanted light
(158). Fluorescence was detected by sCMOS camera. Figure created with BioRender.com.
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3.3.2 Confocal imaging

The stained cardiomyocytes were imaged using a CLSM710
confocal microscopy (Zeiss, Germany). This instrument facilitates
imaging of cellular specimens via laser light emission and helps for co-
localisation studies. The specimen in a confocal system is illuminated in
a serial manner or point-by-point, and thus physical interaction between
the laser light and fluorescence is measured point-by-point. To gather
information on the entire specimen, the laser beam must be scanned
over the specimen or the specimen must be scanned relative to the laser
beam. Comparing to a standard microscope, the confocal aperture
(often referred to as a pinhole) positioned in a plane conjugate to the
intermediate image plane and, hence, to the object plane of the
microscope. The photomultiplier tube (PMT) is a pixelwise detector and
can therefore only detect light that passes through the pinhole. Since
the laser beam is focused to a diffraction-limited spot, only a single point
of the object can be illuminated at once, the point lighted and the point
observed (i.e., image and object points) are placed in conjugate planes,
therefore they are focused onto each other. Consequently, a confocal
beam path is produced. Another essential point is the diameter of the
pinhole. Based on the diameter of the pinhole, light originating from

object points outside the focal plane is somehow occluded and therefore
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not detectable. By varying the pinhole diameter, the degree of
confocality can be modified to meet specific needs. The image becomes
nonconfocal when the aperture is fully open. The pinhole suppresses
stray light, hence enhancing picture contrast (ZEN 2010 Operating

manual;https://www.zmbh.uni-

heidelberg.de/Central Services/Imaging Facility/info/780ZEN2010.pdf

).
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Figure 3. 4. Schematic diagram illustrating the path of the beam in a confocal LSM710
(figure obtained from Zen 2010 operating manual). A microscope objective is utilised to focus a
laser beam onto a specimen, where it can, excites fluorescence. A dichroic beamsplitter
efficiently directs the fluorescent energy captured by the objective onto the detector. The
wavelength range of the fluorescence spectrum that is of interest is determined by an emission
filter, which also blocks the excitation laser line. The pinhole is positioned in front of the detector
on a conjugate plane with the focal plane of the objective. Optical sections are made in different
focal planes and produce XYZ image stack, which enable an image to be visualised, processed,
and analysed. Light from planes up or down the focal plane is out of focus when it reaches the
pinhole, therefore most of it cannot pass through the pinhole and does not play a part in the
formation of the image.
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The objective lenses used for this study were: Plan Apochromat

63x/1.4 and 40x/1.3 Oil differential interference contrast (DIC), metric

27-mm objective thread (M27). Before scanning, small drops of

immersion oil were placed on the slide just above the coverslips to

provide improved resolution while recording the pictures. For green

fluorescence, siGLO was excited by the Argon laser at 488nm. DAPI is

a blue fluorescent designed for cell nuclei staining and was excited by

the Diode laser at 405nm. Finally for red fluorescence, Alexa Fluor 555

and Alexa Fluor 568 were excited by the Helium/Neon laser at 543nm.

The relative excitation and emission wavelengths of fluorophores used

in this thesis are listed below in Table 3.

Fluorophore Excitation Peak emission | Emission filters
wavelength

Alexa488/siGLO 488 nm 519 nm 504 — 533 BP

DAPI 405 nm 441 nm 409 — 472 BP

Alexa 555/568 543 nm 620 nm 560 — 680 BP

Table 3: List of fluorescent detection wavelengths with filters used. Nm
(nanometre). BP (bandpass) — determine bandwidth of fluorescence emission
for the respective channel.
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3.3.3 Quantification of confocal fluorescent images

The confocal microscopy is useful for quantitative evaluations
since the intensity of fluorophores are used as proxy for quantitating the
protein expression levels in fixed cell or tissue samples. | adapted the
protocol of Shihan et al for the image quantification using ImageJ
software (159). Briefly, | used an automated region of interest selection
based on a signal threshold to measure the estimated mean number of
fluorescence intensity of a protein of interest. Thresholding technique
can separate an image into foreground and background by choosing a
value cut-off, therefore the lower pixel values were considered
background whilst the greater pixel values are foreground. This can be
done automatically by Imaged. As recommended by authors, mean
fluorescence intensity of non-fluorescent area was subtracted from the

mean fluorescence intensity of the tissue area (Figure 3. 5).
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Figure 3. 5. Quantification of confocal fluorescent images. Untreated hiPSC-CMs stained
with FLNC serves as an example of the quantification method. (A) Mean fluorescence intensity
measurements using a tracing tool selection of an automated region of interest based on a
signal threshold. (B) The mean of background of non-fluorescent area was subtracted from the
mean of the thresholded area as the background values may affect the quantification. Note:
the same amount of selected background should be subtracted from all images when
comparing between positive and negative controls.
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3.4 siRNA Transfection of iPSC-CMs

Small interfering RNA (siRNA) was carried out to knockdown
protein levels of FLNC in iPSC-CMs. This tool can reduce but not
generally eliminate the gene expression at the mRNA level, allowing a
study of the functional changes and genetic influences on cellular
phenotype (160). To elucidate the brief mechanism of synthetic siRNA,
short hairpin RNA (shRNA) or long double-stranded RNA (dsRNA) can
be processed into small RNA fragments by an enzyme called Dicer. The
siRNA duplex will subsequently be incorporated into the complex that
composed of argonaut protein and other proteins known as RNA-
induced silencing complex (RISC), where only one strand of the siRNA
is selected to be bound. Unlike the endogenous siRNA pathways,
synthetic siRNA is directly loaded into the RISC complex (Figure 3. 6).
The siRNAs consist of two stands, an antisense (or guide) and a sense
(or passenger). The latter can be eliminated and the remaining
antisense strand of siRNA is loaded into RISC, which then recognises
the target complementary mRNA. Hence, argonaut protein in RISC
catalyses the cleavage of mMRNA and inhibits expression of the protein.
The synthetic siRNA is a powerful tool for studying gene function and
may be obtained from commercial facilities. There are several delivery

methods that synthetic siRNA can be introduced into the cells, including
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transfection, electroporation, viral-mediated delivery, and chemically
modified siRNA (161, 162). The emphasis of this work will be mainly on

transfection delivery method (Figure 3. 7).
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Figure 3. 6. Working mechanism of synthetic siRNA. The long double-stranded RNA binds
to Dicer, which in turns cut the RNA into short segments. Synthetic siRNAs instead can be
directly loaded into RISC complex. The guide (antisense) strand of the RNA is loaded into
RISC complex, where the mRNA is recognised and cleaved, resulting in inhibition of protein
translation. Figure taken from Mei Lu et al (163).
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siGENOME Human FLNC (2318) siRNA - SMARTpool, 5nmol (M-
011272-01-0005) and scrambled non-targeting siRNA Pool #1 & #2 (D-
001206-13-05 & D-001206-14-05) were chemically synthesised and
modified by Horizon Discovery (Dharmacon, Lafayette, USA). The
transfection procedure (Figure 3. 7) was implemented with
DharamaFECT reagent and performed on ~300,000 cells/well in 24 well
plates or ~3.4 millions of cells/T25 flask in serum culture medium without
antibiotic. For 5nmol and a 20uM stock concentration of siRNA, 250pl
of RNase-free water was added and aliquoted for 10 ul. The
recommended concentrations of the final siRNA to be used for the

transfected cells are between 5 and 50 nM.
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Figure 3. 7. Diagram of the transfection workflow. Delivery of siRNA into the cells using a
DharmaFECT™ transfection method. Created with BioRender.com.
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The transfection protocol was adapted from James Cartwright (164).
Working stocks of 2uM siRNA (1:10) resuspended in RNase-free water
were used and diluted for the desired concentration of 40nM in total
volume 50 uL per well of 24 well plate or 400 uL per T25 of serum-free
Opti-MEM, siRNA and siGLO (Horizon Discovery, Dharmacon, USA).
Transfection indicator of siGLO green (1:1 ratio) was used to provide
reliable visual assessment of transfection success via confocal
microscopy. Also, DharmaFECT transfection reagent-1 was diluted 50
ML Opti-MEM per well or 400 uL Opti-MEM per T25 and pipetted
carefully up and down following incubation at room temperature inside
the culture hood for 5 minutes. Next, contents of both tubes were gently
mixed followed by incubation again at room temperature for an
additional 20 minutes. Culture medium was removed from cells and
RPMI-B27 without antibiotic (400uL/ well) or (3.2 ml/ T25) was added to
the siRNA transfection mixture (100ul/well) or (800ul/T25). Afterwards,
the cells were moved to the incubator at 37°C in 5% CO2. The
transfection medium was replaced after 24 hours with RPMI-B27
supplemented with 1% penicillin/streptomycin to reduce cytotoxicity.

The cells were used experimentally 72 hours following transfection.
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3.5 Western Blot

Western blot analysis is an effective method for validating
immunofluorescence imaging data by measuring the amount of protein
expression. Therefore, proteins extracted from cells can be identified
using this technique (165). The hiPSC-CMs were differentiated in a T25
flask and washed twice with cold PBS prior to being lysed on ice for 2
minutes with 300ul of lysis buffer containing 50 mM Tris/HCI (pH 6.8),
10% glycerol, 2% sodium dodecyl sulfate (SDS), ddH20 and protease
inhibitor cocktail (1:100 dilution; #87786 Thermo Fisher, USA). The cells
were then scraped and collected in 1.5 mL tube and homogenised for 1

minute. The samples were transferred to a dry block heater (Grant —

QBD2, UK) for 3 min at 95 °C to denaturant the protein following

centrifuging (Centrifuge 5424, Eppendorf UK Limited, UK) at 14,000 rpm

for 10 minutes at 4°C. Afterwards, the supernatant was collected and
samples placed in ice box prior to calculate protein concentrations using

NanoDrop (1000 spectrophotometer, Thermo Fisher scientific, USA).

Next, the samples were transferred to a -20°C freezer and stored there
until needed. On the experimental day, lysates were thawed on ice and
mixed with aliquot of 4x SDS- polyacrylamide gel electrophoresis

(PAGE) loading buffer, graciously gifted to me by my colleague Dr.
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Alison Thomas, containing: 150mM Tris-HCI pH 7.0, 12% SDS, 0.05%

bromophenol blue, 25% glycerol, 6% p-mercaptoethanol and cell lysis

buffer. This assembly was heated at 95 °C for 5 minutes and spun at
14,000 rpm for 3 minutes. Running and transfer buffers were prepared
as follows: 10xRUNNING buffer, including 30.3g Tris(hydroxymethyl)-
aminomethane (#A18494 Alfa Aesar, UK), 144.4g glycine (#G8898,
Sigma-Aldrich, USA) 10g SDS (sodium dodecyl sulfate
Natriumlaurylsulfat; #62862; Riedel-de Haén, Germany). All were
combined and placed in a glass laboratory reagent bottle and filled with
1000ml of ddH20. Similarly, in a separated bottle, 10x transfer buffer
contains (30.3g Tris base, and144 glycine) was filled with 1000ml of

ddH20 as well.

