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Abstract
Long QT Syndrome 2 (LQTS2) and Catecholaminergic Polymorphic Ventricular

Tachycardia (CPVT) are two prevalent cardiac channelopathies. LQTS2 is the second
most common form of LQTS and accounts for up to 45% of cases (Schwartz et al,
2012). CPVT1 is the most common form of CPVT and relates to dysfunction of the
RYR2, mutations in RYR2 are thought to account for up to 50% of CPVT cases
(Nyegaard et al, 2012). Treatment for these conditions is vital as mortality rates for
untreated individuals can range from 21% to potentially as high as 50% (Leenhardt et
al, 1995; Schwartz et al, 2012). Discovering novel compounds which treat these
conditions is beset by suboptimal drug discovery methods which utilise animal
models, which can be inaccurate due to inter-species variability in the cardiovascular
system (Rajamohan et al, 2013), and heterologous overexpression systems which
test the effect of a drug on specific ion channels which are limited by the inability of
these systems to model the dynamic interaction between different ion channels in
vivo (Kramer et al, 2013). Using human induced pluripotent stem cells (hiPSC) it is
possible to generate cardiomyocytes which may enable the creation of humanised
models of disease. Such models may enable the discovery of efficacious compounds
more readily than current drug development techniques and they may also allow the
study of disease pathogenesis in more detail than is currently available in human

systems.

In this thesis different tissue sample types were investigated for their ability to
robustly derive cell lines in vitro for use in reprogramming to hiPSCs. Furthermore in
this thesis three different non-integrative methods of hiPSC generation, Sendai virus,
episomal reprogramming using nucleofection and episomal reprogramming using
GET peptide mediated transduction, were tested to assess which was able to most
robustly generate hiPSCs. These hiPSCs were ultimately differentiated into
cardiomyocytes (hiPSC-CMs) and used in downstream phenotyping assays. An
LQTS2-hiPSC model was used as part of an in vitro drug assay to test the
effectiveness of I, lkatp, PPARS and Ixs agonists in reducing the action potential
duration (APD) of the LQTS2-hiPSC-CMs which would thereby indicate a role in
enhancing repolarisation. The effects of these new candidate drugs were compared
to the effect observed by the traditional LQTS2 therapy, B-blockers. This work was
carried out using the CellOPTIQ platform and voltage was analysed by labelling the

hiPSC-CMs with voltage sensitive cell dye FluoVolt. Furthermore in this thesis a CPVT-



hiPSC model was generated and genetically corrected using CRISPR/Cas9 genome
engineering technology. These hiPSCs were then differentiated to cardiomyocytes
and analysed for their calcium handling properties using fluorescent labelling dye

Fura2-AM.

Assessment of the voltage properties of the LQTS2-hiPSC-CMs indicated that the
LQTS2-hiPSC-CMs exhibit increased APD in comparison to healthy-hiPSC-CMs and an
increase in triangularisation time which is indicative of repolarisation time therefore
indicating a faithful recapitulation of the patient’s phenotype in vitro. Moreover the
APD of LQT2-hiPSC-CMs was found to decrease in response to treatment with latp, Ik,
PPARS and Iy agonists. These data indicate that the drugs tested in this thesis may

provide a beneficial effect to LQTS2 patients and should be investigated further.

Assessment of the calcium handling mechanics of CPVT-hiPSC-CMs and genetically
corrected CPVT-WT-hiPSC-CMs indicated that differences exist in the way in which
these hiPSC-CMs handle calcium in vitro. The genetically corrected CPVT-WT-hiPSC-
CMs were found to show enhanced functionality of RYR2 and SERCA when
challenged with relevant pharmacological blockade, potentially indicating a
corrected phenotype. However assessment of whether the CPVT-hiPSC-CMs

IM

exhibited a “normal” phenotype was inconclusive. There exist differences in the
calcium handling properties of CPVT-WT-hiPSC-CMs and unrelated healthy-hiPSC-

CMs.

To summarise, this thesis assesses the effectiveness of multiple tissue samples to
elucidate a robust method to derive starting cell populations from patients.
Moreover it goes on to establish a robust protocol for generating hiPSCs from these
samples using a non-integrative reprogramming method. The generation of an LQTS2
disease model enabled an in vitro drug assay which identified 9 compounds which
were able to reduce the APD in LQTS2-hiPSC-CMs, of which 7 showed utility in
reducing the repolarisation time of the LQT2-hiPSC-CMs. These results indicate that
these compounds may exert beneficial effects in the treatment of patients with
LQTS2. In addition to this, preliminary results in the CPVT disease model created
seem to indicate an increase in functionality of both RYR2 and SERCA after
CRISPR/Cas9 genetic correction of the $2246L mutation. Attempts to establish if

|II

CRISPR/Cas9 genetic correction generated “normal” calcium handling properties

were inconclusive. There remains a large amount of variability within genetically



distinct hiPSC-CMs with regards to their calcium handling properties, likely owing to
the highly spatial and temporal nature of calcium movement in cardiomyocytes and

this should be investigated further.
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1 Chapter 1 - Introduction

1.1 The cardiac system

1.1.1 The cardiac action potential and clinical electrocardiogram (ECG)

The cardiac action potential is the cyclical depolarisation and repolarisation of cardiac
myocytes driven by movement of ions across the cell membrane either spontaneously, as with
pacemaker cells, or in response to external stimuli (Shih, 1994). The action potential
progresses through the heart by moving across neighbouring cardiomyocytes through low
resistance coupling via gap junctions (Rohr, 2004). These gap junctions are normally found at
the intercalated discs near the ends of the rod shaped cardiomyocytes (Saffitz et al, 1994).
The action potentials of pacemaker cells, situated within the atrioventricular (AV) and
sinoatrial (SA) node, exhibit significantly different characteristics than those of the working
myocardium (Grant, 2009). The action potentials of pacemaker cells can be thought of as slow
response cells (SRC) whereas the myocardium and conduction system contains fast response

cells (FRC) (Grant, 2009).

Phase “1” Phase “2”- Plateau phase
K/CI efflux (Ilol) K* efflux (Iks)

Late Ixna Ca?*
influx  influx

(Icas)
Phase “3”
Phase “0”-
Depolarization C.';? Peak Ins influx K* efflux (Ixs, Ixr, Ix1)
phase

Phase “4”- Resting potential

Figure 1-1 - The cardiac action potential
This schematic shows the cardiac action potential. Initially starting with phase 0, the

depolarisation phase is mediated by Na* influx via Na, channels. Phase 1 of the action
potential is then characterised by K*/CI" efflux mediated via the li,1 channel, identified by a
characteristic notch in the action potential. Phase 2 of the action potential is the plateau
phase in which there is late influx of Na* alongside an influx of Ca?*, via L-type Ca?* channel.
In addition to this K* efflux begins through the Iy current. The lys current is then joined in
phase 3 by the I current and the Il current, these three K* currents are responsible for



repolarisation of the cardiac myocyte. Finally the cell reaches phase 4 whereby it returns to
its resting membrane potential in preparation for the next depolarisation (Saad et al 2016).
1.1.1.1 Fast Response Cells

The stable resting potential of Fast Response Cells (FRCs) in the working myocardium is
maintained by the Iy, current, propagated through the K;;2 channels such as K;2.1 (Monfredi
et al, 2010). The resting membrane potential is a characteristic of phase 4 of the cardiac action
potential and during this period the cardiomyocytes resting membrane potential is between -
80 and -85mV (Liu et al, 2016). This phase features high K* conductance through I, K;;2.1,
Ki2.2 and Ki2.3 inward rectifier channels which preferentially conduct K* when resting
membrane potential is below -40mV (Liu et al, 2016). lx; plays a major role in maintaining
resting membrane potential of FRCs and is expressed to greater levels in the ventricles than
the atria and is almost entirely absent from nodal populations (Schram et al, 2002). Phase 0
of the action potential (Figure 1.1) features a rapid upstroke via a rapid influx of Na* via the
voltage-gated Na* channels, primarily Na,1.5 but also Na,1.1, Na,1.2, Na,1.4 and Na,1.8 (Liu
et al, 2016).

Maximum voltage of FRCs is between +20 and +40 mV and time dependant closing of the Na,
channels leads to a rapid inactivation of In. (Wang et al, 1993; Nabauer et al, 1996; Liu et al,
2016). As this inactivation of Na* current occurs a number of channels become active as the
cells enter phase 1 of the action potential including the depolarising Ca?* current which
primarily acts through the L-type calcium current generated by Ca,1.2 in ventricular and atrial
cells and Ca,1.3 in atrial cells (Liu et al, 2016). During phase 1 there are also outward transient
currents generated by K, and Ca?*-activated CI- channels termed lw1, comprised of K,
components named |+, los, and loz, the molecular underpinnings of which are still poorly
understood (Liu et al, 2016). Furthermore the sodium/calcium exchanger (NCX) generates an
outward repolarising current by swapping 3 Na* ions outward in exchange for 1 Ca® ion
inwardly, this mode of transport is termed reverse mode and operates synergistically with the
L-type calcium channel to increase calcium influx which triggers calcium induced calcium
release from the sarcoplasmic reticulum, a vital component of excitation-contraction (EC)
coupling (Ramirez et al, 2011).The cardiac action potential features a characteristic notch
during phase 1, atemporary hyperpolarisation of membrane potential by around -10 to -30mV

(Di Diego et al, 1996; Liu et al, 2016).

Phase 2 is characterised by a plateau and very few transporters are active across the cell

membrane during this time, indeed the cell exhibits a relatively high resistance. During this



phase calcium channels are closed due to Ca?*-mediated inactivation after calcium induced
calcium release from the sarcoplasmic reticulum (Liu et al, 2016). The membrane potential of
the cardiomyocytes during phase 2 ranges from 0 to +20mV (Liu et al, 2016). As phase 2
progresses the activity of K* channels, I and li, increase in what are termed the delayed
rectifier currents (Liu et al, 2016). li is known as the rapidly rectifying K* current and is
generated by K,11.1 channels, also known as hERG, which are encoded by the KCNH2 gene. Ik
is termed the slow delayed rectifier current and is generated by K,7.1 channels and encoded
by the gene KCNQ1. Ultimately during phase 2 the K* delayed rectifier currents work with L-
type calcium current (Ica.) to repolarise the cells while depolarising currents are generated by
late Na* entry and by the NCX operating in its forward mode where Ca?* ions are extruded in

favour of Na* ions (Liu et al, 2016).

The prevention of early after depolarisations (EAD) and arrhythmias is important at higher
heart rates as action potential duration must shorten to accommodate the increased number
of depolarisations required leading to a variable length of phase 2 (Liu et al, 2016). This is
achieved thorough residual K* conductance which serves to increase the refractoriness of the

myocardium (Gintant, 1996; Tseng, 2001).

Phase 3 of the cardiac action potential is initiated when the net outward movement of K* ions
through lis and I exceeds the inward currents generated by lca and lnex (Liu et al, 2016). As this
repolarisation progresses li- takes a more prominent role due to its gating properties whereby
the channels recover rapidly from inactivation when the membrane potential drops below
-20mV, resulting in an increase of K* efflux (Liu et al, 2016). In addition to this, progressive
increase in Iy and Iy, activity during phase 3 will outweigh the Ca?* entry via the L-type calcium

channel returning the cell to its resting membrane potential (Liu et al, 2016).

1.1.1.2 Slow Response Cells

Nodal action potentials are propagated slower than those in the working myocardium (Grant,
2009). The synchronicity of the heart arises from the sino-atrial (SA) node (Wiese et al, 2009).
Action potentials in the SA node (Figure 1.1), as well as atrio-ventricular (AV) node and HIS
bundles, are distinct from the FRCs in the working myocardium due to variable resting
potential (Liu et al, 2016). There is no stable resting potential in SRCs due to the absence of
both Iy; and K;2.1 and the maximum diastolic potential (MDP) in phase 3 is typically between
-70 and -55mV (Chandler et al, 2009; Liu et al, 2016). Upon reaching the MDP the SRCs



immediately begin to depolarise at a variable rate between 10-66mV/s (Verkerk et al, 2007;
Hof et al, 2013). This variability in depolarisation rate is due to various overlapping currents
such as funny current (l¢) (Stillitano et al, 2008), inward I, (Maltsev et al, 2004), lcat and lcai (Liu
et al, 2016). Whilst these currents exert a depolarising effect on the cell there remain actively
repolarising currents working antagonistically, including lxach (Schram et al, 2002), Ik (Ono et
al, 2000) and I (Ito and Ono. 1995). Depolarisation is accelerated when membrane potential
reaches -50mV (Verkerk et al, 2007) due to the Il current which results in a clear phase 0 (Liu
et al, 2016). Unlike FRCs, in SRCs it is calcium influx via l.swhich induces the upstroke of phase
0 (Baruscotti and Robinson, 2007), due to relatively low expression of Nay channels in SA nodal
populations (Muramatsu et al, 1996). However like FRCs, repolarisation of SA nodal
populations is driven by K, channels Iy and lxs (Ito and Ono 1995; Verheijck et al, 1995; Ono et
al, 2000) with additional involvement of I, (Arechiga-Figueroa et al, 2011) and K,1.5
(Dobrzynski et al, 2000).

Uniquely, SRCs possess the If which is generated by hyperpolarisation-activated cyclic-
nucleotide family of genes (HCN), mainly by the dominant human cardiac isoforms HCN1 and
HCN4 (Chandler et al, 2009). This current is carried by Na* and K* ions (Monfredi et al, 2010).
HCN channels have been suggested to play a key role in increased heart rates in response to
adrenergic stimulation due to the presence of a cytoplasmic cyclic nucleotide binding domain
in the HCN which is activated by cAMP produced in response to Bl-adrenoceptor activation
(Wainger et al, 2001). Is is activated when the cell exhibits a negative membrane potential
rather than a positive one, giving it the name pacemaker current (Liu et al, 2016). Furthermore
there is also lkach current which is highly expressed in SRCs, lending to sympathetic nervous
innervation, a key component during fight or flight (Mark and Herlitze, 2000). SRCs are slow
responders due to the lower expression of gap junction channels compared to FRCs in addition
to larger quantities of connective tissue (Monfredi et al, 2010; Csepe et al, 2015). In addition
to having fewer gap junctions, those in SRCs are encoded by different genes and different
connexins. SRCs are known to prominently express Cx45, Cx30 and Cx30.5 (Gros et al, 2010)
in comparison to Cx40 and Cx43 which are found predominantly in the atria (Dobrzynski et al,

2007) and Cx43 (Verheijck et al, 2001) in the working ventricles.

1.1.1.3 Propagation of cardiac arrhythmias
The cardiac action potential can be thought of as a linear process whereby current flows from

a depolarised cell into a neighbouring less depolarised cells through gap junctions (Kleber and



Rudy, 2004). This flow is defined by the source-sink relationship whereby a cell carrying a
depolarised current is termed a source and the cells connected to it via gap junctions are its
sink. As current passes through the sink cells they themselves become sources and propagate

the current down to cells they are coupled to by gap junctions (Spector, 2013).

The most common cause of clinical arrhythmias is by re-entry of the action potential during
propagation (Spector, 2013). Re-entry occurs when the action potential fails to extinguish
itself and re-enters a region of the heart which has recovered from its refractory period (Janse
and Wit, 1989). Gap junctions are vital in the propagation of action potentials and these
channels are dodecameric structures consisting of two hexameric connexions, made up of six
proteins called connexins (Dhein, 1998). The remodelling of gap junction architecture results
in changes to action potential propagation which may result in arrhythmogenesis, this
remodelling can occur from alteration in connexion transcription or degradation of the protein

which occurs through a mechanism which remains poorly understood (Sicilian Gambit, 2001).

1.1.1.4 Early After Depolarisation (EAD)

An event which slows or reverses the action potential during phase 2, 3 or 4 is termed an early
after depolarisations (EAD) (Priori and Corr, 1990; Weiss et al, 2010). These can occur through
three major ionic mechanisms. The first being an inadequate K* conductance while the cells
membrane potential is between -30 and OmV, in this case l.a. may be able to self-amplify and
reverse the depolarisation, this will lead to an upstroke as the cell attempts to depolarise
(Weiss et al, 2010). The second mechanism is through the NCX, which exchanges 3 Na* ions
for each Ca% ion it transports, during repolarisation the NCX is in forward mode and extruding
Ca? from the cell, however in order to achieve this there must be an influx of Na* through the
NCX, if this occurs synergistically with spontaneous calcium induced calcium release from the
sarcoplasmic reticulum then the resulting NCX current can lead to an EAD (Weiss et al, 2010;
Antzelevtich and Burashnikov, 2011). The third mechanism is through an increase in late stage

Ina influx (Antzelevitch and Burashnikov, 2011).

1.1.1.5 Delayed After Depolarisation (DAD)
Unlike EADs, delayed after depolarisations (DADs) occur after the action potential has been

completed (Cranefield, 1977). DADs are more likely to be observed under conditions which



augment intercellular calcium levels such as CPVT (Priori et al, 2001; Antzelevitch and

Burashnikov, 2011; Fink et al, 2011).

Spatial repolarisation is a key process during the cardiac action potential and the ventricles of
the heart are composed of three distinct cell types; epicardial, midmyocardial (M) and
endocardial cells (Antzelevitch et al, 1991; Antzelevtich and Burashnikov, 2011). These
subtypes of cells display different ion channel densities and as such respond differently to
drugs/compounds (Burton and Cobbe, 2001). Ventricular epicardial and M cells display a
prominent phase 1 due to transient outward current I, which is not observed in endocardial
cells (Wettwer et al, 1994; Nabauer et al, 1996). Action potential duration is longer in the
endocardium than epicardium but increased numbers of M cells resulted in an increase in the
QT interval (Li et al, 1998; Rivolta et al, 2015). M cells are known to express weaker Iy current
and a more prominent late |, compared to epicardial and endocardial cells (Liu et al, 1995;
Zygmunt et al, 2001). Interestingly, the heterogeneity observed in these repolarising cells of
the heart is most striking in single cell analysis but is still evident in the heart, this likely points
to minimisation of these differences due to electronic interaction, this is a phenomenon which
can be lost in the diseased heart (Burton and Cobbe, 2001). Furthermore these
heterogeneities can be exacerbated by ion channel mutations, drug interaction or
sympathetic stimulation which can result in cardiac arrhythmias (Antzelevitch and Sicouri,

2012).

1.1.1.6 Theclinical ECG

As electrical impulse passes through the heart, ions are transported across membranes via ion
channels, this process can be measured clinically using an ECG (Dupre et al, 2009). An ECG
gives a temporal readout of the propagation of an action potential across the heart (Marban,
2002). The readout from an ECG provides the waveform shown in Figure 1.2. The small P wave
represent the depolarisation of the atria (Ashley and Niebauer, 2004). The QRS complex is
three waves which represent the depolarisation of the ventricles with the Q wave
representing the depolarisation of the interventricular septum, the R wave is the largest and
represents the depolarisation of the main ventricular mass and the S wave is the final
depolarisation at the base of the heart (Ashley and Niebauer, 2004). The time between atrial

depolarisation and ventricular depolarisation is represented by the PR interval (Ashley and



Niebauer, 2004). The repolarisation of the atria is obscured by the large QRS complex,
however the repolarisation of the ventricles is represented by the T wave (Ashley and
Niebauer, 2004) therefore the QT intveral represents repolarisation of the ventricles. The time
between ventricular depolarisation and repolarisation is termed the ST interval, during this
time there is zero potential between depolarisation and repolarisation (Ashley and Niebauer,

2004).
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Figure 1-2 - The clinical ECG
The basic readout given from a clinical ECG where the P wave represents the atrial depolarisation followed the QRS

complex which represent the depolarisation of the ventricles. The atrial repolarisation is hidden within the QRS
complex and the T wave represent the repolarisation of the ventricles. The U wave is typically only seen in
hypokalemic patients (Ashley and Niebauer, 2004).

1.1.2 The cardiac channelopathies

The cardiac channelopathies are a heterogenous group of diseases which manifest as a
dysfunction of ion channels within cells (Kim, 2014). In the cardiac channelopathies these tend
to affect the Na* and K* channels or their accessory subunits (Ackerman, 2004). Examples of
cardiac channelopathies include; Long QT Syndrome (LQTS), Brugada Syndrome, Short QT
Syndrome, Atrial Fibrillation and Catecholaminergic Polymorphic Ventricular Tachycardia
(CPVT) (Campuzano et al, 2010). It has been estimated that in up to 50% of sudden cardiac

death cases in the young death was the first manifestation of an underlying inherited cardiac



disease (Campuzano et al, 2010). The channelopathies show variable penetrance and it is
possible that members of the same family carrying the same mutation will exhibit markedly

different phenotypes (Bastiaenen and Behr, 2011).

1.1.2.1 Long QT Syndrome

LQTS is a genetic heart abnormality characterised by an elongation of the QT interval on an
ECG alongside T-wave irregularity, ventricular tachycardia and an increased risk of sudden
death (Crotti et al, 2008). The first reported cases of LQTS were termed Jervell and Lange-
Nielsen syndrome and Romano-Ward syndrome (Jervell and Lange-Nielsen, 1957; Romano et
al, 1963; Ward, 1964). Despite the reported 13 subtypes of LQTS (Table 1.1) the most
prevalent forms of are LQTS1, 2 and 3 accounting for almost all cases (Medeiros-Domingo et

al, 2007; Schwartz et al, 2012).

It has recently been estimated that the prevalence of LQTS is around 1 in 2,500 births although
this fails to take into account people who silently carry a LQTS mutation (Crotti et al, 2008).
Early and efficient diagnosis of LQTS is crucial as, often, the first manifestation can be life
threatening (Medeiros-Domingo et al, 2007). Diagnosis can be either clinical or molecular, the
disease is clinically characterised by a repeated history of syncope and an elongated QTc
interval (Schwartz, 2012). The elongation of the QT interval is indicative of an extended
repolarisation period for the cells of the heart. However the QT interval is variable based on
the heart rate, and as such a corrected formula should be used to calculate risk, this is known

as Bazett’s corrected heart rate measurement (QTc) (Akhras and Rickard, 1981; Bazett, 2007).

Corrected QT (QTc) = QT Interval / V (R-R interval), where R-R interval is = 60/HR.

When QTc exceeds 500-550ms there is a substantial increase in risk to the patient (Priori et
al, 2003). However it has been estimated that 10-35% of people may carry a mutation
indicative of a form of LQTS but remain asymptomatic (Crotti et al, 2008). Therefore the only
way to diagnose and treat these patients prior to syncopal or arrhythmic episodes would be
through genetic screening (Napolitano et al, 2005). A patient suffering from LQTS may
experience one or more syncopal episodes, brought on by Torsade-de-Pointes (TdP) which is
a polymorphic ventricular tachycardia resulting in a twist of the QRS complex around the

isoelectric baseline which can lead to ventricular fibrillation (Crotti et al, 2008).



1.1.2.1.1 LQTS1

LQTS1 is the most prevalent form of the syndrome and is triggered most commonly by
strenuous activity (Schwartz et al, 2001). LQTS1 is caused by defective a-subunit of the K*
channel Kv7.1 which is responsible for the generation of the l¢s current (Schwartz et al, 2012).
Iks is responsible for the outward flow of K* during the plateau phase of the cardiac action
potential. In addition to this it also assists the rapidly delayed rectifier and inward rectifier
currents in removing K* from the cells during phases 2 and 3 of the cardiac action potential.
This channel is activated by sympathetic innervation and is vital for the QT interval to adapt

during changes in heart rate (Schwartz et al, 2012).

1.1.2.1.2 LQTS2

The trigger for LQTS2 is emotional stress which can be brought on by auditory stimuli such as
an alarm clock going off or a telephone ringing, these patients are at particular risk if such a
stimulus is perceived during rest (Schwartz et al, 2001). LQTS2 is caused by a defective Ik a-
subunit of the K* channel Kv11.1 which is responsible for the generation of the I« current
during the cardiac action potential (Schwartz et al, 2012). Like the I, the Ik removes K* ions

from the cell during phase 3 of the cardiac action potential (Liu et al, 2016).

1.1.2.1.3 LQTS3

In the case of LQTS3 adverse cardiac events are most likely to occur during sleep (Schwartz et
al, 2001). LQTS3 is caused by mutation to the SCN5A gene which encodes the Nav1.5 a-subunit
(Medeiros-Domingo et al, 2007). The Nav1.5a-subunit is responsible for generation of the
inward Na* current which leads to initial depolarisation of the cell during an action potential.
This defective Na* current can lead to the inward leak of Na* ions therefore prolonging the
action potential (Schwartz et al, 2012). However there are a number of different disorders
linked to variations within the Na* currents such as Brugada syndrome, atrial fibrillation and
sick sinus node syndrome (Benson et al, 2003; Chen et al, 2007; van Hoorn et al, 2012).
Furthermore a single mutation within the SCN5A gene can lead to either an increase or a
decrease in the Na* current therefore the phenotype of the patient is important for an

accurate diagnosis (Schwartz et al, 2012).



1.1.2.2 Treatment of LQTS

Treatment for LQTS is vital as the mortality rate for symptomatic patients who remain
untreated for one year is 21% (Schwartz et al, 2012). Commonly, the patient is given
antiadrenergic medication as most life threatening arrhythmias are triggered by an increase,
often suddenly, in sympathetic activity which is largely due to the action of the left cardiac
sympathetic nerves (Schwartz, 1984). The first line in therapy against LQTS is most often the
prescription of B-blockers, in particular propranolol and nadolol (Crotti et al, 2008). B-blockers
have proven to be an effective treatment for LQTS1 patients who have a mortality rate of only
0.5% when using them (Priori et al, 2004; Vincent et al, 2009). However LQTS2 patients
undergoing B-blocker therapy are more likely than LQTS1 patient to experience life
threatening episodes despite therapy (Priori et al, 2004) indicating the need for novel
treatments. LQTS3 patients experience more life threatening events than patients who suffer
from either LQTS1 or LQTS2 with episodes occurring in 10-15% of LQTS3 patients despite
treatment with B-blockers (Schwartz et al, 2001; Priori et al, 2004). The failure of

pharmacological therapy signals the requirement for surgical intervention.

The first surgical intervention which may be deployed is the use of an implantable
cardioverter-defibrillator (ICD). It has been suggested by some that lead to a vicious cycle
where the shock administered by an ICD leads to increased anxiety within the patient thus
triggering more shocks (Schwartz et al, 2008). However the efficacy of ICDs has been
demonstrated in a study which found patients with an ICD experienced a mortality rate of
1.3% in comparison to 16% in patients who did not have one (Zareba et al, 2003). A second
surgical intervention is left cardiac sympathetic denervation (LCSD) where the first four
thoracic ganglia are removed (Schwartz et al, 2004). LCSD has has been shown to significantly
reduce QTc at rest and reduce the increase in heart rate during exercise but did not reduce
the QTc interval during the same period; however four out of five of the patients in this study
remained syncope free for 21 months after the surgery (Li et al, 2005). However further study
has cast doubt on its effectiveness in patients who exhibit a severe phenotype. A retrospective
study of 52 patients found that 23% who underwent LCSD experienced a cardiac event in the
time since illustrating that LCSD should not be considered curative but potentially an addition
to B-blocker therapy (Bos et al, 2013; Schneider et al, 2013). Overall these strategies treat the
symptom, preventing an increased heart rate, rather than the disease which is an inadequate

repolarisation of cardiomyocytes.
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Table 1-1 -LQTS subtypes and the affected genes,

Table adapted from Schwartz et al, 2012

LQTS Subtype Affected Gene Locus on Protein Prevalence
Affected Gene Affected

LQTS1 KCNQ1 11p15.5 Iks a-subunit 40-55%

LQTS2 KCNH2 7q935-36 I a-subunit 30-45%

LQTS3 SCN5A 3p21-24 Na.1.5 o- 5-10%
subunit

LQTS4 ANKB 4q25-27 Ankyrin-B <1%

LQTS5 KCNE1 21922.1p22 lks channel B- <1%
subunit

LQTS6 KCNE2 21g22.1 Ik channel B- <1%
subunit

LQTS7 KCNJ2 17923 Kir2.1 a-subunit <1%

(Andersen-

Tawil

Syndrome)

LQTS8 (Timothy CACNAIC 12p13.3 L-type calcium <1%

Syndrome channel Cav1.2

LQTS9 CAV3 3p25 Caveolin 3 <1%

LQTS10 SCN4B 11923 Ina Ba-subunit <1%

LQTS11 AKAP9 7921-g22 Yotiao <1%

LQTS12 SNTA1 20q11.2 Syntrophin al <1%

LQTS13 KCNJ5 11924 Kir3.4 <1%

1.1.2.3 Catecholaminergic Polymorphic Ventricular Tachycardia (CPVT)

Patients who suffer from CPVT often appear otherwise healthy but present with symptoms
such as bidirectional polymorphic ventricular tachycardia when exposed to adrenergic
stimulation (Kim et al, 2014). CPVT can be caused by mutations in RYR2 (Priori et al, 2011),
calsequestrin 2 (CASQ2) (Lahat et al, 2001), CALM1 (Hyegaard et al, 2012), TRDN (Roux-
Buisson et al, 2012) and TECRL which exhibits a crossover phenotype between CPVT and LQTS
(Devalla et al, 2016). The form of CPVT caused by a mutation in RYR2 was found to be inherited
in an autosomal dominant manner (Swan et al, 1999). RYR2 is known to be important in
maintaining calcium homeostasis in the heart and thus is vital in the EC coupling process which
underpins the hearts electrical activity (van der Werf and Wilde, 2013). The CASQ2 protein is
responsible for helping maintain a major Ca2* reservoir within the sarcoplasmic reticulum and
is located within the protein complex which contains the ryanodine receptor (Lahat et al,
2001). However mutations within the RYR2 gene have only been identified as causative in
around 50% of dominantly inherited CPVT cases (Nyegaard et al, 2012) underpinning the
requirement for further research in order to fully ascertain the genetic causation of the

condition. The spontaneous release of calcium from the sarcoplasmic reticulum during
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diastole can be attributed to mutations in either CASQ2 or RYR2 causing sub optimally
functioning ion channels (Roux-Buisson et al, 2012). In turn this increase in cystolic calcium
concentration can trigger delayed after depolarisations which are a risk factor for arrhythmias,

this process is particularly enhanced under adrenergic stimulation (Cerrone et al, 2007).

1.1.2.4  Prevalence of CPVT

The mean age of onset is before adolescence has been reached and it is estimated that that
around 1 in 10,000 people have CPVT amongst the general population and it carries with it a
50% mortality rate in untreated seriously affected individuals under the age of 20 (Leenhardt
et al, 1995; Priori et al, 2002; Postma et al, 2005). Unlike LQTS, CPVT can be difficult to
diagnose as those suffering the disease will exhibit a healthy ECG (Schimpf et al, 2009). In fact
the only indicator at all may be a mild sinus bradycardia (Postma et al, 2005). In the diagnosis
of CPVT a graded exercise test, raising heart rate to 100-120bpm to induce reproducible
arrhythmias, is the most effective method to determine a positive diagnosis (Egan et al, 2012;

Faggioni et al, 2012).

1.1.2.5 Treatment for CPVT

Initial treatment for CPVT requires lifestyle changes to reduce risk of arrhythmic episodes such
avoiding strenuous exercise (van der Werf and Wilde, 2014). In addition to this, the use of B-
blockers is advised as studies have shown significant reduction in risk of arrhythmic episodes
in up to 60% of patients (Leenhardt et al, 1995; Priori et al, 2002; Hayashi et al, 2009). This
effect is thought to be mediated by reduction in heart rate and a more direct effect on calcium
release from the sarcoplasmic reticulum (Napolitano et al, 2004). Importantly the dose of B-
blockers should be individually assessed on a patient by patient case using the information
gained by a graded increased exercise test (Heidblichel et al, 2006). It has been shown that
patients suffering CPVT who do not respond to B-blockers should be prescribed the
antiarrhythmic driug flecainide in addition to their B-blockers as this has been shown to lower
risk both experimentally and clinically through a mechanism involving inhibition of voltage
gated sodium channels (Watanabe et al, 2009; Liu et al, 2011; Van der Werf et al, 2011). ICDs
can be considered for CPVT patients but this is met with caution as ICD shocks can cause
ventricular storms due to catecholamine release (Napolitano et al, 2004; Mohamed et al,

2006; Zipes et al, 2006). A final surgical intervention is the use of LCSD which has been

12



reported to include side effects such as palpebral ptosis, elevation of the left hemidiaphragm,
and lack of sweating from the left arm and face (Napolitano et al, 2004). Furthermore there
remains dubiety about the efficacy of LCSD in CPVT patients as recurrent cardiac events have

been reported in patients who have underwent this therapy (Napolitano et al, 2004).

1.2 Assessing the need for hiPSC disease models of cardiac disease

The process for drug development is long and complex, beginning with high-throughput
assays to search large chemical compound libraries and ending with clinical trials (Feng et al,
2005). Once a candidate drug has been identified it is then tested for primary safety data. This
initial stage involves in vitro testing using both cell based systems, such as immortalised cell
lines overexpressing ion channels, and in vivo animal models of disease (Figure 1.3). It has
been estimated that the efficiency of current animal models in predicting heart, liver and
developmental toxicity in humans is 50% (Greaves et al, 2004). Candidate drugs which exhibit
low levels of toxicity and high levels of efficacy are progressed to clinical trial stage. It is
estimated 85% of drugs are lost during the early phases of human clinical trials (Kola and
Landis, 2004) and of those which progress to Phase Ill human clinical trials only half will ever
make it to market (Ledford, 2011). It was recently reported that the cost of bringing a drug
from initial development to the market can reach $11 Billion and take anywhere between 10-
15 years (Denning et al, 2016). Clearly there is a requirement for more efficient systems which
would discard toxic compounds and screen for clinically effective compounds in the earlier
stages of development. Human pluripotent stem cells (hPSC) offer a highly valuable tool to
model diseases in vitro which can strengthen and improve the current toxicity testing systems.
The emergence of human induced pluripotent stem cell (hiPSC) technology enables the
researcher to generate patient specific disease models which are able to accurately
recapitulate the patient’s phenotype in vitro, such advances can overcome issues such as the
highly invasive and risky nature of cardiac biopsy which can make it difficult to acquire cardiac

tissue to study disease states in greater detail (Rajamohan et al, 2013).
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Figure 1-3 - Current toxicity testing models
Current toxicity testing models for drug compounds rely heavily on both animal models and overexpression of ion

channelsinimmortalised cell lines. Both are limited in their ability to recapitulate the true in vivo system of humans.