Subsequently, a total amount of 25 ug protein was separated by
SDS- PAGE involving 12% or 6% resolving gel (1.5M Tris-HCI buffer,
pH 8.8; BIO-RAD, USA) with 5% stacking gel (0.5M Tris-HCI buffer, pH
6.8; BIO-RAD, USA) at 100 V (Bio-Rad PowerPac 200, BIO-RAD, USA)
for approximately 30 minutes or until the ladder formulated and then
increased to 120 V for 90 minutes. After that, | transferred the proteins
in the gel to a polyvinylidene difluoride (PVDF) membrane

(#IPVHO0O0010, Millipore, Germany) for running at 75 V on ice for an hour
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and thirty minutes. Membranes were then blocked in 5% bovine serum
albumin (BSA) at room temperature on a rocker (Stuart SSL4 See-Saw
Rocker, Scientific Laboratory Supplies, UK) for one hour. Next,
incubation was done overnight on a rocker with primary antibodies rabbit
anti-FLNC (1:1000; ab180941, Abcam, UK) anti-connexin 43 (1:1000;

Millipore, Germany), and anti-Nav1.5 (1:200; Merck Life Science UK

Limited, UK) diluted in 5% BSA and placed in a cold room at 4 °C. The
following day, primary antibodies were rinsed 3 times every 10 minutes
with Tris-buffered saline 0.2% Tween (TBST). Subsequently, 2 ul of
targeting secondary antibodies horseradish peroxidase (HRP) goat anti-
rabbit (ab6721; Abcam, UK) or rabbit anti-mouse (ab97046; Abcam,
UK) were added to 10 mL TBST 5% BSA (1:5000) and incubated with
membranes at room temperature for minimum 60 minutes on a rocker.
The protein bands were visualised on X-ray film via GeneSystem
software (G:BOX, SYNGENE, Cambridge, UK) using Immobilon
Crescendo western HRP substrate (# WBLURO100; Millipore, USA),
which depends on secondary antibodies that are labelled with HRP. To
determine the loading control of the blots, mouse monoclonal anti-
GAPDH antibody (1:1000; Santa Cruz, USA) was used and visualised

as described above.
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3.6 Multielectrode array (MEA)

MEA systems have been widely used for the detection of sharp
spike signals to analyse the propagation of APs in excitable cells. In this
study, | adapted the MEA protocol published by Sala and his colleagues
(166) for electrophysiological analysis of hiPSC-CMs. The MEA system
consists primarily of electrodes that measure the cellular electrical
activity and enables for a long-term assessment. This technology allows
recording of the extracellular field potentials (FPs), which correlate with
cardiac action potential. Unlike single cell patch clamp recording, the
measured FP is a consequence of the spread of the cardiac AP across
the monolayer cell sheets or clusters attached to the recording
electrodes. As a result, the acquired electrical signals from MEA system
are comparable to the clinical ECGs that basically depicts voltage
variation over time (Figure 3. 8). By using MEA systems, it is possible
to measure field potential duration (FPD), which is an in vitro analogue
for QT interval (167), and conduct high-throughput measurements with
a non-invasive procedure, making them a useful tool for understanding
the basic mechanisms of arrhythmogenesis in preclinical experimental

models designed to study the electrophysiology of cardiomyocyte.
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Figure 3. 8. Functional parameters acquired by field potential measurements using MEA
systems. Both AP and FP are describing the membrane potential of cardiomyocytes. (A)
Comparison of recorded action potential and field potential at different phases of electrical signal
movement in ventricular cardiomyocytes. (B) Important physiologic parameters of electrically
active cells can be derived from field potentials. Action potential (AP); field potential (FP); field
potential duration (FPD). Figures obtained from Kussauer et al (168).
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In this study, | used a standard microelectrode array
60MEA200/30iR-Ti-gr (Multichannel Systems, Germany) which can be
autoclaved and coated for cell culture procedure and composed of 59
electrodes and one reference electrode that are organised in an 8 x 8
layout grid with electrode diameter of 30 pm and interelectrode
distances of 200 ym (Multichannel Systems, Germany). The MEA
signals were recorded using MultiChannel Experimenter and stored in
MultiChannel Data Manager, where the data can be exported into HDF5
files for signal processing analysis. Electrode raw data acquired from
the MEA chip is amplified by a filter amplifier with default settings for the
hardware filter between 1 Hz to 3 kHz and digitised by the analog/digital
converter that is integrated in the headstage at sampling rates at 10,000
Hz. The McsMatlabDataTools generated by a software from
MultiChannel systems provide simple access to all MEA data using
functions of MATLAB (MathWorks, USA). Figure 3. 10 illustrates the
MEA data that were analysed using MATLAB and/or VCSF MEA
Viewer, developed by Dr. Aled Rhys Jones, which relies mainly on
MATLAB functions. Figure 3. 9 shows the general workflow of MEA

experiment.
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Figure 3. 9. The general workflow of MEA experiment. Adapted from Alayoubi (169).

115



B

=] A £, New Variable |57 Analyze Code | Q) Preferences {4 Community
B 9f D coree | & = (YEE & G o
New  Mew Open | Compare Impot  Sove Opentartle™ ¢ (7 Runand Time simalin | Loyout = 2P i g | oy (2 Request Support
Saipt LiveSeript * ¥ Data  Workspace [ ClearWorkspace ¥ ¥ [ Clear Commands ~ = Il paraliel - > [ Leam MATLAB
FILE 'VARIABLE CODE SIMULINK ENVIRONMENT RESOURCES -
% Egl i |+ N b DeskiopSettings b Desktop » Matlab files ~|p
Current Folder @ | Command Window ® | Workspace ®
MName = New to MATLAB? See resources for Getting Started * | Name « Value
e e —
% figure 42 HR .png .
K figun png Reading analog data...done!
) loadMEAm @ Figure$ - O x
MatizbDataTools.mitb
ap‘::M:;m WA Jx| File Edt View Inset Tools Desktop Window Help E
Dods @08 LE
1o & AE0aam
T T T
Time (ms) 10*
107
T T T T T T T :
ol | / AN AN AN
z
3
&0 1
201
| . | . . . L | .
02 04 06 08 1 12 14 1.6 18
Details A Time (ms) x10*
Workspace Command Window
7\ mea_snalysismbe % | + | 3> [Chn, T, -y~ -] = loadMEA(''):
. - 'E Reading analog data...done!
MEA Beat Rate Analysis % 5> [Chn,Cymymy-] = LoadMEA('"):
Load MEA plate using loadMEA() B Reading analog data...done!
[chnt: loadMEA(); ™

Select channel to analyse below:

1 channel = 15;
2 sig = chn(:,channel);
3 [pks,loc] = findpeaks(-sig, 'MinPeakProminence’,3e4, 'MinPeskHeight',8e7, 'MinPeakDistance",1000) 0
4 3f
Plot of signal with calculated peaks 2
5 plot(t/1000,sig) 1
6 y = ones(1,length(loc)). *1es;
7 hold on 0
8 ptimes = loc./10;
9 scatter(ptimes,pks)
10 hold off A
11
2
Histogram of beat intervals
12 intervals = diff(ptines); 05 ! = 28
13 histogran(intervals,58) x10
14 Haxis([300,1000,0,4])
2
Inter-beat statistics
15 med_delta EI = median(intervals) 15
16 mean_delta BI = mean(intervals)
17 stdsI = std(intervals)
Qutput to text files 1
18 intervals_f_name = sprintf(’channel %i_intervals.txt',channel);
19 stats_f_name = sprintf(’channel ¥i_stats.txt',channel); 05
20 int_file =fopen(intervals_f_name,'w');
21 fprintf(int_file, 'Intervals (ms)\n');
22 for line = 1:length(intervals)
23 fprintf(int_file, "%.1f\n",intervals(line)); 1136 1133 1140 1142 1144 1146
24 end
25 fclose(int_file); med_delta BI = 1.1389e+63
26 stats_file - fopen(stats_f_name,'u'); nean_elta 8T = 1.13350423
27 fprintf(stats file, 'Med D BI\t.1f\n',med delta BI); StdBI = 2.5936
28 fprintf(stats_file, 'Mean_D_BI\t¥.1f\n',mean_delta_BI);
29 fprintf(stats_file,'Std D BI\t¥.1f\n',s5tdBI);
30 fclose(stats_file); -
‘ »
Zoom: 90% UTF-8 [LF [ script Ln 10 9

116



: P — S —

VCSF Viewer 1.3 HS1M. untraated. Drug: nene (0 uby Load VGSF Fila
(0) A Joaes 2022
Quaen Mary Universty London Time Series Averags Wavefomms
1
03
5|
04
02
\'D o1 02 03 04 05 06 07 08 09 1
Time (5)
. . } . } . } } . | Trnsiont uratonme):
0 o1 02 03 04 a5 08 o7 05 (4] 1r
=l Caleulte Average Trace
Sals Traca o View
@»E35m (0520 -550mm ol Salected channel. 54
T T T T T T T T
R v s R
Mult Electrode Aray
‘:( ‘:C ‘.( "u] {a[ |r1]
E [z E [4 @ CIEIC o 01 02 03 04 0s 15
BEEEEBEE
- I i | ) | ) ) ) | | \ []include in Anslysis
HEHEEHEEE ; . . : o » e 7 5 B
o [z (2 [« (s (s % s | BRIl G464ms - rem— SaveFP
HEEEEBEE | m e — 5 il R
NRMEMEME RG] PRk 0 e
[ [ [ad] [sf [m] [m [v] lu
BECBEERE
) (2] [‘,‘ [,,] [,,‘ [,-,] Analyse Solected Trstes. { Acivaban Analyss \ Phase Disperslon:
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Initially, electrode chambers were coated with Matrigel or Geltrex
and incubated for 1 hour at 37 °C. Next, the medium from the hiPSC-
CMs was removed and rinsed once with 2-3 mL of PBS. After washing
the cells, 3 mL of TryplE was added to the flask and moved to the
incubator for 10-20 minutes at 37 °C. After that, 2 mL of Low insulin,
BSA, polyvinylalcohol, essential lipids (LI-BPEL) medium (Table 4) was
added to dilute the dissociation enzyme and then 5ml pipette was used
to detach the monolayer of hiPSC-CMs. The flask was rinsed with 2 mL
of LI-BPEL to collect any remaining cells and a further 3 mL of LI-BPEL
was added to obtain a total volume of 10 mL per flask. The cell
suspension was collected in a 50 mL falcon tube and gently mixed up
and down 3 times to dissociate cell clumps. Following that, cells were
centrifuged at room temperature for 3 minutes at 300 x g, the
supernatant aspirated, and cells resuspended in 2 mL of LI-BPEL.
Approximately, 1 mL of cell suspension contain ~500,000 cells, which
was sufficient to cover the area of the electrodes, was added to the MEA
and transferring to a Petri dish prior to incubated overnight at 37 °C to
facilitate cell attachment. Next day, cells were refreshed with 1 mL of LI-

BPEL and incubated at 37 °C prior to electrophysiological assessment.
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Table 4: LI-BPEL medium composition

(ITS-X)

scientific

. Catalogue | Quantity
Component Supplier
number for 50 mL
Iscove’s Modified Dulbecco’s | Thermo Fisher
31980030 21.5mL
Medium (IMDM) scientific
F12 nutrient mixture + Thermo Fisher
31765035 21.5mL
GlutaMax + Phenol Red scientific
Ascorbic Acid 2-phosphate . )
o Sigma-Aldrich | A8960 0.5mL
(5mg/ml in distilled water)
Protein Free Hybridoma Thermo Fisher
12040077 2.5mL
Medium-Il (PFHMII) scientific
Bovine Serum Albumin (10%
Sigma-Aldrich | A2153 1.25mL
wt/vol in IMDM)
Chemically Defined Lipid Thermo Fisher
11905031 0.5mL
Concentrate (CDLC) scientific
Poly Vinyl Alcohol (5% wt/vol
Sigma-Aldrich | 341584 1.25 mL
in distilled water)
Thermo Fisher
Penicillin/ Streptomycin L 15070063 0.25 mL
scientific
a-Monothioglycerol (13 ul in
Sigma-Aldrich | M1753 0.15 mL
1 mL IMDM)
Insulin-Transferrin-
Thermo Fisher
Selenium- Ethanolamine 51500056 0.05 mL
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3.7 Parameter sensitive dyes for fluorescence imaging

Normal and abnormal cardiomyocyte function is regulated by the
EC coupling process, in which voltage waves are closely followed by
calcium waves (Figure 1. 3). Pathological mutations as well as drug-
triggering can disrupt and uncoupled these electro-mechanical waves
of cardiomyocytes, leading to potentially lethal consequences. Through
the use of hiPSC-CMs models, however, it is possible to treat and
prevent cardiac arrhythmias by gaining a better understanding of the
voltage-calcium dynamics at the cellular level, and possibly contribute

to the development of drugs towards precision medicine (170).