1.2.1 In Vitro systems

The harvesting and prolonged culture of native human adult cardiomyocytes remains difficult
and in order to assess the effect of drug compounds on cardiac ion channels many in vitro
systems overexpress cardiac ion channels in immortalised non cardiac cell lines such as HEK
and CHO cells (Giorgi et al, 2010; Haraguchi et al, 2015). Typically such cells exhibit karyotype
abnormalities but more importantly are unable to accurately recapitulate the dynamic
interaction ion channels exhibit in vivo (Wobus and Loser, 2011; Denning et al, 2016). The
limitations of in vitro systems are perhaps best demonstrated by the case of verapamil. When
verapamil was applied to CHO cells overexpressing the hERG channel it was found to block it
and thus would result in a decrease in the I current, such a decrease would result in QT
prolongation (Meyer et al, 2004). However what such a system does not indicate is that
verapamil also inhibits I, such an action in conjunction with I, blockade will exert a neutral
effect on QT interval (Meyer et al, 2004). Therefore the suboptimal drug screening measure

outlined above highlight the need for more accurate humanised models of cardiac disease.

1.2.2  In Vivo animal models
Much of the current knowledge relating to cardiac pharmacology and physiology is derived
from mouse models as a result of the ease with which they can be maintained and bred in

addition to their amenability to genetic modification (Salama and London, 2007). The murine
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and human cardiovascular system exhibit major differences which can limit the conclusions
which can be drawn from the murine model of cardiovascular disease. For example I is found
at very low levels in murine cardiomyocytes, however is a major determining factor in
repolarisation of human cardiac cells (He et al, 2003). Mice have a life expectancy of 2-3 years
and an average heart rate of about 350bpm in comparison to humans which exhibit an
average heart rate of 70bpm and a life expectancy around 75-85 years (Hamlin and Altschuld,
2011). Furthermore mice have a metabolic rate somewhere in the region of 8 times greater
than humans, likely as a result of increased heart rate as well as lower resting ECG duration
and a shorter QT interval than humans (Wehrens et al, 2000; Hamlin and Altschuld, 2011).
Moreover the murine cardiac action potential is triangular shaped without a clear plateau
phase and a shorter refractory period than in the human heart (Manoach, 1984; Damiano et
al, 1990; Nerbonne, 2004). This makes it harder for re-entrant arrhythmias to propagate,
therefore casting doubt on their ability to model such a dysfunction (Papadimitriou et al,

2008).

One widely used alternative to murine models is rabbits. Like murine models the use of rabbits
to model human cardiac diseases is limited by interspecies cardiovascular system differences
as the rabbit heart is found to exhibit a heart rate in the region of 3 times greater than that of
humans (Manzo et al, 2009). Moreover the rabbit heart is much smaller than the human heart
and such variations in size have been known to result in differences in myocardial structure
(Healy et al, 2011). A further alternative model is the use of pig hearts. There are many
anatomical differences between the human and pig heart which mostly relate to the
difference in bipedal and quadrupedal gait, such as the pig SA node exhibiting different
innervation distribution compared to the human SA node (Lelovas et al, 2014). Such
anatomical differences inhibit the use of the pig heart to study structural diseases of the
human heart. With regards to the differences in electrophysiology it has been shown pig
hearts exhibit greater heart rate (91-167bpm vs 60-100bpm), a shorter PR interval on an ECG
(50-120ms vs 120-160ms) and a more variable QT interval (150-340ms vs 260-350ms) (Lelovas
et al, 2014).

As a consequence of the shortcomings of conventional in vitro model systems regulatory
agencies which test the safety and efficacy of new drug compounds have set guidelines which
require the use of at least two different animal models, one of which must be a large non-
rodent, despite the interspecies variability between humans and animals (Rajamohan et al,

2013). In 2011 over 3 million animals were used in experiments across the UK, mainly mice
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(Badyal and Desai, 2014). Such extensive use of animals in experimentation is not in line with
the 3Rs (Refinement, Reduction and Replacement) research policy in many countries (Naderi
et al, 2012). In this respect the replacement of conventional in vivo animal modelling and in
vitro overexpression systems with humanised models of cardiac disease may help improve

drug safety and efficacy screening (Rajamohan et al, 2013).
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Figure 1-4 - Schematic illustrating the role of pluripotency in generating disease models
This schematic shows the two main routes which enable the generation of disease models. The first is the

derivation of embryonic stem cells (ESCs) which are isolated from the inner cell mass of a developing blastocyst.
The second is by reprogramming somatic cells using viral or plasmid vectors to switch on their pluripotency
machinery. Both of these techniques provide pluripotent cells which can then be differentiated to a cell type of
interest within any of the three germ layers

1.3 Generation of hPSCs

Recent advances in the use of hPSCs in the generation of cardiomyocytes which are able to
recapitulate many of the functions of native adult cardiomyocytes has led to increased
interest regarding the potential to use these hPSC-CMs in large scale drug screening and

toxicity testing (Figure 1.4) (Rajamohan et al, 2013).

1.3.1 Embryonic stem cells (ESC)

Murine Embryonic Stem Cells (mESC) were first successfully cultured in vitro in 1981 from the
inner cell mass of a murine embryo (Evans and Kaufman, 1981). These cells were derived and
able to retain their pluripotency before being differentiated both in vitro and after

transplantation in vivo (Evans and Kaufman, 1981). Human embryonic stem cells (hESC) were
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isolated using frozen in vitro fertilisation (IVF) which were then propagated in vitro for 4-5
months while maintaining their pluripotency (Thomson et al, 1998). These ESCs, both mouse
and human, display the ability to differentiate into many different cells types such as;
endothelial cells (Levenburg et al, 2002), neural precursors (Zhang et al, 2001), hepatocytes
(Rambhatla et al, 2003) and cardiomyocytes (He et al, 2003). This ability for pluripotent cells
to be directed to differentiate to various cell types is of vital importance in the creation of
disease models which can allow the study of diseases which are difficult to reproduce in
culture using somatic cells. An example of this is in the cardiovascular system where heart
tissue is difficult to obtain access in large quantities (From et al, 2011). Furthermore gene
manipulation studies displayed promise that cells could be mutated to display a disease
phenotype of interest (Zwaka and Thomson, 2003). This was further improved upon the
discovery of the CRISPR/Cas9 system in recent years (Doudna and Charpentier, 2014; Ran et
al, 2014).

1.3.2 Induced pluripotent stem cells (iPSC)

Traditionally it was thought that cells could differentiate towards a specific lineage but once
they had started this journey they could not return, the so called Waddington’s Landscape
(Waddington, 1957). Cloning experiments using nuclear transfer in frogs (Briggs and King,
1952) and the generation of cloned tadpoles from intestinal cells of a frog (Gurdon, 1962)
demonstrated that cells did not lose genes as they differentiated but switched them off. This
indicated that the restrictions placed on cells during the developmental process may therefore

be reversible.

The use of so called “discarded” IVF embryos is seen by some as a prudent use of cells which
would otherwise be destroyed. However there are some who see the use of human embryos
in such a manner as a destruction of human life. This has meant their use has been banned or
strongly restricted in some countries such as in Germany, Poland and Italy where stem cell

research is only permissible on previously established lines (Dhar and Hsi-En Ho, 2009).

In 2006 the lab of Shinya Yamanaka first reported the development of induced pluripotent
stem cells (iPSC) from mouse fibroblasts (Takahashi and Yamanaka, 2006), followed a year
later with confirmation that the procedure could also be applied to human cells giving rise to
the term human induced pluripotent stem cells (hiPSC)(Takahashi et al, 2007). By using a

retrovirus to introduce the so called Yamanaka factors; OCT4, SOX2, KLF4 and c-Myc (Figure
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1.5), to the genome of fibroblast cells Yamanaka’s team were able to reprogram these cells to
a pluripotent state (Takahashi et al, 2007). In addition to the work carried out by Yamanaka’s
team in Japan, James Thomson’s lab in Wisconsin also demonstrated the successful
reprogramming of somatic cells to a pluripotent state relatively soon after, however as
opposed to the Yamanaka factors Thomson’s lab used a lentivirus to deliver; OCT4, SOX2,
NANOG and LIN28 (Yu et al, 2007). The limitation of both procedures was the use of
integrating methods to deliver the exogenous genes to the cell which leads to random

insertions and potential mutagenesis (Kang et al, 2015).

The silencing of exogenous transgenes is crucial as it has been shown that a two fold increase
in OCT4 expression within a cell will lead to differentiation into primitive endoderm or
mesoderm while a down regulation of this factor leads to trophectoderm formation (Niwa et
al, 2000). Furthermore data from gene therapy studies have shown that insertional
mutagenesis can be a major concern in the translational use of cells reprogrammed using
integrating methods (Hochedlinger and Plath, 2009; Wu and Dunbar, 2011). The use of a
lentiviral vector in gene therapy studies to correct X-linked severe combined
immunodeficiency (SCID-X1) demonstrated the efficacy of using lentivirus to correct genetic
disease. However as a result of insertional mutagenesis 25% of patients in these studies
developed leukaemia (Hacein-Bey-Abina et al, 2008; Howe et al, 2008) illustrating the need
for safer methodology. Random insertions are not only a concern for the future in vivo use of
any cells, the mutation of a gene within the cell could have effects which display a particular
in vitro phenotype which is not an accurate recapitulation of the patients phenotype (Zheng

et al, 2013).
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Figure 1-5 - Schematic outlining the principles of iPSC generation

This schematic outlines the principles involved in iPSC generation. The initially pluripotent cell is able to move
towards a more specialised and terminally differentiated cell type, in doing so it downregulates the pluripotency
related genes such as OCT3/4, NANOG and SOX2. Ultimately with the use of plasmid or viral vectors these factors
can then be reintroduced and the pluripotency machinery switched back on.

1.3.3 Cell sources

Initial hiPSC generation was performed using fibroblasts as a result of their ease of isolation
and genetic modification (Wakayama et al, 1998; Cowan et al, 2005; Park et al, 2008).
However given the high incidence of SNPs due to mechanical abrasion and UV exposure which
fibroblasts possess (Takeda et al, 2008) alternatives have been sought. Alternatives which
have successfully been used to generate hiPSCs include apidocytes (Qu et al, 2012), renal
epithelial cells (Zhou et al, 2011), hepatocytes (Liu et al, 2010) and dental pulp cells (Yan et al,
2010).

1.3.4 Reprogramming factors

The first reports of reprogramming of somatic cells back to a pluripotent state used the
transcription factors OCT4, SOX2, C-MYC and KLF4 (Takahashi et al, 2007). A further protocol
was published using lentivirus to deliver OCT4, SOX2, NANOG and LIN28 (Yu et al, 2007).
Although other factors have been successfully used since, such as L-MYC (Nakagawa et al,
2010) and GLIS1 (Maekawa et al, 2011), these remain the key factors for induction of

pluripotency.
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1.3.41 OCT4

Octamer-binding transcription factor 4 (OCT4) is a master regulator of pluripotency which is
expressed by early embryo and germ line cells, embryos which are negative for OCT4 do not
express pluripotency when they reach the blastocyst stage and can only differentiate to the
extraembryonic trophoblast lineage (Scholer et al, 1990; Nichols et al, 1998). OCT4 is the
product of the OTF3 gene and there have been three isoforms of OCT4 reported, OCT4A,
OCT4B and OCT4B1 (Wang et al, 2010). However only OCT4A has been reported to be
necessary for maintenance of pluripotency, this isoform shares 87% amino acid sequence
identity with the mouse Oct4 (Shi and Jin, 2010). OCT4 null homozygous embryos die as a

result of the embryos being unable to implant in the uterine wall (Kehler et al, 2004).

1.3.4.2 SOX2

Sex determining region Y-box 2 (Sox2) is a key regulator of pluripotency in hPSCs as it acts co-
operatively with OCT4 and NANOG (Zhang and Cui, 2014). Sox2 is thought to act as a
supporting factor to Oct4 expression, as models have shown that Sox2-null mESCs are able to

rescue their pluripotent phenotype with overexpression of OCT4 (Matsui et al, 2007).

1.3.43 NANOG

NANOG is commonly referred to, along with OCT4 and SOX2, as one of the master regulators
of pluripotency as its mRNA is found in pluripotent mouse and human ES cells but not in the
differentiated cells from these lines (Chambers et al, 2003). NANOG deficient inner cell mass
(ICM) is unable to generate epiblast and is only able to generate parietal endoderm like cells
while NANOG deficient hESCs are unable to maintain pluripotency and instead differentiate

to extraembryonic endoderm lineage (Mitsui et al, 2003).

13.44 KLF4

Although KLF4 was required in the initial reprogramming using retroviruses (Takahashi et al,
2007) it was replaced by a combination of LIN28 and NANOG in the original reprogramming
using lentivirus (Yu et al, 2007). One of the major roles in KLF4 is thought to be its interaction

with OCT4 and SOX2 upstream of NANOG as these factors together are able to turn on
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NANOG, a key regulator of pluripotency (Chan et al, 2009). KLF4 has previously been reported
as a suppressor of p53 (Rowland et al, 2005). This could explain its role in hiPSC generation as
tumour suppressing gene p53 has been shown to suppress the generation of hiPSCs from
somatic cells (Hong et al, 2009). Consequently it was reported that a knockdown of p53 could
improve the efficiency of hiPSC generation by up to 100 fold, although it could not replace the
introduction of KLF4 (Zhao et al, 2008).

1.3.45 C-MYC

C-MYC is a known transcription factor which is responsible for driving a whole gene network
which controls the regulation of cell growth and proliferation thus its dysfunction can lead to
oncogenesis and its inclusion in reprogramming methodologies has been cautioned should
the generated cells be used in clinical applications (Okita et al, 2007; Beroukhim et al, 2010;
Muller et al, 2016). Unlike the master regulators it is possible for cells to maintain a pluripotent
state without the expression of C-MYC (Fagnocchi and Zippo, 2017). Interestingly it has been
shown that sustained activation of C-MYC in hESCs results in apoptosis and differentiation
further demonstrating the delicate balance these reprogramming factors exhibit in
maintaining pluripotency (Sumi et al, 2007). As such there has been much research into the
generation of iPSCs without the inclusion of C-MYC and it has been reported that hiPSC

generation is possible by using L-MYC as an alternative factor (Okita et al, 2013).

1.3.46 LIN28

LIN28 is known to be an essential component of the process of nucleogenesis in early
embryonic development (Vogt et al, 2012). The let-7miRNAs have been shown to suppress the
expression of pluripotency related genes and LIN28 has been shown to block this miRNA
(Ramachandran et al, 2010; Zhang et al, 2016). The role of LIN28 in hiPSC generation appears
to be similar to that of p53 inhibition, indeed it has been shown that LIN28 overexpression
does not necessarily increase the efficiency of reprogramming but can accelerate the kinetics
of the process (Hanna et al, 2009). The overexpression of LIN28 has been shown to inhibit the
ability of PSCs to survive at clonal densities as a result of increased levels of differentiation
and a decreased rate of cell division (Darr and Benvenisty, 2009). The role of LIN28 is thought
to be in directing the fate of hESCs as opposed to their self-renewal (Darr and Benvenisty,

2009). These data correlate with the initial use of LIN28 in hiPSC generation which reported
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that LIN28 was not required for reprogramming or stable expansion of newly derived hiPSC

clones (Yu et al, 2007).

1.3.5 Integrative reprogramming methods

1.3.5.1 Retrovirus

Retroviruses consist of two copies of a single stranded RNA genome containing gag, pol and
env sequences, for packaging and replication, which are surrounded by a glycoprotein
structure known as an envelope (Kurian et al, 2000; Somia and Verma, 2000). Retroviruses go
through two distinct life cycles, the initial infection and integration of the viral cDNA is the first

and the second is the expression of the viral genes (Nisole and Saib, 2004).

The first successful reprogramming of mice/human somatic cells to a pluripotent state was
performed using retroviral vectors (Takahashi and Yamanaka, 2006; Takahashi et al, 2007).
The seminal work in the field used Moloney murine leukaemia virus (MMLV)-based retrovirus
vector and the transgenes contained within this were driven by 5’MMLYV long terminal repeat
(LTR) promoter (Takahashi et al, 2007; Shao and Wu, 2010). The reactivation of retroviral
promoters has been shown to cause tumorogenicity in murine models when c-Myc is turned
back on, this was overcome by producing miPSCs which were generated in the absence of c-
Myc, although this was successful it resulted in a major reduction in the efficiency of
reprogramming (Aoi et al, 2008; Nakagawa et al, 2008; Shao and Wu, 2010). The starting cell
type is important when using retrovirus as it is only able to infect actively dividing cells and
reprogramming efficiencies can vary based on which somatic cell type is used as
reprogramming efficiencies of up to 100 fold greater have been reported using keratinocytes

in comparison to fibroblasts (Aasen et al, 2008; Shao and Wu, 2010).

Integration of the retrovirus was initially believed to occur following a random pattern
however further investigation appears to indicate that the MMLV derived retroviruses favour
integration near transcriptional regulatory sites, this phenomenon was not observed in other
viruses such as Simian Immunodeficiency Virus (SIV) and Human Immunodeficiency Virus (HIV)
(Hematti et al, 2004; Recchia et al, 2006; Ambrosi et al, 2008). Given the inability of
retroviruses to infect non-dividing cells and their propensity to integrate near gene regulatory

sites an alternative method was sought.
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1.3.5.2 Lentivirus

Lentiviruses are a subclass of retroviruses which are able to infect both dividing and non-
dividing cells unlike retroviruses, therefore giving them greater applications in cell therapy
(Shao and Wu, 2010). Lentiviruses have been shown to exhibit a superior efficiency in

modifying cells when compared to MMLYV retroviruses (Park, 2007).

Initial reports using lentivirus to generate iPSC demonstrated reprogramming efficiencies in
the region of 0.01%, this was comparable with the retrovirus efficiencies at the time (Yu et al,
2007; Blelloch et al, 2007). Although lentiviral vectors also randomly integrate into the
genome reports have indicated that these integrations show less propensity to occur at sites
which may result in oncogenesis than retroviruses (Cattoglio et al, 2007). Lentiviral vectors
used in human cells have been adapted in order to render them replication deficient,
therefore these vectors are able to infect cells but will not be able to replicate after infection

(Shao and Wu, 2010).

It has been reported that although lentiviral vectors are silenced the process is inefficient in
iPSCs and there remains the potential for them to be reactivated after differentiation to
certain lineages or even to prevent differentiation entirely (Brambrink et al, 2008; Stadtfeld
et al, 2008b; Galat et al, 2016). Although lentivirus is able to infect both dividing and non-
dividing cells, and is less likely to integrate at key regulatory sites than retrovirus is, the
presence and continued expression of viral transgenes can inhibit the differentiation potential

of the iPSC lines generated.

1.3.5.3 Inducible/Excisable viral vectors

Given the delicate balance of temporal control over the expression of viral transgenes and its
effect over maintenance of pluripotency and differentiation capacity, the potential to induce
transgene expression or excise it when convenient was an attractive proposition. iPSC
reprogramming has successfully been achieved using excisable cassettes without any loss in
reprogramming efficiency when using the same lentiviral vector with and without loxP
excision sites (Sommer et al, 2009; Sommer et al, 2010). In addition to the cre/loxP system it
has also been shown that the PiggyBac transposon/transposase system can be used to
generate hiPSCs (Kaji et al, 2009). Although the reprogramming efficiency and kinetics
remained the same, there was a marked increase in the differentiation potential of the hiPSCs

which had been generated after excision (Sommer et al, 2010).
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Another method to control the expression of viral transgenes is to create an inducible
lentiviral vector, such a method has been successfully used to create hiPSCs by inducing the
activity of the vector when the cells are cultured in the presence of the drug doxycycline (DOX)
(Hockemeyer et al, 2008; Maherli et al, 2008). Using the inducible system it is possible to
greatly increase reprogramming efficiency by first collecting hiPSCs and then differentiating
these to an easy to culture cell type such as fibroblasts, and as these will contain the DOX-
inducible transgenes a so called “second reprogramming” occurs, this has been shown to
generate up to 3% reprogramming efficiency which massively improves upon standard

retroviral or lentiviral methodology (Hockemeyer et al, 2008; Maherli et al, 2008).

Despite the improvements in reprogramming efficiency and differentiation potential which
were achieved using inducible/excisable systems there remained limitations. In the case of
excisable systems it has previously been estimated that the efficiency of excision using the
cre/loxP system ranges from 20%-99.4% suggesting incomplete excision which may not make
it an ideal option in iPSC generation strategies (Jasinskiene et al, 2003). When using the
PiggyBac transposon system there remains the risk that after excision the genes can be
reintroduced by reintegration (Wang et al, 2008). In the case of the inducible system the
integrated transgenes are never removed merely silenced by the lack of DOX in the culture
medium and in the case of the incomplete excision some transgenes will remain integrated
into the host genome, due to the nature of random integrations there remains the possibility
for gene disruption (Banasik and McCray Jr, 2010). Such limitations of integration dependant
reprogramming methods necessitated the requirement for non-integrative reprogramming

technologies.

1.3.6 Non-Integrative reprogramming methods

1.3.6.1 Sendai virus

Sendai virus (SeV) is a negative strand RNA virus belonging to the paramyxoviridae family (Li
et al, 2000). Sendai virus replicates in the cytoplasm, unlike other RNA viruses, and doesn’t go
through the DNA phase of replication, meaning it is unable to integrate into the host’s genome
(Li et al, 2000). SeV has been shown to be non-pathogenic to humans and able to infect a
broad range of hosts (MacArthur et al, 2012). Sendai viral vectors have been considered for
use in clinical studies for gene therapy in cystic fibrosis (Yonemitsu et al, 2000), critical limb

ischaemia (Masaki et al, 2001) and in vaccine delivery (Takeda et al, 2008). F-protein deficient
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SeV vectors were developed to reduce cytotoxicity and prevent replication of the virus while

still generating high level of exogenous gene expression (Li et al, 2000).

The first published use of SeV involved insertion of the Yamanaka factors to an F-protein
deficient, non-transmissible SeV vector which would allow high level exogenous gene
expression without the risk of integration (Fuskai et al, 2009). Reprogramming efficiency of
SeV was shown to be 1% which demonstrated comparable reprogramming efficiency to

standard lentiviral and retroviral vectors of the time (Fusaki et al, 2009).

Although the Sendai virus vectors cannot integrate into the genome it is possible that the virus
will persist in the hiPSCs after reprogramming, this has been combated by the introduction of
temperature sensitivity within the plasmids (Ban et al, 2011). This temperature sensitive
mutant plasmid has successfully been used to generate hiPSCs and then been removed by

temperature shift after hiPSC purification (Ono et al, 2012).

1.3.6.2 Episomal plasmids

Initial reports of episomal reprogramming to hiPSCs using oriP/EBNA-1 episomal vectors
which expressed OCT4, SOX2, NANOG, LIN28, c-Myc, KLF4, and SVAOLT yielded efficiencies of
between 0.0003-0.0006% (Yu et al, 2009). Improvement of this method with the addition of a
MEK inhibitor PD0325901, a GSK3b inhibitor CHIR99021, and a TGF-b/Activin/Nodal receptor
inhibitor A- 83-01 demonstrated a reprogramming efficiency of 0.0021%, representing ~70
fold increase on the initial method (Yu et al, 2011). Knockdown of p53 has resulted in
improved reprogramming efficiency, however given the role of p53 knockdown in cancer and
the genomic instability a knockout would create, a transient knockdown was sought (Hong et
al, 2009). Subsequently it was reported that the introduction of TP53 shRNA to episomal
plasmids was able to improve reprogramming efficiency up to 0.028% (Okita et al, 2011).
Furthermore the efficiency of iPSC generation is improved three fold by replacing C-MYC with
L-MYC, L-MYC is also less oncogenic than C-MYC (Nakagawa et al, 2010).

1.3.6.3 Adenovirus

Adenovirus is a non-integrating virus which is able to infect both dividing and non-dividing
cells (Shao and Wu, 2010). Adenovirus was shown to be effective in reprogramming mouse
fibroblasts to a pluripotent state with a maximum efficiency of 0.001% with the resulting

miPSCs being free of adenoviral DNA and possessing an ability to differentiate to all three
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germ layers (Stadtfeld et al, 2008). It was reported that human fibroblasts could be induced
to reprogram to hiPSCs, although this study showed that adenovirus required multiple
transductions in order to reprogram the cells but did so at an improved efficiency of 0.0002%
(zhou and Freed, 2009). Although adenoviral vectors are able to infect dividing and non-
dividing cells and generate iPSCs without integration there remains very low reprogramming
efficiency which can only be improved by the addition of small molecules, the lack of efficiency
in using this method limits it routine use in generating iPSCs (Shao and Wu, 2010). It has been
suggested that the reason for the limited reprogramming efficiency when using adenoviral
vectors is as a result of poor temporal expression of the reprogramming factors leading to a
failure of the cell to switch on the endogenous pluripotency machinery (Stadtfeld et al, 2008;

Rao and Malik, 2012)

1.3.6.4 Protein delivery

Generation of hiPSCs using purified protein has also been reported previously. Four
reprogramming proteins, OCT4, SOX2, KLF4 and C-MYC, were fused with 9R, a cell penetrating
peptide (CPP), which delivered the proteins to somatic cells (Kim et al, 2009). However this
method required six one week cycles of protein treatment and hiPSC colonies were not
observed until around 8 weeks of treatment, making it over twice as long as traditional
retroviral or lentiviral methods (Kim et al, 2009). Moreover the method itself delivered a
relatively low reprogramming efficiency of 0.001% (Kim et al, 2009). When using purified
protein delivery there is a requirement for a large quantity of pure protein in this method and
the proteins must be added on more than one occasion (Robinton and Daley, 2012). In
addition to the introduction of protein this method also requires the addition of valproic acid
(VPA), a histone deacetylase inhibitor (HDAC) inhibitor, which has been shown to increase

reprogramming efficiency (Huangfu et al, 2008b; Zhou et al, 2009).

1.3.6.5 RNA delivery

Modified-RNAs encoding the four canonical Yamanaka factors, KLF4, c-MYC, OCT4 and SOX2
were previously transfected into somatic cells using a cationic lipid based transfection reagent
to induce reprogramming, LIN28 was also added to improve efficiency (Warren et al, 2010).
The transfection efficiency of this process was reported to be 50-80%, suggesting an efficient

delivery system (Warren et al, 2010). This system eliminates the possibility of genomic
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integration by delivering RNA rather than viral or DNA based vectors. However this process
required the design of modified RNA and the presence of B18R, an interferon inhibitor, in the
medium to block the cells innate immune response (Warren et al, 2010). Furthermore this
method required repeated daily transfections and was reported to generate hiPSCs at an
efficiency of 0.2% which was lower the more commonly used integrating methods at the time

(Warren et al, 2010).

1.4 Cardiac development and In Vitro differentiation

1.4.1 In Vivo cardiac development

After fertilisation, the zygote is enclosed in an acelluar envelope termed the zona pellucida.
The developing embryo will then undergo multiple rounds of cellular division before
compacting and forming a ball of cells which is known as a morula. This morula will then
develop into a blastocyst which occurs by the formation of a cavity in the centre of the morula
termed the blastocoel. On one side of the blastocoel is a mass of cells termed the inner cell
mass (ICM), which will form the embryo, and on the other side is a layer of cells known as the

trophoblast which will form the extra embryonic tissue (Hardy et al, 1989; Ingber, 2006).

The heart is formed from mesodermal tissues which first become evident in the embryo during
gastrulation which occurs in the third week of prenatal development in humans (Moorman et
al, 2003). The developing heart is comprised of four major embryonic regions; primary heart
field, secondary heart field, cardiac neural crest and proepicardium (Martinsen and Lohr,

2005).

The migration of heart precursors to the ventral midline in order to form the cardiac crescent
is a part of the gastrulation process whereby heart and head mesendoderm migrates the node
and primitive streak towards the cranial region of the developing embryo (Harvey, 2002;
Moorman et al, 2003). This migration is driven by signalling from Fgf8 (Sun et al, 1999) and
MesP1 and MesP2 (Kitajima et al, 2000). The primitive streak is formed by day 15 of human
development and the initial mesodermal cells which migrate through this region are destined
to become the heart, forming the primary heart field (Martinsen and Lohr, 2005). This
specification of the primary heart field is driven by FGF, BMP and WNT which ultimately
activate the cardiac specific transcription factors such as - NKX2-5, GATA4, and TBX5, and
chromatin remodelling protein SMARCD3 (BAF60c) (Lopez-Sanchez and Garcia-Martinez,
2011; Kelly et al, 2014).
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After initial migration of primary heart field cells to form the cardiac crescent a second wave
of migration brings established cardiac progenitor cells, which in turn form the developing
heart tube, these cells are guided to the correct location by a gradient of fibronectin (DeHann
et al, 1963; Harvey, 2002). As embryogenesis continues, the process forms what is termed the
heart tube which is formed in the shape of a Y (Moorman et al, 2003). The stem of this Y
shaped heart tube will form the definitive left ventricle while the arms form the primary atrial
component of the heart, however reports suggests that there is insufficient evidence that all
components of the heart are present at this stage in the Y shaped heart tube (De la Cruz et al,
1991; Moorman et al, 2003). The developing heart tube then undergoes a process known as
looping which is often described as the first example of asymmetry in the developing embryo
(Moorman et al, 2003). This looping of the developing heart leads to a ventricular loop which
features inflow and outflow tracts (Moorman et al, 2003). During the looping process the
secondary heart field undergoes epithelial to myocardial transition and proliferates to
increase the number of cardiomyocytes in the outflow tract (Martinsen and Lohr, 2005). Due
to the looping process the chambers of the heart become defined by day 28 of human
development (Martinsen and Lohr, 2005). The second heart field is marked by the expression

of Isl1 (Burridge et al, 2012).

The next stage in heart development is the formation of the cardiac chambers, by this stage
the atrial and ventricular components of the heart are seen as distinct regions which are
separated by the atrioventricular canal (Moorman et al, 2003). The four different chambers of
the heart display different gene expression profiles which is thought to affect their
morphological properties (Small and Kreig, 2004). The atrial chambers are formed from the
same cells that exist in the primary tube of the developing heart and are driven to create left-
right asymmetry under the control of Pitx2 (Harvey, 2002). After the specification and
segmentation of the chambers within the heart the cardiac neural crest cells, which are
neither first nor secondary heart field cells, remodel the cardiac vasculature to ensure that all
blood flow directly into the right atrium (Martinsen and Lohr, 2005). The final contributors to
heart development are the proepicardial cells which are vital in making up the coronary
vasculature (Martinsen and Lohr, 2005). These cells are distinct from other heart cells in that
they are derived from the splanchnopleuric mesoderm cells and migrate to the heart tube
around day 22-28 of human heart development, before looping has occurred (Martinsen and

Lohr, 2005).

28



Overall the process of cardiac development is heavily dependent on the production of
mesoderm which is induced by NODAL signalling in the proximal epiblast during murine
cardiomyogenesis at day 5 of development (Figure 1.6) (Burridge et al, 2012). This NODAL
signalling drives the formation of mesoderm which is characterised by the appearance of the
transcription factor BrachyuryT (Kattman et al, 2011). NODAL signalling results in sustained
expression of BMP4 which in turn activates Wnt3 signalling pathway (Burridge et al, 2012).
This BMP4 and NODAL activation is then restricted at embryonic day 5.5 in the mouse by the
action of Dkk1, which antagonises WNT3 and Lefty1, while Cerl antagonises NODAL (Burridge
et al, 2012). Subsequently at around E5.75 Wnt signalling induces the expression of both
BrachyuryT and Eomes which are markers of mesoendodermal lineage. This mesoderm
formation is then patterned to a more specific subtype, in the cardiomyocyte this involves
Fgf4 and FgF8 which are expressed in the primitive streak (Burridge et al, 2012). MESP1 is a
master regulator of cardiac development and its activation is induced by both brachyury and
Eomes (Costello et al, 2011; David et al, 2011). MESP1 drives cardiac specification by its
interaction with DKK1 which is able to inhibit the Wnt signalling pathway (David et al, 2008).
After the specification of cardiac lineage differentiation the roles of the signalling pathways
Wnt and NOTCH change from driving mesoderm formation to maintenance of the cardiac

progenitor cell (CPC) population (Oyang et al, 2007; Kwon et al, 2009).
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E5.5-6.0 E6.5

Figure 1-6 - The mouse as a model for cardiogenesis

A - Formation of the primitive streak signals the start of gastrulation. Anterior primitive ectoderm cells then undergo an epithelial to mesenchymal transition (EMT) and migrate through the
primitive streak and settle between the primitive ectoderm and the visceral endoderm. B — The cells which sit in the proximal portion of the primitive streak form the extraembryonic mesoderm,
mid-primitive streak and the embryonic tissues such as heart and blood. C — Cardiac progenitors progress laterally then ventrally around both sides of the embryo becoming lateral plate
mesoderm which forms the first heart field. The lateral plate mesoderm then delaminates to form splanchnic mesoderm which makes the second heart field. D — The FHF form the cardiac
crescent whereas the SHF forms medially to the crescent. FHF forms the linear heart tube and what later becomes the left ventricle whereas SHF cells proliferate and join the FHF resulting in
rightward looping of the cardiac tube which ends up with a segmented structure creating the 4 heart chambers (Burridge et al, 2012).
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1.4.2 Generation of cardiomyocytes from hPSCs In Vitro

The use of PSCs in order to generate a specific cell type of interest de novo has been a
fascinating tool for researchers since the original derivation of mESCs (Evans and Kaufman,
1981). The original generation of human cardiomyocytes from hESCs (ltskovitz-Eldor et al,
2000) sparked interest in using this technology to model human cardiac disease and
potentially generate human cardiomyocytes for autologous or allogenic transplantation
(Figure 1.7). Described below are the main methodologies to generate cardiomyocytes from

hPSCs.

1.4.2.1 Embryoid body formation

Differentiation of hPSCs can be performed using embryoid body (EB) formation using
techniques such “forced aggregation” whereby cells are seeded into ultra-low attached v-
bottom 96-well plates and centrifuged (Ng et al, 2005). Using this method it was reported to
be possible to generate EBs of consistent size and shape which were able to generate
derivatives of all three germ layers when hPSCs were exposed to pro-differentiation
conditions (Ng et al, 2005). However using EB based methods to generate cardiomyocytes
initially demonstrated low efficiencies of around only 21.5% (Segev et al, 2005). Further
investigation of the “forced aggregation” system demonstrated that EBs could be formed in
standard v-bottom 96-well plates but that there was a high degree of interline variability
(Burridge et al, 2007). Cardiac differentiation using EB formation was improved further and
demonstrated the capability of generating cardiomyocytes at efficiencies of up to 64-89%

across multiple hESC and hiPSC lines (Burridge et al, 2011b).

1.4.2.2 Monolayer differentiation

An alternative method of generating cardiomyocytes from hPSCs is monolayer directed
differentiation. This method has many benefits over EB formation in that it removes the
complex diffusional barriers present in EBs and also saves time as it does not require the
multiple replating steps common in EB methods (Mummery et al, 2012). Furthermore
monolayer differentiation has been shown to generate up to 100 cardiomyocytes for every 1
input pluripotent cell (Burridge et al, 2014) in comparison to less than 1 cardiomyocyte for
every input pluripotent cell using EB methods (Burridge et al, 2007). In addition to the

increased yields reported for this monolayer method there was also an increase in overall
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culture purity with reported efficiencies of 80-95% for all cell lines tested (Burridge et al.
2014). Therefore it has been demonstrated that monolayer directed differentiation can

increase yield, reduce labour time whilst producing high purity cardiomyocytes.

1.4.2.3 Bioreactor differentiation

Bioreactor culture has been investigated for generation of hiPSC-CMs at very high yields for
clinical applications. Some initial concerns regarding this methodology were that cells are
likely to aggregate in suspension preventing homogenous diffusion of nutrients and growth
factors. (Azarin and Palecek, 2010). Furthermore bioreactor systems can form gradients of
temperature, pH and other factors within the system increasing variability of differentiation
(Azarin and Palecek, 2010). Agitation of the culture may limit some of the problems noted but
would also result in shear forces which could cause cell damage and apoptosis (Cimetta et al,
2009). Indeed these shear forces have been shown to maintain subpopulations of transiently
pluripotent cells in mESCs (Shafa et al, 2011). However bioreactor differentiation has more
recently been reported to be capable of producing ~8x107 cells with a reported purity for cTnT
of 80% from a starting population of 2x107 hiPSCs, representing 3.2 cardiomyocytes for every
1 input hiPSC (Matsuura et al, 2012). Further improvements have recently led to a study
reporting 100% beating cardiac spheroids at purity of ¥90% in only 10 days, this study reported
an input of 2x107 cells but did not specify yield (Fonoudi et al, 2015). Therefore bioreactor

culture represents an attractive source for scalable production of cardiomyocytes.
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Figure 1-7 - Schematic outlining the principles of In Vitro cardiac differentiation
The process of in vitro cardiac differentiation enables the generation of hPSC-CMs when required to enable

phenotyping of cardiac disease and drug screening protocols. Traditionally this process requires the initial
activation of the Wnt signalling pathway to induce mesoderm before this pathway is inhibited in order to drive the
specification of cardiac mesoderm, thus generating cardiomyocytes. These processes can be performed using
growth factors or small molecules. This processs will be discussed further in chapter 3.

1.5  The current landscape of hiPSCs in disease modelling

1.5.1 Cardiomyocyte phenotyping
1.5.1.1 Voltage

1.5.1.1.1 Patch clamp electrophysiology
Patch clamp electrophysiology allows the measurement of the electrical activity of a cell in
one of four configurations — cell-attached, whole-cell, inside-out and outside- out (Figure 1.8)

(zhao et al, 2009).
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(a) Cell-attached

Figure 1-8 - The four configurations of patch clamp electrophysiology

A — The cell-attached configuration whereby the cell is sucked into the tip but not broken. B- The whole-cell
configuration whereby the membrane of the cell is broken to provide a continuous seal with the inside of the
pipette. C — The outside-in configuration which is achieved by pulling the pipette away while in whole-cell mode.
D — The inside-out configuration which is achieved by pulling the pipette away from the cell while in cell-attached
mode (Zhao et al, 2009).

The whole-cell patch clamp configuration is the most commonly used as it provides electrical
and physical continuity between the intracellular space and the inside of the pipette (Zhao et
al, 2009). This process allows the voltage of the cell to be held, or clamped, enabling access to
the ion channels within it (Zhao et al, 2009). Given the low throughput of manual patch clamp
electrophysiology, around 10-15 data points a day (Farre and Fertig, 2012), the potential to
automate this system remains attractive. Such automated systems have traditionally been
used with HEK and CHO lines overexpressing ion channels, however a recent report
highlighted the utility of these systems in assessing pharmacology in hiPSC-CMs (Rajamohan
et al, 2016). However there are some limitations to the automated platforms in that they
operate best with highly expressed and stable cell lines, meaning transient lines are unable to
be patched in such a way (Long and Li, 2012). Furthermore the randomised shapes of primary
cardiomyocytes do not accommodate the random nature of this platforms ability to load cells,
requiring extremely high purities to ensure other cell types are not preferentially patched

(Long and Li, 2012).

Patch clamp electrophysiology remains the gold standard for cardiomyocyte

electrophysiological analysis due to the ability to manipulate both voltage (voltage clamp) and
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current (current clamp) which can both be held and maintained in whole-cell mode allowing
in depth investigation of the cells’ electric properties (Kaestner et al, 2015). Despite this, patch
clamp electrophysiology has some drawbacks. The cardiomyocytes must be in single cell
format therefore they are not acting in concert with neighbouring cells as would be the case
in vivo, this has been demonstrated to change cardiomyocyte behaviour (Matsa et al, 2011).
Furthermore to achieve a seal on the cardiomyocyte the cell must be mechanically patched,
this ruptures the cell membrane (Kaestner et al, 2015). In addition to this the information
collected during patch clamp only relates the area of the cell which has been patched and
makes no reference to spatial differences across the rest of the cardiomyocytes membrane
(Kaestner et al, 2015). Perhaps the most limiting drawback of patch clamp electrophysiology
is the labour intensive nature of the procedure, in addition to requiring a highly skilled

operator (van Meer et al, 2016).

1.5.1.1.2 Microelectrode Array

While patch clamp electrophysiology can analyse cardiomyocytes at the single cell level
microelectrode array (MEA) systems analyse the electrical properties of cardiomyocytes at the
population level as clusters (Pradhapan et al, 2013). The MEA system operates by embedding
extracellular electrodes in the surface of the dish in which the cardiomyocytes are cultured,
from this it is able to detect a partial recapitulation of the cardiac action potential which is
termed a field potential (Meyer et al, 2004). MEAs measure the change in the electrical
potential of cells by using electrodes on the surface of the dish, however an alternative to this
is to use electrodes which are able to penetrate the cell membrane and act as a pseudo patch
clamp, the limitation of this system is that the seals formed are generally poor (van Meer et

al, 2016).

1.5.1.1.3 Cell Permeable Fluorescent Voltage Indicators

Voltage sensitive dyes are fast-response fluorescent probes which are able to detect changes
in the membrane potential of cells (van Meer et al, 2016). Imaging of electrical properties of
cells using optical dyes has been reported in the literature with publications using Di-4-
ANEPPS (Burridge et al, 2011; Ren et al, 2011) and FluoVolt (Asakura et al, 2015; Bedut et al,
2016). The main benefit of voltage sensitive dyes is that the ease with which they can be used

compared to patch clamp electrophysiology. FluoVolt is a commercially available voltage
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sensitive dye which has been validated as a phenotyping tool against a panel of reference
pharmacological compounds. hiPSC-CMs were stained using FluoVolt and exposed to
lidocaine, nifedipine, dofetilide and ivabradine, exhibiting the expected responses to these

drugs of known action (Bedut et al, 2016).

1.5.1.1.4 Genetically Encoded Voltage Indicators

The use of genetically encoded voltage indicators (GEVI) remains a relatively new and
unexplored field in hiPSC-CM phenotyping. However it has previously been shown that GEVIs
can detect changes in voltage when tested in HEK cells, this novel voltage sensing protein was
termed ArcLight (Jin et al, 2012). ArcLight has subsequently been used in hiPSC-CMs where it
was demonstrated to be able to detect the action potentials of the hiPSC-CMs and was used
in a screen to assess toxicity of drug compounds (Leyton-Mange et al, 2014). Ultimately
though it appears that GEVIs have not yet reached the level of development which has been

achieved using genetically encoded calcium indicators (GECls) (Kaestner et al, 2014).

1.5.1.2 Calcium

1.5.1.2.1 Cell Permeable Fluorescent Calcium Indicators

Cell permeable fluorescent dyes are a well-established technique to image the calcium
handling properties of cardiomyocytes, these dyes fall into two categories — ratiometric and
non-ratiometric (van Meer et al, 2016). Ratiometric dyes are able to account for the level of
bound and unbound calcium, thus enabling an absolute calcium concentration to be
calculated (van Meer et al, 2016). In contrast to this, non-ratiometric dyes are only able to
reflect changes in the cytosolic calcium concentration and thus are more susceptible to
variations based on cell size, access of dye to the cell and amount of calcium which is loaded
(van Meer et al, 2016). The use of cell permeable dyes can enable the simultaneous mapping
of both voltage and calcium enabling a more in-depth investigation of hiPSC-CM response to
drug exposure (Lee et al, 2012). The utility of intracellular calcium labelling dyes has been
demonstrated in toxicity screening in cardiomyocytes as well as hepatocytes (Grimm et al,
2015). However this technique is not without limitations, it is known that the photostability
of calcium permeable labels is suboptimal and they are able to result in cytotoxicity (Shinnawi

et al, 2015).
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1.5.1.2.2 Genetically Encoded Calcium Indicators

As a result of the issues outlined above the generation of genetically encoded calcium
indicators (GECI) enables the measurement of high quality optical signals over longer time
periods than is possible using fluorescently labelled dyes (Shinnawi et al, 2015). GECls possess
a number of advantages of the use of cell permeable membrane indicators in that they enable
cell specific Ca?* mapping as they are driven by a chosen promoter and the stable expression
of the fluorescent indicator allows analysis over days or weeks, a vital factor when
investigating chronic conditions (Kaestner et al, 2014). However the major downside of GECls
remains the extended time and cellular manipulation required to generate these stably

expressing lines as well as improving biocompatibility (Kaestner et al, 2014).

1.5.2 hPSC-Cardiomyocyte structure

There remains distinct differences in the structural properties of hPSC-CMs and native adult
cardiomyocytes. Typically adult cardiomyocytes exhibit a rod like structure with an aspect
ratio of greater than 5:1 (Denning et al, 2016). In addition to this they possess highly aligned
sarcomeres with a longitudinal alignment and display the ultrastructural properties of Z-discs,
I-, H-, A- and M-bands (Denning et al, 2016). Adult cardiomyocytes also show bi- or poly-
nucleation in greater than 30% of cardiomyocytes and have a well-developed sarcoplasmic
reticulum as well as invaginations known as t-tubules (Denning et al, 2016). In contrast to
these properties hPSC-CMs are round and angular shaped and typically have an aspect ratio
of less than 3:1 (Denning et al, 2016). Furthermore they possess highly chaotic sarcomeric
alignment and typically only contain the ultrastructural properties of Z-discs and I-bands,
unlike adult cells they are found to be devoid of H-, A- and M- bands (Denning et al, 2016).
Predominantly they are mononucleated and exhibit variable responses to drugs such as
caffeine and thapsigargin, indicating a poorly developed sarcoplasmic reticulum (Denning et
al, 2016). Despite these limitations it has been reported that prolonged culture of hPSC-CMs
is able to result in some level of structural maturation. Prolonged culture of hPSC-CMs up to
180 days in culture resulted in the appearance of more sarcomeric alignment and the
presence of Z-, A-, H-, and I-bands, notably M-bands did not appear until 360 days in culture
and their gene expression levels remained lower than in native adult cardiomyocytes (Lundy

et al, 2013; Kamakura et al, 2013).
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1.5.3 hPSC-Cardiomyocyte gene expression

Reports regarding gene expression in hPSC-CMs have shown that in hPSC-CMs the dominant
isoforms of Myosin Heavy Chain (MYH) is MYH6 and there is also a prominent expression of
TNNI1 (cTnl) (Denning et al, 2016). However this is in direct contrast to adult cardiomyocytes
where MYH7 and TNNI3 are the dominant isoforms, indicating a switch of these during the
development process (Denning et al, 2016). It has been reported that prolonged culture of
hPSC-CMs results in a 14-fold increase in MYH7 expression levels (Lundy et al, 2013).
Furthermore hPSC-CMs rely heavily on both glucose and lactose to provide energy for the cell
in comparison to adult cardiomyocytes which use oxidative phosphorylation and fatty acids
as a substrate for energy (Kim et al, 2013; Denning et al, 2016). Moreover the mitochondria is
thought to occupy up to 40% of the cell volume in adult cardiomyocytes but this is not
observed in hPSC-CMs were the figure is lower and the mitochondria are confined to
perinuclear locations (Schaper et al, 1985; Denning et al, 2016). Reports have shown that gene
expression profiles vary in hPSC-CMs which are cultured for prolonged periods, with

expression of SERCA2A increasing (Lundy et al, 2013).

1.5.4 hPSC-Cardiomyocyte electrophysiology

Mature adult cardiomyocytes are electrically quiescent as a result of the I current which
provides a low inward rectifying K* current maintaining the cardiomyocytes resting potential
at around -85mV (Denning et al, 2016). However the | current is either absent or only
functional to low levels in hPSC-CMs, giving them the automaticity usually reserved for
pacemaker cells (Yang et al, 2014). Reports have suggested that the level of l,; activity in hPSC-
CMs is around 4 times lower than in adult cardiomyocytes (Ma et al, 2011). Furthermore the
presence of lgs current has recently been called into question (Christ et al, 2015). Previous
studies have indicated that I is present in some hPSC-CMs but not in all hPSC-CMs, having
been demonstrated in around 31% of hPSC-CMs in one study (Ma et al, 2011). However only
53% of native left ventricular adult cardiomyocytes displayed measurable Iy current when
analysed for their electrophysiological properties in vitro (Virag et al, 2001). The investigation
of Iy current in hPSC-CMs has indicated that the current is active and plays a role comparable
to that which it plays in native adult cardiomyocytes (Hoekstra et al, 2012). Analysis of I
blockade using E4031 has demonstrated that this manipulation will cause an increase in the
APD of hPSC-CMs (ltzhaki et al, 2011a; Ma et al, 2011; Matsa et al, 2011; Lahti et al, 2012).

There remains limited understanding regarding the specific role of the ATP-sensitive K* current
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in hPSC-CMs, however this current is functional as evidenced by reports which showed its
pharmacological activation could decrease APD in hPSC-CMs (Itzhaki et al, 2011a; Matsa et al,
2011). lsis reported to be present at higher expression levels in hPSC-CMs than in native adult
ventricular cells and this is thought to play a role in the spontaneous depolarisations of hPSC-

CMs (Ma et al, 2011; Synnergren et al, 2012).

1.5.5 hPSC-Cardiomyocyte calcium handling

Reports surrounding the calcium handling of hPSC-CMs have indicated that despite the poor
structural properties of these cells and the underdeveloped sarcoplasmic reticulum hPSC-CMs
do cycle calcium and use it in the EC coupling process (ltzhaki et al, 2011). Furthermore these
reports state that calcium influx occurs via the LTCC and this leads to increased activation of
the RYR2 which results in calcium induced calcium release from the sarcoplasmic reticulum, a
vital component of efficient EC coupling in adult cardiomyocytes (Itzhaki et al, 2011; Nunes et
al, 2013). However, the U-shaped calcium transient wave seen when analysing calcium
transients of hPSC-CMs indicates that a slow or immature calcium induced calcium release is
being exhibited by such cardiomyocytes (Lee et al, 2011). Interestingly the calcium cycling
within hPSC-CMs has been improved by culturing on micro-grooved substrates indicating that
calcium handling in the cell can be improved by manipulation of hPSC-CM environment (Rao
et al, 2013). Furthermore prolonged culture of hPSC-CMs was shown to demonstrate that
upstroke and downstroke velocities of calcium transients were quicker in older hPSC-CMs,
perhaps suggesting improved performance of calcium induced calcium release and reuptake
by SERCA (Lundy et al, 2013). However taken as a whole it is highly likely that the immature
calcium handling phenotype observed in hPSC-CMs is due to their highly unorganised
sarcomeres and a lack of t-tubules which affect the spatial and temporal effects of calcium
handling (Gherghiceanu et al, 2011; Lundy et al, 2013). The role of the NCX is vital in removing
Ca?* from the cytosol of the cell during relaxation, the absolute value of Ca** removed by the
NCX appears to increase as time in culture increases however what remains constant is the

relative contribution to Ca?* extrusion NCX plays in comparison to SERCA (Hwang et al, 2015).

1.5.6 Longterm culture of hPSC-CMs In Vitro
Prolonged culture of hPSC-CMs aims to mimic the natural process of cardiomyocyte

maturation which occurs in humans, although this process requires 6-10 years in vivo (Peters
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et al, 1994). Prolonged culture of hPSC-CMs for up to 3 months has been shown to increase
the developmental maturation of the ion channel currents; Iy, Ik, I, lcat @s well as the transient
inward and outward rectifying K* currents (Sartiani et al, 2007). Changes in beat rate during
long term culture appear to exhibit variable response as some reports have indicated an
increase, whereas others have indicated a decrease (Foldes et al, 2011; Hazeltine et al, 2012).
Reports have shown a loss of viability in older hiPSC-CMs meaning day 30 were the oldest
tested in some studies indicating that prolonged cell culture may not be a viable option in all
cases (Hwang et al, 2015). As mentioned in Section 1.5.2 the appearance of M-bands in the
hPSC-CM structure occurs after around 1 year in culture (Kamakura et al, 2013), this limits the

effectiveness of long term culture as a maturation tool.

1.6 CRISPR/CAS9 as a genome editing tool

Clustered regularly interspaced short palindromic repeats (CRISPR) are part of an RNA
mediated adaptive immune system found in bacteria and archaea (Weidenheft et al, 2012).
The system enables bacteria and archaea to recognise the DNA of foreign pathogens and
amount an immune response to induce a double stranded break in the foreign pathogen’s

DNA (Doudna and Charpentier, 2014).

1.6.1 History of CRISPR

The first evidence of the CRIPSR system was demonstrated in the late 1980’s when a group
researching the iap enzyme in E. coli discovered a series of 29 nucleotide repeats downstream
of the gene (Ishino et al, 1987). The interesting discovery with regards to these repeats was
that they were interspaced with 5 intervening 32 nucleotide sequences which were not
repetitive (Ishino et al, 1987; Hsu et al, 2014). The first evidence that CRISPR/Cas9 was an
adaptive immune system was demonstrated in 2007 by showing that CRISPR spacers dictated
the target specificity whereas the Cas enzymes were responsible for control of the spacer
acquisition and for phage defence (Barrangou et al, 2007). Further investigation in the S.
thermophilus showed that the Cas9 protein was able to be harnessed as part of the CRISPR

system to cleave DNA (Garneau et al, 2010).

In order to harness the potential of this CRISPR system for genome editing studies the Cas9
could not simply cleave foreign DNA, it must be guided to an area of interest. It was shown

that by forming an RNA chimera - termed the guide RNA (gRNA) - of trans-activating crRNA
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(tracrRNA) and CRISPR RNAs (crRNA), Cas9 protein could be directed to a specific location in
the genome inducing a double stranded break in the DNA (Jinek et al, 2012). The gRNA binds
to a specific site in the genome and recognises the protospacer adjacent motif (PAM) site of
the DNA, which contains the sequence NGG (Jinek et al, 2012). Such PAM sites do not limit
the scope of this technology as they are found roughly every ~8bp in the genome (Cong et al,
2011). The gRNA requires 20 nucleotides which bind with the target DNA sequence as longer
gRNAs have been shown to be trimmed at the 5’ end in vivo (Ran et al, 2013; Hendel et al,
2015). However more recent research has suggested that reducing the size of the gRNA to 17-
18 nucleotides can greatly enhance specificity (Fu et al, 2014). By inducing these double
stranded breaks in the DNA at site-specific locations, it is possible to induce changes in the
DNA by providing the cells with a template, such as plasmid DNA or a single stranded

oligonucleotide, to repair themselves using homology directed repair (HDR) (Ran et al, 2013).

The first example of this system being used in mammalian cells was reported in 2013 whereby
two reports demonstrated that the Type Il CRISPR system could be manipulated to edit the
genome (Cong et al, 2013; Mali et al, 2013). In the work by Mali the gRNA was delivered as a
crRNA-tracrRNA fusion transcript driven by U6 polymerase Ill promoter (Mali et al, 2013).
Taken together this system enables the editing of the mammalian genome via Cas9 inducing

a double strand break in DNA when guided to an appropriate location by a gRNA (Figure 1.9).
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Figure 1-9 - Using CRISPR to edit the genome

This schematic illustrates how the CRISPR/Cas9 system can be used to edit the genome. The sgRNA and Cas9
protein form a complex which is guided to a precise site in the genome by the complementary binding of the sgRNA.
Once the sgRNA has bound to its complementary site the Cas9 protein recognises the PAM sequence, this induces
DNA cleavage and the inducement of a double strand break. The DNA can then be repaired by two mechanisms —
non homologous end joining, resulting in an indel and gene disruption or homology directed repair which lead to
precise gene editing. Image from (Ran et al, 2013).
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1.6.2 The CRISPR system and its use in human cells

This adaptive immune response occurs in three stages. The first stage is termed adaptation
and in this stage the bacteria/archaea insert new spacers into the CRISPR locus to be used for
recognition later (Rath et al, 2015). The second stage is termed the expression stage and
during this process the Cas genes transcribe the CRISPR into what is known as a long precursor
CRISPR RNA (pre-crRNA) before this is matured into a crRNA (Rath et al, 2015). The final stage
is the interference stage whereby the bacteria/archaea destroy the invading pathogen by the
action of the crRNA and the Cas proteins (Rath et al, 2015). Adjacent to the CRIPSR system is
the Cas gene family, to date up to 45 families of Cas genes have been demonstrated to exist,
Cas1 and Cas2 are the only ones that are conserved across all CRISPR systems (Jansen et al,

2002; Haft et al, 2005; Swarts et al, 2012; Waddington et al, 2016).

There are three categories of CRISPR system (Figure 1.10), common amongst all of them is the
activity of the Casl and Cas2 genes which are believed to play a vital role in the spacer
integration during the development of adaptive immunity in bacteria and archaea (Makarova
et al, 2011). The Type | CRISPR/Cas System is characterised by the presence of cas3, this
protein features both helicase and DNase domains (Sinukas et al, 2011; Rath et al, 2015). Type
| systems all feature a Cascade-like complex which binds to the crRNA and locates the target
sequence in the genome (Rath et al, 2015). The Type Il CRISPR/Cas System encodes Cas1 and
Cas2 in addition the Cas9 protein and occasionally Cas4 (Rath et al, 2015). In this type of
CRISPR system the Cas9 protein is responsible for processing the crRNA and can cleave the
DNA when crRNA and tracrRNA are present (Rath et al, 2015). The Type lll CRISPR/Cas System
is less established and contains the Cas10 protein which operates an unknown function in the
system (Rath et al, 2015). Unlike Type | and Type Il systems, which are only able to target DNA,
the Type lll system has been shown to be able to target RNA (Rath et al, 2015). The Type |
system has only been found to this stage in bacteria unlike the Type | and Type IIl systems

which have been shown in both bacteria and archaea (Makaorva et al, 2011).

The Cas9 protein is responsible for the cleavage of DNA in the Type Il CRISPR system and the
Cas9 protein is characterised by two nuclease domains - RuvC and HNH (Hsu et al, 2014).
Investigation of the structure of Cas9 in the model species S pyogenes revealed that the
protein is bilobed with a nuclease lobe and a target recognition lobe (Nishimasu et al, 2014).
The target recognition lobe is essential of the binding of gRNA and to the DNA of the target
sequence, on the other hand the nuclease lobe contains the RuvC and HNH domains

(Nishimasu et al, 2014). Furthermore the nuclease lobe contains a C-terminal domain which
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maintains a responsibility for interacting with the PAM site, an NGG, in the endogenous
sequence which is vital in initiating DNA cleavage (Nishimasu et al, 2014). To this stage only

Type Il CRISPR system has been demonstrated to be useful in genome editing (Li et al, 2016).
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Figure 1-10 - The mechanisms of immunity in the different CRISPR systems

The first step in the CRISPR immune response is the infection of the bacteria by a phage, Cas enzymes then acquire
spacers from the exogenous sequence and insert them into the CRISPR locus of the prokaryotic genome in what is
known as acquisition. The final step of the immune response is crRNA biogenesis and processing when the RNA
transcript is matured and seeks the foreign pathogen for degradation, the method of maturation varies depending
on the specific CRISPR system. Type | and lll CRISPR systems both use multiprotein interference modules to
recognise the target. In type | CRISPR, the Cascade complex is loaded with a crRNA molecule and it is this which
recognizes target DNA. The Cas3 nuclease is then recruited to the Cascade-bound R loop resulting in degradation
of the foreign DNA. In type Il CRISPR, crRNAs associate either with Csm or Cmr complexes which bind and cleave
DNA. The Type Il system is unique in that it can also degrade RNA. The type Il system requires only the Cas9
nuclease to degrade DNA which is complementary to its dual guide RNA consisting of a crRNA-tracrRNA hybrid
(Hsu et al, 2014).

Initial testing of this system in human cells was performed to introduce GFP to HEK cells
showing that GFP* cells were evident only ~20 hours after transfection (Mali et al, 2013). The
CRISPR system has been highlighted as potentially improving upon the use of siRNA in large
scale genetic screens (Wang et al, 2014; Shalem et al, 2014). Use of the CRISPR/Cas9 system
in hiPSCs has been reported to yield gene disruption efficiencies of up to 25% as well as
targeting efficiencies of up to 10% (Byrne et al, 2014). Studies in human hematopoietic

stem/progenitor cells (HSPCs) have demonstrated that by either delivering a single gRNA to
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HSPCs which are expressing Cas9 or a RNA ribonucleoprotein (RNP) to induce cleavage and a
single stranded oligonucleotide as a repair template can yield homology directed repair of up
to 20% (Gundry et al, 2016). There is a clear appeal for genome modification to treat genetic
diseases, to that end B-thalassemia is a common condition worldwide caused by a mutation
in the human hemoglobin beta (HBB) gene (Xie et al, 2014). This mutation was corrected in
hiPSC demonstrating that footprint free genome editing was possible and paving the way for
such technology to be expanded further (Xie et al, 2014). More recently hiPSCs were
generated from patients suffering from B-thalassemia and subsequently corrected using
CRISPR/Cas9 then injected into murine models, this technique demonstrated expression of
HBB in the mice which had received injections and perhaps more importantly did not result in

tumour formation (Ou et al, 2016).

1.7 Thesis rationale and objectives

hPSC-CMs have been used to demonstrate the appropriate pharmacological response to a
variety of compounds including those which modulate ion channels and B-adrenoceptor
agonists (Rajamohan et al, 2013). Furthermore hPSCs have been used extensively to model
diseases in vitro, faithfully recapitulating the in vivo diseased phenotype of conditions such as
LQTS1 (Moretti et al, 2010), LQTS2 (Matsa et al, 2011), CPVT (Fatima et al, 2011), Duchenne
Muscular Dystrophy (DMD) (Dick et al, 2011), Alzheimer’s Disease (Yagi et al, 2011) and
Parkinson’s Disease (Seibler et al, 2011) to name a few. Therefore the use of hPSC-CMs can
increase knowledge regarding disease state and inform whether drugs exhibit efficacy in

treating a specific condition.

As described in Section 1.1.2.1, LQTS remains a serious condition which can be deadly when
left untreated. Moreover even for those who are diagnosed and treated a considerable subset
of this population will not respond to standardised therapy as it is suboptimal and treats the
symptoms, increased heart rate, and not the disease, increased repolarisation time. With
regards to CPVT there remains much of the disease which needs to be elucidated, given the
spatial and temporal effects which modulate efficient calcium handling it is possible that hPSC-
CMs may not recapitulate these calcium handling properties in vitro. In addition to this the
prevalence of the CPVT phenotype in the Purkinje fibres may necessitate the study of the
disease in this specific subset of cardiomyocytes, however current differentiation
methodologies are as yet unable to generate specific subtypes. Given these considerations in

this thesis it was decided to use the LQTS2 disease model to test a variety of drug compounds
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on the LQTS2-hiPSC-CM to assess the effect these compounds exert on APD and therefore QT
interval. In addition, the CPVT disease model will be used to assess the functional properties
of calcium handling in hiPSC-CMs when compared to an unrelated healthy control and to a
CRISPR/Cas9 genetically corrected CPVT-hiPSC line. Taken together these aims will seek to
improve understanding of the disorders and elucidate whether the limitations of calcium

handling maturity affect the ability to model CPVT in vitro.

To achieve this the following objectives were set;

1 — Generate hiPSC lines using non-integrating techniques from a starting cell population

which improves the ease of sample collection. [Chapter 3]

2 — Generate high quality and high purity hiPSC-CMs using directed methods of cardiomyocyte

differentiation. [Chapter 3]

3 — Generate LQTS2-hiPSC disease model which will be differentiated to cardiomyocyte
lineage. These LQTS2-hiPSC-CMs will then be characterised to assess their electrophysiological

properties to establish if they recapitulate the disease phenotype in vitro. [Chapter 4]

4 - If these LQTS2-hiPSC-CMs are able to accurately recapitulate the LQTS2 phenotype in vitro
then a panel of potentially therapeutic compounds will be tested to assess their effect on

action potential duration and therefore QT interval. [Chapter 4]

5 —Generate CPVT-hiPSC disease model which will be differentiated to cardiomyocyte lineage.
In addition to this a CPVT-WT-hiPSC line will be generated using CRISPR/Cas9 genome
engineering technology to provide an isogenic control therefore increasing the mechanistic

understanding behind the disease through subsequent phenotyping assays. [Chapter 5]

6 — To assess the functional calcium handling properties of hiPSC-CMs using a hiPSC-CM panel
which will include CPVT-hiPSC, CPVT-WT-hiPSC and an unrelated healthy control hiPSC line.
By achieving this it will be established whether there are functional differences in calcium

handling in the diseased CPVT-hiPSC line [Chapter 5]
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2 Materials and Methods

2.1 General cell culture techniques

All cell culture was performed in standard biological safety class Il vertical laminar flow
cabinets under sterile conditions. Cabinets were cleaned before and after use with 70%
industrial methylated spirit (IMS). Cells were cultured in a humidified incubator at 37°C with

an atmospheric CO2 of 5%.

2.1.1 Derivation of starting cell populations

2.1.1.1 Derivation of fibroblasts

Dermal fibroblast cell cultures were prepared from excess skin removed from the patient
during an operation, informed consent was given by the patients. Skin samples were
transported from the clinic into the laboratory in TRANSPORT medium (Table 2.1) and washed
three times in the same, after which they were transferred into bacterial-grade Petri dishes.
Here, using sterile forceps and scalpels, the adipose and epidermal tissue was removed and
the remaining sample cut into 1mm pieces. The cut tissue was digested, first with 2.5% trypsin
for 20 minutes, and then with 1mg/ml collagenase IV for 90 minutes, both at 37°C. The
digested cells were spun down at 200xg for 5 minutes, plated in FIB medium (Table 2.1) and
grown for 2-3 weeks until confluent, with medium changes every 3-4 days. Once confluent,
1ml of spent medium was analysed for mycoplasma contamination. When declared

mycoplasma-negative, cells were then expanded and cryopreserved.

2.1.1.2 Derivation of renal epithelial (RE) cells from urine

Urine was collected and the cells harvested according to published procedures (Zhou et al,
2011) with informed consent from healthy volunteers. Briefly; urine samples were aliquoted
into 50ml tubes and centrifuged at 400g for 10 minutes before all pellets collected,
centrifuged at 400g for 10 minutes again, and seeded into 1x well of a 12-well plate coated
with gelatin. RE cells were cultured in RE Proliferation Medium which is a commercially
available kit from Lonza which contains REGM BulletKit and RE cell basal medium (Lonza; CC-

3190).
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2.1.1.3 Derivation of endothelial progenitor cells (EPC) from blood

Derivation of EPCs from blood samples were carried out according to the published protocol
(Geti et al, 2012) with informed consent from healthy volunteers. Briefly, 40ml of blood was
collected and mixed with 4ml sodium citrate and diluted 1:1 with DPBS (Ca®* and Mg?* free).
10ml of this solution was then added to tubes containing 8ml ficoll (BD; 362780). These
samples were then centrifuged for 35 minutes at 400g at room temperature. EPCs were then
isolated using a plastic transfer pipette to carefully remove the thin translucent layer between
transparent supernatant and red blood cells and seeded into collagen coated T75s. EGM-2MV

(Lonza; CC-3202) medium was changed every 2-3 days.

2.1.1.4 Derivation of dental pulp cells from teeth

Dental pulp cell cultures were prepared from whole tooth samples, after informed consent
was given by the patients. Whole teeth were transported dry to the laboratory. The teeth
were washed in 70% IMS to ensure sterility. Teeth were then thoroughly dried and crushed
with a vice to expose the dental pulp. The crushed tooth was digested with 1mg/mi
collagenase IV for 90 minutes at 37°C. The digested cells were spun down at 200xg for 5
minutes, plated in FIB medium supplemented with 1x penicillin/streptomycin and 1x
fungizone, and grown for 2-3 weeks until confluent, with medium changes every 3-4 days.
Once confluent, 1ml of spent medium was analysed for mycoplasma contamination. From
here on, cells were expanded and cryopreserved. The second method of extracting cells from
teeth was to place the tooth in a flask which was pre-coated in Matrigel in FIB medium.
Medium was then changed on this flask every 3-4 days. From here on, cells were expanded

and cryopreserved.

2.1.2  Culture of human fibroblasts

Human dermal fibroblasts were cultured as a monolayer in T25 flasks with no additional
substrate coating. Cells were maintained in FIB medium (Table 2.1). Cell medium was
changed every 2-3 days and cells were passaged at around 90% confluence to avoid over
growth. When cells were passaged cell medium was removed and the flask washed in 5ml
PBS. This was then aspirated and 500ul of 0.05% Trypsin added to cells. The flask was then
incubated at 37°C and at 5% CO, for 2 minutes. Gentle mechanical bashing of the flask aided

the dislodging of cells before 9mL of serum containing medium was added to quench action
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of trypsin. This suspension was then centrifuged at 200g for 5 minutes at room temperature.
Supernatant was then discarded and cells resuspended in an appropriate volume of fresh
culture medium and then seeded into a fresh T25. If cells were required at a specific density

counting was carried out using a haemocytometer.

2.1.3 Culture of human induced pluripotent stem cells (hiPSC)

Human induced pluripotent stem cells were routinely cultured as a monolayer in Matrigel
coated T25s. Cells were maintained in commercially available Essential 8 medium (Thermo
Fisher) or our in-house Essential 8 medium. Cell medium was changed daily and cells were

passaged every 3-4 days to maintain healthy cultures.

When passaging hiPSCs for routine maintenance cell medium as aspirated and the flask
washed in 5mL PBS. This was then removed and 1ml 0.5mM EDTA/TrypLE (Thermo Fisher)
added to the flask which was then incubated at 37°C and 5% CO, for 2-5 minutes. After this
EDTA/TrypLE was aspirated off carefully to avoid dislodging cells. The flask was then
subject to mechanical force to dislodge cells. Fresh Essential 8 medium was then used to
resuspend the cells which were then seeded into a fresh Matrigel coated culture vessel.
During the passaging process cells were seeded into fresh Essential 8 supplemented with

10uM Y27632.