In this study, hiPSC-CMs were plated on T25 flask prior to loading
with fluorescent dyes. Initially, CMs were loaded with 3 uyM calcium
indicator Fluo-4 AM (#F14201, Invitrogen, ThermoFisher scientific,
USA) and incubated for 20-30 minutes at room temperature. Cell
cultures were then replaced with a fresh HBSS solution for recording
calcium signals. Similarly, membrane potential signals from hiPSC-CM
were assessed on T25 flask using voltage sensitive dye and loaded with
10 uM Di-4-ANEPPS (#61010 Biotium, Cambridge Biosciences, UK) for
minimum 15 minutes in RPMI/B27 media supplemented with 1%

penicillin/streptomycin at room temperature. Next, cell cultures were
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replaced with a fresh RPMI/B27 plus antibiotic and containing 10uM
Blebbistatin (#B0560; Sigma-Aldrich, USA). Blebbistatin is capable to
minimise motion artefact and obtain improved electrophysiological
phenotypes of hiPSC-CMs while recording cardiac AP as described
previously (171-174). Cells were then placed in the incubator for

approximately 30 minutes prior to voltage recording.

A Nikon Eclipse TE200 inverted microscope with image collection
on C11440 complementary metal-oxide semiconductor (CMOS) camera
(Hamamatsu corporation, Shizuoka, Japan) mounted on a beam splitter
(MAG Biosystems, USA) were jointly used for live cell imaging (Figure
3. 12). The Fluo-4 AM and Di-4- ANEPPS fluorescence were excited
using OptoLED light source by plan Fluor 20x and 10x objective lens,
respectively. Peak excitation wavelength for Fluo-4 AM is at 488nm and
emits a colour between green and yellow. On the other hand, Di-4-
ANEPPS is excited at 496 nm and emits a red light (Figure 3. 11). Light-
emitting diodes (LEDs) are now widely used for fluorescence excitation
and associated with setups that were supplied by Cairn Research Ltd
(Kent, UK). It should be noted that when cells are illuminated using an
OptoLED light source, the light wavelength is not a single wavelength

(e.g., 488nm for Fluo-4 AM), unlike confocal microscopes with a single
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laser. Rather, there is a small band of wavelengths originating from the
LED that are filtered before the light reaches the cells (158, 175). For
example, a green LED used for Fluo-4 AM fluorescence (calcium) was
bandpass filtered (5600 + 10 nm) equipped with an optical filter to
constrict the excitation band (ET500/20x, Chroma, USA), and blue LED
used for Di-4-ANEPPS fluorescence (voltage) was acquired via a
bandpass filter (448 £ 9.5 nm) with excitation filter (ET448/19x, Chroma,
USA). An emission filter (ET535/30m, Chroma, USA) was positioned in
the optical pathway of the fluorescence camera to block the excitation

beam background, as described previously (170).
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Figure 3. 11. Absorption and emission profile of Di-4-ANEPPS and Fluo-4 Ca2+ indicator
dye. (A) The Fluo-4 organic dye used as calcium indicator and has a peak absorption around
490 nm and emission at around 520 nm (ThermoFisher Scientific, USA). (B) Di-4-ANEPPS is
a membrane potential dye that can responds rapidly to alterations in membrane potential with
changes in fluorescence excitation intensity (in the blue-green band) at approximately 496nm
and emission at around 705nm (Biotium, Cambridge Biosciences, UK; ThermoFisher Scientific,
USA).
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HClmage Live application (Hamamatsu corporation, Shizuoka,
Japan) was carried out for image acquisition. The hiPSC-CMs were
imaged at an acquisition rate of 50 frames per second. The imaging
subsets used for channel subarray were: X0: 400, YO: 700, width: 1300,
and height: 600. During the recording, the LED green light source was
turned on to obtain video image while still being able to discern calcium
fluctuations. Likewise, the LED blue light source was used to detect
flashes of voltage signal changes. The images were saved as .TIFF files
and processed by C++ programming language, by using windows
command, to convert the images into VCSF files for analysing the

optical signals. The recording process is illustrated in (Figure 3. 12).
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Figure 3. 12. Diagram of the fluorescence imaging setup.(A) basic wide-field system
comprised of inverted microscope, suitable objective lens, OptoLED light source, camera based
on CMOS sensors, appropriate filters to separate excitation and emission light, and DV2
beamsplitter to separate two emission channels based on wavelength, polarisation or amplitude.
HCImage Live was used for image acquisition and processing. MultiStream device was used to
synchronise the LEDs with CMOS camera to allow for multi-wavelength excitation for ratiometric
measurements, although was not effective in this study.(B) CellPhys 1.0 VCSF software has
been developed by Dr.Aled Rhys Jones at Queen Mary University of London and used to

analyse the optical signals.
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3.7.1 Drugs used in optical recordings

Drugs used on voltage recordings of hiPSC-CMs with siRNA-
FLNC are isoprenaline (Sigma Aldrich, # 15637, USA) and nifedipine
(Sigma Aldrich, # N7634, USA). Isoprenaline is a beta-adrenergic
agonist, which stimulates adenyl cyclase and increases cAMP activating
downstream signalling. Physiologically, when cAMP rises it activates
protein kinase A, which phosphorylates various substrates implicated in
EC coupling process, including phospholamban, L-type calcium current,

RyR, and the slowly inactivating delayed rectifier (/ks) altogether. The

activation of L-type calcium channel triggers the increase of calcium and
CICR from the SR leading to the calcium transient, and thereby eliciting
contraction force. Increasing beating rate of hiPSC-CMs and shortening
of APD were detected with isoprenaline (10uM) as observed previously
(176). The other drug was used in this study is L-type calcium channel
blocker, nifedipine. Indeed, the L-type calcium channels are known to
play an important role in EC coupling in hiPSC-CMs. Since the external
calcium is fundamental for triggering SR calcium release, block these
channels using nifedipine can completely suppress calcium transients
in hiPSC-CMs. Therefore, complete block of L-type calcium channel
with nifedipine (10uM) can cause a dramatic shortening in the AP and

potentially eliminates EAD-like events (177-179).
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3.8 Patch Clamp Recordings from hiPSC-CMs

3.8.1 The Patch Clamp Technique

Patch clamp is a technique used to study the function of ion
channels of excitable cells, such as neurones and cardiomyocytes. The
passage of ionic currents through ion channels, or the changes in Vm
of excitable cells such as cardiomyocytes, are governed by Ohm’s law.
Ohm’s law describes the relationship between voltage (measured in
volts, V), current (measured in amperes, |) and resistance, which is a
measure of how easily the current can flows between two different

solutions (measured in Ohms, Q). Ohm’s law states (21, 180):

V=IR

The inverse of resistance is conductance, Ohm’s law can also be written

as follows:

| =gV

The cell’'s membrane provides a high resistance barrier to the
flow of ions across it. When ion channels open, the resistance to the
ions flowing across the membrane decreases (21). The increased flow

of ions can be measured in real time with the patch clamp technique.
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Alan Hodgkin and Andrew Huxley (181) were the early pioneers of
recording cellular electrical activity when they recorded action potentials
and sodium and potassium currents from the squid giant axon, thus
laying the foundations for the modern electrophysiology. Building on the
work of Hodgkin and Huxley and others, Bert Sakmann and Erwin Neher
were able to obtain a high resistance seal on a patch of cell membrane
called a giga-seal patch by using a fire-polished glass electrode and
successfully measured the opening and closing of single ion channels

(182, 183).

The plasma membrane of most living cells are electrically
polarised due to the presence of membrane potential. The driving force
that determines the passive transport of solutes across a permeable
membrane is the electrochemical gradients between two compartments.
This driving force serves as energy stored in the cell and can be used
to drive a variety of transport processes across the cell membrane (21).
Given the ability of the cell membrane to tightly regulate the osmolarity
difference between intracellular and extracellular fluids, the
concentration gradient of certain ions like Na*, K*, Ca%*and CI- vary
accordingly (21). Indeed, the membrane separates the unequal

distribution of positive and negative ions, and hence makes a difference
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in the charge between the cell’'s interior and exterior. Because
membrane charging and discharging requires time, the cell membrane
acts as a capacitor by separating and storing electrical charge, and

hence slows down changes in the Vm (184).
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3.8.2 Model Electrical circuit for whole-cell patch clamp

The patch clamp technique allows the measurement of current
and voltage in response to changes in both membrane parameters. A
patch clamp amplifier carriers out these measurements with the aid of
an electrical circuit (Figure 3. 13). When the pipette filled with
intracellular solution enters the bath (extracellular solution), a circuit is
formed between the amplifier, electrode and bath electrode allowing
measurement of the resistance of the pipette (Rp). The pipette also acts
as a capacitor (Cp) as it forms barrier between two conducing solutions-
this pipette capacitance can be compensated for by the amplifier. After
formation of a high resistance seal and subsequent rupture of the cell
membrane, the bath-electrode circuit is reformed with the addition of two
resistor, access (Ra) and membrane (Rm) (Figure 3. 13). Here, a low
access resistance is desirable to allow for increased flow of current;
ideally the membrane resistance would remain high to keep ‘leak’

minimal (185).

The membrane also acts as a capacitor (Cm), the build-up of

charge in response to voltage steps and subsequent decay can be

measured and is indicative of the cell surface area. This estimate of cell
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size can be used to normalise whole-cell currents to cell size. As with

Cp, Cm can also be compensated by the amplifier circuitry.

The sum of all the resistances between Rp, Ra and Rm is known
as ‘series resistance’. This is predominantly the sum of Rp and Ra.
Series resistance can be problematic because it can cause errors in the
actual voltage the membrane is clamped at as well as a delay in voltage
step changes. This can be especially problematic when the membrane
current is large. Series resistance can be compensated for the most part

(80%-90%) by the patch clamp amplifier (184).