2.1.3.1 Cryopreservation and recovery of hiPSC

Cells were dissociated from culture vessel as described in Section 2.1.3. Cells were
resuspended in Essential 8 + 10% DMSO. This solution as then added to cryovials and
incubated in a Mr Frosty at -80°C overnight. A Mr Frosty contains isopropanol and reduces
the temperature of the cells by around 1°C per minute. The following day cryovials were
transferred from the Mr Frosty to a liquid nitrogen tank. To thaw cells which had
previously been cryopreserved cryovials were removed from liquid nitrogen and heated
at 37°C in a waterbath until the liquid had thawed. This was then added to a universal
tube and Essential 8 medium was then added dropwise. This was then centrifuged at 160g
for 5 minutes at room temperature. Supernatant was then discarded and cells
resuspended in an appropriate volume and seeded into fresh culture vessels in Essential

8 medium supplemented with 10uM Y27632.

48



2.1.4 Tri-Lineage differentiation test

hiPSCs were seeded into wells of a 96 well plate at a final seeding density of 16,700 cells/well
and incubated at 37°C. Differentiation was induced at 24 hours post seeding for endoderm
and 72 hours post seeding for ectoderm and mesoderm induction. To induce differentiation,
E8 was aspirated from the wells and replaced with ectoderm induction medium, endoderm
induction medium or mesoderm induction medium A differentiation medium components are
shown in Table 2.1. For ectoderm induction medium was changed every 24 hours for 6 days.
For endoderm induction medium was changed every 24 hours for 3 days. For mesoderm
induction medium was changed to mesoderm induction medium B after 48 hours and cells

fixed 2 days later.

2.1.5 Differentiation of hiPSCs to cardiomyocytes

2.1.5.1 ABKYX method

hiPSCs were seeded into an appropriate culture vessel and allowed to reach >90%
confluence while being maintained in Essential 8 medium. Once this confluence had been
reached medium was changed to StemPro34 (Thermo Fisher) supplemented with 1ng/ml
Matrigel overlay and 1ng/ml BMP4. The following day medium was changed to fresh
StemPro34 with 5ng/ml BMP4 and 8ng/ml Activin A. Cells were cultured at 37°C and 5%
CO, for 48 hours. Medium was then changed to RPMI B27 —insulin supplemented with
10nM KY02111 and XAV939. Cells were then incubated at 37°C and 5% CO; for 48 hours.
Medium was then changed to RPMIB27 supplemented with 10nM KY02111 and XAV939
and incubated at 37°C and 5% CO, for 48 hours. After this cells were cultured routinely in

RPMIB27 with medium changes every 2-3 days.

2.15.2 CDM-CW method

hiPSCs were seeded into an appropriate culture vessel and allowed to reach >90%
confluence while being maintained in Essential 8 medium. Once this confluence had been
reached medium was changed to CDM3 supplemented with 4uM CHIR99021. Cells were
then incubated for 48 hours at 37°C and 5% CO,. After this the medium was changed on

the cells to fresh CDM3 supplemented with 2uM WntC59. The cells were again incubated
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for 48 hours at 37°C and 5%C0O,. Medium was then changed to RPMIB27 and changed
every 2-3 days.

2.1.5.3 Dissociation of cardiomyocytes

Cardiomyocyte monolayers were dissociated between day 14-18. Medium was removed
and cells were washed with HBSS -Ca%* -Mg. Collagenase supplemented with 30uM
BTS,10uM Y-27632 and 1uM HEPES and was then added to the cells and these were
incubated at 37°C and 5% CO, for 4 hours. Mechanical force was applied to the flask to
dislodge cells and medium was then collected and placed in a universal tube. Equal
volume of RPMI + 12ug DNase/ml| was added to the cell suspension and this was then
centrifuged at 100g for 15 minutes. Supernatant was then aspirated and cells
resuspended in 10ml RPMI and counted using a haemocytometer. Cells were then either
seeded into fresh culture vessels for continued cell culture or frozen in heat inactivated-

Hyclone FBS + 10% DMSO.
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Table 2-1 - Medium component table

Medium Name
Serum Free Medium

FIB Medium

TRANSPORT Medium

Ectoderm Induction Medium

Endoderm Induction Medium

Mesoderm Induction Medium
A

Mesoderm Induction Medium
B

Column Buffer

In-house E8

Medium Components
1X DMEM Base

0.5M Galactose
100mM sodium pyruvate
1X DMEM Base

FBS

NEAA

L-glutamine
B-mercaptoethanol
HBSS (10x)

H,0

Pen/Strep

Fungizone

1x Advanced DMEM:F12 (Base)
Lipid concentrate
L-glutamine

Human Transferin
Insulin
B-mercapto-ethanol
SB431542
Dorsomorphin

1x RPMI-1640 (Base)
1x B27 serum free supplement
CHIR98014

IDE1

1x RPMI-1640 (Base)
Ascorbic Acid

rh Human Albumin
CHIR99021

1x RPMI-1640 (Base)
Ascorbic Acid

rh Human Albumin
WNT-C59

H,0

HBBS (10x)

Sodium Bicarbonate
FBS

DMEM F12 + L-Glutamine + HEPES
Ascorbic Acid

Insulin

Transferrin

Sodium Selenite

FGF2

TGFB1

Heparin Sodium Salt

Concentration
97%

2%

1%

78%

20%

1%

1%
100uM
10%

88%

1%

1%

98%

1%

1%
7.5ug/ml
14pg/ml
100uM
10uM
1uM

98%

2%

1uM
10puM
100%
213ug/ml
500ug/ml
4uM
100%
213pg/ml
500ug/ml
2uM

85%

10%
100ul

5%

99%

1%
20ug/ml
Spg/ml
14pg/ml
100ng/ml
2ng/ml
100ng/ml
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2.2 Reprogramming technologies

2.2.1 Sendai virus reprogramming

Primary cells were plated in one well of a six well plate at a density of 2x10° per well. The
following day three tubes containing the viral vectors contained in the CytoTune2.0 kit
(Thermo Fisher) were taken from -80°C freezer and thawed briefly in a waterbath at 37°C. A
calculated volume of virus from each tube was then added to 3ml of fibroblast medium which
had been prewarmed to 37°C. Spent medium was aspirated using plastic pipette and the new
medium, containing virus was added to the cells. This was incubated at 37°C with 5% CO,
overnight. The following day medium was changed to 3ml of fresh fibroblast medium and this
was repeated until the cells reached ~80% confluence. At this point medium was removed and
cells washed in 3ml PBS. This was then aspirated and 500ul 0.05% trypsin was added to the
well, this was incubated at 37°C for up to 2 minutes. 500ul FIB medium was then added to the
well and this 1ml was mixed and then added to 4ml of FIB medium in a universal tube. The
mixture was then centrifuged at 200g for 5 minutes. Supernatant was removed and cells
resuspended in 3ml of Essential 6 medium supplemented with 100ng/ml bFGF. Three 35mm
dishes were prepared with vitronectin-peptide and the cells were added to these at a 1:3
dilution. Medium was changed daily with fresh E6 + FGF added until the emergence of
established colonies at which time the medium was changed to Essential 8 medium. Following
this medium was changed daily until colonies had reached a size ready for isolation. Isolation
was performed using either; manual dissection, MACS purification or serial passage with

0.5mM EDTA.

2.2.2 Episomal reprogramming

Fibroblasts were harvested and counted using trypsin as described previously. 1x10° of these
primary cells were then resuspended in P3 buffer (Lonza). These cells were then added a tube
containing three episomal plasmids; pCXLEOhOCT3/4-shp53-F (Addgene #27077), pCXLE-hUL
(Addgene #27080), pCXLE-hSK (Addgene #27078) with 1pug of each plasmid. These cells +
plasmids were then mixed and added to a cuvette and electroporated using the Amaxa 4D
electroporation system program CM-100. After electroporation the cells were incubated at
37°C and 5% CO; for 5 minutes. Subsequently the cells were resuspended in fresh E6 medium
+100ng/ml FGF and then plated onto vitronectin-peptide coated 35mm dishes and incubated
at 37°C for 24 hours. After this time they were maintained in E6 medium + 100ng/ml FGF,

changed daily, until the emergence of colonies, at this stage medium was changed to E8.
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2.2.3 GET mediated delivery

Fibroblasts were harvested and counted using trypsin as described previously in Section 2.1.3.
2x10° of these primary cells were then plated into 1 well of a 6 well plate coated with
vitronectin-peptide. The next step was to prepare the GET Peptide (FGF2B) and the plasmids

as illustrated below;

Two tubes were made as displayed in the table below (volumes below were per well of 6-well
plate):

Tube A Tube B

100ul Optimem @ 100ul Optimem

3.4ul FGF2B 0.55ul pCXLEOhOCT3/4-
shp53-F

0.59ul PCXLE HSK

0.67ul PCXLE HUL

The tubes were allowed to complex for 5 mins at room temperature and then combined
before being incubated for a further 15 mins at room temperature. The mix was then added
onto the cells which were then incubated at 37°C for 24 hours before medium was changed
to E6+ 100ng/ml bFGF. Medium was then changed daily until the emergence of colonies at

which stage the medium was changed to E8.

2.2.4 Purification of hiPSC colonies after reprogramming

2.2.4.1 Magnetic Activated Cell Sorting (MACS)

Cells were harvested using 1ml of TrypLE and incubated at 37°C for 2 minutes. These cells
were then suspended in 9ml of E8 and centrifuged at 300g for 5 minutes. The supernatant
was removed and the cell suspension resuspended in 500ul of cold column buffer. 2.5ul
of PE conjugated Tra-1-81 antibody was then added to the suspension which was wrapped
in foil and incubated at 4°C for 20 minutes. After this incubation 2.5ml of cold column

buffer was added to the solution and the cells were centrifuged at 300g for 5 minutes.
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Supernatant was carefully aspirated and cells were resuspended in 80ul of cold column
buffer, 20ul of anti-PE microbeads were then added to this solution. The tube was then
again wrapped in foil and incubated at 4°C for 15 minutes. After this incubation 2ml of
cold column buffer was added to the solution and the cells centrifuged at 300g for 5
minutes. During this centrifugation a MACS column was placed into the MACS magnet and
a 7ml bijou tube left below it. This column was equilibrated with 500ul cold column buffer.
The cell pellet was then resuspended in 500ul cold column buffer, added to the column
and allowed to pass through it by gravity. The column was then washed in 500ul cold
column buffer three times. The column was then removed from the magnet and 1ml of
cold column buffer added into the column this was then ejected using a plunger into a
fresh tube and centrifuged at 300g for 5 minutes. After centrifugation the supernatant
was aspirated and the pellet resuspended in 1ml E8 and added to a fresh 35mm dish or a

T25 depending on pellet size.

2.2.4.2  Manual dissection
During the reprogramming process hiPSC colonies emerge within a population of fibroblasts.
To isolate these colonies a stem cell knife was used to cut the hiPSC colony out. This colony

was then transferred to a 48 well plate to continue expansion.

2.2.4.3 Serial passage

Serial passage of cells to purify a reprogramming heterogeneous population of cells begins by
adding 500l of 0.5mM EDTA to a 35mm dish which contains a heterogeneous population.
This is then incubated at 37°C for 4-5 minutes before the EDTA is carefully removed. The
flask/plate is then flushed using E8 medium and the cells reseeded into a fresh Matrigel coated
T25. This process is continued for 3-5 passages after which time a pure population should be

observed.
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2.3 Human induced pluripotent stem cell characterisation

2.3.1 Fixing cells

Cells were fixed using 4% paraformaldehyde. Medium was removed from cells which were
then washed in PBS. Cells were predominately fixed whilst in 96 well plate format
therefore 100ul PBS was added then aspirated from the wells using a multichannel
pipette. 100ul of 4% paraformaldehyde was then added to the cells and this was
incubated at room temperature for 15 minutes. After this the paraformaldehyde was then
removed and the cells washed twice with 100ul PBS. Cells were then stored with 100ul

PBS per well at 4°C for up to two weeks.

2.3.2  Immunostaining

Cells were plated in flat bottomed 96 well plates at a density of 10-20,000 cells per well.
Medium was changed after 24 hours and cells were fixed at 48 hours. Fixing was
performed as described in Section 2.3.1. Details of the dilutions and antibodies used can
be found in Table 2.2. Cells were first washed in PBS using 200ul per well. If cells were to
be stained for nuclear markers then they were then incubated for 10 minutes at room
temperature in 200ul of 0.1% Triton X-100, this was not carried out on cells which would
be stained for surface markers. Cells were then washed in 0.1% PBS-Tween three times
using 200ul per well each time. Cells were then blocked using 10% species block made up
in PBS, species being that which the secondary was raised in. 200ul was added to each
well and this was incubated for 1 hour at room temperature. This was then aspirated and
cells washed twice using 200ul 0.1% PBS-Tween. After this washing step cells were
incubated in 50ul of primary antibody made up in 1% species block. Plates were wrapped
in parafilm and left at 4°C overnight. The following day the primary antibody was aspirated
and the cells washed three times using 200ul of PBS-Tween per well. This step included a
five minute wash on a shaker. This was then aspirated and the cells treated with 50ul
secondary antibody made up in 5% species block, this was incubated on a shaker at room
temperature for 1 hour while plate was covered in foil. Secondary antibody was then
removed and cells washed three times in 200ul 0.1% PBS-Tween, these washes also
include one 5 minute was on a shaker at room temperature. Cells were then stained for

DAPI by adding 50ul of DAPI in PBS to each well and incubating at 4°C for 15 minutes. This
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was then removed and cells washed twice with 200ul of 0.1% PBS-Tween then once in

PBS. A list of antibodies used in this thesis is shown in Table 2.2.

2.3.3 Flow cytometry

Cells were harvested using the TrypLE method detailed in Section 1.1.3. 1x10° cells were
counted and washed in PBS before being centrifuged at 160g for 5 minutes. The cells were
then fixed by resuspending in 4% paraformaldehyde; these were incubated at room
temperature for 15 minutes. Cells were then centrifuged again for 5 minutes at 160g. The
pellet was then washed in PBS once before being stained using the antibodies and
concentrations detailed in Table 2.2. hiPSCs were incubated with PE-conjugated
antibodies at room temperature for 1 hour. These cells were then centrifuged at 200g for
5 minutes and washed in PBS before being centrifuged at 200g for 5 minutes again and

resuspended in PBS.

2.3.4 Karyotype analysis

Cells were split and ~48 hours later were incubated with 100ng/ml of Karyomax Colcemid
(Thermo Fisher) for 1 hour at 37°C. This medium was then collected and cells washed in
5ml PBS which was also collected. Cells were then harvested using TrypLE as described in
2.4 and centrifuged at 160g for 5 minutes. Pellet was then resuspended in 8ml of
hypotonic solution, this was added dropwise while cells were vortexed. This solution was
thenincubated at room temperature for 20 minutes. Cell suspension was then centrifuged
at 300g for 5 minutes. The cell pellet was then resuspended in 8ml of fixing solution and
centrifuged at 300g for 5 minutes. This process was repeated three times. After the third
fixing step the cells were then resuspended in 500ul fixing solution and sent for G-Band

chromosomal analysis.
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2.3.5 Calculation of population doubling times
hiPSCs were seeded at the density of 1x108cells per T25 flask. The hiPSCs were then harvested
using TrypLE and counted every 48 hours for a total of 5 passages. The doubling time was

calculated as shown below:
Cumulative population doubling (CPD) per passage:

Ylog10(fold increase in cell count.per passage)

log10®?

Table 2-2 - Antibody table
Antibody Supplier Dilution Used
OoCT4 Santa Cruz: SC-5279 1:50
SOX2 R & D Systems: AF2018 1:200
NANOG R&D systems: AF1997 1:200
SSEA4 R&D systems ; MAB1435-SP 1:200
SSEA3 R&D systems ; MAB1434-SP 1:200
TRA-1-81-PE Conjugated eBioscience; 12-8883-82 1:100
SSEA4-PE Conjugated eBioscience; 12-8843-42 1:100
SSEA1-PE Conjugated eBioscience; 12-8813-42 1:100
Cardiac Troponin T Santa Cruz; SC-20025 1:200
Cardiac a-actinin SIGMA: A7811 1:200
PAX6 SantaCruz: SC-81649 1:100
SOX1 R&D: AF3369 1:100
SOX17 R&D: AF1924 1:100
FOXA2 Millipore: 07-6333 1:500
MESP1 Abcam: AB129387 1:100
ISL1 Abcam: AB86472 1:1000
AlexaFlour Goat Anti-Mouse @ Invitrogen: A32723 1:1000
488
AlexaFlour Donkey Anti-Goat | Invitrogen: A11055 1:1000
488
AlexaFlour Goat Anti-Rat 647 Invitrogen: A21247 1:1000

2.4 Molecular biology techniques

2.4.1 Genomic DNA extraction

Extraction of genomic DNA from cells was performed using DNeasy Blood and Tissue Kit
(Qiagen) following manufacturers protocol. Briefly, cells were pelleted at 300g for 5 minutes
and resuspnded in 200ul PBS and 20ul of proteinase K was added to the cells. This suspension
then had 200ul of Buffer AL added to it and was mixed by vortexing, this was then incubated
at 56°C for 10 minutes. After this incubation 200ul of 100% ethanol was added to the
suspension and this was mixed by vortexing. The solution was then all added to a DNeasy Mini
Spin column placed in a 2ml collection tube and centrifuged at 6000g for 1 minute. The

collection tube was then discarded and the column placed in a fresh one. To the column was
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added 500ul of Buffer AW1 and the column was then centrifuged at 6000g for 1 minute. The
collection tube was then discarded and the column placed in a fresh one. To the column was
added 500ul of Buffer AW2 and the column was then centrifuged at 20,000g for 3 minutes.
Finally the column was placed in a 2ml microcentrifuge tube and 50-100ul of molecular grade
H,0 was added, this was then centrifuged at 6000g for 1 minute. DNA was then nanodropped

to ascertain yield and quality.

2.4.2 Polymerase Chain Reaction (PCR)

Standard reaction mixes and thermal cycling conditions are detailed below. These protocols
were used as standard but in some cases required optimisation to improve results. Primers
used are stated in the relevant results section and were designed using Primer3 software and

purchased from Sigma. Reactions were carried out using Phusion Polymerase (NEB).

Per Reaction:

Phusion 10X Buffer 10ul
10mM dNTP mix 1l
Forward Primer (10pnM) 2.5ul
Reverse Primer (10uM) 2.5ul
Phusion Polymerase 0.5ul
Template DNA (100-200ng) | 1l
H.O 32.5ul
Total 50ul

Thermal Cycling Conditions

Stage Time Temperature

Initial Denaturation 2 minutes 98°C

Denaturation 30 seconds 98°C

Annealing 30 seconds 55-65°C 35 Cycles
Elongation 60-90 seconds 72°C

Final Elongation 10 minutes 72°C

2.4.3 Restriction digests
Restriction digests were carried out as diagnostic tools to ascertain that a plasmid contained
the correct inserts. All enzymes used in this thesis were purchased from NEB. All incubations

took place for 1 hour or overnight in an orbital incubator using the following reaction;
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Component Volume \

10x Reaction buffer 1l
Template 1l
H,0 8ul
Total 10ul

Samples were analysed using DNA gel electrophoresis.

2.4.4 DNA gel electrophoresis

Agarose was dissolved in TAE buffer at an appropriate concentration depending on
application, routinely this was between 1-2%. This was heated to dissolve the agarose and
cooled slightly before the addition of Ethidium Bromide and the gel was then poured into an
appropriate tray. Samples were mixed with 6x Blue loading dye (NEB) and ran at between 40-
100V depending on band size and application. Samples were run alongside an appropriate
DNA ladder, either 100bp or 1kb, (NEB). Bands were then visualised using Fujifilm LAS-
1000CCD camera.

2.4.5 Gel extraction

Gel extractions were performed using Qiagen QlAquick Gel Extraction Kit (Qiagen; 28704)
following manufacturer’s guidelines. Briefly, to extract DNA from a gel the band was first cut
out using a sharp scalpel and weighed. 3 volumes of Buffer QG were then added to 1 volume
gel (100mg gel = 100ul). This was then incubated at 50°C for 10 minutes, vortexing every few
minutes to aid dissolution. After this 1 gel volume of isopropanol was added and the
suspension added to a QlAquick spin column with a provided 2ml collection tube. This was
centrifuged at 17,900g for 1 minute. The flow-through was then discarded and 500ul of Buffer
QG added and then centrifuged at 17,900g for 1 minute again. Flow-through was discarded
and 750ul of PE Buffer added to the column which was centrifuged at 17,900g for 1 minute.
The column was then placed in a fresh 1.5ml microcentrifuge tube and 20-50ul of molecular
grade H,0 added, this was then centrifuged at 17,900g for 1 minute. Yield and quality of DNA

extracted was analysed using nanodrop.

59



2.4.6 Transformation of competent bacteria

One Shot® TOP10 chemically competent Escherichia coli (E. coli) (Invitrogen, Life
Technologies) were used as hosts in these experiments, and transformations were performed
as per the manufacturer’s protocols. Briefly, a vial of One Shot® was thawed on ice and 1-5ul
of plasmid was added to the vial. This was then incubated on ice for 30 minutes. The bacteria
were then heat shocked at 42°C in the waterbath for 30 seconds and then incubated in a
bucket of ice water for 2 minutes. After this process 250ul of SOC medium was added and the
bacteria were incubated at 37°C for 1 hour while shaking at 250rpm in an orbital incubator.
This bacteria was then plated out onto prewarmed agar plates supplemented with the
appropriate antibiotic and spread. These plates were then incubated at 37°C overnight.
Bacterial colonies were then picked and grown overnight in 3ml Luria broth (LB) at 37°C. These

plasmids were analysed using diagnostic digests and plasmid sequencing.

2.4.7 Small scale DNA preparation

Small scale DNA purification was carried out using Wizard® Plus SV Minipreps DNA Purification
System (Promega) with 1-3ml of transformed E. coli from overnight culture in LB medium.
Bacteria were harvested by centrifugation at 6,000g for 5 minutes. Cell pellets were then
thoroughly resuspended in 250ul of Cell Resuspension Solution. To this, 250ul of Cell Lysis
Solution was then added and the tube inverted 5 times to mix. 10ul of Alkaline Protease
Solution was then added and the tube inverted 5 times, this was then incubated at room
temperature for 5 minutes. After this incubation 350l of Neutralisation Solution was added
and this was inverted 5 times to mix the suspension before it was centrifuged at top speed for
10 minutes. The clear lysate from the spin was then decanted into a Spin Column and this was
centrifuged at top speed for 1 minute. Flow-through was then discarded and 750ul of Wash
Solution added to the column which was then centrifuged at top speed for 1 minute. This step
was then repeated using 250ul of Wash Solution. The tube was then centrifuged again for 2
minutes at top speed to remove any residual solution in the column. The spin column was
then transferred to a 1.5ml microcentrifuge tube and 100ul of molecular grade H,0 was added
to the column, this was then centrifuged at top speed for 1 minute. The extracted plasmid was

analysed using a nanodrop to determine quality and yield.
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2.4.8 Large scale DNA preparation

Large scale DNA preparation as performed using NucleoBond® Xtra EF (Machery Nagel).
Colonies were picked from agar plates and cultured overnight in 5ml of LB media. The
following day 100ul of this was added to 100ml of fresh LB medium, containing the
appropriate antibiotic and cultured overnight at 37°C in a shaking incubator. This 100ml| was
then centrifuged at 6000g for 10 minutes at 4°C. The resulting pellet was resuspended in 8ml
of Buffer RES-EF, vortexing if necessary to ensure a thorough resuspension. To this suspension
was added 8ml of Lysis Buffer and the tube was inverted 5 times to mix before being incubated
at room temperature for 5 minutes. During this time a NucleoBond® Xtra Column with
inserted filter was equilibrated with 15ml of equilibration buffer. After the 5 minutes
incubation 8ml of Neutralisation Buffer was added to the tube which was then inverted 5
times to mix and incubated on ice for 5 minutes. The crude lysate was then added to the
column filter and allowed to pass through by gravity, once this was complete, 5ml of filter
wash buffer was added and allowed to pass through by gravity. After this step the filter was
removed and 35ml of endotoxin free wash buffer is added and allowed to pass through the
column by gravity. Once this step had been completed 15ml of wash solution was added to
the column and this was allowed to pass using gravity flow. The column was then placed in a
centrifuge tube and 5ml of elution buffer added. To this eluted plasmids was added 3.5ml of
room temperature isopropanol and this mixture was thoroughly vortexed then centrifuged at
15,000g for 30 minutes. The supernatant was then removed and the pellet washed in 2ml of
endotoxin free 70% ethanol before being centrifuged at 15,000g for 15 minutes. Supernatant
was then removed and pellet allowed to air dry at room temperature. The pellet was then
reconstituted in 100-200ul of endotoxin free H,O. Analysis of the quality and yield of the

plasmid was performed using a nanodrop.

2.4.9 PCR purification

PCR products were purified using QIAquick® PCR Purification Kit (QIAGEN) following
manufacturer’s protocol. Briefly, 5 volumes of PB buffer were added to 1 volume of PCR
product and mixed. This was then added to a QlAquick column in a collection tube and
centrifuged at 17,900g for 1 minute. Flow-through was then discarded and column placed
back into the same tube, 750ul of Buffer PE was then added to the column and this was
centrifuged at 17,900g for 1 minute. Flow-through and collection tube were then discarded

and column was placed in a fresh 1.5ml microcentrifuge tube, 20-50ul of molecular grade H,0
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was then added to the column and this was centrifuged at 17,900g for 1 minute. The eluted

DNA was then analysed for quality and yield using a nanodrop.

2.4.10 RNA extraction

Total RNA was extracted from hiPSC-CMs cells using the RNeasy Mini (QIAGEN: 74104) kits
following the manufacturer recommended protocol. To ensure high yields of good quality
RNA, first extraction was done on cell samples that were freshly harvested. RNA was eluted in
30ul of dH20, quantified using a NanoDrop ND1000 spectrophotometer and stored at -80°C
for future use. RNA was considered to be of adequate quality if it showed a single absorption
peak at 260nm and if its A260/A280 value was between 1.8 and 2.2. All experiments included

an RNA negative control to check for RNA/DNA contamination of the RNA extraction agents.

2.4.11 cDNA synthesis

cDNA was synthesised using the First Strand cDNA synthesis kit (GE Healthcare: 27-9261-01)
following the manufacturer recommended protocol. Once reverse transcribed, the cDNA
solution was made up to a final volume of 100ul in dH,0, and stored at -20°C for future use.
All experiments included a cDNA negative control (no RNA template) and a Reverse
Transcriptase - RT negative control (no reverse transcriptase enzyme). The former would
help check for RNA/DNA contamination of the cDNA synthesis reagents while the latter

would check for gDNA contamination of the RNA template.

2.5 CRISPR/Cas9 genome engineering

2.5.1 Oligonucleotide method

Transfection of cells with Cas9 RNP and oligos was carried out with a Nucleofector 4D (Lonza).
A single cell suspension was prepared by harvesting cells using TrypLE (Thermo Fisher) as
described in Section 2.1.3. An aliquot of the cell suspension was counted and 8x10° cells were
resuspended in of 100ul Amaxa P3 Primary Cell buffer (4D-Nucleofecter X Kit L; Lonza). Cas9
RNP was pre-assembled in vitro in a sterile tube by adding 2 ul recombinant Cas9 protein (10
pg/ul; ToolGen) to 2ul (7-10 pg/ul) of in vitro transcribed gRNA and incubated at room
temperature for 10 minutes. After this 10 minute incubation, 6ul (500pmol in PBS) of ssODN,
4ul of Cas9 RNP, and 100ul of cells were mixed, transferred to a cuvette, and nucleofected

according to the manufacturer’s instructions (Lonza) using electroporation program CA-137.
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The cells were then plated in to one well of a Matrigel coated 6-well plate in E8 medium
supplemented with 10uM Y-27632. These cells were then incubated at 37°C and 5% CO, for
24 hours. After this the media was changed to E8 and 48 hours after nucleofection the cells

were harvested for analysis and clonal expansion.

2.5.1.1 In Vitro RNA synthesis

To generate a purified gRNA, in vitro RNA synthesis was carried out as follows:

Initially a double stranded template was required, this was generated by the reaction shown

below:

Component Volume \
Top Primer 10ul

Bottom Primer 10ul

X5 High Fidelity Phushion 20ul

Buffer

10mM dNTPs 2ul

H:0 57ul

Total 99ul

The above reaction was incubated at 96°C for 3 minutes, after this 1l of Phusion polymerase
was added to the tube and this was incubated at 72°C for 60 seconds. Following this the

mixture was PCR purified and eluted in 100pl.

The in vitro reaction was performed according to the reaction shown below:

Component Volume \
T7 10X Reaction Buffer 2ul

T7 ATP Solution (75mM) 2ul

T7 CTP Solution (75mM) 2ul

T7 GTP Solution (75mM) 2ul

T7 UTP Solution (75mM) 2ul

Template DNA (From reaction above) | 2l

T7 Enzyme Mix 2ul

H.0 6ul

Total 20pl

The reaction was then incubated for ~4 hours at 37°C after which 1ul of Turbo DNAse | was
added to the tube which was then incubated at 37°C for a further 15 minutes. This was then

purified on the Ambion Mega Columns per manufacturer’s guidelines.
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2.5.1.2 In Vitro test of Cas9 protein activity

Assessment of the activity of Cas9 protein was carried out as follows.

Component Volume

Cas9 (500ng/ul) 1ul
gRNA (100ng/ul) 1ul
X10 NEB Reaction Buffer | 2ul
H;0 13pl
Total 17ul

The above reaction was then incubated at room temperature for 10 minutes to allow a
complex to form of gRNA and Cas9 protein. To the above mix, 3ul of DNA template (~300ng)
was added. This was then incubated at 37°C for 1 hour. Analysis of this was carried out by gel

electrophoresis.

2.5.2 PiggyBac transposon method

Targeting construct, Cas9 plasmid and gRNA plasmid were transfected into the hiPSCs using
Amaxa 4D nucleofector. Plasmids were added at a ratio of 1:1:1 with 1ug of each being
transfected into the cells. 1x10° cells were harvested as described previously (Section 1.1.3)
and resuspended in room temperature P3 buffer. This mix of cells in buffer was then added
to a tube containing the plasmids and this was mixed before being added to a fresh Amaxa
cuvette. Cells were then transfected using an optimised protocol and incubated in the cuvette
at 37°C and 5% CO, for 5 minutes. Cells were then seeded into fresh 6 well plate with 2ml of
prewarmed E8 medium containing 10uM Y27632. The following day medium was changed
daily until the cells reached confluence. At this stage cells were split at a ratio of either 1:6 or
1:3 into a fresh 6 well plate and maintained for up to 48 hours. At this stage puromyocin
selection began and cells were maintained in puromyocin (0.3ug/ml) for up to one week.
During this time colonies began to emerge and these were then collected, mixed and added
to a T25. These cells were then seeded at density of ~2x10° per well of a 6 well plate. Medium
was changed the following day and cells were then transfected with transposase plasmid using
Genelammer as a transfection reagent. These cells were then maintained in the 6 well plate
for 3-4 days before being seeded at a density of ~2x10° in a 6 well plate for Ganciclovir
selection. Ganciclover selection was carried out for up to 4 days with 10nM added to the well.
After this time hiPSCs were cultured in E8 medium and allowed to expand as clones before

being picked and expanded for analysis.
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2.5.2.1 Gibson assembly

The following sample mix, shown below, was prepared on ice.

Component Volume

Total amount of fragments 0.2-1 pmols = Xl
Gibson Assembly Mastermix 10ul

H;0 10-X

Total 20ul

After this the samples were then held at 50°C for 60 minutes. At this stage samples were ready

for transformation. It was also possible to store samples at -20°C at this stage.

2.5.2.2 Ligation of gRNA into gRNA plasmid

Two complementary oligonucleotides which contain the gRNA sequence were annealed
together by mixing equimolar concentrations of each together and heating to 95°C for 5
minutes in a heat block. The tube was then allowed to cool to room temperature overnight.
The product was then ligated into a pU6 plasmid via sticky end ligation. The pU6 plasmid was
digested using Bsal and this was purified from an agarose gel after gel electrophoresis. The
annealed product with overhangs complementary to the pU6 plasmid was ligated in by the

reaction described below:

Component Volume

10x T4 Buffer 2ul
pU6 Plasmid (25ug) 4.2ul
Insert (45ug) 12.8ul
T4 Ligase 1l
H;0 6ul
Total 20ul

The above reaction was incubated at room temperature for 2 hours before being heat

inactivated at 65°C for 10 minutes. At this stage the plasmid is ready for transformation.

2.6 CellOPTIQ assays

2.6.1 Voltage based assay
hiPSC-CMs were seeded into Matrigel coated 96-well plates at a density of 5x10° cells per well.

These hiPSC-CMs were then incubated at 37°C and 5% CO, for 48 hours to allow cells to

65



recover. In order to image the voltage properties of the hiPSC-CMs they were dyed using
FluoVolt (Thermo Fisher; F10488). Media was removed from wells and serum free media
(SFM), the components of which are found in Table 2.1, containing FluoVolt (PartB: 5ul /ml,
PartA: 0.5ul /ml) was added, these cells were incubated at 37°C and 5% CO, for 30 minutes.
After the 30 minute incubation medium was removed and the hiPSC-CMs washed once with
serum free medium before 100l of fresh SFM was added to wells. These plates were then
incubated at 37°C and 5% CO, for 15 minutes to allow the hiPSC-CMs to equilibrate. At this
stage cells could then be visualised. For drug treatment a basal recording was taken before 20
ul of drug added to the well, all drugs were dissolved in DMSO and added to the cells with a
0.1% DMSO concentration. After this addition the hiPSC-CMs were incubated at 37°C and 5%

CO; for 30 minutes before a second measurement was taken.

APD50

APD90

Triangularisation (APD80-APD30)

Figure 2-1 - Parameters assessed in voltage traces
Representative action potential trace which highlights the parameters assessed in this thesis

To assess the voltage properties of the hiPSC-CMs in this thesis three key parameters were
assessed (Figure 2.1). The first was APD50 which accounts for the time taken for the action
potential to reach 50% of its duration, the second was APD90 which accounts for the APD to
reach 90% of its length. APD50 allows investigation of the initial repolarisation or phase 2 of
the APD while APD90 allows investigation of the second stage of repolarisation and
corresponds to phase 3 of the action potential. The final parameter assessed is repolarisation

time which is the APD80-APD30, this is a measure of the time taken for the cell to repolarise
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and covers the time when both lsand I will be dominant in repolarising the cardiomyocyte.
A list of the drugs used in these assays is shown in Table 2.3. Traces are normalised within the

CellOPTIQ software.

2.6.2 Calcium based assay

hiPSC-CMs were seeded into Matrigel coated 96-well plates at a density of 5x10° cells per well.
These hiPSC-CMs were then incubated at 37°C and 5% CO; for 48 hours to allow cells to
recover. In order to image the voltage properties of the hiPSC-CMs they were dyed using
Fura2-AM (Thermo Fisher; F1201). Media was removed from wells and serum free media
containing 4uM Fura2-AM was added, these cells were incubated at 37°C and 5% CO, for 30
minutes. After the 30 minute incubation medium was removed and the hiPSC-CMs washed
once with serum free medium before 100ul of fresh SFM was added to wells. These plates
were then incubated at 37°C and 5% CO, for 15 minutes to allow the hiPSC-CMs to equilibrate.
At this stage cells can then be visualised. For drug treatment a basal recording was taken
before 20 ul of drug added to the well, all drugs were dissolved in DMSO and added to the
cells with a 0.1% DMSO concentration. After this addition the hiPSC-CMs were incubated at

37°C and 5% CO, for 30 minutes before a second measurement was taken.

Amplitude

TRise TDecay

Time of Transient (TOT)

Figure 2-2 - Parameters assessed in calcium traces
Representative calcium transient trace which highlights the parameters assessed in this thesis

To assess the calcium handling properties of hiPSC-CMs in this thesis four different parameters

were assessed (Figure 2.2). The first is TRise which accounts for the time it takes for the
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transient to reach its peak, here the two key factors are the calcium influx through the LTCC
and efflux from the SR into the intracellular space. The second parameter is TDecay this is the
time for the calcium to be extruded from the intracellular space either by the NCX or taken
back into the SR by the SERCA pump. The third parameter is the time of transient (TOT) this is
the time for the whole process to occur. The final parameter to be assessed is amplitude, the
amplitude demonstrates the amount of calcium in each transient. A list of the drugs used in

these assays is shown in Table 2.3. Traces are normalised within the CellOPTIQ software.

2.7 Statistical analysis
All statistical analyses carried out within this thesis were performed using Graphpad Prism

software. All numbers are displayed as mean * standard deviation, unless otherwise stated.
Details of statistical tests carried out are reported in the relevant sections. Statistical
significance is represented by stars. Four stars denotes p<0.0001, three stars denotes p<0.001
but not <0.0001, two stars denotes p<0.01 but not <0.001 and one star denotes p<0.05 but
not <0.01. Electrophysiological data and calcium transient data are disaplyed as box and

whisker plots as shown in Figure 2.3.

___— Maximumvalue

75t percentile

— Medianvalue

25% percentile

=t Minimum value

Figure 2-3 - Box and whisker plot
Box and whisker plot showing the median value along with the upper and lower percentiles. This graph also
displays the minimum and maximum value. This plot shows the dispersion and skewness over the data.
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Table 2-3 - Drug table

Ryanodine Tocris 1329 DMSO
Thapsigargin Sigma T79033-1MG DMSO
Xestospongin C Tocris 1280 DMSO
ORM-10103 Sigma SML0972-5MG DMSO
Telmisartan Sigma T8949-10MG DMSO
GWo0742 Sigma G3295-5MG DMSO
NS1643 Sigma N0663-5MG DMSO
Ginsenoside RG3 Sigma SML0184-5MG DMSO
ML277 Sigma SML0524-5MG DMSO
Minoxidil Sigma M4145-100MG DMSO
Nicorandil Sigma N3539-50MG DMSO
Isoprenaline Sigma 15627-100G H>O
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3 Chapter 3 —Generation and characterisation of hiPSC-and their

differentiation to cardiomyocytes

3.1 Introduction

To achieve the aims of this project tissue samples from patients with cardiac channelopathies
were obtained. These samples were then reprogrammed to hiPSCs by reactivation of cells’
endogenous pluripotency using plasmids or viral vectors to introduce pluripotency genes.
These hiPSCs would then be differentiated to cardiomyocytes and ultimately used as tools to
study the patient’s phenotype in vitro using both voltage and calcium sensitive fluorescent
dyes. This chapter describes the process of selecting the most appropriate method of both

generating hiPSCs and differentiating these to cardiomyocytes.

3.1.1 Identifying a starting cell population for hiPSC generation

3.1.1.1 Fibroblasts

Fibroblasts are routinely used to generate hiPSCs as a result of their robustness and ease of
use in cell culture (Park et al, 2008). Furthermore they are amenable to genetic modification
as illustrated by experiments which reprogrammed both murine and human fibroblasts using
somatic cell nuclear transfer and cell fusion techniques (Wakayama et al, 1998; Cowan et al,
2005). Skin samples are able to be harvested by skin punch biopsy or by the removal of excess
skin during a surgical procedure such as the implantation of a pacemaker. Skin samples can
be stored at 4°C in physiologically buffered saline for up to two weeks (Dambrot et al, 2013).
However, although obtaining a sample during surgery is possible most skin samples are still
collected by punch biopsy. This is an invasive procedure which can be painful potentially
dissuading patients from providing a sample (Lai et al, 2011). Therefore in this thesis, cells
isolated from teeth, blood and urine were tested as potential alternative starting samples. A
more thorough list of alternative starting samples reported in the literature can be found in

Table 3.1.

3.1.1.2 Teeth
Dental pulp from teeth and gingival tissue from the gum represent a promising cell source for

reprogramming with reported efficiencies of between 0.002 - 0.1% when reprogrammed using
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a lentiviral vector system (Yan et al, 2010). Milk teeth naturally fall out during childhood with
most children having all their adult teeth by age 12-14 according to the American Dental
Association. Teenagers commonly have adult teeth removed due to overcrowding in the
mouth and adults may undergo extraction if a wisdom teeth has become impacted. When
extraction is performed some gum may remain attached to the tooth which has previously
been successfully used for iPSC generation using both murine (Egusa et al, 2010) and human
samples (Wada et al 2010). In this thesis no gingival tissue was made available after tooth

extraction.

3.1.1.3 Blood

Blood has previously provided cells amenable to reprogramming with an efficiency of 0.002-
0.005% when using retroviral vectors (Meng et al, 2012). Blood samples can be obtained from
both patients and blood banks. It has been reported that hiPSCs can be generated from CD34*
haematopoietic progenitor cells (HPCs) which are found in both mobilised and non-mobilised
blood (Loh et al, 2009; Ye et al, 2009). However there is a relatively rarity of HPCs, estimated
to be only several hundred per ml of blood, in non-mobilised peripheral blood (Saito et al,
2006). In order to boost this number granulocyte-colony stimulating factor (G-CSF) can be
injected into the patient prior to blood sample collection, however this has been reported to
have potentially detrimental effects to the patient (Anderlini et al, 2009). Endothelial
progenitor cells (EPC) represent a potentially more accessible cell type found readily in the
blood with little manipulation required and these have been reported to be amenable to

reprogramming using a retroviral vector system with an efficiency of 0.22% (Geti et al, 2012).

3.1.1.4 Urine

Urine sample collection is a simple process which takes advantage of a naturally occurring and
necessary bodily function. Multiple cell types have previously been identified in urine, such
as: urothelial cells (Rahmoune et al, 2005), epithelial like cells (D6rrenhaus et al, 2000) and a
subpopulation of urinary cells which exhibit multidifferentiation potential (Zhang et al, 2008).
One potential drawback of using urine as a starting sample is the scarcity of cells present
within it as only 2,000-7,000 cells are reported to be extruded in the urine daily (Rahmoune

et al, 2005). Cells which have been isolated from urinary samples have been shown to be
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amenable to reprogramming with efficiencies between 0.1 - 4% when using retroviral vectors

(Zhou et al 2011).

Therefore we sought to establish cell cultures from skin, teeth, blood and urine samples in
order to derive starting cell populations which would provide us with the resources to produce

hiPSCs.
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Table 3-1 - - List of different cell types used to generate hiPSCs

Factors Delivered

Cell Source

Method Used

Reprogramming Efficiency

Fibroblasts Sendai virus OCT3/4, SOX2, 1% (Fusaki et al, 2009)
KLF4 and C-MYC
Retrovirus (OKSM) or OKS 0.001-0.01% (Takahashi et al,
Lentivirus OCT3/4, SOX2, 2007)
LIN28 and NANOG  0.01-0.1% (Yu et al, 2007)
(OSLN)
Keratinocytes Retrovirus OKSM or OKS 1% (Aasen et al, 2008)
Renal epithelial Retrovirus OKSM 0.1-4% (Zhou et al, 2011)
cells
CD34+ Blood Lentivirus (0N 2% (Meng et al, 2012)
Cells
Umbilical cord Inducible OKSM 0.1% (Wang et al, 2013)
blood cells lentivirus
Peripheral Sendai virus OKSM Not reported (Cardano et al,
mononuclear Sendai virus OKSM 2016)
blood cells Not reported (Marcatili et al,
2016)
Adipocytes Episomal OKSM 0.006% (Qu et al, 2012)
reprogramming
Nasal epithelial Sendai virus OKSM 0.1% (Ono et al, 2012)
cells
Dental pulp cells  Lentivirus OKSM/OSLN 0.1% (Yan et al, 2010)
Marrow Retrovirus OKSM or OK Not reported (Park et al, 2008)
mesenchymal
cell
Hepatocyte Retrovirus OKSM 0.1-0.2% (Liu et al, 2010)
Urine derived Sendai virus OKSM Not reported (Afzal et al,
cells Sendai virus OKSM 2016)
Not reported (Sochacki et al,
2016)
Lymphocytes Sendai virus OKSM Not reported (Saito et al,
2016)
Blood erythroid Episomal OKSM and BCL2L.1 | Not reported (Bhatt et al,
cells reprogramming 2016)
Lymphoblast Episomal OSLN Not reported (Schroter et al,
reprogramming L-MYC p53 shRNA 2016)
Lymphoblastoid Episomal OCT3/4, SOX2, 0.005-0.02% (Kumar et al,

cell lines

reprogramming

KLF4, L-MYC, LIN28
and murine p53DD

2016)

OKSM = OCT3/4, KLF4, SOX2 and C-MYC
OSLN = OCT3/4, SOX2, LIN28 and NANOG
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3.1.2 Choosing a non-integrative reprogramming strategy for hiPSC generation

The initial reports of hiPSCs generation used integrating retroviruses (Takahashi et al, 2007)
and lentiviruses (Yu et al, 2007; Blelloch et al, 2007). However in order to progress the field
towards clinical- or GMP-grade hiPSCs there remains a necessity to minimise the risk of
integration of reprogramming transgenes. Various techniques have since been tested
including: non-integrative adenoviral vectors (Stadtfeld et al, 2008b), excisable viral cassettes
(Soldner et al, 2009; Yusa et al, 2009), episomal vectors (Yu et al, 2009; Okita et al, 2011),
Sendai virus (Fusaki et al, 2009; Ban et al, 2011) and the direct delivery of either RNA (Warren
et al, 2010) or protein (Zhou et al, 2009). A list of reprogramming strategies can be seen in
Table 3.2. Most non-integrative techniques exhibit reprogramming efficiency rates of
~0.0001-0.001% which are up to 1000 fold lower than the more successful integrative
methods. However two non-integrative methods which exhibited potential to be used as
replacements for integrating methods were; Sendai virus which was reported to vyield
reprogramming efficiencies of up to 1% (Fusaki et al, 2009) and episomal plasmid
reprogramming which was reported to be able to achieve ~0.028% reprogramming efficiency
(Okita et al, 2011). Therefore in this project both of these methods were tested to ascertain

their robustness for routine use to generate hiPSCs.
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Table 3-2 - List of different reprogramming methods used to generate hiPSCs

Method
Retrovirus

Lentivirus
Zinc Finger
Nucleases
Adenovirus
Episomal

Plasmid
Sendai Virus

Purified
Protein

RNA delivery

Minicircle
DNA

Efficiency
0.001-4%

0.01-0.1%

0.02%
0.0001-
0.0018%
0.0003-
0.028%
0.01-1%

0.001%

0.2%

0.005%

Advantages

Moderate efficiency

Can infect dividing and non-
dividing cells
Inducible/excisable
Targeted integration

Non-integrative

Replicates in episome
Non-integrative

RNA based
Non-integrative
DNA-free
Non-integrative

DNA-free
Non-integrative

Small constructs
Xeno free
Non-integrative

Limitations

Can only infect dividing cells

Tumorigenic
Transgene
incomplete
Genomic integration

silencing can be
Large vector size to deliver

Low efficiency
Potential for integration

Expensive

Repeated and long term
transfections

Low efficiency

Repeated and long term

transfections

Need to suppress cells innate
immune response.

Requires multiple transfections

References

(Takahashi et al, 2007; Park et al, 2008;
Zhou et al, 2011)

(Yu et al, 2007; Ebert et al, 2009; Sommer et
al, 2009; Sommer et al, 2010)
(Ramalingham et al, 2013)

(Stadtfeld et al, 2008b; Okita et al, 2008;
Zhou and Freed, 2009; Weltner et al, 2012)
(Yu et al, 2009; Okita et al, 2011)

(Fusaki et al, 2009; MacArthur et al, 2012)

(Zhou et al, 2009; Kim et al, 2009a)

(Warren et al, 2010)

(Narsinh et al, 2011)
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3.1.2.1 Sendai virus

Sendai virus replicates in the cytoplasm and therefore is unable to integrate into the host’s
genome (Li et al, 2000). Sendai virus has been shown to be non-pathogenic to humans and
able to infect a broad range of hosts (MacArthur et al, 2012). F-protein deficient Sendai virus
vectors were developed to reduce cytotoxicity and prevent replication of the virus while still
generating high level of exogenous gene expression (Li et al, 2000). In this thesis Sendai viral
vectors were obtained as a commercially available kit (Thermo Fisher) which were produced
using previously published protocols (Fusaki et al, 2009; Ban et al, 2011). The CytoTune2.0 kit
(Thermo Fisher) contains three separate vectors termed; KOS, hC-MYC and hKLF4, details of
these vectors can be found in Table 3.3. Briefly, the kit contains a polycistronic vector
expressing OCT3/4, SOX2 and KLF4 as well as two other vectors which each express C-MYC
and KLF4. The presence of the third vector containing KLF4 is to compensate for the potentially
lower expression of KLF4 in the polycistronic vector as it is the third gene to be expressed

(Mizuguchi et al, 2000).

Table 3-3 - Sendai virus vectors used to generate hiPSCs

Vector Factor GenBank ID
CytoTune 2.0 KOS Human Klf4 BC029923.1
Human Oct3/4 NM_002701.4
Human Sox2 NM_003106.2
CytoTune 2.0 hc-Myc Human c-Myc K02276.1
CytoTune 2.0 hKIif4 Human Klf4 BC029923.1

3.1.2.2 Episomal plasmids

Initial reports of episomal reprogramming to hiPSCs using oriP/EBNA-1 episomal vectors
which expressed OCT4, SOX2, NANOG, LIN28, c-Myc, KLF4, and SV4OLT yielded efficiencies of
between 0.0003-0.0006% (Yu et al, 2009). Improvement of this method with a cocktail of small
molecules detailed in Section 1.3.6.2 improved the efficiency of reprogramming to 0.0021%,

representing ~70 fold increase on the initial method (Yu et al, 2011).

It was reported that a knockdown of p53 could improve the efficiency of hiPSC generation by
up to 100 fold (Zhao et al, 2008). Subsequently it was reported that the introduction of TP53
shRNA to episomal plasmids was able to improve reprogramming efficiency up to 0.028%

(Okita et al, 2011).
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As a result of this it was decided in this project to use the episomal plasmids used in Okita and
colleagues report from 2011 as these had given the highest reported efficiency of

reprogramming.

3.1.2.3 Peptide mediated reprograming

Generation of hiPSCs using purified proteins with CPPs is described in Section 1.3.6.4. Delivery
of biologically active cargo using CPPs can mean delivering vast quantities of peptide with
exceptionally high charge, this in turn can cause cytotoxicity (Dixon et al, 2015). By fusing a
membrane-docking peptide to heparin sulfate glycosaminoglycans (GAGs) with a protein
transduction domain (PTD) Dixon et al reported the creation of the GAG-binding enhanced
transduction (GET) system. Initial characterisation of this system showed that it was able to
synergistically improve the efficiency of PTD-tagged biologically active cargo delivery (Dixon
et al, 2015). Furthermore it was demonstrated that this GET system was able to deliver pSIN
GFP plasmid to human mesenchymal stem cells at an efficiency >60%, comparable with
delivery using lipofectamine 2000 (Dixon et al, 2015). The GET system was demonstrated to
be able to deliver NANOG to mESCs cultured in the absence of LIF, by rescuing the cells

pluripotent phenotype (Dixon, et al, 2015).

Initial tests in our lab were unable to generate hiPSCs using the GET peptide system to deliver
purified proteins. However due to the extensive range of cargo delivered previously using the
system including; enzymes, transcriptions factors, magnetic nanoparticles and nucleic acids
(Dixon et al, 2015) it was decided to test the efficiency of the system in delivering episomal

plasmids to somatic cells in order to induce reprogramming.

3.1.2.4 Feeder and xeno free reprogramming
This thesis sought to demonstrate a more defined methodology by adopting a feeder and xeno

free reprogramming approach, such approaches have been shown to reduce efficiency of
reprogramming to between 0.01-0.04% when using Sendai virus (MacArthur et al, 2012). MEF
feeder layers are often used during reprogramming as they are the substrate which generates
the greatest efficiency irrespective of reprogramming method (MacArthur et al, 2012).
However, due to their undefined nature using MEF feeder layers represents a risk of
contamination within the culture, particularly of mycoplasma which can affect cellular growth,

phenotype and karyotype (Villa-Diaz et al, 2013). In addition to this the use of xenogenic
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components in hPSC culture hinders the ability to use hPSCs in the treatment of conditions in

humans (Villa-Diaz et al, 2013).

Therefore in this thesis vitronectin-peptide was used as a substrate during the reprogramming
process and commercially available defined and xeno-free Essential 6 and Essential 8 media
were used to maintain the cells. However as these cells were purely generated for in vitro
analysis Matrigel was routinely used as a substrate during standard hiPSC culture after the

reprogramming process was complete.

3.1.3 Choosing a method to differentiate hiPSCs to cardiomyocytes

Differentiation of hPSCs to generate cardiomyocytes in vitro was described in Section 1.4.2.
Differentiation of hPSCs can be performed using embryoid body (EB) formation, using
techniques such “forced aggregation” and has been demonstrated to be capable of generating
cardiomyocytes at efficiencies of up to 64-89% across multiple hESC and hiPSC lines (Burridge
et al, 2011b).

An alternative method of generating cardiomyocytes from hPSCs is monolayer directed
differentiation which removes the complex diffusional barriers present in EBs and also saves
time as it does not require multiple replating steps (Mummery et al, 2012). Furthermore
monolayer differentiation has been shown to increase the number of cardiomyocytes
generated per input cell compared to EB formation (Burridge et al, 2007; Burridge et al, 2014).
In addition to the increased yields reported for this monolayer method there was also an
increase in overall culture purity with reported efficiencies of 80-95% for all cell lines tested
(Burridge et al. 2014). Therefore it has been demonstrated that monolayer directed
differentiation can increase yield, reduce labour time whilst producing high purity

cardiomyocytes.

Bioreactor culture has been investigated for generation of hiPSC-CMs at very high yields for
clinical applications. Some initial concerns regarding this methodology were that cells are
likely to aggregate in suspension preventing homogenous diffusion of nutrients and growth
factors in addition to gradients of temperature and growth factors. (Azarin and Palecek, 2010).
However bioreactor differentiation has more recently been reported to be capable of
producing ~8x107 cells with a reported purity for cTnT of 80% from a starting population of
2x107 hiPSCs, representing 3.2 cardiomyocytes for every 1 input hiPSC (Matsuura et al, 2012).

Further improvements have recently led to a study reporting 100% beating cardiac spheroids
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at purity of ¥90% in only 10 days, this study reported an input of 2x107 cells but did not specify
yield (Fonoudi et al, 2015). More recent reports of spinner culture flasks have indicated that
yields as high as 2x10° can be achieved when differentiations are performed in a suspension
culture (Chen et al, 2015). Therefore along with monolayer differentiation, bioreactor culture

represents an attractive source for scalable production of cardiomyocytes.

As a result of this it was decided in this project to test different monolayer methods to
ascertain which would reliably and robustly differentiate our hiPSCs to cardiomyocytes. The
first method that was tested in this project for monolayer cardiomyocyte differentiation was
an in-house developed method termed ABKYX, named due its use of Activin A and BMP4 in
the initial differentiation step before using KY02111 and XAV939 in the second step, a timeline
of its key steps can be found in Figure 3.1. This method begins with a BMP4 preconditioning
step and a Matrigel overlay which has been shown to improve cardiomyocyte differentiation
by enhancing epithelial to mesenchymal transition (EMT) (Zhang et al, 2012). Differentiation
is initiated by the growth factors BMP4 and Activin A which drive mesoderm specification by
activation of the Wnt signalling pathway (Xu et al, 2011). The second stage of cardiac
differentiation is to pattern the mesoderm towards cardiac mesoderm, in the ABKYX method
this is achieved by inhibiting the Wnt pathway using two small molecules, KY02111 and
XAV939 (Minami et al, 2012; Wang et al, 2011). This block of the Wnt pathway is maintained
for 96 hours, initially in the absence of insulin before being performed in the presence of
insulin. This is performed as insulin has been demonstrated to prevent cardiomyocyte

formation between day 2-4 of differentiation (Burridge et al, 2011).

The second method tested in this project was the CDM-CW method developed in Stanford
and published in 2014 (Burridge et al, 2014). This method uses a more defined culture
medium, CDM3, which only contains RPMI, rhalbumin and ascorbic acid. This stripped down
nature of the culture medium is thought to result in less interfering factors during the
differentiation process (Burridge et al, 2014). This method applies the same principles as the
ABKYX method by seeking to activate the Wnt signalling pathway before inhibiting the
pathway later in the process to pattern the cells to cardiac mesoderm. CDM-CW achieves this
by activating the Wnt signalling pathway using the small molecule CHIR99021, a GSK3B
inhibitor. This activation is maintained for the initial 48 hours before the Wnt signalling
pathway is blocked using the small molecule Wnt-C59, this block is maintained for the
subsequent 48 hours. After this the cells are maintained in CDM3 medium for routine

maintenance.
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Two hybrid methods of these cardiac differentiation protocols were also tested. As a result of
the cost associated with the ABKYX method alternatives were sought which aimed to make
use of the procedures used in the CDM-CW method. Both Hybrid methods sought to
incorporate the preconditioning step from ABKYX to improve the robustness of the CDM-CW
protocol. Initially this preconditioning was performed in E8 medium and latterly it was tested

in CDM3.

The aim of testing these methods was to ascertain which was able to achieve the greatest
robustness in generating high purity cardiomyocyte cultures reproducibly both across the

same cell line and multiple cell lines in our lab.

CDM-CW
Seed Cells at CDM3 + 4uM CDM3+ 2uM CDM3
32,000/cm? CHIR99021 WntC59
Await 70-90%
confluence
—————
Day 0-2 Day 2-4 Day 4+
ABKYX
StemPro34 + StemPro34 + RPMIB27 —ve RPMIB27 + RPMIB27
Matrigel 8ng/ul Activin A insulin + 10uM  10pM KY02111
overlay and 10ng/ul KY02111 and and 10puM
H 4 0,
cond Cell Await 70-90%  1.900and BMP4 10UM XAV939 XAV939
eed Cells at| confluence 1ng/ul BMP4
32,000/cm?

‘ Day -1 ‘ Day 0-2 ‘ Day 2-4 ‘ Day 4-6 ‘ Day 6+

Figure 3-1 - Schematic representation of the two main differentiation methods tested
Figure showing the key steps involved in cardiac differentiation using the two main methods tested. The CDM-

CW method features the addition of small molecules at day 0 and day 2 before longer term maintenance is
performed in defined and xeno free CDM3 medium. The ABKYX method requires an initial preconditioning step
with BMP4 and a Matrigel overlay before addition of growth factors, BMP4 and Activin A, at day 0. On day 2 two
small molecules, KY02111 and XAV939, are added in the absence of insulin. On day 4 KY02111 and XAV939 are
added in the presence of insulin. After Day 6 the cells are maintained in RMPIB27

3.1.4 Chapter aims and objectives
The aim of this chapter was to ascertain the most reliable starting sample type which would
enable the isolation of somatic cells from patients for use in reprogramming to hiPSCs.

Secondly after the establishment of a preferred starting sample and cell type three different
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methods of hiPSC generation would be tested to ascertain which most reliably produced
hiPSCs in our lab. From this these hiPSCs would then be differentiated to cardiomyocytes in
order to use them in downstream assays to ascertain the patient’s phenotype in vitro. For this
to be successful it would first be necessary to establish which differentiation method worked
most reliably and efficiently in our hands to generate cardiomyocytes of high purity across

multiple cell lines. To achieve these aims the following objectives had to be met:

1. Obtain donor or patient skin, teeth, blood and urine samples and attempt to isolate
cells from these.

2. Test the efficiency and stability of reprogramming using Sendai virus and episomal
reprogramming both via electroporation and via the GET peptide delivery system.

3. Assess the quality of the produced hiPSC lines generated using Sendai virus and
compare these against previous lentiviral produced lines made in our lab.

4. Assess the efficiency and reproducibility of the CDM-CW and ABKYX differentiation
methods to ascertain which method more reliably generated cardiomyocytes of a high

purity across multiple cell lines.

81



3.2 Results

3.2.1 Generating hiPSCs using previously established methods

In order to assess the effectiveness and robustness of any new hiPSC generating protocol it
was first required that a control method was established. Use of lentivirus containing the
Thomson factors; OCT4, SOX2, NANOG and LIN28 (termed OSNL), was the previously
established method in our lab. This approach had been used to reprogram skin fibroblasts
from Duchenne muscular dystrophy (DMD) (Dick et al, 2013) and Long QT Syndrome (LQTS)
patients (Matsa et al, 2011). In these instances fibroblast-like cells, derived by differentiating
the hESC line HUES7, were used as an ‘easy to reprogram’ control sample. These cells were
termed Hfib and were reprogrammed with lentiviral OSNL to demonstrate hiPSC colonies
could be successfully produced both in my hands and with the reagents available in the lab

when | started my PhD.

This process entailed transducing Hfib cells with streptavidin-conjugated viral particles in the
presence of polybrene at an MOI of 10 as detailed previously (Dick et al, 2013). These cells
were then replated in MEF conditioned medium supplemented with FGF at 48 hours post
transduction onto mitomycin-C inactivated MEF feeder layers. Medium changes were
performed daily until day 25-30. The result, which can be seen in Figure 3.2, was that over a
25 day period colonies of hiPSCs emerged within the culture, these were characterised by
defined cell borders, high cytoplasm to nucleus ratio and a loss of the spindle-like morphology
typical of fibroblasts. The developing hiPSCs were isolated using MACS with TRA-1-81 as a
marker for pluripotency, they were passaged using 0.05% trypsin and were subjected to basic
pluripotency assessment after 10 passages. This showed that the derived Hfib-hiPSC-Lenti line
displayed the morphology typical of pluripotent cells. In Figure 3.2 the cultures were stained
for LIN28, REX1, SSEA4 and TRA-1-81; the more typical pluripotency markers OCT4, NANOG
and SOX2 were not used as these were encoded by the lentiviral vectors and it has been shown

that transgene expression can persist in hiPSC using this approach (Park et al, 2008).

Finally in vitro differentiation capacity was assessed by inducing embryoid body (EB) formation
by aggregating 3,000-10,000 cells per well into V-bottom 96-well plates. These EBs were
transferred to U-bottom plates on day 10 at a density of 1 EB per well. On day 30 these EBs
were then fixed and stained for markers of all three germ layers. This staining demonstrated
that portions of the EBs expressed alpha fetoprotein (AFP), a-actinin and B-lll-tubulin which

are representative for endoderm, mesoderm and ectoderm germlayers respectively (Abe et
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al, 1996; Garcia et al, 2006; Draberova et al, 2008). The results of this staining can be found in

Figure 3.2.

Therefore this demonstrated that in my hands, HUES7 derived fibroblast-like cells could be
used as a positive control for hiPSC reprogramming and were adopted in future tests

described in this chapter for comparable pluripotency analysis.
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Figure 3-2 Generating hiPSC lines using lentivirus as a delivery mechanism
A — Brightfield images through the reprogramming process starting with Hfib (left), Hfib 13 days after transduction (Centre) and purified Hfib-hiPSC-Lenti line cultured in MEF conditioned

medium (right). B — Pluripotency quantification of lentiviral derived hiPSC lines. Images show cells are expressing the markers TRA-1-81, SSEA4, REX1 and LIN28 which are all markers
indicative of pluripotency. Images on the left show CY3 staining and images on the right show CY3 merged with DAPI to stain for nuclei. C — Analysis of true pluripotency to show that this
lentiviral derived Hfib-hiPSC-Lenti line is able to differentiate to all three germ layers. This image shows that the cells express B-llI-Tubulin which is a marker of ectoderm (top), a-actinin
which is a marker of mesoderm (middle) and AFP which is a marker indicative of endoderm formation (bottom). The images on the left hand side show CY3 staining for the markers in
question while the images on the right side show CY3 staining merged with DAPI to identify nuclei. All scale bars represent 100um. Pluripotency analysis in this figure was performed by Dr
Divya Mirrington.
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3.2.2 Establishing the efficiency of transduction and reprogramming using non-

integrative methods
The transduction of Sendai virus into fibroblasts had not previously been tested in our lab.
There have been some concerns of cytotoxicity during transduction with Sendai virus vectors
(Beers et al, 2015). Therefore a Sendai viral vector expressing GFP was used to test the
efficiency of transduction and to monitor the cell growth over a 72 hour period to ascertain
any toxicity. Three fibroblasts cell lines; WeBr (LQT1), ReBl (LQT2) and SaDe (LQT1), were
transduced with commercially available Sendai viral GFP vector at an MOI of 5. A list of lines
used and generated in this thesis can be found in Table 3.4. This was transduced into 2x10°
cells which were incubated at 37°C for 24 hours. Fluorescent image recordings were taken at
24, 48 and 72 hours for GFP and for hoescht live cell stain, the results of which can be seen in
Figure 3.3. Percentage of cells expressing GFP was shown to be 15.091£3.79% at 24 hours,
43.77+5.58% at 48 hours and 50.28+4.96% at 72 hours. This accounts for a significant increase
between 24 and 48 hours (p<0.05, n=3, paired t test) however the increase between 48 and
72 hours was not found to be significant (p=0.23, n=3, paired t test), these data are displayed
in Figure 3.3. The total number of cells was found to increase by 17.66+15.54% from 24 to 48
hours, this was not found to be significant (p=0.32, n=3, paired t test). The total cell number
was found to decrease by 3.44+2.96% from 48 to 72 hours, this was also not found to be
significant (p=0.09, n=3, paired t test). These data indicate that Sendai virus can transduce
cells to a high efficiency and does not appear to exhibit any serious cytotoxic effects based on

viral backbone

Table 3-4 - List of patient samples reprogrammed during this study

Cell Line Disease State Mutation  AA Change
PhiCr F LQTS1 KCNQ1 C1986G Tyr662X
SaDe F LQTS1 KCNQ1 G686A Gly229Asp
ReBI F LQTS2 KCNH2 G1681A Ala561Thr
ZoTh F LQTS1 KCNH2 E130K Glud4lLys
LQTS2 KCNQ1 A341E Alal14Glu
CP1 M CPVT RYR2 C6737T Ser2246leu
ReBIMAT | F Asymptomatic carrier KCNH2 G1681A Ala561Thr
ReBl PAT M Healthy N/A N/A N/A
BT2 F Healthy N/A N/A N/A
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Figure 3-3 Assessment of GFP transduction efficiency using Sendai virus vectors as a delivery vehicle
A — Representative images showing GFP expression for three different fibroblast lines over a period of 72 hours images were obtained using filter for Alexa488 and show expression of GFP merged with DAPI to

stain for nuclei. The number of cells expressing GFP was then calculated as a percentage of the total number of cells as assessed by DAPI staining B — Distribution plot showing the increase in GFP expression as a %
of total cell number in our three cell lines over a period of 72 hours. Mean % of cells expressing GFP was 15.09+3.79 (24 hours), 43.77+5.58 (48 hours and 50.28+4.96 (72 hours). Change in GFP expression between
24 and 48 hours is significant (p<0.05, n=3, paired t-test). Change in GFP expression between 48 and 72 hours does not increase significantly (p=0.23 n=3, paired t-test). C — Bar chart showing % change in cell

number between 24 - 48 hours and 48 — 72 hours. Average % change in cell number was found to be 17.66%+15.54 from 24 to 48 hours, this was not significant (p=0.32, n=3, paired t-test). Cell number was noted

to decrease by 3.44%%2.96 between 48-72 hours. This was not deemed significant p=0.32, n=3, paired t-test).
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Non-integrating reprogramming methods typically demonstrate lower reprogramming
efficiency than integrating retroviral and lentiviral methods (Schlaeger et al, 2015). However
the risk of random integrations into the genome disrupting cell phenotype and behaviour
(Kang et al, 2015) has necessitated the need for more robust and efficient non-integrating
methods. Reports in the literature have shown that Sendai virus and episomal reprogramming
are able to robustly produce hiPSCs with efficiencies of up to 0.04% using feeder free
conditions (MacArthur et al, 2012). Therefore in this project commercially available Sendai
virus was compared with episomal reprogramming using previously published plasmids (Okita
et al, 2011) delivered using electroporation and the GET peptide system in an attempt to

establish a robust and reliable system in our lab.

Three Sendai viral vectors (KOS, hC-MYC and hKLF4) were added to culture medium at MOls
of 5:5:3, per manufacturers guidelines, and transduced into 2x10° cells which were then
incubated at 37°C overnight, medium was then changed until the cells reached confluence at
which time they were passaged using 0.05% trypsin and plated onto vitronectin-peptide
coated 35mm dishes. After this time they were maintained in E6 medium + 100ng/ml FGF,
changed daily, until the emergence of colonies between day 10-14. Sendai virus was able to
generate hiPSCs from all three fibroblast lines tested (ReBI, ReBl PAT, Hfib) at an efficiency of
0.51%+0.05 (n=3) as measured by ALP staining for hiPSC colonies, these data can be seen in

Figure 3.4.