3.8.3 Whole-Cell Recordings

In this thesis all patch clamp recordings were made in the whole-
cell configuration. The intracellular solution used for whole-cell

recordings consisted of:
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Compound Concentration Supplier Catalogue number
K-gluconate (t]n:\g) Sigma Aldrich, USA G4500
KCI 20 Sigma Aldrich, USA P9333
NaCl 10 Sigma Aldrich, USA S7653
MgCl, 1 Sigma Aldrich, USA M1028
MgATP 2 Sigma Aldrich, USA A9187
EGTA Sigma Aldrich, USA E3889
NaGTP 0.3 Sigma Aldrich, USA G8877
HEPES 10 Sigma Aldrich, USA H3375

The pH was adjusted to 7.3 with 5M KOH. The extracellular (bath)

solution consisted of:

Compound | Concentration Supplier Catalogue number
(mM)

NaCl 130 Sigma Aldrich, USA S7653
KCI 4 Sigma Aldrich, USA P9333
CaCl (1M) 1.8 Sigma Aldrich, USA 21115
MgCl (1M) 1 Sigma Aldrich, USA M1028
Glucose 10 Sigma Aldrich, USA G5767
HEPES 10 Sigma Aldrich, USA H3375

The pH was adjusted to 7.4 with 5SM NaOH.
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Figure 3. 13: The equivalent electrical circuit depicted for the whole-cell patch clamp
configuration. The schematic shows the electrical circuit established after rupture of the cell
membrane to allow access to the inside of the cell. Pipette (Cp) and whole-cell membrane
capacitance (Cm) are compensated for by the amplifier. Access resistance (Ra) needs to be
sufficiently low (<12 MQ for voltage-clamp recordings and <30 MQ for current-clamp recordings)
for adequate resolution of ion flow.
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Typically, cells were plated on the 10 mm glass coverslips (thickness
No.1, VWR International Ltd, UK) at a density of ~300,000 cells per well
and coated with 0.1% gelatin-in individual wells of a 24-well plate.

A two-stage puller was used to make micropipettes from thin wall
filament borosilicate capillary glass (1.5 mm outer diameter x 1.17 mm
internal diameter x 100 mm length; #GC150TF-10, Harvard Apparatus,
USA) at resistance of 2-4 MQ. The gravity-driven perfusion system was
primed with experimental solutions prior to commencing experiments.
On the motorised stage of an inverted microscope (Olympus IX71,
Tokyo, Japan), the prepared coverslips were placed in the bath (Figure
3. 14). The micropipette was mounted onto a pipette holder attached to
the headstage and was lowered into the bath using a piezo-electric
micromanipulator (Scientifica Ltd, UK). Subsequently, the micropipette
was manoeuvred on to the cell, causing the resistance to slightly
increase (Figure 3. 15). A gentle suction was applied, using a 1 mL
syringe attached to suction tubing and a pipette holder, in order to form
a seal between the membrane and glass. The suction is released once
membrane resistance reaches >1 GQ. The micropipette acts as a
capacitor due to the fact that it separates the two conducing solutions
(185). Capacitance compensation for the pipette was applied at this

stage. Following this, a further light suction was applied to break the
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membrane to facilitate electrical access to the whole cell “whole-cell
patch mode” via the internal pipette electrode. Whole cell capacitance

and series resistance were compensated at this stage.

Using amplifier circuitry (MultiClamp 700B), capacitance transients
and series resistance were compensated electronically. Data were
filtered at 2 kHz (four-pole Bessel) and sampled at 10 kHz using a
Digidata 1550B (Axon Instruments). | used pClamp10.6 (Axon
Instruments) to record and analyse the ionic currents. A current-voltage
protocol (adapted from Luca Sala (186)) to record hERG currents from
hiPSC-CMs was as follows: the cells were held at -40 mV and stepped
from -40 mV to +30 mV in 10 mV increments for 2 seconds and then
back to -40 mV to measure the tail current (Figure 3. 16). For data
analysis, only cells with membrane resistance >800 MQ and access
resistance <12 MQ were used. All recordings were carried out at room
temperature. For data analysis, Clampfit 11.1 software (Molecular
Devices, USA), MATLAB (Mathworks, USA) and GraphPad Prism 9

were used.
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Whole-cell spontaneous APs were recorded using the current-
clamp configuration. Data were analysed with Clampfit 11.1 (Molecular
Devices, USA). After 3 minutes dialysis spontaneous APs were
recorded for 2 minutes. The last 10 APs of each recording period were
averaged. Measurement of AP parameters were taken as shown in the

schematic example in (Figure 3. 17).
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Figure 3. 14. Experimental setup for patch clamp recordings (Actual and schematic). A
photograph of the patch clamp setup sued for whole-cell recordings showing the microscope
with recording platform (4), pipette headstage (1), perfusion inflow (2) and outflow (3). A
Multiclamp 700B amplifier and 15508 digitiser were used. Created with Biorender.com.
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Figure 3. 15. Schematic of the patch clamp technique. Patch clamp involves the use of a
glass micropipette that is placed on to single cell (ideally pipette resistance inside the bath
should be between 2-4 MQ). Gentle suction after touching the cell with the micropipette
facilitates the formation of a tight electrical seal- this is the cell -attached patch configuration
which allows the measurement of current flow from single ion channels (A). The whole-cell
configuration is achieved by additional negative pressure until the membrane ruptures allowing
access to the inside of the cell and measurement of whole-cell currents (B). Following
membrane rupture, the pipette-bath (Ag/AgCl) electrode circuit is reformed — but now moves
through two different resistors (C). The cytoplasmic ‘access’ acts as a resistor, whilst the
membrane should ideally function as a high ohmic resistor. Low access resistance is necessary
for optimal whole-cell conditions, while maintaining high seal and membrane resistance. The
amplifier can now measure the membrane’s current flow in response to voltage alterations.
Created with Biorender.com.
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Figure 3. 16. Representative voltage-gated ionic current traces of the hERG channel
from hiPSC-CMs. (A). Voltage protocol used to measure hERG currents. Cells were voltage-
clamped at a holding potential of -40 mV stepped sequentially to +30 mV for 2 seconds in 10
mV increments before returning to -40 mV. (B). Typical recording of Ikr current, showing a 2
seconds of slow channel activation followed by a slowly inactivating tail current at -40 mV. The
red arrows denote the measurement of tail current following each test potential.
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Figure 3. 17. An averaged action potential from hiPSC-CMs illustrating the measurement of
AP ;parameters using a custom MATLAB script (Dr. Aled Rhys Jones at Queen Mary University
of London). Shown are the averaged waveform, AP amplitude, and AP durations (APD) at
30%/50%/90% maximum of delta voltage.
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3.9 Statistical analyses

GraphPad Prism 9 software was used for the statistical analysis. All
data were reported as meantSEM. All differences amongst untreated,
scrambled, and siRNA-FLNC were compared with one-way ANOVA
test. An unpaired t-test was used to compare action potential
parameters of hiPSC-CMs between scrambled and siRNA-FLNC in
patch-clamp recordings. The Pearson correlation coefficient was
conducted for FPD-RR relationship. Paired t-test (two-tailed) was used
to analyse statistical differences of data before and after application of
isoprenaline. Histogram and scatter dot analysis were performed to plot
the interbeat intervals for the assessment of the beat rate variability. A
two-way ANOVA was used to analyse the tail currents between
scrambled and siRNA-FLNC groups. On graphs the n number denotes
the replication of the experiment, and *** indicates P<0.001; **P<0.01;

and *P<0.05.
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Chapter 4 : Results - Characterisation and
expression of FLNC knockdown in hiPSC-

derived cardiomyocytes
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4.1 Introduction

siRNA-transfection was introduced into hiPSC-CMs in vitro to
investigate the effect of knockdown of FLNC expression on the function
and distribution of various proteins that are involved in AC disease.
FLNC is located at IDs in the fascia adherens where ends of myofiber
can reach to the sarcolemma, close to the site of desmosomal junctions
(11). Therefore, immunofluorescence staining and western blotting of
differentiated cardiomyocyte monolayers were performed for
characterisation of the protein expression and subcellular localisation in
the hiPSC-CMs for FLNC, Cx43, Nav1.5, and desmosomal proteins

(DSP, plakoglobin, and plakophilin-2).

In the present study, hiPSC-CMs were plated as monolayers in
T25 flask or 24- well plates and showed spontaneous beating upon
visual inspection. Figure 4. 1 illustrates the schematic of chemically
defined cardiac differentiation including the purification method using
lactate enrichment and optional expansion of hiPSC-CMs between day
12 and day 20. Burridge and others have generally divided the cardiac
differentiation into three phases for systemic optimisation: phase 1,
uniform undifferentiation hPSC growth; phase 2, mesoderm formation

and induction; and phase 3, cardiac specification and maturation (149).
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Phase 1 Phase 2 Phase 3

Uniform undifferentiated Mesoderm Cardiomyocytes
hiPSC growth formation maturation
Cells: iPSCs .
Substrate: Matrigel/ Geltrex 37°C
Medium: mTeSR1 @ - sseees
C— N -2 ‘.b
- » | B
T25 flask ———
SP34+ SP34+ RPMI/ B27 (-ins)+ RPMI/B27+ | RPMI/ B27 |
BMP4+ BMP4+ KY0211+ KY0211+
Day I(Matngel/GeItrex)I Activin A ,l XAV939 I XAV939 I ! I I I
1 0 2 4 6 8 12 19 20+
Passage Beating Lactate Optional
observed enrichment ~ passage

Day -1 Day 0 Day 2 Day 4 Day 6

Figure 4. 1. Timeline of the protocol for differentiation of CMs from hiPSCs. Phase 1,
uniform growth of hiPSC as monolayer (149). Phase 2 (day 0 — day 2), Wnt/B-catenin signalling
is initially stimulated in differentiation process and then inhibited after mesoderm formation
(142).Phase 3 (day 2 — day 4), combined use of Wnt inhibitors (KY0211 and XAV939) are
essential for cardiac specification and maturation. Supplementing B27 minus Insulin in day 2 is
necessary to avoid suppression of cardiac differentiation during the first five days (146).
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4.2 Immunofluorescence staining of differentiated

hiPSC-CMs for the cardiac-specific markers

Initially, the cardiac differentiation of hiPSC-CMs was confirmed by
the staining of sarcomeric cardiac troponin T and cell adhesion

molecules (N-cadherin) using appropriate secondary antibodies.