Three episomal plasmids; pCXLEOhOCT3/4-shp53-F (Addgene #27077), pCXLE-hUL (Addgene
#27080), pCXLE-hSK (Addgene #27078), were nucleofected into 1x10° cells using the Amaxa
4D electroporation system program CM-100. These cells were then plated onto vitronectin-
peptide coated 35mm dishes and incubated at 37°C for 24 hours. After this time they were
maintained in E6 medium + 100ng/ml FGF, changed daily, until the emergence of colonies at
day 14, at this stage medium was changed to E8. Episomal reprogramming using Amaxa
nucleofection was found to generate hiPSC colonies in all three fibroblast lines tested (ReBl,
ReBL PAT, Hfib) at an efficiency of 0.004%+0.006 (n=3) as measured by ALP staining for hiPSC

colonies, these data can be seen in Figure 3.4.

Finally the same episomal plasmids were transfected into 2x10° cells in a 6 well plate using
the GET system. These cells were then incubated at 37°C for 24 hours before medium was
changed to E6 medium + 100ng/ml FGF. Medium was then changed daily until the emergence
of colonies which occurred at day 21. Episomal reprogramming using the GET system was

found to generate hiPSC colonies in all fibroblast lines tested (ReBl, ReBl PAT, Hfib) at an
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efficiency of 0.0219%+0.028 (n=3) as measured by ALP staining for hiPSC colonies, these data

can be seen in Figure 3.4.

Sendai virus was found to be significantly more efficient than both electroporation (p<0.05,
n=3, paired t test) and GET peptide (p<0.05, n=3, paired t test) delivery of episomal plasmids.
There was found to be no significant difference between the reprogramming efficiency when
using episomal plasmid between electroporation and GET peptide delivery (p=0.35, n=3,
paired t test). These data indicate that although all methods tested were able to generate
hiPSCs, Sendai virus did so at the greatest efficiency and was chosen as the reprogramming

method of choice going forward.
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Figure 3-4 Assessment of reprogramming efficiency using different methods of vector delivery
A — Bar graph displaying the reprogramming efficiencies for fibroblasts transduced with SeV and reprogrammed with episomal plasmids either by electroporation or GET peptide delivery. There was

found to be no significant difference in reprogramming efficiency between GET peptide and electroporation of episomal plasmid (p=0.79, n=3, One way ANOVA, Tukeys Multiple Comparisons). However
there was found to be a significant improvement in reprogramming efficiency between Sendai virus and electroporation of episomal plasmid (p<0.05, n=3, One way ANOVA, Tukeys Multiple
Comparisons). Sendai virus was also significantly more efficient than GET peptide based delivery (p<0.05, n=3, One way ANOVA , Tukeys Multiple Comparisons). B — i — Overview of 3 wells of a 6-well
plate after alkaline phosphatase (ALP) staining to assess pluripotent colonies. Each colony which stained positive for ALP was counted and this number divided by the initial starting number of somatic
cells to calculate the reprogramming efficiency. In these representative images all cell lines had been reprogrammed using Sendai virus. ii — Image of colonies which had emerged and stained positive for
ALP where scale bar = 100uM. iii - This image shows a colony which has stained positive for ALP where scale bar = 100uM. ALP staining carried out by Dr James Dixon.
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3.2.3 Derivation of starting cell populations from different tissue samples
In order to assess which tissue type would be the most appropriate to obtain routinely in the

future it was first necessary to test which ones yielded success most often.

Skin fibroblast samples were obtained from two female donors, LiHa (LQT3) and CIAI (LQT3),
during surgery to implant an ICD in each patient. A sample of roughly around 5-10mm was
obtained and transported on ice to the lab immediately. Samples were processed according
to the procedure described in Section 2.1.1. Briefly; subcutaneous fat and hypodermis were
removed from the samples using a scalpel. Skin was then cut into pieces roughly Imm?3 in size
and enzymatically dissociated using 2.5% Trypsin at 37°C. Colonies emerged over the following
7-14 days in both samples collected and medium was changed every other day during this
process, the results of this can be observed in Figure 3.5. After the cells reached confluence
they were passaged into 1x T75 and medium changed every other day before being

cryopreserved for future use.

Teeth were obtained from 2 healthy donors, both teenage boys, and processed immediately.
Both samples were molar milk teeth extracted by dentists and were used with informed
consent of the patients. Attempts to crack teeth using a vice were initially unsuccessful, the
first sample was crushed and seeded into a T75 culture flask coated in Matrigel, this did not
yield any cells after 14 days in culture and was discarded. Due to the difficulty in cracking the
tooth to access dental pulp an alternative was sought. Previous reports showed explants of
teeth samples were able to derive starting cell populations (About et al, 2000). Therefore the
second sample was processed by simply placing the tooth in a T75 flask containing fibroblast
medium which had been coated in Matrigel. Cells were evident after 2-3 days in culture, the
results of this are shown in Figure 3.5. This flask was contaminated on day 5 and no
characterisation the cells was able to be carried out. Due to time pressure in this project no

further attempts were made to derive starting cell populations from tooth samples.

One blood sample was collected from a healthy donor around midday. Sample volume was
40ml which was 20ml less than the amount recommended based on published protocol (Geti
et al, 2012). Samples were processed according the procedure described in Section 2.1.3.
Briefly, blood is mixed with sodium citrate and inverted, in tubes containing 8ml of ficoll and
samples are centrifuged at 400g for 35 minutes. EPCs are then isolated using a plastic transfer
pipette to carefully remove the thin translucent layer between transparent supernatant and
red blood cells. Medium was changed on the flask every other day up until day 14 at which

point the flask was discarded with no evidence of any adherent cells, as shown in Figure 3.5.
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Due to time pressure no further attempts were carried out to derive starting cell populations

from blood samples.

Urine was collected and the cells harvested according to published procedures (Zhou et al,
2011). Briefly; samples were aliquoted into 50ml tubes and centrifuged at 400g for 10 minutes
before all pellets collected, centrifuged at 400g for 10 minutes again, and seeded into 1x well
of a 12-well plate coated with gelatin, as described in Section 2.1.4. Urine samples were
collected from three donors; two healthy and one carrying LQTS3 mutation (CIAI). Samples
were collected around midday on day of donation and amounted to between 100-470ml, only
the mid-stream of urine was collected, the initial dense stream was discarded. Medium was
changed on the plates every other day and the emergence of colonies was observed at day 2-
4, the results of which can be seen in Figure 3.5. This was successfully performed on one
occasion. At this stage the experiment was abandoned due to the relative lack of success in
generating starter cultures from urine samples and fibroblasts were chosen as the preferred

cell type going forward.
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A Urine Teeth

Somaticcell Advantages Limitations Number of %

source attempts success

Urine Easily obtainable (Zhouet Low number of cells extrudedin 10 10%
al, 2012) urine daily (Zhou et al, 2012)

Skin Established (Takahashiet ~ High mutation load (Takeda etal, 2 100%
al, 2007; Yu et al 2007) 2008), painful

Teeth Low mutation load Difficult sample to obtain, 2 50%
(Takeda et al, 2008) especially in adults

Blood Low mutation load, easy Must be immediately processed 1 0%

access (Geti et al, 2012)

Figure 3-5 Isolation of primary cells from human somatic tissue for the purposes of reprogramming
A - Brightfield images of p1 primary cell cultures derived from urine, skin and teeth. No cultures were successfully derived from blood as a starting sample. These somatic cells are all

characterised by their long spindle like morphology and low nucleus to cytoplasm ratio. The image for blood empty well as no cells were adherent. B — Table describing the advantages,
limitations and ease of derivation of primary cell cultures from different starting somatic cell sources. Urine was successful in 10% (n=10) of attempts compared with 100% success for skin
samples (n=2) and a 50% success rate for teeth (n=2). In this study blood was successful in 0% of cases (n=1). Scale bars represent 100um
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Figure 3-6 Sendai Virus-mediated hiPSC reprogramming

A - Schematic representing the reprogramming procedure with a timeline illustrating the steps during the process.
B — Brightfield images showing the morphological changes observed during the reprogramming process i — Initial
fibroblast starting cells exhibiting long and spindle like morphology. ii — Presence of long and spindle like cells in
this culture are the fibroblasts which haven’t undergone the reprogramming process. The colony in the middle of
the image exhibits clear and defined edges around its border with more spherical and compact cells within it. iii —
Thisimages shows a purified hiPSC line after reprogramming and these cells are characterised by their high nucleus
to cytoplasm ratio, tightly clustered colonies and defined cell borders. Scale bar = 100um.

3.2.4 Pilot reprogramming of control fibroblasts like cell line using Sendai virus

To assess the quality of the hiPSC lines generated using Sendai virus in our lab it was decided
to reprogram a control line as had previously been performed using lentivirus to ensure Sendai
generated comparable hiPSCs. Hfibs were reprogrammed according to the protocol described
in Section 2.3.1, a schematic of which is shown in Figure 3.6, this line was hence described as
Hfib-hiPS-SeV. Putative hiPSC colonies were first noted between day 12-14 and the cells ready
for purification on day 21. Purification was performed using MACS and the cells expanded up
until passage 15 when characterisation was performed. Immunocytochemistry was
undertaken to assess the presence of the pluripotency associated transcription factors OCT4,
SOX2 and NANOG. In addition to this two pluripotency associated surface markers, SSEA3 and
SSEA4, were also stained for. The Hfib-hiPS-SeV line demonstrated high expression of all
pluripotency related transcription factors and both pluripotency related surface markers, as
shown in Figure 3.7. This expression was not seen on Hfib cells, which were originally

reprogrammed to generate Hfib-hiPS-SeV. In order to quantify the level of hiPSC purity in the
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Hfib-hiPS-SeV cultures flow cytometry was undertaken for the pluripotency related surface
markers TRA-1-81 and SSEA4, in addition to this the differentiation marker SSEA1 was used as
a negative control. Hfib-hiPS-SeV cells were found to be 89.3% positive for TRA-1-81 and
97.2% positive for SSEA4 when gated against a negative cell type control, namely Hfibs, these
data can be seen in Figure 3.7. Only 1.52% of cells stained positive for SSEA1 when gated
against a negative cell type control. Based on these data it was concluded that Hfib-iPS derived
using Sendai virus was comparable in terms of pluripotency with previous Hfib-hiPS-Lenti in
our lab. Therefore Sendai virus reprogramming was used to generate the hiPSC lines required

for this project.
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Figure 3-7 Assessing effectiveness of Sendai virus to produce viable hiPSC lines in our lab

A —Brightfield images through the reprogramming process. From initial seeding of HUES7 fibroblasts in a 6 well plate at a density of 2x10° per well at day 1 post transduction (left) to the
emergence of putative hiPSC colonies within the fibroblast cultures at day 10-12 (centre) and the establishment of purified hiPSC lines which are cultured routinely in Essential 8 medium
with little to no spontaneous differentiation at passage 5. Scale bars represent 100pum. B — Immunofluorescence analysis of the Hfib-iPSC-SeV line showed that there was clear expression of
OCT4, SOX2, SSEA4 and NANOG images on the left show positive staining for Alexa488 (Showin Alexa488 channel) with images on the right showing Alexa4d88 merged with DAPI to identify
cell nuclei. In addition to this there was also clear expression of SEEA3 with the image on the left showing Alexa647 (shown in DRAQ5 channel) staining and on the right showing Alexa647
staining merged with DAPI to identify cell nuclei. Scale bars =50um.C — Flow cytometry analysis of the newly derived Hfib-iPSC-SeV line showed that these cells expressed TRA-1-81 at a %
positive of 89.3%, n=1 and SSEA4 at a % positive of 97.2%, n=1 but only expressed SSEA1 which is a marker of differentiation at a % positive of 1.52%. These cells were compared to a
negative cell type control, in this case HUES7-fibs. The positive gate for staining was set not higher than 5% of the negative sample.
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3.2.5 Generation of hiPSCs using Sendai virus

Fibroblasts were collected from patients who suffered from either LQTS1, LQTS2 or CPVT. In
addition to this some fibroblasts were collected from healthy donors and in one case an
asymptomatic carrier with LQTS2 mutation, details of these patients can be found in Table
3.4. These fibroblasts were reprogrammed to hiPSCs using the CytoTune2.0 Sendai virus kit
(Thermo Fisher) as described in Section 2.2.1. Putative hiPSC colonies were identified by their
defined borders exhibiting a cobblestone-like morphology, a high cytoplasm to nucleus ratio
and the loss of the spindle like process with characterise the morphology of fibroblast like
cells. These hiPSC colonies began to emerge at day 10-14 post transduction. After purification
these hiPSC lines were maintained in the commercially available defined medium E8 on

Matrigel coated surfaces.

These putative hiPSC colonies were then tested to ascertain they were exhibiting true ‘stem
cell’ phenotype. Regular monitoring of the cell morphology was performed using bright-field
microscopy, this was done to monitor that the cells remained small and rounded with defined
cell borders and a had a high cytoplasm to nucleus ratio as these are all factors indicative of
an immature cell type (Oh et al, 2005). Newly derived hiPSC lines were subjected to
immunostaining for pluripotency transcription factors OCT4, SOX2 and NANOG as well as
pluripotency related surface markers SSEA3 and SSEA4 as shown in Figure 3.8. All lines
expressed these markers to high levels, however these markers were found to be absent in
Hfib, a HUES7 derived fibroblast like cell type. To quantify the purity of our cultures flow
cytometry was performed for the pluripotency related surface markers TRA-1-81 and SSEA4
as shown in Figure 3.9. In addition to this the cells were also stained for SSEA1 which is a
marker of differentiation. All cell lines were greater than 88% when gated against a negative
cell type control for the surface marker TRA-1-81. Furthermore all lines were greater than 92%
with the exception of PhiCr which was recorded as 73.7% positive for SSEA4 staining. All lines
were recorded to be <2% positive for the differentiation marker SSEA1, these data can be seen
in Figure 3.9. Newly derived hiPSC lines were sent for G-banding karyotype analysis to ensure
the lines generated were chromosomally stable, any cells which exhibited more than 10% of
the same abnormality within one culture were discarded, these data can be observed in Figure
3.10. All cell lines generated in this project exhibited stable and normal karyotypes in at least
one “sub line”. Cumulative population doubling times were calculated and these CPDs can be
seen in Figure 3.10. These growth rates were comparable to the hESC line HUES7 which has

been recorded to have a CPD of 33.5 hours in our lab.
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Therefore these data confirm that hiPSC lines derived in our lab using the commercially
available CytoTune2.0 kit (Thermo Fisher) were karyotypically stable with growth rates
consistent with a control hESC line (HUES7). Furthermore all hiPSC lines derived exhibited high
expression levels of pluripotency transcription factors and surface markers assessed by
immunocytochemistry which were not observed in fibroblast like control cells. This was
confirmed and quantified by flow cytometry for pluripotency related surface markers which
showed high purity of the hiPSC cultures. Furthermore the newly derived hiPSC cultures also
showed very low expression of a differentiation marker. Therefore the cells generated here
were good candidates to be taken forward for use in downstream assays after cardiac

differentiation.
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Figure 3-8- Immunocytochemistry analysis of newly derived hiPSC lines
Newly derived hiPSC lines were seeded into 96-well plate format at a density of 1x10* cells per well. These cells were fixed in 4% paraformaldehyde 48 hours after seeding. Cells were stained

for markers of pluripotency in this case OCT4, SSEA4, SSEA3, SOX2 and NANOG were used, these are well-established indicators of pluripotency (Adewumi et al, 2007; Li and Belmonte, 2017).
Marker expression was captured using the Alexa488 channel (green) or the DRAQ5 channel (red) while the overlay represents a merge of the DAPI (nuclear staining). Scale bars represent

50um.
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Figure 3-9 - Flow cytometry analysis of pluripotency marker expression in newly derived hiPSCs for quantification
Newly derived hiPSC lines were stained for TRA-1-81 and SSEA4 surface markers which are established markers of pluripotency (Adewumi et al, 2007). In addition to this they were also

stained for expression of the surface marker SSEA1 which is an established marker of differentiation (Takahashi et al, 2007). Samples were gated and analysed in comparison to a
negative cell type control, in this case Hfibs. The positive gate was set no greater than 5% positive for the negative control. There are no error bars in the graphs as n=1.
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Figure 3-10 - Culture and karyotype assessment of newly derived hiPSC lines

A — Growth curves of newly derived hiPSC lines showing stable rates of growth for our lines which appear to overlap in most cases. The only potential outlier is BT2, this line was
discontinued from use in the lab due to the inability to culture in roboflasks for mass cardiomyocyte production. B — Table showing the cumulative population doubling time for the hiPSC
lines which were derived in the early stages of this project. C — Representative karyotypes showing 46XY and 46XX karyograms from CP1 and ReBl respectively. G-band karyotyping was
carried out by Dr Nigel Smith
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3.2.6 Assessing the three germ layer differentiation potential of newly derived hiPSC
line ReBI-PAT

A key component in establishing the pluripotency of an hPSC line is to demonstrate it can
generate all three germ layers, ectoderm, endoderm and mesoderm (Yu and Thomson, 2008).
Traditionally this has been achieved by injecting the hPSC line into an immunodeficient mouse
and assessing whether it generates a teratoma (Zhang et al, 2012). In this thesis it was decided
to use a directed differentiation approach to try and induce the newly generated hiPSC line to
differentitate to all three germ layers before quantifying how successful each was. This work

was performed by Dr Luke Flatt as part of his doctoral research.

Briefly hPSC lines were harvested and seeded into wells of a 96 well plate at a final seeding
density of 16,700 cells/well. For ectoderm and mesoderm differentiation was induced 72
hours after seeding, however for endoderm it was induced 24 hours after seeding. This

process is described in Section 2.1.5.

ReBI-PAT-hiPSC was able to successfully form all three germ layers showing positive staining
for markers of ectoderm (SOX1 and PAX6), endoderm (SOX17 and FOXA2) and mesoderm
(MESP1 and ISL1) as shown in Figure 3.11. Quantification of this staining was performed using
DAPI as a counter stain to assess number of cells and calculating the percentage positive
population in each differentiation condition. ReBI-PAT-hiPSC was able to form ectoderm to an
efficiency of 64.2%+2.1%, endoderm to an efficiency of 87.6%+6.5% and mesoderm to an

efficiency of 68.2%+5.8%.

These data indicate that ReBI-PAT-hiPSC line generated by SeV is able to generate cells from
all three germ layers therefore indicating that it displays true pluripotency and providing

further confidence in the SeV reprogramming method.
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Figure 3-11 - Assessing the ability of newly generated hiPSC line to generate derivatives of all three germ layers
A — Immunocytochemistry images which display the marker expression of ReBI-PAT after tri-lineage differentiation. Immunocytochemistry image to assess the presence of markers of

ectoderm differentiation (left). The top image shows a merge of SOX1, PAX6 and DAPI. SOX1 is visualised through the DRAQ5 channel and PAX6 is visualised through the Alexa488
channel. ii) The top image shows a merge of SOX17, FOXA2 and DAPI. Immunocytochemistry image to assess the presence of markers of endoderm differentiation (centre). SOX17 is
visualised through the DRAQ5 channel while FOXA2 is visualised through the Alexa488 channel. iii) The top image shows a merge of MESP1, ISL1 and DAPI. Immunocytochemistry image to
assess the presence of markers of mesoderm differentiation (right). MESP1 is visualised through the DRAQS5 channel while ISL1 is visualised through the Alexa488 channel. B — Graph
displaying the percentage of cells which stained positive for both markers indicating a differentiation efficiency. Scale bars are 100um, this staining and analysis was carried out by Dr Luke
Flatt.
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3.2.7 Assessing method for hiPSC purification after reprogramming

Purification of hiPSC during the reprogramming process can be performed using MACS to sort
cells which are positive for a marker of pluripotency such as TRA-1-81 (Dick et al, 2011).
However previous hiPSC lines generated in our lab using lentivirus with MACS for purification
required multiple rounds of purification thereby indicating that the process was less than
optimal. During the process of generating the hiPSC lines described in Section 2.2.4. attempts
were made to generate ‘sub-lines’ of these hiPSC lines using different purification techniques
to ascertain if high quality pluripotent lines could be generated using two alternative methods

described in Section 2.2.4.

Manual dissection (MD) is the process by which individual putative hiPSC colonies are
mechanically dissociated by cutting with a stem cell knife before being replated in a 48-well
plate and expanded as a monoclonal culture. Serial passage (SP) is the process whereby
fibroblasts and putative hiPSC colonies are enzymatically passaged using 0.5mM EDTA and
reseeded leading to a purified culture over 3-5 passages. hiPSC lines generated using each of
these three different purification methods were then tested to ascertain their level of

pluripotency and their genomic stability.

Two hiPSC lines were able to be derived using MD (ReBI, PhiCr) both of these lines were found
to be karyotypically stable and exhibited positive staining for pluripotency markers TRA-1-81
and SSEA4 >70% as shown by flow cytometry. In addition they showed differentiation marker

SSEA1 staining <1%. These data can be seen in Figure 3.12.

Six lines were purified using SP (BT2, ReBI PAT, PhiCr, ReBI, ZoTh, ReBlI MAT) of these all were
found to have stable and normal karyotypes. In addition to this these lines expressed
pluripotency related surface markers SSEA4 and TRA-1-81 >85% in all cases except PhiCr

(63.7%) and SSEA1 expression in <2% in all cases. These data are shown in Figure 3.12

Five lines were purified using MACS (Hfib-hiPS-SeV, ReBI, CP1, SaDe, PhiCr) of these five lines
three were found to carry karyotype abnormalities in greater than 10% of the metaphase cells
analysed and were discarded from use. The abnormalities can be seen in Figure 3.12. Despite
this genomic instability MACS purified hiPSC lines which did not express karyotype
abnormalities were analysed for their pluripotency. These genomically stable lines expressed
pluripotency related surface markers SSEA4 and TRA-1-81 >85% and expressed the

differentiation marker SSEA1 <1% in all cases. These data are shown in Figure 3.12.
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These findings led to the conclusion SP or MD lines carried lower risk of karyotype abnormality
than using MACS. There was no difference observed in the purity of the hiPSC lines. However
monoclonal lines were preferred for downstream use in gene targeting and therefore MD was

chosen as the first option for all newly derived hiPSC lines with SP used as a backup option.
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Figure 3-12 - Assessing the effect of method of purification on hiPSC pluripotency and quality
A - Pluripotency analysis based on % positive cells expressing pluripotency markers SSEA4 and TRA-1-81 as well as the differentiation marker SSEA1 as quantified using flow cytometry data.

The % of cells expressing the differentiation marker SSEA1 is also shown. B — Representative karyogram images showing the ReBl cell line with 46XX phenotype (left) and CP1 showing the
46XY phenotype (right). C - Assessing the karyotypical stability of lines based on method of purification. Lines purified by manual dissection were all karyotypically normal at between passage
15-20. The same is true of the lines generated using serial passage of which 6 were derived and all 6 were karyotypically normal at between passages 15-20. 5 lines were derived using a MACS
method of purification, of these 3 were found to contain karyotype abnormalities making the line unusable in this study, this accounted for 60% of the lines generated. D — Table showing the

specific karyotype abnormality which was present in each of the three MACS lines.
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3.2.8 Assessing the loss of reprogramming vectors in the newly derived hiPSCs

The use of non-integrating reprogramming methods aims to eliminate the integration of viral
transgenes which can persist and lead to genomic instability and introduction of single
nucleotide polymorphisms (SNPs) (Beers et al, 2015). The vectors contained within the
CytoTune2.0 reprogramming kit used in this project act within the cytoplasm and do not enter
the DNA phase of replication, thus eliminating the risk of integration. However the length of
time which the vectors persist within the cell can still vary. The primers in Table 3.5 were
obtained from Thermo Fisher and are recommended for use in detecting SeV vectors. As these

vectors are proprietary there is no way of displaying where in the vector the primers bind.

Initial tests were carried using the primer pair which detects the presence of the SeV
backbone. It was demonstrated that BT2, CP1, SaDe and ReBI PAT, representing 75% of the
lines generated, still exhibited presence of at least one vector after passage 10. Further
analysis was carried out to ascertain specifically which vector remained present. No lines
showed the presence of the KOS vector. However the C-MYC vector was detected in 37.5% of
the lines tested, namely CP1, SaDe and R PAT. Finally the KLF vector was detected in one
sample, ReBl PAT, meaning it was detected in 12.5% of the cell lines analysed. The gel images

from these experiments are shown in Figure 3.13

It is not established if the presence of these vectors within these cells has any effect on cell
behaviour, to this point no issues regarding pluripotency or differentiation potential have

been identified. As a result of this no further action was taken with regards to this at this stage.

Table 3-5 - Primer sequences to check for presence of CytoTune2.0 vectors

Target Primer Sequence Product
Size

SeV Forward: GGA TCA CTA GGT GAT ATC GAG C 181bp
Reverse: ACC AGA CAA GAG TTT AAG AGATAT GTATC

KOS Forward: ATG CAC CGC TAC GAC GTG AGC GC 528bp
Reverse: ACCTTG ACA ATC CTG ATG TGG

KLF4 Forward: TTC CTG CAT GCC AGA GGA GCCC 410bp
Reverse: AAT GTA TCG AAG GTG CTC AA

C-MYC Forward: TAA CTG ACT AGC AGG CTT GTC G 532bp

Reverse: TCC ACA TACAGT CCT GGATGATGA TG
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Figure 3-13 - Detecting the presence or absence of the SeV vectors using RT-PCR

RNA was extracted from SeV cell lines and RT-PCR performed using primers recommended by Life Technologies to detect the presence or absence of the SeV vectors. A —Using primer pair
to detect all SeV vectors with a product sixe of 181bp, BT2, CP1, SaDe and ReBI PAT show the presence of this vector. B — Using primer pair which is designed to detect the presence of KOS
vector with a product size of 528bp, no cell lines showed the presence of this vector. C — Using a primer pair which are designed to detect the hC-MYC vector which gives a product size of
532bp, CP1 SaDe and ReBI PAT showed the presence of this vector. D — Using primer pair to detect the hKLF4 vector which gives a product size of 410bp, ReBl PAT showed the presence of
this vector. DNA ladder in all gel images is a 1kb ladder from New England Biolabs.
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3.2.9 Using monolayer differentiation methods to generate cardiomyocytes

Generation of cardiomyocytes was a vital component in this project. In order to ascertain how
best to generate cardiomyocytes robustly, efficiently and across different cell lines it was
decided to test multiple methods to assess which one would be most appropriate to use for
the phenotyping and drug testing component of the project. To do this a trial run was
completed over a one month span during which four different methods were tested as shown

in Figure 3.14. These differentiation methods are explained in detail in Section 2.1.5.

During the trial period it was established that 50% of CDM-CW flasks achieved successful
differentiation (n=12). This was compared to 90% of flasks which were treated with the ABKYX
method (n=19). Attempts at crossing the two methods into a hybrid proved relatively
unsuccessful. Hybrid Method 1 was found to work in 0% of attempts (n=4) and Hybrid Method
2 was found to be successful in 40% of attempts, these data are shown in Figure 3.14. Across
cell lines it was demonstrated that CDM-CW was successful in 60% of cell lines tested (n=10).
ABKYX was found to be successful in 100% of cell lines tested. Hybrid Method 1 was successful
in 0% of cell lines and Hybrid Method 2 was found to be successful in 40% of cell lines. These

data are shown in Figure 3.14

These data demonstrated that ABKYX was the method which most readily generated

cardiomyocytes across various cell lines in my hands in our lab.
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Method Day-1 Day 0 Day 2 Day 4 Day 6
CDM-CW Essential 8 4uM CHIR99021 2uM WntC59in CDM3 CDM3
in CDM3 CDM3

ABKYX 1ng/mIBMP4 in 5ng/ml Activin A 10pM KY02111 + 10pM KY02111 + RPMIB27
Stem Pro34 + and 10ng/ml 10puM XAV939in 10uM XAV939in
Matrigel Overlay BMP4 in Stem Pro  RPMIB27 -ve RPMIB27
34 Insulin
Hybrid 1 1ng/mIBMP4 in AuM CHIR99021 2uM WntC59in CDM3 CDM3
CDM3 + Matrigel in CDM3 CDM3
Overlay
Hybrid 2 1ng/mIBMP4 in 4uM CHIR99021  2uM WntC59in CDM3 CDM3
E8 + Matrigel in CDM3 CDM3
Overlay
B Success of Method (%) C Successful Cell Lines (%)
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Figure 3-14 - Success of differentiation methods
A - 4 different methods of cardiac differentiation were tested to ascertain if any were able to work more robustly than others. This table illustrates the key steps involved in each procedure. B

— Bar graph illustrating the comparison of different differentiation methods and how often they successfully yielded cardiomyocytes CDM-CW was able to successfully yield cardiomyocytes in
50% of cases (n=12). This is in contrast to ABKYX which was able to yield cardiomyocytes in 90% of flasks (n=19). Two hybrid methods were attempted to varying degrees of success, Hybrid
method 1 was successful in 0% of cases (n=4) and Hybrid method 2 was successful in 40% of cases (n=10). C — 3/4 methods were found to be transferrable across multiple cell lines with
ABKYX working most robustly during this test. CDM-CW was found to work across 60% (n=4) of the cell lines tested. This is in contrast to ABKYX which was able to generate cardiomyocytes in
100% of the cell lines tested (n=4). Hybrid method 2 was successful in only 40% of the cell lines tested (n=4).
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When using manual patch clamp in order to assess cardiomyocyte phenotype impure
cardiomyocyte populations can be selected for cells which are beating, therefore are
cardiomyocytes. However in assays used in this project this was not the case. Using plate
readers and fluorescent dyes means that average readings over either the well or field of view
are used. Therefore the cardiomyocytes which are being used for these assays must be of a
high purity to standardise the process. For this reason it was decided to test the relative purity
of the cardiomyocytes using the three methods which had previously given us successful

differentiations.

Cardiomyocytes were dissociated after 12-16 days in culture and seeded into 96 well plates at
densities of between 40,000-50,000 cells per well. These cells were fixed using 4%

paraformaldehyde 48 hours later and stained for cardiac marker alpha-actinin.

ABKYX was demonstrated to show cardiomyocyte differentiation efficiency of 80.94+3.865%
n=27, the cell lines used in this test were genetically modified ReBI-PAT hiPSCs — R-GECO hom
R12, R-GECO het R2, MYH7 R453C het C11 and MYH7 R453C hom C11. The CDM-CW method
was shown to exhibit a cardiomyocyte differentiation efficiency of 60.3+11.2% n=9, the cell
lines used in this test were PhiCr-SP, ReBl SP and ReBl MACS. The Hybrid 2 method was
demonstrated to exhibit a cardiomyocyte differentiation efficiency of 56.91+11.2% n=9, the
cell lines used in this test were PhiCr-SP, PhiCr-MD and BT2-SP. All results in this section are

shown as mean # standard error of the mean (SEM). These results are shown in Figure 3.15

ABKYX did not demonstrate significantly greater efficiency of differentiation compared to
CDM-CW (p=0.08, n=9, unpaired t test) however it did demonstrate significantly greater
differentiation efficiency over Hybrid 2 (p<0.05, n=9, unpaired t test). Hybrid 2 and CDM-CW
were not found to be significantly different in regards to differentiation efficiency (p=0.95,

n=9, unpaired t test). This data is shown in Figure 3.15.

Therefore the ABKYX method was found to be the most effective across cell lines in generating
successful differentiations and the most reliable in terms of cardiac differentiation efficiency.

For these reasons it was used as the standard differentiation method moving forward.
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Figure 3-15 - Assessing the quality of the produced cardiomyocytes
A — Representative immunofluorescence images showing the hiPSC-derived cardiomyocytes to be positive for the cardiac markers (A) a-actinin and (B) cTnT. Marker expression was captured

using the Alexa488 channel and merged with DAPI (nuclear staining) B — Bar graph illustrating the % purity of cardiomyocytes generated using each method as quantified by assessing number
of cells which expressed a-actinin by immunofluorescence. ABKYX was able to generate cardiomyocytes with a relative purity of 80.94+3.865% n=27. Hybrid 2 was able to generate
cardiomyocytes with a relative purity of 56.91+11.2%, n=9 and CDM-CW was able to generate cardiomyocytes with a relative purity of 60.3+11.2% n=9. This demonstrated that ABKYX was
significantly more efficient than Hybrid 2 (p<0.05, n=9, One-way ANOVA, Tukey’s Multiple Comparison Test) however ABKYX was not significantly more efficient than CDM-CW (p=0.08, n=9,
One-way ANOVA, Tukey’s Multiple Comparison Test) C— Representative brightfield images through the differentiation process using the ABKYX differentiation method. i — Initial seeding of
hiPSC, cells still exhibit a morphology typical of pluripotent cells, namely a high nucleus to cytoplasm ratio and defined cells borders as well as a tendency to cluster tightly together. ii- At this
stage hiPSCs are now at a confluence which will be suitable to start the differentiation process, around 80-90%. iii — This is a representative image of cardiomyocytes. There are dense clusters
of cells which are connected by others in what resembles a web like monolayer. Cardiomyocyte purity analysis of ABKYX was carried out by Jamie Bhagwan. Scale bars = 50um.
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Effective cryopreservation of cardiomyocytes is a valuable tool in order to enable the
generation of frozen banks for large scale drug testing or for maintaining cells at defined ages
to improve standardisation of downstream phenotyping assays. However viability of
cardiomyocytes after cryopreservation has been reported to be variable in the literature,
ranging from 55% to 90% (Xu et al, 2011). Poor viability is problematic in cardiomyocytes as
they are a non-proliferative cell type. As a result of this it was decided to test when and how

to cryopreserve our cardiomyocytes in order to achieve the greatest efficiency.

Cardiomyocytes were therefore cryopreserved using both Hyclone FBS + 10% DMSO and the
commercially available cryopreservation medium CryoStor CS10 (STEMCELL Technologies).
Furthermore cardiomyocytes were dissociated using two different methods, a collagenase
based method termed UKE and a trypsin based method termed CDS, to ascertain if either
related to a reduction in viability post thaw. Full details of the dissociation method can be
found in Section 2.1.5.3. Finally cardiomyocytes were frozen at day 14, immediately after the
first dissociation or they were dissociated at day 14 then reseeded and given one week of
“recovery” time before being dissociated again and cryopreserved at this stage. Viability was

assessed according to % of cells staining positive for cell permeable dye propidium iodide (PI).

When HI-FBS was used as a freezing medium post thaw viability was found to be
63.621£17.05% in comparison to 64.261£18.94% when CryoStor CS10 was used, this was not
found to be significantly different (p=0.91, n=19, unpaired t test). These data are presented in
Figure 3.16.

Post thaw viability when CDS was used as a method of dissociation was found to be
62.44+19.01% in comparison to 66.52+15.78% when collagenase was used a dissociation
method. These were not found to be significantly different (p=0.48, n=14, unpaired t test).

These data are shown in Figure 3.16.