Troponin T: DAPI N-cadherin: DAPI
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4.3 Effects of siRNA-silencing on proteins of interest

Before siRNA treatment  After siRNA treatment

DSP: siGLO: DAPI

Plakoglobin: DAPI Plakoglobin: siGLO: DAPI

Cx43: DAPI _ Cx43: siGLO: DAPI

#

Nav1.5: DAPI Nav1.5: : DAPI
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4.4 Immunofluorescence staining for FLNC and
Cx43/Nav1.5 proteins after treatment with siRNA to
FLNC

hiPSC-CMs were imaged using a Zeiss CLSM710 microscope
under three different conditions and showed positive staining for siGLO.
Initially, a transfection concentration of 10nM siRNA for 48 hours was
used for mRNA analysis, but no significant changes (P>0.05) were
observed (Figure 4. 2). As a result, the transfected cells were tested
again at higher concentrations either 20nM or 40nM and incubated
longer for 72 hours for protein analysis. There was a pronounced
decrease (P<0.01) in immunofluorescence signals for FLNC (Figure 4.
3) and in addition Cx43 (P<0.05) signals (Figure 4. 4) when the siRNA
concentration was increased to 40nM. However, the levels of staining
for Nav1.5 were not significantly changed (P>0.05) following siRNA-
knockdown of FLNC when compared with scrambled and untreated
cells (Figure 4. 5). The immunofluorescence signals of desmosomal
proteins (plakoglobin and DSP) in hiPSC-CMs (Figure 4. 6) were also
significantly reduced (P<0.05) compared with untreated and scrambled
control when transfected with siRNA to FLNC. The staining intensity of
Plakophilin-2 (Figure 4. 6) displays comparable levels (P>0.05) among

the three different conditions (untreated, scrambled, siRNA-FLNC).
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Western blot analysis was conducted to measure the effect of siRNA-
FLNC treatment on the expression of FLNC, Cx43, and Nav1.5 proteins
in hiPSC-CMs. Similar to what was shown by immunofluorescence
imaging, expression levels of FLNC and Cx43 were reduced following
siRNA-FLNC, but the expression level of Nav1.5 was not obviously

changed when compared with untreated and scrambled treatments.
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FLNC siRNA — 10nM
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FLNC siRNA — 20nM
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Figure 4. 2. Effect of FLNC siRNA on FLNC, Cx43, and Nav1.5. (A) & (B) Representative
immunofluoresence images of hiPSC-CMs cultures treated for 48 or 72 h with 10nM or 20nM
SiIRNA-FLNC, respectively. (C) The Image J software was used to perform quantitative analysis
of the mean staining intensity of FLNC, Cx43, Nav1.5 following treatement with siRNA-FLNC.
Quantitative evaluation of the staining intenstiy at 10nM concentration of siRNA transfection for
FLNC (n=3), Cx43 (n=2), and Nav1.5 (n=3) have shown similar levels of staining (P>0.05). A
slight decrease in FLNC(n=9) and Cx43 (n=3) signals was only observed in comparison with
untreated and scrambled when cells treated for 72 h at 20 nM, although not statistically
significant (P>0.05). siRNA-FLNC causes signifcant Cx43 mis-localisation whereas Nav1.5 and
FLNC were retained intracellulary. Similar levels of staining for Nav1.5 (n=3) were detected for
hiPSC-CMs following siRNA-FLNC when compared with control samples. FLNC, Cx43, and
Nav1.5 stained red, siGLO stained green, and cell nuclei stained blue with DAPI. Overall,
P>0.05 by one-way ANOVA among the 6 groups.
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Figure 4. 3. Effect of FLNC-siRNA on expression and distribution of FLNC in hiPSC-CMs.
(A) Immunofluorescence staining of hiPSC-CMs treated for 72 hrs with FLNC-siRNA (n=12),
scrambled control siRNA (n=8) or without any treatment (n=8). The FLNC is stained red, siGLO
stained green, and cell nuclei stained blue with DAPI. The immunofluorescence staining signals
of FLNC was significantly reduced in hiPSC-CMs (P<0.01) following siRNA-FLNC. The hiPSC-
CMs treated with siRNA-FLNC had significant alterations in FLNC expression and localisation.
(B) Image J software was used to quantify the mean staining intensity of FLNC following siRNA
treatment. (C) Western blot analysis of FLNC protein (n=2) showed a reduction in expression
following FLNC siRNA in hiPSC-CMs.
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Figure 4. 4. Effect of FLNC-siRNA on expression and distribution of Cx43 in hiPSC-CMs.
(A) Immunofluorescence microscopy of hiPSC-CMs treated for 72 h with FLNC-siRNA,
scrambled control siRNA or without any siRNA. Cx43 stained red, cell nuclei stained blue with
DAPI, and siGLO stained green. (B) The immunofluorescence staining signals of Cx43 was
significantly reduced in hiPSC-CMs (P<0.05) treated with SiRNA-FLNC and Cx43 mis-
localisation was observed when compared with untreated and scrambled hiPSC-CMs. The
Image J software was utilised to quantify the mean staining intensity of Cx43 (n=5 for all
conditions). (C) Western blot analysis of Cx43 protein (n=2) showed a reduction in expression
following FLNC siRNA in hiPSC-CMs.
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Figure 4. 5. Effect of FLNC-siRNA on expression and distribution of Nav1.5 in hiPSC-CMs.
(A) Immunofluorescence microscopy of hiPSC-CMs treated for 72 h with FLNC-siRNA,
scrambled control siRNA or without any siRNA. Nav1.5 stained red, cell nuclei stained blue with
DAPI, and siGLO stained green. (B) The immunofluorescence staining signals of Nav1.5 was
not markedly different (P>0.05) between silenced and control cells although mis-localisation of
Nav1.5 was observed after treatment with siRNA to FLNC. The Image J software was utilised
to quantify the mean staining intensity of Nav1.5 (untreated; n=5, scrambled; n=7, siRNA-FLNC;
n= 8) following treatement with siRNA. (C) Western blot analysis of Nav1.5 was not severely
influenced when compared with untreated and scrambled lysates.
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451 Immunofluorescence images of desmosomal proteins in
hiPSC-CMs after transfection with siRNA-FLNC
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Figure 4. 6. Effect of FLNC-siRNA on the structure and distribution of desmosomal
proteins in hiPSC-CMs. (A) Immunofluorescence microscopy of hiPSC-CMs cultures treated
for 72 h with FLNC-siRNA (n=6 plakophilin2; n=9 DSP; n=7 plakoglobin), scrambled non-
targeting control siRNA (n=6 plakophilin2;, n=7 DSP; n=7 plakoglobin) or without any siRNA (n=6
plakophilin2; n=10 DSP; n=7 plakoglobin). The proteins of interest (DSP, plakoglobin,
plakophilin2) are stained red, cell nuclei stained blue with DAPI, and siGLO stained green. The
immunofluorescence staining signals of DSP and plakoglobin were significantly decreased in
hiPSC-CMs (P<0.05) whereas the staining intensity of plakophilin-2 was showing (P>0.05)
comparable levels between silenced FLNC and control cells. (B) The Image J software was
utilised to quantify the mean staining intensity of desmosomal proteins following treatement with
SiRNA-FLNC.
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4.6 Summary

By studying cardiomyocytes differentiated from hiPSCs and
comparing three different conditions (untreated, scrambled siRNA
treatment, and FLNC siRNA treatment), | was able to identify cellular
abnormalities in hiPSC-CMs transfected with siRNA-FLNC in both
immunofluorescence microscopy studies and western blot analysis. An
intriguing finding in my hiPSC-CMs model was that the protein
expression levels for Cx43 were significantly reduced with FLNC
knockdown, whereas the expression of Nav1.5 following siRNA-FLNC
did not differ significantly between untreated and treated cells. Previous
studies have shown that loss of FLNC led to changes in distribution and

expression levels of DSP, plakoglobin, Cx43 (105, 115, 122). My results

support previous findings and suggest that Nav1.5 and plakophilin-2
may not be directly influenced by FLNC downregulation. However, it
should be noted the cons of signal quantification in immunofluorescence
microscopy and the need to further optimise staining approaches, such
as producing a binary result (presence versus loss of signal) and
increasing the reproducibility across different groups. Nonetheless, a
supportive contribution in the understanding of FLNC-related AC came
with the realisation that reduction in expression of FLNC can affect a

number of intercalated disc proteins, including desmosomal proteins.
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The reduction in Cx43 may promote a slower conduction velocity which
may be proarrhythmic. The lower expression and mis-localisation of
desmosomal proteins such as DSP may disrupt the integrity of the

desmosomes. These factors may all contribute to the AC phenotype.
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Chapter 5 Results - Electrophysiological
phenotypes associated with silencing of FLNC

in hiPSC-derived cardiomyocytes
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5.1 Introduction

Clinical ECGs in patients harbouring truncating pathogenic variants
in FLNC exhibited minor repolarisation changes and low QRS voltages
(87, 115). In contrast to ARVC caused by desmosomal mutations, ECG
abnormalities do not appear to be an early marker of disease in FLNC-
related AC and may present a distinctive electrophysiological
phenotype, according to a 2019 expert consensus statement from the
Heart Rhythm Society (11). As discussed previously (Figure 1. 8), FLNC
is known to interact with components of the IDs (87) and may
interconnect with Cx43. Gap junction Cx43 is the predominant connexin
expressed in the ventricular myocardium, which is essential for
conduction of the cardiac impulse and is also localised to the IDs (3).
Given the decreased Cx43 levels detected by western blot and mis-
localisation in immunofluorescent microscopy after using siRNA-FLNC
and the association between abnormal desmosomal proteins and a
reduction in Cx43 expression at the gap junctions (49), this phenomenon
may impair the electrical coupling between cardiomyocytes in the hiPSC
model. Therefore, MEA systems were used to characterise the

electrophysiological effects and proarrhythmic potential.
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hiPSC-CMs were seeded at ~40,000/cm? and used ~30 days after
the differentiation process. The electrophysiological assessment was
conducted on hiPSC-CMs to identify the normal electrical signals in
control conditions and compared to the signals following the addition of
siRNA to FLNC. The traces recorded with the MEA (Figure 5. 1) show
spontaneous electrical activity with good signals in untreated and those
hiPSC-CMs treated with scrambled siRNA. Specifically, beat rate and
field potential morphology were measured to identify the baseline
signals of untreated hiPSC-CMs for comparison with scrambled and
silenced FLNC. Both EADs and DADs-like events were observed in the
recordings after treatment with siRNA-FLNC compared to the control
conditions. This indicated the potential severe impact of reduced FLNC
protein level on the electrophysiology of hiPSC-derived cardiomyocytes.
All traces were recorded using Multichannel Experimenter setup
(Multichannel systems, Germany) and data were saved as .h5 files.
MATLAB and VCSF 1.2. software (Dr Aled Rhys Jones, Queen Mary

University of London, UK) were used to analyse the recorded data.
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5.2 MEA traces for untreated and scrambled hiPSC-CMs
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Figure 5. 1. MEA recording of hiPSC-CMs. (A) & (B) Recorded traces showing a good signals
with regular beating rate of untreated (n=4 MEAs) and scrambled hiPSC-derived ventricular
cardiomyocytes (n=4 MEAs). FP morphology demonstrates normal shape of R/Q and T peaks

for untreated and scrambled hiPSC-CMs.
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5.3 MEA traces for hiPSC-CMs with siRNA-FLNC

Extracellular MEA recordings for the hiPSC-CMs transfected with
siRNA to FLNC revealed marked electrophysiological abnormalities.
Variability in beat-to-beat interval, cellular arrhythmias, and electrical
alternans were all occasionally observed (Figure 5. 2). The results of the
correlation analysis between FPD and RR interval is not significant
(P>0.05) for hiPSC-CMS following siRNA-FLNC when compared with
scrambled and untreated cells (Figure 5. 3 A). The number of cells
exhibiting arrhythmic-like events (EADs and DADs) was significantly
higher (P<0.01) in hiPSC-CMs following siRNA-FLNC (Figure 5. 3 C)
compared to untreated and scrambled hiPSC-CMs. The range of the
histogram is one indicator of the beat-beat variability for interbeat
intervals over a period of time (Figure 5. 4). The coefficient of variance
values for interbeat intervals were larger (62.14%) in the hiPSC-CMs
treated with siRNA-FLNC than in scrambled (31%) and untreated

hiPSC-CMs (28.67%).
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Figure 5. 2. The effect of siRNA-FLNC on hiPSC-CMs was demonstrated by abnormal traces
captured with MEA (n=6 MEASs). (A) DAD-like events and (B) EAD-like events were exhibited in
MEA recordings of hiPSC-CMs following siRNA-FLNC treatment. (C) Knockdown of FLNC may
cause variation between beats in hiPSC-CMs. (D) Electrical alternans were also observed in
hiPSC-CMs following siRNA-FLNC, albeit less frequently.
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5.4 Relationship between RR intervals and field
potential duration for untreated, scrambled, and

SiRNA-FLNC of hiPSC-CMs

A FPD-RR relationship
ns
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Figure 5. 3. (A) The relationship between field potential duration (FPD) and RR interval for
hiPSC-CMs before and after siRNA treatment. There were no significant (P>0.05) changes
of FPD-RR relationship of hiPSC-CMs following siRNA-FLNC compared with scrambled and
untreated cells. Pearson’s r correlation was used for FPD-RR plot. (B) Summary of mean
(+SEM) FPD and RR intervals were not significantly different among untreated, scrambled, and
SiIRNA-FLNC. One-way ANOVA was used to analyse the mean (+SEM) FPD and RR intervals
among the three conditions. (C) The incidence of DADs and EADs per minute of all investigated
MEAs (untreated hiPSC-CMs: n=4; scrambled hiPSC-CMs: n=4; siRNA-FLNC hiPSC-CMs:
n=6). The number of cells exhibiting cellular arrhythmias was significantly higher in hiPSC-CMs

treated with siRNA-FLNC. ClI, confidence interval.
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5.5 Beat-Beat variability analysis
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Figure 5. 4. (A)-(C) Histogram distribution of Interbeat intervals for hiPSC-CMs pre and
post siRNA treatment. (D)-(F) Scatter dot plot of the median interbeat intervals among
untreated, scrambled, and siRNA-FLNC. The range of the histogram can be used as an indicator
for the variation of the beating rate (41, 187). As shown above, the range of interbeat intervals
was larger in sSiRNA-FLNC than in scrambled and untreated hiPSC-CMs. Relative variability or
coefficient of variation (population standard deviation divided by the mean) for untreated was
28.67% and for scrambled was 31% and for siRNA-FLNC was 62.14%.
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5.6 Summary

In this chapter, | examined the long-term effects of FLNC
knockdown on cell electrophysiology and viability of hiPSC-CMs model.
This study demonstrates that the electrophysiological phenotype
resulting from knockdown of FLNC by siRNA transfection is
characterised by a more irregular spontaneous beat rate and directly
increases cellular proarrhythmia mediated by DADs-like events and
EADs-like events when compared to scrambled and untreated cells.
The beat rate is the major driver of FPD variability because of their
inverse relationship; the faster the beating rate, the shorter the FPD
(188). Because of this, the RR-FPD relationship was analysed and
showed that there was no significant variability of RR and FPD in treated
and untreated cells. However, some variable values emerged from the
FPD and beat-beat variability data of scrambled hiPSC-CMs during
MEA recordings and are discussed in detail below in chapter 7 (section
7.2). Despite this, MEA systems and hiPSC-CMs are frequently used for
studying the effect of drugs on cellular electrophysiological parameters
such as beat rate and FPD. Therefore, further investigations are needed
to establish antiarrhythmic drugs that could eliminate these pro-
arrhythmic events and aid for the development of personalised

therapies.
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Chapter 6 Results - Silencing of FLNC causes
abnormality in action potential morphology and

calcium handling of hiPSC-CMs
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6.1 Introduction

Optical cardiac electrophysiology studies were conducted alongside
MEA recordings for better understanding of the cellular
electrophysiological abnormalities in hiPSC-CMs following siRNA-
FLNC. However, due to the limitation of MEA parameters to provide
suitable capture of repolarisation dynamics, such as APD and AP
shape, which are considered to be some of the most predictive signs of
pro-arrhythmic responses (189), | used alternative methods. Using
voltage and calcium-sensitive dyes (Figure 6. 1) can offer mechanistic
insights into heart rhythm disorders and provides a more detailed
assessment of signal instability during the repolarisation phase of
hiPSC-derived ventricular cardiomyocytes. Calcium imaging is the most
widely used technique due to the fact that calcium-sensitive fluorescent
probes can produce significant changes in emission upon binding
calcium, although these changes are not necessarily a direct correlate
of electrical activity, especially AP morphology (190). Thus, examining
the differences of both electrophysiological characteristics (AP shape
and APD) and calcium transients between ventricular-like CMs is
essential to the phenotypic analysis, specifically before and after gene

knockdown in hiPSC-CMs (10).
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Figure 6. 1. (A) Microscopy images of hiPSC-CMs loaded with 10uM Di-4-ANEPPS
(magnification 10x) for optical voltage measurements and 3uM Flou-4 AM (magnification 20x)
for calcium transients. (B) Parameters of action potential duration (modified from Maria Pura
Hortigon Vinagre et al (176)). (C) calcium transient duration (obtained from A. Ahola et al (191))
are defined as percentages from the peak maximum of the amplitude.
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Initially, ratiometric imaging was employed for recording of
membrane voltage with Di-4-ANEPPS because it was thought to reduce
or eliminate movement artefacts according to the previous studies (192-
194). However, | found non-ratiometric imaging provided less noisy
voltage signals for this study due to the lower frame rate involved (Figure
6. 2). When using excitation ratiometry, the exposure time is halved to
maintain temporal resolution, leading to more noisy signals. Ratiometric
imaging can be defined as the ratio of the fluorescence emission at two
different excitation wavelengths (194, 195). Fluo-4 is a non-ratiometric
intracellular calcium indicator that fluoresces upon calcium binding and

thus ratiometric approach was excluded for calcium imaging (196, 197).
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Figure 6. 2. Ratiometric and nonratiometric imaging. (A). An example of a ratiometric
recording. (B). Non-ratiometric imaging provides better quality traces of membrane action
potential. VCSF software was used to analyse the optical signals.
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Optical action potentials and calcium transients were analysed
using VCSF programme to measure the amplitude, rise time, APD at
50% (APDS50) and 90% (APD90) repolarisation, and also calcium
transient duration at 50% (CaTD50). The normalised calcium
amplitudes were slightly lower than usual due to high background
fluorescence obtained from low magnification imaging. Representative
action potential (Figure 6. 3) and calcium signal (Figure 6. 4) recordings
in cellular monolayer among three different conditions are shown below.
Silencing of FLNC in hiPSC-CMs showed predominantly EAD-like
arrhythmic events, which were not observed with untreated cells and
scrambled siRNA. DAD-like events were not observed. Transfected
hiPSC-CMs with siRNA-FLNC were associated with prolongation of
CaTD50 (P < 0.05), APD50 (P <0.05), and APD90 (P<0.05) when
compared with untreated hiPSC-CMs. The rise time of the AP was
showed similar values among the three different conditions (Figure 6.
3). Calcium amplitude did not show any statistically differences in
hiPSC-CMs treated with siRNA-FLNC compared to untreated and
scrambled cells (Figure 6. 4). Cycle lengths were excessively prolonged
(P<0.01) in voltage and calcium signals of hiPSC-CMs after knockdown

of FLNC.
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6.2 Voltage signals
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Figure 6. 3. Action potential recorded via fluorescence imaging of a representative
ventricular hiPSC-CMs showing the APD. Twenty seconds of recordings is shown in A, B, and
C. Note the similarity between the traces of (A) untreated (n=9) and (B) scrambled hiPSC-CMs
(n=11). (C) siRNA-FLNC (n=35) causes a prolonged action potential duration which ultimately
precedes EAD formation. Note that the averaged waveform has a different timescale than the
traces. (D) APD50 and APD90 were significantly increased in siRNA-FLNC compared to
untreated cells. No significant changes in Rise time among the three different conditions. For all
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three parameters, siRNA-FLNC had significantly longer cycle lengths.
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6.3 Calcium signals
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Figure 6. 4. Calcium transients recorded via fluorescence imaging of a representative
ventricular hiPSC-CMs showing the calcium transient duration. Ten seconds of recording is
shown in A, B, and C. Note the similarity between the traces of (A) untreated (n=10) and (B)
scrambled (n=6) hiPSC-CMs. (C) siRNA-FLNC (n=12) causes a prolonged calcium transient
duration when compared with untreated hiPSC-CMs. (D) CaT50 and cycle length are
significantly increased in cells transfected with siRNA-FLNC. No significant changes on
normalised values of calcium amplitude among the three conditions. Note that the averaged
waveform has a different timescales across the traces.
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6.4 AP recordings of drug-induced effects in
transfected hiPSC-CMs with siRNA-FLNC

| tested two drugs in this study: isoprenaline, a beta
adrenergic agonist that can increase the beating rate and
contractility, and nifedipine, calcium channel blocker that can
inhibit L-type calcium channels. Isoprenaline will increase the
beating rate and contractility of the myocytes but is also known
to provoke arrhythmia under some conditions. Nifedipine may
antagonist any abnormal arrhythmic events dependent on
calcium by reducing calcium entry across the sarcolemma.
Initially isoprenaline was added to the transfected hiPSC-CMs
with siRNA-FLNC to evaluate the effect of the drug on action
potential in several recordings. Figure 6. 5 shows representative
action potential traces recorded before and following the addition
of 10uM isoprenaline to hiPSC-CMs. The 4 parameters plotted
are the cycle length, APD at 50% and 90% repolarisation as well
as the AP rise time. Isoprenaline caused a significant shorten
APD50, APD90, and cycle length in hiPSC-CMs (P<0.05)

following silencing of FLNC. The rise time displayed no
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significant differences (P>0.05) in pre and post isoprenaline

treatment.

Baseline recording of hiPSC-CMs with siRNA-FLNC
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Figure 6. 5. Effect of isoprenaline on APD50, APD90, rise time, amplitude, and cycle length
of the action potential in hiPSC-CMs with FLNC knockdown. The application of 10uM
isoprenaline was for testing its effects on action potential parameters. (A) Relevant traces of
hiPSC-CMs with siRNA-FLNC before adding isoprenaline. (B) Relevant traces of hiPSC-CMs
with siRNA-FLNC following isoprenaline treatment. (C) Isoprenaline caused a significant shorten
APD50, APD90, and cycle length (meantSEM, n=11) in hiPSC-CMs (P<0.05) following
silencing of FLNC. The rise time (mean+SEM) displayed no significant differences (P>0.05) in
pre and post isoprenaline treatment. Paired t-test was used to compare pre and post effect of

isoprenaline on hiPSC-CMs with siRNA-FLNC .
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Only one recording was completed for testing the combination of two

drugs isoprenaline and nifedipine on hiPSC-CMs following siRNA-

FLNC. Three more recordings were obtained to examine the effect of

using nifedipine solely on hiPSC-CMs following siRNA-FLNC. The

following traces show the AP activity before and after drug intervention

with the averaged waveform on the top right side.
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The potential interpretation for the above recordings is related to the
severe impact of using 10uM nifedipine on hiPSC-CMs. It is clear that
both in the presence and absence of isoprenaline, nifedipine abolishes

the electrical activity of the hiPSC-CMs transfected with siRNA-FLNC.
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In the figure below, | examined if spontaneous activity resumed in the
presence of nifedipine when recording one and five minutes after adding
the drug. In both cases, there was no spontaneous electrical activity.
More optical recordings and applying lower drug concentrations are
needed to validate these observations in the future. Therefore, |
decided to pursue more detailed single cell studies with patch clamping

to dissect mechanistic effects of FLNC knockdown.