Cardiomyocytes which were cryopreserved at day 14 immediately after first dissociation were
found to show a post thaw viability of 68.59+19.37%, this was found to be reduced to
55.98+11.29% when the cells were replated for 7 days before being dissociated again and then

cryopreserved (p<0.05, n=14, unpaired t test). These data are shown in Figure 3.16.

From these data it was decided that routine cryopreservation to create cardiomyocyte banks
would be performed using collagenase method of dissociation, cells would be frozen in HI-FBS
and this would be performed at first dissociation around day 14 to achieve the maximum post

thaw viability.
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Figure 3-16 - Assessment of cell viability after cryopreservation
A — Representative images of viability staining process. First showing the cells in a 96 well plate format 48 hours after seeding using DRAQS5 channel to capture Pl stanining (top). The image

second shows the hoescht stain used to show live cells by staining the nucelus blue merged with the image above. Scale bars = 200um. B — Cells frozen in HI-FBS were found to exhibit a post
thaw viability of 63.62+17.05% in comparison to cells frozen in CryoStor CS10 which exhibited a post thaw viability of 64.26+18.94%. This was not found to be a significant difference (n=19,
p=0.91, unpaired t test). Cells which were frozen immediately after their first dissociation were found to exhibit a post thaw viability of 68.59+19.37%. This is in comparison to cells which
were given 7 days to recover from the initial dissociation which exhibited a post thaw viability of 55.98+11.29%. This was found to be a significant difference (n=14, p=<0.05, unpaired t test).—
Cells which were dissociated using UKE were found to exhibit a post thaw viability of 66.52+15.78%. This was compared to cells which were dissociated using CDS which exhibited a post thaw

viability of 62.44£19.01%. This was not found to be a significant difference (n=14, p=0.48, unpaired t test).
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3.3 Discussion

The seminal reports of hiPSC generation used fibroblasts as a starting cell type (Takahashi et
al, 2007; Yu et al, 2007). However alternative starting cell types have been reported in the
years since including; lymphocytes (Saito et al, 2016), keratinocytes (Aasen et al, 2008) and
hepatocytes (Liu et al, 2010). A more comprehensive list of starting cell types which have been
used to generate hiPSCs can be found in Table 3.1. This indicates that generation of hiPSCs
can be achieved from a diverse variety of cell types. However in order to choose an optimal
cell type a number of factors must be considered. The availability of tissue samples, the ease
of isolation of the cells, the ease with which these are able to be genetically manipulated and
the efficiency of reprogramming which can be expected are a few factors to consider (Lai et

al, 2011).

Fibroblasts are relatively easy to handle in vitro and are commonly isolated from skin samples
which are able to be stored at 4°C for up to two weeks (Dambrot et al, 2013). This allows
samples to be transported to a specialised lab if required. A potential drawback of using skin
fibroblasts as a starting cell population is the exposure to mechanical and environmental
stresses which can result in significant mutations in these cells (Takeda et al, 2008). This is
offset somewhat by the location of skin punch biopsy, which is routinely taken from the upper
thigh thus limiting exposure to UV light at least. However, both patients in this study who
provided skin did so by consenting to excess skin being taken during surgery for an ICD being
fitted, the skin was taken from the chest where it could be argued UV light has ample access.
Despite obtaining the samples for this project during surgery, skin punch biopsy is still the
most common method of obtaining a skin sample, however this can be off putting to some
patients thereby necessitating the investigation of alternatives as has been done in this thesis.
However in this study two skin samples were obtained and both generated starting cell
populations with relative ease underlining why fibroblasts remain one of the most popular cell

types in hiPSC generation.

Supernumerary of teeth is a common reason for dental extraction among adolescents, in
adulthood it is not uncommon for wisdom teeth to be removed. An advantage of obtaining
cells from dental pulp is that it is insulated within the tooth and is therefore protected from
UV damage and microbial contamination (Takeda et al, 2008). A drawback of using dental
pulp cells is the relative difficulty in isolating the cells in comparison to isolating skin
fibroblasts. The tooth must be cracked open, using a vice, or cut open using a saw.

Furthermore if this is successfully achieved there can be little or even no pulp present.
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Furthermore the use of dental pulp relies on a tooth being extracted, although wisdom tooth
extractions are not uncommon a tooth cannot simply be requested as and when it is required
unlike other alternative samples such as blood or urine. In this study attempting to crack or
cut the first tooth sample received proved difficult and therefore a change of strategy was
employed for the second tooth sample. The initial tooth sample in this study was crushed in a
vice and seeded into a Matrigel coated flask but did not result in a successful starting
population of cells. The second tooth sample obtained was left in culture medium in a T75
flask and the cells allowed to migrate out, this led to the successful isolation of cells.

Unfortunately these became contaminated before any characterisation was possible.

Blood is an attractive source of cells for hiPSC generation as it can readily be extracted from a
patient but can also be obtained from blood banks, opening up the potential for large scale
stores of histocompatible, allogenic or autogenic hiPSCs for use in therapy. Generation of
hiPSC using blood has been established as a reliable starting cell population (Meng et al, 2012;
Wang et al, 2013; Bhatt et al, 2016). Initial reports used CD34+ haematopoietic progenitor
cells (HPCs) from both mobilised and non-mobilised blood (Loh et al, 2009; Ye et al, 2009).
Endothelial progenitor cells (EPCs) are found abundantly in non-mobilised blood therefore
avoiding GCSF-stimulation (Geti et al, 2012). These represent a much more attractive and
potentially easier to isolate cell type which can be obtained through blood samples which
were also shown to be amenable to reprogramming (Geti et al, 2012). In this study 40ml of
blood was collected from a healthy donor and this was immediately processed in order to
attempt to isolate cells. Unfortunately no cells were observed after 14 days of culture on this
occasion, this is potentially due to the volume of blood received as the protocol required 60ml
of blood. However low sample volume is unlikely to be a problem in the future using
alternative protocols. It has been reported that hiPSCs can be derived using only a pin-prick of
blood (Tan et al, 2014). Although blood remains an attractive option as a starting sample no
other attempts were made to isolate cells from blood samples due to time pressure during

this thesis.

Micturition is a naturally occurring and necessary bodily function which occurs multiple times
per day. Although the number of cells found in urine is relatively low, only expected to be a
few thousand cells sheared off in the renal system per day (Zhou et al, 2011). However using
cells isolated in this way it was previously been shown to be successful in generating hiPSCs at
efficiencies reported to up to 4% (Zhou et al, 2011). This reprogramming was reported in a

retroviral system however 4% remains among the highest reported hiPSC efficiencies. This is
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potentially due to the nature of cells excreted in urine. It has been stated that more terminally
differentiated cells can be more difficult to reprogram leading to lower efficiencies (Eminli et
al, 2009). Although no characterisation of urine derived cells was possible in this study it has
previously been reported that a subpopulation of cells excreted in urine exhibit
multidifferentiation potential (Zhang et al, 2008). If this were the case it would serve to
increase the attractiveness of urine as a starting sample. In this study urine samples were
obtained from two healthy donors, and on one occasion a LQTS3 patient. Overall ten urine
samples were obtained over a 3 month period with only one generating a viable starting cell
population. A number of factors may be responsible for the lack of success using this method.
It is possible that the medium required optimisation or potentially the inexperience of the
operator in dealing with urine processing and sample isolation as this was performed in the
first 6 months of my PhD. Some potential optimisation experiments would be to test different
substrates. Furthermore it may be prudent to test alternative mediums. Attempts at
establishing urine as a starting cell population were abandoned due to limited success and

time pressure.

Taken together these findings suggest that fibroblasts continue to represent the most robust
starting cell population due to the ability to store the samples for up to 2 weeks before
processing and their robustness in culture in comparison to other cell types. However the
potential for mutations due to environmental stress and UV damage coupled with the
potential to dissuade patients from donating samples still indicate an alternative is required.
Despite the relative lack of success in this study other studies continue to routinely use blood
(Meng et al, 2012; Geti et al, 2012) and urine (Afzal et al, 2016; Sochacki et al, 2016) as stating
populations for hiPSC generation and therefore attempts at their isolation should be repeated

to optimise this system.

Previous reports of hiPSC generation using SeV have shown up to 1% efficiency using MEF
feeder layers (Fusaki et al, 2009). In this project hiPSC generation using SeV is reported at
0.51% using feeder free and xeno free conditions. This is higher than reported efficiencies
using SeV in feeder free and defined conditions which have previously been reported between

0.04-0.31% (MacArthur et al, 2012; Yamasaki et al, 2016).

Delivery of episomal plasmids using electroporation has previously been reported to yield
efficiencies of between 0.0003-0.028% (Yu et al, 2009; Okita et al, 2011). Although the
efficiency reported in this study, 0.004%, falls within the range the plasmids used in this

protocol were the same as those used in the work of Okita and colleagues who reported
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0.028%, therefore the reported efficiency in this study was lower than anticipated. In this
study the plasmids were delivered at 1ug per plasmid as was performed in the literature (Okita
et al, 2011). Therefore decreased reprogramming efficiency observed in this study was not
the result of variation in the amount of plasmid delivered. It may be the case that further
optimisation of the electroporation procedure may be required in order to improve the
transfection efficiency. Alternatively it may be genetic and epigenetic factors which result in

variable reprogramming efficiency.

Delivery of episomal plasmids using GET peptide delivery system to generate hiPSCs has not
been published in the literature previously. This seminal work was able to generate hiPSCs at
an efficiency of 0.0219% which is a similar yield to the highest reported efficiency when
delivering episomal plasmids to cells via electroporation. The benefit of using the GET peptide
system over electroporation is that GET is likely to be more financially advantageous than
electroporation and was performed using 5 times less cells in this study. Furthermore GET
compares favourably in both transfection efficiency and cell viability compared to widely used
transfection reagent, lipofectamine 2000 (Dixon et al, 2015), making it a powerful tool to

deliver biologically active cargo to cells.

To conclude, although delivery of episomal plasmids using either electroporation or GET
peptide is more financially advantageous than SeV the results of this study found that SeV was
able to reprogram fibroblasts at much greater efficiencies. Although there have been some
reported concerns regarding toxicity of SeV as a delivery system the optimisation carried out
in this study using SeV GFP reporter vector found that there were no adverse effects on the
lines tested making SeV the most efficient and robust method tested in this study to generate

hiPSCs routinely going forward.

The hiPSC lines generated in this project using SeV compared favourably to previous hiPSC
lines generated in our lab using lentiviral mediated transduction. The cells generated in this
study expressed multiple markers of pluripotency as assessed by immunocytochemistry and
by FACS. In addition to this the majority of the lines generated using SeV exhibited genomic
stability with no karyotype abnormalities. Furthermore the average CPD time across all cell
lines was found to be 29.8 hours in contrast to previously established CPD for HUES7 of 33.5
hours. These are similar in terms of growth rate, however what must be taken into account is
that our new SeV hiPSC lines are maintained in E8 medium whereas previously, the hESC lines
HUES7 was maintained in MEF-conditioned medium. Regardless there appears to be a

consistent growth rate between the two systems. The newly generated SeV hiPSC lines also
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exhibit multi lineage differentiation potential with positive staining for definitive markers of
ectoderm, endoderm and mesoderm, this was also shown to be the case with our previously

generated lentiviral hiPSC which were also able to form all three germ layers.

Generation of cardiomyocytes using the CDM-CW method yielded success over a one month
period in 50% of attempts in 60% of cell lines. This is lower than has been reported in the
literature where this method has been shown to generate cardiomyocytes in 100% of cell lines
tested, however the robustness of the method is not reported (Burridge et al, 2014). The
ABKYX method generated cardiomyocytes in 90% of attempts across 100% of all cell lines
tested, illustrating a good degree of robustness across cell lines. In our hands the CDM-CW
method required optimisation, the published protocol reports the use of 6uM of CHIR99021
to induce mesoderm formation, this was found to be cytotoxic to most hiPSC lines in our lab
and was reduced to 4uM which yielded greater success. The reason for the variation between
the methods could be down to a number of factors. It may be the result of genetic and
epigenetic variability of hiPSC lines which is thought to be greater than hESC lines as the result
of a potential “epigenetic memory” (Kim et al, 2011). This genetic and epigenetic variability
has been implicated previously in potentially impacting differentiation potential (Zhang et al,
2009). Optimisation of the concentration of differentiation factors required between different
cell lines has been required in our lab previously, albeit using an EB based system.
Furthermore the stage of the cell cycle which the cells are in at the initiation of differentiation
has been implicated in impacting differentiation potential (Pauklin and Vallier, 2013). Initial
screening concentrations of the small molecules used in CDM-CW provided variable results.
In this thesis it is unclear why the CDM-CW method proved to be more variable and less
reliable than the ABKYX method. The genetic/epigenetic variability of each cell line could
potentially be the cause of the variability observed in CDM-CW which was not observed in
ABKYX. Although both methods seek to activate the Wnt signalling pathway before later
inhibiting it in the differentiation process they achieve this through different means. The CDM-
CW method uses GSK3B inhibitor CHIR99021 which acts by upregulating endogenous BMP4
and activing/NODAL signalling (Lian et al, 2012). However this activation may be variable
depending on the basal endogenous levels of cytokines in each cell line. The ABKYX method
activates the Wnt signalling pathway by introducing exogenous BMP4 and Activin A, therefore
acting upstream of CHIR99021, this could be a cause of its increased reliability. Furthermore
reports suggest that hiPSCs generated under different conditions leads to variations in cell
cycle and DNA replication gene profiles (Chung et al, 2011). This could also be an explanation

as to why an in-house developed method generates better results using cell lines generated
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in our lab. A further explanation may be the fragile nature of cardiomyocyte differentiation. It
is known that the signalling cues required for efficient differentiation must be delivered within
what could be considered very tight windows, indeed sustained TGFB/activing/NODAL, BMP
or Wnt signalling which lasts beyond the cardiac mesoderm stage can result in a prohibitive
effect in producing cardiomyocytes (Kattman et al, 2011). It remains possible that activation
of the Wnt signalling pathway is more robustly achieved using BMP4 and Activin A than
CHIR99021. A limitation of this experiment which must be noted is that different hiPSC lines
were tested across different methods, in order to fully elucidate whether one method is truly
more efficient than the others a more rigorous experiment testing the same cell lines should

be performed.

To conclude it appears clear that in our lab, using our reagents the ABKYX method is more
reliable and robust than CDM-CW. This is not to suggest that the CDM-CW method does not
work but the cell lines generated in our lab appear more reliably differentiated using ABKYX.

For this reason ABKYX was the standard differentiation method used going forward.
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4 Chapter 4 — Assessing the phenotype of LQTS2 hiPSCs and the
effects of pharmacological intervention

4.1 Introduction
The Long QT Syndromes (LQTS) are a group of cardiac channelopathies characterised by an

elongation of the QT interval on an ECG alongside T-wave irregularity, ventricular tachycardia
and an increased risk of sudden death (Crotti et al, 2008). LQTS2 is the second most common
subtype of LQTS and accounts for 30-45% of cases (Schwartz et al, 2012). Models of LQTS2
rely on the use of both animal models and heterologous overexpression systems
overexpressing specific ion channels. However these models are often inaccurate as a result
of inter-species differences in the cardiovascular system (Rajamohan et al, 2013) and the
inability of recombinant systems to accurately model the synergistic relationship between ion
channels in vivo (Shiba et al, 2009). For example Iy is found at very low levels in murine
cardiomyocytes, however is a major determining factor in repolarisation of human cardiac
cells (He et al, 2003). Heterologous expression of hERG and analysis of its blockade can lead
to a drug such as verapamil being labelled as dangerous as terfenadine when this is not the
case in vivo (Kramer et al, 2013). These factors necessitate the need for use of hiPSC-based
models of LQTS which will help model and understand the pathogenesis of LQTS2 and be used
as part of in vitro drug assays to identify potentially therapeutic compounds. This chapter
describes the use of hiPSC-CMs in this thesis in phenotyping assays which demonstrate their
ability to demonstrate functionality and recapitulate the patient phenotype in vitro.
Furthermore this chapter reports the use of drugs with four different targets, Ik, lkato,, PPARS

and lgs agonists, to reduce the APD and therefore the QT interval in LQTS2-hiPSC-CMs.

4.1.1 Long QT Syndrome type 2
LQTS2 is the second most common reported subtype of LQTS, responsible for up to 45% of

cases, and is characterised by a defective I« a-subunit Kv11.1 coded for by the KCNH2 gene
(Schwartz et al, 2012). The mechanism of this defect can be categorised as class 1 (disruption
of channel synthesis) or class 2 (disruption of channel trafficking) and it has been estimated
that ~90% of LQTS2-linked missense mutations act via this class 2 mechanism (Smith et al,
2016). The majority of LQTS2 associated cardiac events are triggered by emotional stress
which can be induced by auditory stimuli such as an alarm clock sounding or a telephone
ringing (Schwartz et al, 2001). Diagnosis of LQTS2 typically follows an episode of syncope or

seizures which are not able to be explained by any pre-existing medical condition. The
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prolongation of the QT interval coupled with an ECG which shows a notched or bifid T-wave

typically confirms the diagnosis (Zhang et al, 2000).

¢NBD

Figure 4-1 - The structure of hERG channel
Schematic displaying the hERG channel. In blue is shown the KCNE2 accessory subunit of the I channel complex.

This accessory subunit consists of a single transmembrane helix. Shown in purple are the four hERG1 subunits
which form the pore-forming alpha subunit of Iy, by tetramarisation, the voltage sensing domain is found in this
region. S5 and S6 shown here in yellow form the pore domain and are vital in the formation of the K* permeation
pathway which allows K* flow in and out of the cardiomyocyte (Bohen et al, 2017).

4.1.2 Molecular and structural biology of Ik current
The KCNH2 gene is located on chromosome 7q35-36 and encodes the human ether a go-go-

related K* channel (hERG) (Warmke et al, 1994), the structure of which is shown in Figure 4.1.
hERG is occasionally referred to as hERG1 as there have been two other isoforms discovered
however hERG1 remains the dominant isoform in cardiomyocytes (Shi et al, 1997). Functional
hERG channels consist of four hERG a-subunits which contribute to the formation of either a
hERG1a homomeric channel or a hERG1a/hERG1b heteromeric channel (Jones et al, 2004).
The four hERG subunits tetramerize to form the pore-forming subunit of the I, hERG1
contains a voltage-sensitive domain and a pore domain while KCNE2 is considered an
accessory subunit of the I, channel complex consisting of a single transmembrane helix
(Bohnen et al, 2017). The S4 transmembrane segments of the hERG contains the primary
positively charged amino acid required for voltage-sensing and opening of the activation gate.
hERG channels exist in a non-conducting closed state at negative membrane potential and
depolarisation of the cell membrane to potentials greater than 60mV induces the hERG
channel to open leading to an outward flow of K* ions as a result of the electrochemical
gradient (Sanguinetti and Tristani-Firouzi, 2006). The gating properties of hERG differs from
that of other K, channels, inactivation is more rapid than activation, thereby reducing outward
flow of K* ions at depolarised potentials thus prolonging phase 2 of the action potential.

Recovery from inactivation occurs quicker than deactivation thereby initiating phase 3 of the
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action potential which results in a rapid repolarisation due to K* ion efflux (Sanguinetti and

Tristani-Firouzi, 2006).

4.1.3 The role of Iy current in cardiac function
In the human heart the delayed rectifier K* current which consists of slowly-activating (lx) and

rapidly-activating (l«) components is a key factor in the duration of cardiac repolarisation and
thus the action potential (AP) (Shih, 1994). The cardiac action potential undergoes 4 distinct
phases during which repolarisation of cardiac myocytes primarily occurs during phase 3 and is
achieved predominantly via the I current conducted through hERG channels (Sanguinetti et
al, 1995; Trudeau et al, 1995). The dysfunction of the Iy, channel results in the reduction of the
outgoing K* current during phase 3 of the AP resulting in elongation of the action potential

duration (APD) (Medeiros-Domingo et al, 2007).

The role of hERG in maintenance of normal cardiac electrical activity is derived from its
unusual gating properties where the channel is slowly activated but quickly inactivated (Piper
et al, 2005). During the plateau phase of the AP a low amount of current flows through hERG
channels. This reflects the fact that the channels are in a state of inactivation. However as the
cells begin to repolarise this repolarisation induces a self-perpetuating more rapid

repolarisation by increasing the recovery from inactivation of the channel (Roden et al, 2006).

4.1.4 hiPSCs as a model for LQTS2
In hiPSC-CMs the role of specific mutations within the KCNH2 gene has been studied in a

number of reports. Study of the G1681A mutation, which will be investigated in this thesis,
demonstrated that hiPSC-CMs from G1681A patients exhibited prolonged APD in comparison
to control cell lines, including the patient’s asymptomatic mother, when analysed using both
single cell manual patch clamp electrophysiology and multi electrode array cluster analysis
(Matsa et al, 2011). Furthermore the cardiomyocytes analysed in this report were found to
exhibit EADs when stressed using B-adrenergic agonist isoprenaline, these EADs were not

observed in control cells (Matsa et al, 2011).

The patient in this study presented at 15 years of age having suffered 11 episodes of syncope
in the previous year and was found to exhibit a QTc interval of 571ms (Matsa et al, 2011). This
patient was found to carry the LQTS2-autosomal dominant point mutation at KCNH2 G1681A

which causes an alanine to threonine substitution at position 561 of the encoded protein and
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is located within the pore-forming region at transmembrane segment S5 (Dausse et al, 1996;
Matsa et al, 2011). Mutations in the pore forming region of the protein carry a higher mortality
risk than elsewhere (Moss et al, 2002). This may be as a result of the pore domain spanning
the S5-S6 transmembrane segments which harbour the K* permeation pathway necessary for
K* ion conduction (Doyle et al, 1998). The location of this mutation and the length of the

recorded QTc, 571ms (Matsa et al, 2011), underlie the severity of this patient’s phenotype.

4.1.5 Treatment options for LQTS
Treatment for LQTS is vital as mortality rate for symptomatic patients who remain untreated

for one year is 21% (Schwartz et al, 2012). The most common form of pharmacological
intervention for LQTS patients is B-blockers such as propranolol or nadolol (Crotti et al, 2008).
However in the case of LQTS2 patients up to 23% still experience adverse cardiac events
despite B-blocker therapy (Priori et al, 2004). In addition to this patients remain at risk if they
fail to take their medication regularly. The ineffectiveness of pharmacological intervention

usually signals the need for surgical solutions as described in Section 1.1.2.2.

It would be advantageous to improve pharmacological treatments due to the invasive nature
of surgical procedures. Previous reports have indicated that APD can be shortened in LQTS
patients by increasing K* outflow (Antzelevitch and Oliva, 2006; Yazawa et al, 2011; Itzahki et
al, 2011). In this thesis four different types of drugs were investigated with regards to their
efficacy in reducing the duration of the action potential in LQTS2-hiPSC-CMs. The four types
of drugs were latp activators, Iy activators, PPARS activators and an Iy activator, the effects of

these drugs were then compared to the more standard B-blocker therapy in hiPSC-CMs.

41.5.1 lkapActivators
Nicorandil has been reported to act as an I, opener (Biermann et al, 2011). Iyt activators

have previously been demonstrated to reduce APD in LQTS2-hiPSC-CMs (Matsa et al, 2011).
Studies using nicorandil on LQTS2 hiPSC-CMs have reported a decrease in APD of up to 18% in
addition to abolishing spontaneously occurring EADs (Matsa et al, 2011; Liang et al, 2013). This
action was further attenuated by delivering nicorandil in the presence of an I opener, PD-
118057 (Matsa et al, 2011). Nicorandil has recently been reported to act by unblocking the
hERG channel (Chen and Zou, 2016). Minoxidil has been shown to reduce APD in enzymatically

isolated guinea pig cardiomyocytes without affecting the basal resting membrane potential
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(Hayashi et al, 1993). In the time since the publication from Hayashi and colleagues, a search
of the literature has shown no reports of its use in human cells for cardiac related diseases,

indeed it is more commonly used in hair loss treatments (Varothai and Bergfeld, 2014).

4.1.5.2 |y Activators
I« block led to an increase in cellular repolarisation in canine ventricular cells in vivo (Volders

et al, 2003). Given the role in repolarisation that I plays it may be considered intuitive to
activate this channel in order to reduce the QT interval in patients who exhibit increased
prolongation. NS1643 is a compound which acts by activating I and has been shown to reduce
APD in ventricular cardiomyocytes of isolated guinea pig hearts (Meng et al, 2013).
Furthermore NS1643 was demonstrated to activate Il in guinea pig cardiomyocytes and
reduced the action potential to 65% of control samples (Hansen et al, 2005). NS1643 also
suppressed ventricular tachyarrhythmias in a rabbit in vivo model (Diness et al, 2008). The
mechanism of action for NS1643 has been reported to be that of a partial agonist of hERG
channels by reducing their inactivation (Casis et al, 2006). It has been reported that NS1643
shortens the APD in canines and achieves this by interacting with a number of transmembrane
currents including lc,, Ik, lks and o, the authors speculate that the APD shortening effect in this

case is likely related to both inhibition of I, and enhancement of Iy (Szabo et al, 2011).

Meng and colleagues also analysed the effect of another antiarrhythmic compound, ICA-
105574, which exhibited the ability to reduce APD and ameliorate EADs, however this
compound was found to have potentially proarrhythmic effects in healthy hearts (Meng et al,
2013). For this reason NS1643 was studied in this thesis for its effect on LQTS2-hiPSC-CMs

however ICA-105574 was not due to its potentially negative side effects in healthy patients.

Ginsenoside RG3 (RG3) is extracted from the medicinal plant Panax ginseng and is thought to
increase nitric oxide production (Wang et al, 2015). Indeed it was demonstrated to be a major
determinant of endothelium-dependant nitric oxide mediated relaxation and this was
postulated to be achieved through activation of K* channels (Kim et al, 1999). In addition to
this RG3 was demonstrated to mediate the induction of a persistent current through the hERG
channel as well as slowing the channels deactivation in xenopus heterologous expression
model overexpressing the hERG channel (Choi et al, 2011). In humans, RG3 is known to
activate the KCNQ1 and KCNE1 genes leading to increased current in the I channel (Choi et
al, 2010).

126



4.1.5.3 Peroxisome proliferator-activated receptor delta (PPARS) Activators
The hERG channel has been reported to interact with the protein 14-3-3 epsilon which is

encoded by the gene YWHAE (Kagan et al, 2002). Protein 14-3-3 epsilon is reported to interact
with hERG by prolonging the effects of adrenergic stimulation by shielding phosphates from
degradation via stabilisation of the PKA-phosphorylated state of the channel (Kagan et al,
2002). Therefore upregulation of protein 14-3-3 epsilon could potentially activate the hERG
channel in LQTS2 patients thus increasing the outflow of K* ions during repolarisation leading
to faster repolarisation in cardiac myocytes. PPARS has been shown to activate the YWHAE

promotor in endothelial cells thus increasing its expression (Brunelli et al, 2007).

The PPARs belong to a nuclear receptor super family of ligand-activated transcription factors
and can be subtyped to three isoforms, a, B/ & and vy, all of which are found in the human
heart (Lee and Kim, 2015). A search of the literature has shown no reports of PPARS agonists
being used in LQTS patients either in vivo or in vitro, however their ability to interact with and
potentially upregulate the activity of the hERG channel led to the decision to test two PPARS

agonists in this thesis.

Telmisartan is an angiotension Il receptor blocker which has been shown to activate PPARS
receptors in mouse models of skeletal muscle (He et al, 2010; Feng et al, 2011, Li et al, 2013).
More recently telmisartan was found to activate the PPARS pathway in mesangial cells in
humans potentially possessing an anti-fibrotic effect (Mikami et al, 2014). Furthermore
telmisartan has previously been used to treat hypertensive patients with left ventricular
hypertrophy and was found to improve sympathovagal balance and electrical stability in the
heart (Galetta et al, 2010). GW0742 is a highly selective PPARS agonist which has previously
been tested in human cancer cell lines and was demonstrated to activate the PPARS receptor
but were not shown to potentiate tumorigenesis (Hollingshead et al, 2007). Traditionally
GWO0742 has been used as an anti-inflammatory as it has been shown to reduce lung

inflammation in mice (Galuppo et al, 2010).

4.1.6 Chapter aims and objectives
The aims of this chapter were to ascertain whether ReBI-hiPSC-CMs (LQTS2), carrying G1681A

mutation in KCNH2, could recapitulate the phenotype of the patient in vitro and be used for
an in vitro drug screen of compounds which may exert beneficial effects for LQTS2 patients.
In order to achieve this both healthy and LQTS2-hiPSC-CMs were tested for their

electrophysiological properties using voltage sensitive fluorescent dyes. The initial testing was
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to demonstrate that these hiPSC-CMs displayed functionality by their response to drugs of
known action. Should these hiPSC-CMs demonstrate functionality they would then be used
downstream in an in vitro drug assay to assess the effectiveness of drug compounds in
reducing QT interval in LQTS2-hiPSC-CMs. These experiments would be carried out by analysis
of the APD of the in vitro cardiomyocytes as a surrogate for the QT interval. In order to achieve

this the following objectives had to be met:

1. Ascertain the functionality of hiPSC-CMs by assessing response to known pB-
adrenoceptor agonist isoprenaline.

2. Ascertain that the CellOPTIQ platform was able to detect differences in APD between
hiPSC-CMs and changes in APD after drug treatment.

3. Assess whether ReBI-hiPSC-CMs exhibit different electrophysiological properties at
basal levels in contrast to healthy-hiPSC-CMs.

4. Assess the effectiveness of B-blockers in modulating QT interval in LQTS2 hiPSC-CMs.

5. Assess the effectiveness in comparison to B-blockers of lxatp, Ik, PPARS and lys agonists

in reducing QT interval in ReBI-hiPSC-CMs

128



4.2 Results

4.2.1 Assessing cellular response to B-adrenergic stimulation
In order to assess that the hiPSC-CMs generated in this thesis displayed functionality it was

necessary to ascertain their response to a drug of known action. Isoprenaline (1SO) is a known
B-adrenoceptor agonist, exposure to which should result in the hiPSC-CMs increasing their
beat rate (Ngeumo et al, 2012). In order to measure beat rate hiPSC-CMs from healthy (ReBI
PAT) and LQTS2 (ReBI) patients were loaded with calcium labelling dye Fluo-4. Each calcium
transient was considered a surrogate for a beat as calcium transients drive contraction of
cardiomyocytes (Bers, 2002). These cells were analysed using the Envision fluorescent plate

reader before and after ISO addition.

Beat rate recordings from the Envision platform were taken before and after treatment of
ReBI-hiPSC-CMs with 25, 50, 100, 200 or 400nM isoprenaline. As shown in Figure 4.2, only the
400nM treatment led to a significant increase in beat rate (32+8.49bpm vs 109+7.01bpm;
p<0.05, n=2, paired t test). Beat rate recordings from the Envision platform were taken before
and after treatment of ReBI-PAT-hiPSC-CMs with 25, 50, 100, 200 or 400nM isoprenaline. As
shown in Figure 4.2, only the 400nM treatment led to a significant increase in beat rate

(27£1.41bpm vs 47.95+1.9bpm, p<0.05, n=2, paired t test).

Therefore in this experiment both healthy and LQTS2 hiPSC-CMs respond to a drug of known
action, ISO, as expected (Ngeumo et al, 2012), by increasing their beat rate. These data
provide confidence that these hiPSC-CMs display functionality and respond to drugs of known

action in vitro appropriately.
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Figure 4-2 - Using the Envision to assess hiPSC-CM response to isoprenaline

A — Envision scans which show calcium transients as detected using Fluo-4 calcium labelling dye for the healthy control cell line ReBI-PAT-hiPSC-CMs. i) Transients detected under basal conditions.
ii) These are the transients which were observed after the addition of 400nM Isoprenaline. Scale bar = 5 secs. B - Envision scans which show calcium transients as detected using Fluo-4 calcium
label for the ReBI-hiPSC-CMs which carries the G1681A mutation leading to LQTS2. i) These transients were recorded under basal conditions. ii) These are transients which were recorded after
the addition of 400nM lIsoprenaline. Scale bar = 5 secs. C — Graph showing the beats per minute of ReBI-PAT-hiPSC-CMs before and after treatment with isoprenaline. There were no significant
differences between beat rates found for 25nM (p=0.28, n=2, paired t test), 50nM (p=0.46, n=2, paired t test), 100nM (p=0.39, n=2, paired t test), 200nM (p=0.14, n=2, paired t test), however
there was a significant increase observed when the cells were treated with 400nM isoprenaline (p<0.05, n=2, paired t test). D - Graph showing the beats per minute of ReBI-hiPSC-CMs before
and after treatment with isoprenaline. There were no significant differences between beat rates found for 25nM (p=0.72, n=2, paired t test), 50nM (p=0.87, n=2, paired t test), 100nM (p=0.79,
n=2, paired t test), 200nM (p=0.95), however there was a significant increase observed when the cells were treated with 400nM isoprenaline (p<0.05, n=2, paired t test).
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4.2.2 Assessing the cells behaviour as single cells and monolayers
Traditional electrophysiology analysis of hPSC-CMs has relied on the use of manual patch

clamp technology whereby a single cell is patched by a thin glass electrode to elucidate its
electrical properties (Matsa et al, 2011). However, while this approach yields high resolution
information, it is labour intensive and low throughput. The advent of calcium-sensitive dyes
enables analysis of single cells, multi-cellular clusters and monolayers of cardiomyocytes in
medium- to high-throughput. Therefore, the purpose of this section was to use realtime
confocal optical imaging of calcium transients to evaluate which densities of hiPSC-CMs were

most suitable for analysis.