Recording 4
APD50: 880 ms
F"l r@ W\ N"‘
Before addition nifedipine \ L W l APD90: 1500 ms

\, L W 1 L

Wi g Wt |\, Rise Time: 100 ms

0 i 3 2 ' o woms  Cycle length: 5 sec
Time (seconds) Time (ms)

. \ \‘l rﬁ ‘\\
1 minute later h . 1 1 c

A S | gy L'JMW | rror

0 | B o A 0 40060002 g8t
Time: (seconds) Time (ms)

5 minute ater Wrmm\ﬂ.ww»M;wmwf«www

T T T T I T T T
0 4 8 12 16 0 40960002 1408¢
Time (seconds) Time (ms)

180



6.5 Electrophysiological studies using patch clamp

technique

Intracellular recording of APs using patch clamp is an important
method for studying the excitability of single cells. In order to study
mechanistic basis of the potential prolongation of APD and arrhythmic-
like events, spontaneous action potentials were recorded in the whole-
cell configuration at room temperature. For cells treated with siRNA-
scrambled, action potential parameters were derived from runs of
recording where there were no EADs. The cells treated with siRNA-
FLNC showed a tendency to longer APD30 and APD50 compared with
scrambled cells, although this was not statistically different (Figure 6. 6).
However, the APD90 in transfected cells with siRNA-FLNC was
significantly longer than that in scrambled cells. The resting membrane
potential and the amplitude of action potential were not significantly
changed between the two groups (Figure 6. 6). EADs and DADs were
observed in hiPSC-CMs with siRNA-FLNC in patch clamp recordings
(Figure 6. 6). However, the number of DAD events in these cells was
not statistically different (P>0.05) when compared with hiPSC-CMs with
scrambled siRNA (Figure 6. 6). This may be due to the limited number
of actual recordings obtained. There was excessive prolongation of the

APD resulted in EADs and arrhythmia as shown in (Figure 6. 6). EADs
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were previously detected from hiPSC-CMs with siRNA-FLNC in MEA
recordings and fluorescence imaging, and the number of EAD events in
patch clamp recordings was also statistically significant (P<0.01) when
compared to the scrambled control (Figure 6. 6). Cells treated with non-

targeting scrambled siRNA were used as the control.
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Figure 6. 6. Action potential recordings in the current clamp from the spontaneously
beating hiPSC-CMs. One minute of recording is shown in A, B, and C. (A) Representative
traces of action potential from scrambled hiPSC-CMs. (B) The basal APD was prolonged in
hiPSC-CMs when treated with siRNA-FLNC. (C) The red arrows indicate the occurrence of both
DADs and EADs in action potentials of hiPSC-CMs following siRNA-FLNC. (D) Action potential
parameters, including AP amplitudes, resting membrane potential (RMP), and APD30 and
APD50 were measured and there was little difference, although not statistically significant
(P>0.05), in APD30 and APD50 of hiPSC-CMs with siRNA-FLNC compared to those with
scrambled siRNA. APD90 was significantly prolonged (P<0.05) in hiPSC-CMs with siRNA-
FLNC. (E) Action potentials during arrhythmia in hiPSC-CMs following siRNA-FLNC exhibited
DADs and EADs. There was no significant difference in the number of cells exhibiting DADs
(P>0.05), whereas the number of EADs was significantly higher in siRNA-FLNC vs scrambled

control (P<0.01).
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One explanation for the prolonged APD in hiPSC-CMs following siRNA-
FLNC is that hERG function or expression is reduced. The Ikr (rapid
repolarising potassium current) is arising from channels composed of
hERG subunits and also KCNE2 as an auxiliary subunit (21, 198).

According to a previous study (132), the interaction between FLNC and
KCNEZ2 was found under hypoxic conditions and the authors suggested

that it may contribute to the pathogenesis of long QT syndrome. Indeed
loss of functional Ik current in long QT syndrome causes delayed

repolarisation and prolongation of APD, resulting in the formation of

EADs (199).

Voltage clamp analysis was conducted by Dr Qadeer Aziz (Queen Mary
University of London) to assess hERG channel current activity that
thought to be responsible for the AP changes in hiPSC-CMs following
siRNA-FLNC. | prepared the cells and Dr Aziz performed the patch
clamping. The hERG current measured in hiPSC-CMs treated with
siRNA-FLNC was compared to that measured in hiPSC-CMs treated
with scrambled control siRNA. Ikr is activated during repolarisation, and
E-4031 (#1808, biotechne TOCRIS, USA) was used to inhibit Ikr in
hiPSC-CMs in order to assess the response of cells treated with either

scrambled control or siRNA-FLNC. The current density of Ikr was not
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significantly reduced (P>0.05) in cells transfected with sSiRNA-FLNC, but
there was a trend indicating a possible effect if the number of recordings
was increased (Figure 6. 7). The normalised tail currents of hiPSC-CMs
with siRNA-FLNC were comparable to those obtained from the
scrambled control. Activation curves, determined from peak tail currents
normalised to the maximal value and plotted against the voltage were
fitted with Boltzmann equation (I/Imax= [1+exp {(V-V1.2) /k}], where V1.2
is the half maximal voltage of activation, and k is the slope factor. The
voltage dependence of activation parameters (V12 and k) were relatively
similar between scrambled control and hiPSC-CMs treated with siRNA-

FLNC (Figure 6. 7).
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Figure 6. 7. Patch clamp recordings of hiPSC-CMs in voltage clamp mode. (A)
Representative voltage clamp recordings of K* current pre and post E4031 treatment in
scrambled (n=6) and siRNA-FLNC cells (n=6). Notably, these currents were subtracted to obtain
E4031-senstive Ik (B) I-V graph and normalised tail current were assessed. It can be clearly
seen that scrambled hiPSC-CMs had slightly higher currents at 10 mV and 20 mV in |-V graph
compared to hiPSC-CMs with siRNA-FLNC. Averaged Ikr tail current normalised to maximal
current and fitted with Boltzmann function (I/Imax) =1/ (1+exp (V12— Vm)/k) following repolarisation
to -40 mV in both scrambled and siRNA-FLNC of hiPSC-CMs.
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6.6 Summary

| have for the first time conducted two functional studies of FLNC
knockdown in a cellular model and this has revealed
electrophysiological abnormalities in hiPSC-CMs. | examined the AP
profile and measured the APD and CaTD values among untreated cells
and compared with scrambled siRNA and siRNA-FLNC. In optical
recordings, | found abnormal APs with prolonged APD50 and APD90 in
cells with siRNA-FLNC transfection. Rise time was not significantly
changed in cells following siRNA-FLNC. The changes in calcium
transients in hiPSC-CMs were also assessed and found that knockdown
of FLNC caused a prolongation in CaT50 with no effect on calcium
amplitudes. Additional recordings and transfection of minimum two to
three independent batch of cells are needed to validate these findings.
Moreover, both EAD-like events and DAD-like events were detected in
patch clamp recordings, whereas only EAD-like events were observed
in optical recordings. In patch clamp recordings, hiPSC-CMs with
siRNA-FLNC showed a tendency to longer APD30 and APD50 when
compared with scrambled cells, although these parameters were not
statistically different, whereas the APD90 was significantly different
between the two groups. There is ongoing work to increase the number

of recordings and examine the effect of sSiRNA-FLNC on the hERG
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current density in hiPSC-CMs model. Perhaps other currents (for
example, the L-type calcium current) could be examined and may be
impacted by FLNC knockdown.

The interpretation of the results is complicated by the different
cycle length after treatment with siRNA-FLNC. Repolarisation is highly
rate dependent and the increases in cycle length was linked to QT
interval prolongation at slow heart rate. Therefore, the APD is likely
influenced by the heart rate because differences in APD are reflected in
differences in ion channel properties, and these properties determine
the rate dependence of APD. Prolongation of APD is potentially
arrhythmogenic, especially due to ion channel mutations or by abrupt

alterations in cycle length (200).
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Chapter 7 General discussion
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7.1 Summary of major findings

This thesis aimed to examine the electrophysiological effects
caused by loss of FLNC in a cellular model. There are various cellular
models that can be used for studying the electrophysiological effects of
FLNC downregulation, but the use of hiPSC-CMs has gained
prominence for drug screening and elucidating the functions of inherited
arrhythmias such as AC.

In the present study, | aimed to evaluate the ability to model FLNC
mutations using hiPSC-CMs and recapitulate the disease phenotype of
AC. Recent clinical studies have revealed that FLNC mutations have
been associated with different cardiomyopathies and cause
electrophysiological abnormalities. This concept was the precursor to
demonstrate that downregulation of FLNC can reduce the expression of
Cx43 and potentially lead to myocardial electrical dysfunction in hiPSC-
CMs model. Previous studies have revealed an association between
Cx43 and Nav1.5 in arrhythmogenesis of AC (56, 201). Nav1.5 was
hypothesised to be impacted in hiPSC-CMs, but the current
observations indicate that loss of FLNC may not have a significant
impact on Nav1.5 expression. Conduction velocity, which is dependent

on both Nav1.5 and Cx43, will need to be examined in the future.
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Immunostaining signal for DSP was found to be reduced at cell-

cell junction in patients with FLNC mutations (87, 105, 115) and in this
study DSP demonstrated a significant reduction in mean fluorescence
intensity by knocking down FLNC in hiPSC-CMs. Junctional plakoglobin
was not found to be reduced in heart samples of patients bearing FLNC
variants, but does appear to be reduced in this cellular model. This
needs to be more investigated and it could be due to the binding sites
implicated in the interaction with DSP at desmosome. Also, it should be
noted that the heart is a multicellular system while hiPSC-CMs are only
representing the cardiomyocytes and this could exhibit some variability
when comparing between two models. The signals of junctional
plakoglobin were reduced by immunofluorescence staining in hiPSC-
CMs treated with siRNA-FLNC. These findings are consistent with the
notion that FLNC-deficient hiPSC-CMs affect the distribution and
expression levels (122) of intercalated disc proteins, including
desmosomal proteins (desmoplakin and plakoglobin). However, two
separate studies suggest that FLNC may have a distinct phenotype in
terms of imaging scar patterns and arrhythmia risk compared to classic

forms of ARVC (115, 117). On the other hand, FLNC has been found to

be more frequently associated with ALVC. In this study, knockdown of
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FLNC in hiPSC-CMs yields a likely phenotype of ALVC based on the
proteins affected.

ECG abnormalities are common in FLNC variant carriers and
present with low QRS voltages and repolarisation defects (87, 108).
Therefore, different functional approaches were employed to examine
the electrophysiological abnormalities at the cellular level. In chapter 5
using MEA recordings, | was able to show EADs and DADs-like events
following knockdown of FLNC in hiPSC-CMs. In this set of experiments
the beat rate\ R-R intervals was highly variable and there was a trend to
a slower rate but this was not significant. In chapter 6 using optical
techniques, changes in AP shape, prolonged calcium transient duration
at 50% of repolarisation, and increased incidence of arrhythmic-like
events were all observed in hiPSC-CMs with siRNA-FLNC. The
explanation for the variation in the results with respect to beat rate\ R-R
intervals between the different experiments is not clear. In these optical
recordings, APD50 and APD90 were prolonged and EAD-like events
became more prevalent. In addition, the prolongation of repolarisation
is difficult to interpret as there is a significant dependence on heart rate.
This is illustrated in the MEA recordings in (Figure 5. 3) and when
adjusted for rate there was no difference in FPD between the conditions.

DAD-like events were also observed in some cells, indicating that the
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arrhythmogenicity of FLNC downregulation is complex and may be
classified under cellular arrhythmic depolarisations (CAD) (202),
whereby both EADs and DADs are implicated as the mechanisms of
arrhythmogenesis (203). Indeed, the incidence of both of these events
were identified previously in atrial fibrillation (203). Thus, further studies
are needed to understand the mechanism of ionic currents and efforts
should be increased to characterise the electrophysiological effects of
drugs on hiPSC-CMs with FLNC knockdown. L-type calcium channel
blockers (for example, nifedipine) could be used in this model to shorten

the APD and potentially eliminate EADs (179, 204, 205).

One other study has reported the development of an iPSC model
of FLNC cardiomyopathy (122). Suet Nee Chen and co-authors found
the activation of platelet-derived growth factor receptor alpha
(PDGFRA) signalling is likely responsible for the contractile dysfunction
and electrical abnormality observed in FLNC mutants hiPSC-CMs. They
suggested that loss of FLNC perturbed the cytoplasmic B-catenin and
also increased nuclear localisation of B-catenin, which in turn activates
transcription of PDGRFA signalling, leading to continuous upregulation
at the cell-cell membrane. This upregulation of PDGFRA signalling can
then activate extracellular regulated kinase (ERK) signalling, which

leads to internalisation of Cx43, resulting in arrhythmias in the heart of
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patient with arrhythmogenic dilated cardiomyopathy caused by FLNC
mutations. Also, they found that the arrhythmic phenotype was
characterised by increased variability in beating rate and abnormal AP
morphology. DADs were detected in this model and were also observed
in my study. DADs are typically observed during calcium overload and
Incx is widely considered to be responsible for DAD formation (25).
Given that DADs were also displayed in MEA and patch clamp
recordings, it would be of value to investigate the role of Incx in hiPSC-
CMs following siRNA-FLNC. This could provide more information for
understanding the pathogenic mechanisms and aid to establish
personalised drug treatments in patients with arrhythmias resulting from
FLNC mutations.

In summary, | have demonstrated a broad cellular arrhythmogenic
phenotype characterised by EADs, and DADs. Changes in the
expression or function of HERG may not be responsible and the exact
electrophysiological mechanism remains to be determined. The
complex results emphasis why the patients have such a clear arrhythmic

phenotype.
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7.2 Strengths and Limitations

Typically, adult cardiomyocytes isolated from animal models or
human heart tissues are more appropriate for studying cardiac cellular
electrophysiology, particularly action potential characteristics and ion
channel activity. However, these models do have some challenges like
the limited availability of human samples and possible remodelling of
cell’s function and structure during culturing process (206). Furthermore,
animal models cannot express all the human ion channels and therefore
cannot adequately mimic human physiology (207, 208). On the other
hand, iPSCs are a promising alternative since they have the benefit of
their human origin and easy accessibility for use in scientific
investigations. However, despite the ability of hiPSC-CMs to overcome
the limitation of species differences, the foetal identity in derived tissues
and the variability in genetic background of iPSC lines, still represent
challenges for disease modelling (209). These limitations led to efforts
to improve methods for the maturation of hiPSC-CMs. Hormonal
approaches, electrical and/or mechanical stimulation, long-term culture,
and other methods have been found to mature hiPSC-CMs. In this
study, hiPSC-CMs were treated with T3 and dexamethasone (210).
Despite the fact that these methods can improve the structural,

metabolic, and electrophysiological properties of hiPSC-CMs, they still
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cannot fully recapitulate adult cardiomyocytes (76). Future research may
require the combination of these methods with other more complex
techniques such as engineered heart tissue or co-culturing with other
cell types in order to produce a more mature phenotype for these cells.

Currently, there are several invasive and non-invasive methods
used for hiPSC-CM analyses, including patch clamp, fluorescence
imaging, multielectrode array, and cellular impedance assays. Although
these techniques are feasible in many laboratories, some difficulties
arise when implemented in the functional study on hiPSC-CMs. Patch
clamp, for example, requires advanced skills and equipment though it
can provide precise data on cardiac action potentials and ionic currents.
Other obstacles such as low throughput and time-consuming, are still
existing in manual patch clamp investigations (211). However, all the
previous mentioned methods suffer from some serious limitations, such
as difficulties to obtain detailed data on ionic currents in multielectrode
array, and misinterpretation of impedance assay data as the beating
pattern of cells depends primarily on changes in resistance and not on

direct electrical activity (212, 213). Also, optical measurements using

fluorescent dyes have several disadvantages, including challenges of
loading conditions (duration and temperature). Other challenges that

could be expected to affect the optical data are spatiotemporal
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variations associated with probe bleaching, motion artefacts, and
phototoxicity (25, 157) (189, 214). Despite the above-mentioned
shortcomings, the capability to integrate each of these techniques into
a single study would facilitate obtaining broad functional data.

By using transfection reagents to deliver siRNA into cultured
cardiomyocytes in question with possible interacting proteins of interest,
their modulatory effect can be investigated. This enables study of the
functional and morphological consequences identified in patients with
cardiac arrhythmias caused by these genetic mutations. However, due
to the use of different iPSC cell lines and the need to optimise the
transfection conditions for each particular cell line, the transfection
efficiency and cell viability could be affected by differences in cell growth
characteristics and cell densities. Thus, it would be necessary to use
iPSC line generated from a patient carrying a mutation in FLNC to
minimise the risk of cytotoxicity caused by transfection reagents.

Time and high costs are also limiting factors in the hiPSC-CMs
differentiation process. Due to the genetic and phenotypic heterogeneity
of iPSC cell lines, the output of this study may be affected by the use of
different iPSC cell lines, hence it is recommended to study two different

cell lines (215). Moreover, the use of different culture substrates, such

as Matrigel or Geltrex, may result in variable electrophysiological
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characteristics (139-141). Despite this, hiPSC-CMs can provide valuable
information to study the basic mechanisms of cardiac arrhythmias
resulted from cardiomyopathies.

It is nevertheless noteworthy to observe that some variable values
emerged from the scrambled hiPSC-CMs during MEA recordings, which
| attributed to the potential cytotoxicity caused by transfection reagents,
as well as the use of different iPSC cell lines and/or the application of

different coating substrates (140, 215, 216). Furthermore, the

manufacturer (Horizon Discovery) has issued a statement outlining
experimental considerations for the scrambled control pool #1 that |
used in this study. The supplier stated on its website that “siGENOME
Non-targeting siRNA #1 reduces EGFR in an assay and cell specific
manner by ~50%” and it was suggested to use an alternative formulation
siRNA non-targeting Pool #2. This statement was issued after some of
the experiments were completed and made me aware of that this

phenomenon might have some consequences in my studies.
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7.3 Future directions

The work presented in this thesis has opened several avenues for
further investigations. A better understanding of the electrophysiological
phenotype could be carried out by using CRISPR-I system in hiPSC-
CMs to examine whether the functional changes observed during FLNC
knockdown would be comparable to those demonstrated by siRNA.
Also, this could be further supported with different multicellular models,
such as mouse heart. Given that hiPSCs are heterogenous and
represent an individual's unique genotype as they derived from somatic
cells and also using different adhesion matrix coating protocol may
contribute to discrepancies and hinder the quality of the results. Ideally,
comparing the results from different cell lines would provide a
comprehensive understanding of the electrophysiological phenotype
with knockdown of FLNC. Alternatively, using gene editing system
would aid to create the isogenic iPSC lines from well-characterised pre-
existing iPSC lines obtained from healthy donors and can solve this
problem with cell line variations (217). In addition, using CRISPR
activation would be beneficial to evaluate the improvement in phenotype
by upregulating the gene expression.

While it was observed that FLNC expression was decreased in

hiPSC-CMs treated with siRNA-FLNC compared to control conditions,
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the changes in subcellular localisation was only observed but not
confirmed its protein interactions. Therefore, additional experiments
such as co-localisation and co-immunoprecipitation would be necessary
to elucidate this hypothesis. In addition, western blots need to be
performed to examine the expression levels for desmoplakin,
plakoglobin, and plakophilin-2.

As mentioned previously, several studies showed the co-regulation
between Cx43 and Nav1.5 (52, 57, 201) and it is of value to examine the
sodium current in hiPSC-CMs following the siRNA-FLNC by the whole-
cell patch clamp technique. In this work, Nav1.5 showed no or modest
decrease in the protein expression levels in cells transfected with
siRNA-FLNC. It would be interesting to examine sodium currents in
hiPSC-CMs to explore Nav1.5-related electrophysiology changes.

The most promising direction for the future experiments is drug
testing. Many papers have shown that calcium channel blockers can be
used to shorten APD. In this study, nifedipine completely suppressed
the transient and perhaps a lower dose (1uM) would be needed to
investigate the effect of this drug on the prolonged APD that was
displayed with FLNC knockdown in hiPSC-CMs. Also, pacing the
monolayers at different cycle lengths would need to be performed to

assess the APD and conduction velocity in these cells.

201



In addition to the previously published work describing the
interaction between FLNC and KCNE2 (132) and since EADs caused by
prolonged APD were detected in the present study, it would be useful to
characterise the expression and subcellular localisation of hERG
channel with FLNC knockdown and assess the modulation of hERG
current density in hiPSC-CMs. Some efforts have been made in this
thesis but need to include a high number of recordings to validate these
findings. However, we have not studied other relevant currents, such as
the L-type calcium current and whether the density and regulation of this
current is abnormal needs to be determined.

Recently, Suet Nee Chen and co-authors (122) have provided
valuable information to understand the pathogenesis of FLNC-related
AC. They used hiPSC-CMs model and revealed that loss of FLNC
disturbed the cytoplasmic B-catenin and activated both PDGFRA and
extracellular regulated kinase (ERK) signalling, leading to internalisation
of gap junction protein and arrhythmia. Interestingly, they were able to
rescue the phenotype of hiPSC-CMs using a PDGFRA inhibitor.
Therefore, future work will consider a panel of arrhythmia-inhibiting
drugs to test in the hiPSC model following FLNC downregulation.

Finally, desmin is an important protein that needs to be studied in

order to understand how it interacts with FLNC. Given that these two
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proteins cause the left dominant form of AC, which appears to be linked
in the cytoskeleton of cardiomyocytes. Desmin is a structural
intermediate filament that is connected to the desmosome via DSP.
Thus, mutations that affect the cellular function of FLNC or desmin may
impair DSP distribution at junctional sites, resulting in the AC phenotype,
as suggested in previous studies (109, 110). Moreover, other proteins
associated with AC disease, whose distribution/expression could
potentially be impacted, need to be analysed in the future studies such
as SAP97, GSK3[3 and RelA.

Taken together, hiPSC-CMs is promising for cardiovascular
research. The availability and feasibility are encouraging for scientific
investigations and therapeutic use in inherited heart diseases. This
thesis demonstrates that ability to measure the physiologically important
proteins and functional parameters in hiPSC-CMs as well as examining
the electrophysiological phenotypes before and after gene silencing.
Therefore, hiPSC-CMs are powerful tool for future research in

cardiovascular medicine.
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