Cardiomyocytes from two hiPSC lines (NCRM5 and CP1) were seeded at different densities to
produce single cells and multi-cellular clusters, as well as patches of confluent monolayer
(Figure 4.3). hiPSC-CMs were then stained using Fluo-4 calcium sensitive dye, after this
staining scans of 60s in duration were used to determine whether beat rate frequency of
different areas containing single cells or monolayers. Regions within interconnected
monolayers beat in synchrony as shown in Figure 4.3A and 4.3C, whereas there was a high
level of beat rate diversity between single cells or uncoupled regions as shown in Figure 4.3A,
4.3B and 4.3D. This confirmed the expectation that coupled monolayers beat in synchrony.
Since this was deemed important for reproducibility of data, all further experiments used

seeding densities that produced confluent monolayers of hiPSC-CMs.
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Figure 4-3 - - Analysis using confocal microscopy of calcium transients in single cells and monolayers

A —Confocal image with analysis of individual cells within it. Highlighted is one single cell and two separate cells within the same monolayer. Despite similar numbers of total transients there is
a lack of synchronous depolarisation. B —Three single cells which are not connected to any cell around them. The data here show that there is no synchrony with regard to triggering of a transient
or indeed to how many we expect to see given a set time point. C -5 cells are shown here within a monolayer of cells, it is expected these cells will be electrically coupled (Zhu et al, 2014). The
data here show that these cells exhibit the same number of transients and that these transients are triggered synchronously. D — Here we show 2 cells which are within monolayers, previously
shown to be synchronous, but not the same monolayer. The data here show that there is no intrinsic rate of calcium transient and that there is no co-ordinated triggering off the transients
between these monolayers. Scale bar = 2 secs
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4.2.3 Optimisation of the CellOPTIQ platform

In Section 4.2.1 the Envision plate reader was used to assess the response of hiPSC-CMs to
isoprenaline treatment. While this platform is able to read fluorescence across an entire well
it is incapable of image analysis of single or multiple cells. Therefore the Envision platform is
not capable of detecting local changes in calcium or voltage. To carry out this higher level of
analysis required the CellOPTIQ platform was used in this thesis. The CellOPTIQ platform is
capable of measuring calcium, voltage and contractility of hiPSC-CMs. The machine is able to
use non-toxic fluorescent cell dyes to detect rapid (<1ps) changes in voltage at high
frequencies (>10 kHz) enabling detection of subtle changes in upstroke kinetics. Furthermore
the machine is capable of visualising calcium movement within a cell using a ratiometric dye

meaning measurements free from artefacts due to hiPSC-CM movement.

In order to ascertain whether this system would be suitable for the in vitro drug assays planned
in this thesis it was first required to optimize the system using our cells. A healthy control line
(NCRM5) was differentiated to cardiomyocytes and these were seeded in 96 well plate under
a variety of different conditions. Cells were seeded onto glass and plastic bottomed 96-well
plates which were coated with either Matrigel or vitronectin-peptide. Finally the cells were
loaded with either FluoVolt or Di-4-ANEPPS voltage sensitive fluorescent dyes and their
signal:noise ratio (S:N) assessed. Di-4-ANEPPS was demonstrated to exhibit a S:N of 4.12+1.69
in comparison to a S:N of 29.46+4.9 when using FluoVolt when coated on standard plastic
bottomed 96-well plates coated in Matrigel. This increase was observed to be significant
(p<0.05, n=4, unpaired t test). Averaged action potential traces and S:N ratios are displayed in
Figure 4.4. Replacing Matrigel coating with vitronectin-peptide coating was not found to
improve S:N. In addition to this the use of glass-bottomed 96-well plates instead of plastic

bottomed 96-well plates did not improve S:N.

These data conclude that the hiPSC-CMs used in this experiment exhibit their optimal S:N,
generating high quality recordings, when seeded into plastic-bottomed 96-well plates coated
in Matrigel and dyed using FluoVolt. As a result of these findings this was the standard assay

layout used going forward.
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Figure 4-4 - Analysing Signal:Noise ratios of hiPSC-CMs on CellOPTIQ

Action potential data was collected using the CellOPTIQ and voltage sensitive fluorescent dyes, Di-4-ANEPPS and FluoVolt. Here we display averaged action potential traces (n=4) under different
conditions. Cells were seeded on either plastic or glass 96-well plates which had been coated with either Matrigel or vitronectin-peptide. S:N ratios were calculated for both voltage dyes. Using
Matrigel coated plastic bottomed 96-well plates the S:N for Di-4-ANEPPS was demonstrated to be 4.12+1.69 in contrast to using FluoVolt where a S:N of 29.46+4.9 was observed. This difference
in S:N was found to be significant (p<0.05, n=4, unpaired t test). Black lines illustrate the average trace and the red lines illustrate the standard error of the mean of the average trace. Scale bar

=100ms.
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4.2.4 Assessing LQTS2 phenotype under basal conditions
LQTS2 is characterised by an elongation of the QT interval of the patient which can be

observed in vitro by recording and analysis of the APD (Matsa et al, 2011). In order to ascertain
whether the CellOPTIQ platform could be used to detect an elongated APD in LQTS2-hiPSC-
CMs, a healthy control line (NCRM5) and ReBI, which has G1681A mutation in KCNH2, were
differentiated to cardiomyocytes. These hiPSC-CMs were then seeded to confluence in
Matrigel coated plastic bottomed 96-well plates and stained with FluoVolt to assess their

action potential characteristics using the CellOPTIQ system.

Figure 4.5 shows cross comparison of cardiomyocytes from NCRM5 and ReBI-hiPSC-CMs. This
determined values for APD50 (219.2+2.62 vs 374.08+25.03ms; p<0.05, n=40, unpaired t test),
APD90 (268.8+2.36 vs 442.56+31.04ms; p<0.05, n=40, unpaired t test) and triangularisation
(99.97+16.61 vs 158.42+15.16ms; p<0.05, n=40, unpaired t test). Thus, by all measures, the
diseased cardiomyocytes showed significantly prolonged action potential characteristics
relative to the healthy cells and suggests that the ReBI-hiPSC-CMs accurately recapitulate the

patient phenotype in vitro.
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Figure 4-5 - Assessment of the LQTS2-hiPSC-CMs basal APD in comparison to healthy-hiPSC-CM basal APD

A —i) Averaged action potential trace for NCRM5, healthy control, n=48. ii) Averaged action potential trace for ReBl, LQTS2 cell line. n=48. iii) Overlay of ReBl averaged action potential trace
with NCRM5 averaged action potential trace showing elongation of the ReBlI cell line. B — Graph displaying the APD50 data from NCRMD5 cells at basal conditions (219.22+18.14ms) and from
ReBI cells at basal conditions (374.08+25.03ms), ReBI cells show a significantly increased APD50 under basal conditions (p<0.05, n=40, unpaired t-test). C — Graph displaying the APD90 data
from NCRMS5 cells at basal conditions (268.77+16.36ms) and from ReBl cells at basal conditions (442.56+31.04ms), ReBI cells show a significantly increased APD90 under basal conditions
(p<0.05 n=40, unpaired t-test). D — Graph displaying the triangularisation data from NCRMS5 cells at basal conditions (99.97+11.13ms) and from ReBI cells at basal conditions

(158.42+15.16ms), ReBlI cells show a significantly increased triangularisation under basal conditions (p<0.05 n=40, unpaired t-test). E — Table displaying mean plus standard deviations of the
graphs.
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4.2.5 Assessing if the CellOPTIQ can detect changes in APD
Having established that the LQTS2-hiPSC-CMs are able to recapitulate the patient phenotype

in vitro the next step was to establish whether APD could be altered using pharmacological
intervention. In order to achieve this it was first required that it was established whether the
CellOPTIQ was able to detect changes in APD after drug exposure. To achieve this an
optimisation experiment was set up. Healthy control cell line NCRM5 was differentiated to
cardiomyocytes. These NCRM5-hiPSC-CMs were then seeded at 5x10* CMs per well in a plastic
bottomed 96-well plate with Matrigel as a substrate. The NCRM5-hiPSC-CMs were then
exposed to E4031, a known Iy blocker which should result in increased APD values (Egashira
et al, 2012). Basal APD recordings were taken before NCRM5-hiPSC-CMs were incubated with
E4031 at 3nM, 10nM and 30nM for 30 minutes on the CellOPTIQ platform. After this
incubation APD measurements were recorded again. All changes in AP characteristic were

subjected to one-way ANOVA with Dunnett’s multiple comparison test and were n=8.

Figure 4.6 shows the NCRMS5-hiPSC-CM response to E4031. APD50, APD90 and
triangularisation values were observed to significantly increase at 10nM and 30nM of E4031

exposure.

Table 4-1 - NCRM5-hiPSC-CM response to E4031

Basal 219.2 | 18.14 268.77 16.36 99.97 111
3 3

3nM 2244 1 16.02 2.39 | 283.56 14.57 | 5.50 117.76 8.71  17.80
6

10nM 250.3 | 26.63 14.2  327.79 25.89  21.96 156.03 9.51 56.08

30nM 321.2 | 22.98 | 46.5 | 465.3 19.19  73.12 280.04 18.7  180.1

These data indicate that increased concentrations of the known lx blocker E4031 resulted in

increased APD50, APD90 and triangularisation times in the healthy control NCRM5-hiPSC-
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CMs. Furthermore these results confirm that the CellOPTIQ is able to readily record change in

APD in response to pharmacological intervention.
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Figure 4-6 - Assessment of NCRM5-hiPSC-CM response to E4031

A — Graph displaying the APD50 values for basal measurement (219.2+18.14ms, n=30) alongside ADP50 measurements for cells after treatment with E4031. 3nM of the drug was found to
have no significant effect on the APD50 value of the cells (p=0.91, n=8, Dunnett’s multiple comparison test). However 10nM and 30nM were found to significantly increase the APD50 of these
cells (p<0.05, n=8, Dunnett’s multiple comparison test). B — Graph displaying the APD90 values for the basal measurement (268.77+16.36ms, n=30) alongside APD90 values for the cells after
treatment with E4031. 3nM of the drug was not found to have a significant effect on the APD90 value (p=0.13, n=8, Dunnett’s multiple comparison test). However 10nM and 30nM did exhibit
a significant effect (p<0.05, n=8, Dunnett’s multiple comparison test). C — Graph showing the triangularisation values for basal measurement (99.97+11.13ms, n=30) alongside the
measurements for cells after treatment with E4031. 3nM, 10nM and 30nM were all found to significantly increase the triangularisation value of the cells (p<0.05, n=8, Dunnett’s multiple

comparison test). D — Averaged trace data for the action potentials of cells. Starting with basal recording (n=30) and overlaying this trace with averaged trace data from treated cells (n=8) at
the concentrations tested. Black line illustrates the average basal trace, the red line indicates the averaged treated trace. Scale bar=100ms.
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4.2.6 Assessing LQTS2-hiPSC-CM response to E4031
ReBI-hiPSC-CMs in this thesis have been shown to exhibit increased APD and triangularisation

times when compared to healthy control NCRM5-hiPSC-CMs. E4031 is a known blocker of the
I« channel which is defective in our LQTS2-hiPSC line (Medeiros-Domingo et al, 2007; Egashira
et al, 2012). In order to ascertain the effect of this block in LQTS2-hiPSC-CM, E4031 was added
to ReBI-hiPSC-CMs and incubated for 30 minutes. Recordings of APD were taken under basal
conditions and then after the 30 minute incubation. All changes in AP characteristic were

subjected to one-way ANOVA with Dunnett’s multiple comparison test and were n=8.

Figure 4.7 displays the ReBI-hiPSC-CM response to E4031. These ReBI-hiPSC-CMs
demonstrated no significant changes in response to E4031 exposure with regards to APD50.
The ReBI-hiPSC-CMs exhibited a significant increase in APD90 at 1uM. ReBI-hiPSC-CM

triangularisation time was demonstrated to significantly increase at 1uM.

Table 4-2 ReBI-hiPSC-CM response to E4031

Basal 186.72 25.48 334.24 23.64 233.48 19.36

ionMm 1764 12,56 -5.53 32411 19.04 -3.03 231.06 12.74 -1.04

30nM 186.11 22.05 -0.33 328.11 15.16 -1.83 231.23 9.98 -0.96

100n 180.11 31.06 -3.54 328.04 2819 -1.85 233.05 22.07 -0.18

300n 182.45 26.71 -2.29 337.25 25.68 0.90 241.10 24.00 3.26

1uM 191.01 36.28 230 362.79 32.25 854 266.04 18.47 13.95

Therefore these ReBI-hiPSC-CMs exhibit increased ADP90 and triangularisation time when
treated with I blocker E4031. However no effect was observed on the APD50 value of these
ReBI-hiPSC-CMs. These data indicate that ReBI-hiPSC-CMs exhibit an increased repolarisation

time in response to blockade of the Iy, channel.
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Figure 4-7 - Assessment of ReBI-hiPSC-CM response to E4031

A —Graph displaying the APD50 values measured for basal conditions (186.72+25.48ms)
alongside the values measured after treatment with different concentrations of E4031,
all changes in AP characteristic were subjected to one-way ANOVA with Dunnett’s
multiple comparison test and were n=8. 3nM, 10nM, 30nM, 100nM, 300nM and 1uM
all showed no significant difference in APD50 (p>0.05). B - Graph displaying the APD90
values measured for basal conditions (334.24+23.64ms) alongside the values measured
after treatment with different concentrations of E4031. 3nM, 10nM, 30nM, 100nM and
300nM all showed no significant difference in APD90 value in these LQTS2hiPSC-CMs
(p>0.05). However 1uM (p<0.05) was found to significantly increase the APD90 of the
cardiac action potential. C- Graph displaying the triangularisation values measured for
basal conditions (233.48+19.36ms) alongside the values measured after treatment with
different concentrations of E4031. 3nM, 10nM, 30nM, 100nM and 300nM were not
shown to have any significant effect on the triangularisation period of these LQTS2
hiPSC-CMs (p>0.05). However 1uM (p<0.05) was found to exhibit a significant increase
on the triangularisation of the cardiac action potential. D - Averaged trace data for the
action potentials of cells. Starting with basal recording (n=40) and overlaying this trace
with averaged trace data from treated cells (n=8) at the concentrations tested. Black
lines indicate the averaged basal trace while the red lines indicate the average treated
trace. Scale bar=100ms.

141



4.2.7 Assessing effect of B-blockers on LQTS2-hiPSC-CM
The standardised mode of therapy for patients suffering from LQTS2 is to prescribe B-blockers

(Cho, 2016). However there remain a sizable subpopulation of patients who still experience
arrhythmic events despite the use of B-blockers (Priori et al, 2004). In order to ascertain the
differential effect of our candidate drugs against more traditional $-blockers, propranolol was
tested in this thesis. ReBI-hiPSC-CMs were measured for their basal AP characteristics, after
which the ReBI-hiPSC-CMs were incubated for 30 minutes with increasing concentrations of
propranolol. After the 30 minutes incubation a second measurement was taken. All changes
in AP characteristic were subjected to one-way ANOVA with Dunnett’s multiple comparison

test and were n=8.

Figure 4.8 shows the ReBI-hiPSC-CM response to propranolol at increasing concentrations of;
3nM, 10nM, 30nM, 100nM, 300nM and 1uM. There was found to be a significant decrease in
APD50 at 10nM. No other significant changes in ReBI-hiPSC-CM APD50, APD90 or

triangularisation were observed in response to propranolol.

Table 4-3 ReBI-hiPSC-CM response to propranolol

344.8
Basal 231.3  38.28 2 35.13 209.64 26.16
- 331.8
10nM | 196.39 | 31.24 | 15.09 |6 20.80 | -3.76 | 222.26 25.00 | 6.02
323.7
30nM  213.79 30.73 | -7.57 6 33.47  -6.11 200.86 23.01 -4.19
100n - 320.6
M 205 2166 | 1137 4 29.26 | -7.01 | 199.98 23.84 | -4.61
300n 322.8
M 212.88 26.75 -796 9 23.50 -6.36 | 191.74 22.58 | -8.54
- 321.3
1uM 199.06 33.46 | 1394 |5 22.15 | -6.81 | 207.15 13.81 | -1.19
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Therefore these data illustrate that propranolol was not found to cause any significant change
in the APD50 values of our ReBI-hiPSC-CMs at most of the concentrations tested. However
10nM did result in a significant reduction in APD50 value in these ReBI-hiPSC-CMs. Incubation
with propranolol was not found to lead to any significant alterations in the ReBI-hiPSC-CMs
APD90 values. Indeed there was also demonstrated to be no significant difference in the
triangularisation time of the ReBI-hiPSC-CMs when incubated with propranolol at any of the
concentrations tested. Therefore these data indicate that any beneficial effects of propranolol

for LQTS2 patients is unlikely to be related to modulation of the APD
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Figure 4-8 - Assessment of ReBI-hiPSC-CM response to propranolol

A — Graph displaying the APD50 values measured for basal conditions
(231.30+38.28ms) alongside the values measured after treatment with different
concentrations of propranolol, all changes in AP characteristic were subjected to
one-way ANOVA with Dunnett’s multiple comparison test and were n=8. 3nM,
30nM, 100nM, 300nM and 1uM were all found to exhibit no significant difference
on the APD50 of the cardiac action potential (p>0.05). 10nM (p<0.05) was found
to significantly decrease the length of APD50 B - Graph displaying the APD90 values
measured for basal conditions (344.83+35.13ms) alongside the values measured
after treatment with different concentrations of propranolol. 3nM, 10nM, 30nM,
100nM, 300nM and 1uM were all found to exhibit no significant difference on the
APD90 of the cardiac action potential (p>0.05) C - Graph displaying the
triangularisation values measured for basal conditions (209.64+26.16ms)
alongside the values measured after treatment with different concentrations of
propranolol. 3nM, 10nM, 30nM, 100nM, 300nM and 1uM were all found to exhibit
no significant difference on the triangularisation of the cardiac action potential
(p>0.05). D - Averaged trace data for the action potentials of cells. Starting with
basal recording (n=48) and overlaying this trace with averaged trace data from
treated cells (n=8) at the concentrations tested. Black line indicates the averaged
trace for basal AP while the red line indicates the average trace for treated AP.
Scale bar=100ms.
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4.2.8 Assessing effect of lkatp agonists on LQTS2-hiPSC-CM
The LQTS2 phenotype is caused by a relative lack of K* outflow during phase 3 of the cardiac

action potential (Medeiros-Domingo et al, 2007). In order to improve the repolarisation time
of cardiac myocytes it would be a prudent strategy to increase the flow of K* ions, this may
occur through an alternative channel to I (Matsa et al, 2011). In this thesis two lxatp agonists
were tested for their efficacy in reducing APD time and improving the triangularisation time.
Nicorandil has previously been shown to reduce APD in LQTS2-hiPSC-CMs (Matsa et al, 2011).
However a search of the literature has shown that there are no publications relating to the
use of minoxidil in LQTS2 hiPSC-CMs. Basal AP characteristics were measured in ReBI-hiPSC-
CMs before these cells underwent a 30 minute incubation with increasing concentrations of
either nicorandil or minoxidil (10nM, 30nM, 100nM, 300nM and 1uM). All changes in AP
characteristic were subjected to one-way ANOVA with Dunnett’s multiple comparison test

and were n=8.

Figure 4.9 displays the ReBI-hiPSC-CM response to nicorandil. APD50 and APD90 values for
ReBI-hiPSC-CMs were observed to significantly decrease at all concentrations of nicorandil
tested. Exposure to nicorandil resulted in a significant decrease in triangularisation time at

300nM and 1 pM.

Table 4-4 ReBI-hiPSC-CM response to nicorandil

Basal  400.38  21.13 485 27.30 185.36 @ 15.42

ionM 3413 | 7.15 | -14.76 | 420.88 | 10.93 | -13.22 | 167.71 | 11.07 | -9.52

30nM 331.7 | 12.84 -17.15 411.85 10.65 @ -15.08  177.10 32.29 -4.46

100n 338.48 | 22.59 | -15.46 | 428.55 | 4533 | -11.64 | 180.53 | 34.03 | -2.61

300n 33459 7.64 -16.43 410.85 9.33 -15.29 | 161.19 10.63 -13.04

1uM 3193 | 12,53 | -20.25 | 393.2 | 11.30 | -18.93 | 158.90 | 19.65 | -14.27
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Figure 4.10 displays the ReBI-hiPSC-CM response to minoxidil. APD50 and APD90 values for
ReBI-hiPSC-CMs were observed to significantly decrease at all concentrations tested
Triangularisation of ReBI-hiPSC-CMs was found to significantly decrease at; 100nM, 300nM
and 1uM.

Table 4-5 ReBI-hiPSC-CM response to minoxidil

Basal  388.59 18.27 471.62 21.60 184.35 | 12.53

10nM | 345.13 10.55 | -11.18 | 425.16 | 9.71 -9.85 | 17454 | 14.27 | -5.32

30nM 34201 6.79 -11.99 421.06 11.75 -10.72 173.81 @ 11.77 -5.72

100n 331.65 | 6.04 | -14.65 409.38 | 5.93 -13.20 | 166.21 | 6.59 -9.84

300n 326.23 7.12 -16.05 400.55 8.24 -15.07 | 160.24 | 8.23 -13.08

1uMm 314.68 | 11.15  -19.02  386.09 | 13.41  -18.14 153.60 | 8.55 -16.68

These data indicate that lxatp agonists can be used to reduce APD and improve triangularisation
in ReBI-hiPSC-CMs. Nicorandil was shown to significantly reduce the APD50 and APD90 times
for ReBI-hiPSC-CMs, in addition to this it was also shown to reduce triangularisation times at
higher concentrations. Similarly minoxidil was observed to reduce APD50 and ADP90 times at
all concentrations tested. Furthermore it was also able to reduce triangularisation time at

lower concentrations than nicorandil.
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Figure 4-9 - Assessment of ReBI-hiPSC-CM response to nicorandil
A — Graph displaying the APD50 values measured for basal conditions

(400.38+21.12ms) alongside the values measured after treatment with
different concentrations of nicorandil, all changes in AP characteristic were
subjected to one-way ANOVA with Dunnett’s multiple comparison test and
were n=8. 10nM, 30nM, 100nM, 300nM and 1uM were all found to
significantly decrease the APD50 of the cardiac action potential (p<0.05,
n=8, Dunnett’s multiple comparison test). B - Graph displaying the APD90
values measured for basal conditions (485.00£27.3ms) alongside the values
measured after treatment with different concentrations of nicorandil.
10nM, 30nM, 100nM, 300nM and 1uM were all found to significantly
decrease the APD90 of the cardiac action potential (p<0.05). C - Graph
displaying the triangularisation values measured for basal conditions
(185.36+15.42ms) alongside the values measured after treatment with
different concentrations of nicorandil. 10nM, 30nM and 100nM were all
shown to exhibit no significant effect on the triangularisation of these
hiPSC-CMs (p>0.05). However 300nM and 1uM were both found to exhibit
a significant decrease on the triangularisation of the cardiac action
potential (p<0.05). D - Averaged trace data for the action potentials of
cells. Starting with basal recording (n=40) and overlaying this trace with
averaged trace data from treated cells (n=8) at the concentrations tested.
Black lines indicate the averaged basal trace while red line indicate the
average treated trace. Scale bar=100ms.
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Figure 4-10 - Assessment of ReBI-hiPSC-CM response to minoxidil
A — Graph displaying the APD50 values measured for basal conditions

(388.59+18.27ms) alongside the values measured after treatment with
different concentrations of minoxidil, all changes in AP characteristic
were subjected to one-way ANOVA with Dunnett’s multiple
comparison test and were n=8. 10nM, 30nM, 100nM, 300nM and 1uM
were all found to significantly decrease the APD50 of the cardiac
action potential (p<0.05). B - Graph displaying the APD90 values
measured for basal conditions (471.62+21.6ms) alongside the values
measured after treatment with different concentrations of minoxidil.
10nM, 30nM, 100nM, 300nM and 1uM were all found to significantly
decrease the APD90 of the cardiac action potential (p<0.05). C - Graph
displaying the triangularisation values measured for basal conditions
(184.35+12.53ms) alongside the values measured after treatment with
different concentrations of minoxidil; 10nM and 30nM were both
shown to exhibit no significant effect on the triangularisation of these
cells (p>0.05). However 100nM, 300nM and 1uM were all found to
exhibit a significant decrease on the triangularisation of the cardiac
action potential (p<0.05). D - Averaged trace data for the action

potentials of cells. Starting with basal recording (n=40) and overlaying
this trace with averaged trace data from treated cells (n=8) at the
concentrations tested. Black lines indicate the averaged basal trace
while red lines indicte the averaged treated trace. Scale bar=100ms.
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4.2.9 Assessing effect of I, agonists on LQTS2-hiPSC-CM
In LQTS2 the patient phenotype is characterised by a decrease in I current as a result of

defective hERG channels (Schwartz et al, 2012). However, as some channels remain functional
it is prudent to test whether an increase in hERG activation could increase the K* outflow in
LQTS2-hiPSC-CMs. In this study two I agonists were tested to ascertain whether they were
able to reduce the APD values for LQTS2-hiPSC-CMs and improve the triangularisation times
for the LQTS2-hiPSC-CMs. RG3 is a known agonist of Iy and Iy (Choi et al, 2011). NS1643 is a
known agonist of the I channel (Durdagi et al, 2012). Basal AP characteristics were measured
in ReBIl-hiPSC-CMs before these cells underwent a 30 minute incubation with increasing
concentrations of either RG3 or NS1643 (10nM, 30nM, 100nM, 300nM and 1uM). All changes
in AP characteristic were subjected to one-way ANOVA with Dunnett’s multiple comparison

test and were n=8.

Figure 4.11 displays the ReBI-hiPSC-CM response to RG3. APD50 and APD90 values for ReBlI-
hiPSC-CMs were observed to significantly decrease at; 30nM, 100nM, 300nM and 1uM.
Triangularisation value for ReBIl-hiPSC-CMs was not observed to significantly change at any

concentration.

Table 4-6 ReBI-hiPSC-CM response to RG3

Basal 360.05 12.21 429.86 13.62 157.23 9.84

10nM | 360.58 | 6.16 | 0.15 427.98 8.75 -0.44 | 154.18 8.61 -1.94

30nM  346.71 9.53 -3.71 417.29 9.74 -2.92 | 153.89 129 | -2.12

100n 342.71 437 | -4.82 413.59 4.87 -3.78 | 154.25 6.9 | -1.90

300n 330.36 21.83 -8.25 406.46 7.25 -5.44  169.03 45.9 7.50

1uM 326.78 | 8.84 | -9.24 39541 9.95 -8.01 | 146 535 -7.14
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Figure 4.12 displays the ReBI-hiPSC-CM response to NS1643. APD50 and APD90 values for
ReBI-hiPSC-CMs were observed to significantly decrease at all concentrations tested.
Triangularisation value for ReBI-hiPSC-CMs was observed to significantly decrease at; 10nM,

30nM, 300nM and 1uM.

Table 4-7 ReBI-hiPSC-CM response to NS1643

Basal | 341.66 17.09 410.82 18.71 153.65 9.05

ionM 3024 6.39 | -11.49 368.6 | 7.06 | -10.28 142.54 | 5.87 | -7.23

30nM 302.64 879 -11.42 367.1 879 -10.64 138.11 6.29 @ -10.11

100n 294.1 10.91 | -13.92 | 362.1 | 10.74 -11.86 146.45 17.23  -4.69

300n 285.78 9.94 -16.36 @ 352.28 10.09 -14.25 142.55 13.42 -7.22

1uMm 267.14 | 541 | -21.81 32793 | 6.20 | -20.18 127.83 | 7.69 | -16.80

These data indicate that despite the loss functionality within the hERG channel in ReBI-hiPSC-
CMs, exposure to Iy agonists does result in modulation of APD. RG3 was found to significantly
decrease the APD50 and APD90 times of the ReBI-hiPSC-CMs. However it was not found to
significantly reduce the triangularisation time of these cardiomyocytes. NS1643 was also
found to result in significant reduction of APD50 and APD90 time. However unlike RG3
exposure of NS1643 to ReBI-hiPSC-CMs resulted in significant reduction of triangularisation

time in all concentrations tested except 100nM.

150



APDS50
450 oo
400
350 % =+ + - T =
300
2501
& St
Basal
100nM

Triangularisation

300nM

Figure 4-11 - Assessment of ReBI-hiPSC-CM response to RG3
A — Graph displaying the APD50 values measured for basal conditions

(360.05+12.21ms) alongside the values measured after treatment with different
concentrations of RG3, all changes in AP characteristic were subjected to one-
way ANOVA with Dunnett’s multiple comparison test and were n=8. 10nM
(p>0.05) was found to exhibit no significant difference to the APD50. However
30nM, 100nM, 300nM and 1uM were all found to significantly decrease the
APD50 (p<0.05, n=8, Dunnett’s multiple comparison test). B - Graph displaying
the APD90 values measured for basal conditions (429.86+13.62ms) alongside the
values measured after treatment with different concentrations of RG3. 10nM
(p>0.05) was found to show no significant difference in the APD90 of the cardiac
action potential. However 30nM, 100nM, 300nM and 1uM were all found to
significantly decrease the APD90 (p<0.05). C - Graph displaying the
triangularisation values measured for basal conditions (157.2319.84ms)
alongside the values measured after treatment with different concentrations of
RG3. 10nM, 30nM, 100nM, 300nM and 1uM were all found to exhibit no
significant difference on the triangularisation (p>0.05, n=8, Dunnett’s multiple
comparison test). D - Averaged trace data for the action potentials of cells.
Starting with basal recording (n=40) and overlaying this trace with averaged trace
data from treated cells (n=8) at the concentrations tested. Black lines indicate
averaged basal traces while red lines indicate averaged treated traces. Scale
bar=100ms.
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Figure 4-12 - Assessment of ReBI-hiPSC-CM response to NS1643
A — Graph displaying the APD50 values measured for basal conditions

(341.66+17.09ms) alongside the values measured after treatment with
different concentrations of NS1643, all changes in AP characteristic were
subjected to one-way ANOVA with Dunnett’s multiple comparison test and
were n=8. 10nM, 30nM, 100nM, 300nM and 1uM were all found to
significantly decrease the APD50 (p<0.05). B - Graph displaying the APD90
values measured for basal conditions (410.81+18.71ms) alongside the values
measured after treatment with different concentrations of NS1643. 10nM,
30nM, 100nM, 300nM and 1uM were all found to significantly decrease the
APD90 (p<0.05). C - Graph displaying the triangularisation values measured for
basal conditions (153.651+9.05ms) alongside the values measured after
treatment with different concentrations of NS1643. 10nM and 30nM, 300nM
and 1uM were found to exhibit a significant decrease on the triangularisation
(p<0.05). However 100nM (p>0.05) was found to show no significant
differences in the triangularisation times D - Averaged trace data for the action
potentials of cells. Starting with basal recording (n=40) and overlaying this
trace with averaged trace data from treated cells (n=8) at the concentrations
tested. Black lines indicate averaged basal traces while red lines indicate
averaged treated traces. Scale bar=100ms.
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4.2.10 Assessing effect of PPARS agonists on LQTS2-hiPSC-CM
PPAR®S agonists are known to activate the hERG pathway through interaction with protein 14-

3-3 epsilon (Kagan et al, 2002). Given that I, agonist are able to reduce APD times and improve
triangularisation it is therefore prudent to ascertain whether PPARS agonists are able to
activate hERG and reduce APD and triangularisation times in our LQTS2-hiPSC-CMs.
Telmisartan and GW0742 are two PPARS agonists (Feng et al, 2012; Luquet et al, 2005). Both
were used in this thesis to ascertain their effects on ReBI-hiPSC-CMs. Basal AP characteristics
were measured in ReBI-hiPSC-CMs before these cells underwent a 30 minute incubation with
increasing concentrations of either telmisartan or GW0742 (10nM, 30nM, 100nM, 300nM and
1uM). All changes in AP characteristic were subjected to one-way ANOVA with Dunnett’s

multiple comparison test and were n=8.

Figure 4.14 displays the ReBI-hiPSC-CM response to telmisartan. APD50, APD90 and
triangularisation values for ReBI-hiPSC-CMs were observed to significantly decrease at all

concentrations tested.

Table 4-8 ReBI-hiPSC-CM response to telmisartan

Basal  374.08 @ 25.03 442.56 31.04 158.42 | 15.16

10nM | 336.04 17.48 | -10.17 | 400.55 | 23.30 | -9.49 | 143,50 | 13.07 | -9.42

30nM | 333.58 12.29 -10.83 400.3 18.71 -9.55 | 150.43 @ 14.22 -5.04

100n 327.61 | 6.60 | -12.42 | 392.83 | 6.69 -11.24 | 145.80 | 10.54 | -7.97

300n 316.6 | 19.85 -15.37 3779 | 28.11 | -14.61 137.18 | 15.74 | -13.41

1uM 31461 6.69 | -1590 376.94 | 11.26 | -14.83 | 138.69 | 9.61 -12.45
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Figure 4.14 displays the ReBI-hiPSC-CM response to GWO0742. APD50, APD90 and

triangularisation values for ReBI-hiPSC-CMs was observed to significantly decrease at all

concentrations tested.

Table 4-9 - ReBI-hiPSC-CM response to GW0742

Basal  374.08 @ 25.03 442.56 31.04 158.42 | 15.16

10nM | 336.04 17.48 | -10.17 | 400.55 | 23.30 | -9.49 | 14350 | 13.07 | -9.42
30nM 333,58 12.29 -10.83 400.3 1871 -9.55 15043 @ 14.22 -5.04
100n 327.61 6.60 | -12.42 | 392.83 | 6.69 -11.24 | 145.80 | 10.54 | -7.97
M

300n 316.6 @ 19.85 -15.37 3779 @ 28.11 -14.61 137.18 | 15.74 -13.41
M

1uMm 31461 | 6.69 | -1590 376.94 | 11.26  -14.83 H 138.69 | 9.61 -12.45

These data indicate that despite the loss of functionality within the hERG channel in ReBI-

hiPSC-CMs, exposure to PPARS agonists does result in modulation of APD. Telmisartan was

found to significantly decrease the APD50 and APD90 times of the ReBI-hiPSC-CMs. However

it was not found to significantly reduce the triangularisation time of these cardiomyocytes at

30nM or 100nM. However concentrations of the drug >300nM did result in significant

reduction in triangularisation. GW0742 was also found to result in significant reduction of

APD50 and APD90 time. However unlike telmisartan exposure of GW0742 to ReBI-hiPSC-CMs

resulted in significant reduction of triangularisation time in all concentrations tested.
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Triangularisation

Figure 4-13 - Assessment of ReBI-hiPSC-CM response to telmisartan

A — Graph displaying the APD50 values measured for basal conditions (374.08+25.03ms)
alongside the values measured after treatment with different concentrations of
telmisartan, all changes in AP characteristic were subjected to one-way ANOVA with
Dunnett’s multiple comparison test and were n=8. 10nM, 30nM, 100nM, 300nM and
1uM were all found to significantly decrease the APD50 (p<0.05). B - Graph displaying
the APD90 values measured for basal conditions (442.56+31.04ms) alongside the values
measured after treatment with different concentrations of Telmisartan. 10nM, 30nM,
100nM, 300nM and 1uM were all found to significantly decrease the APD90 (p<0.05). C
- Graph displaying the triangularisation values measured for basal conditions
(158.42+15.16ms) alongside the values measured after treatment with different
concentrations of telmisartan. 10nM, 300nM and 1uM were all found to exhibit a
significant decrease on the triangularisation (p<0.05). 30nM and 100nM were found to
exhibit no significant difference in triangularisation (p>0.05). D - Averaged trace data for
the action potentials of cells. Starting with basal recording (n=40) and overlaying this
trace with averaged trace data from treated cells (n=8) at the concentrations tested.
Black lines indicate averaged basal traces while red line indicate treated traces. Scale
bar=100ms.
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Figure 4-14 - Assessment of ReBI-hiPSC-CM response to GW0742

A — Graph displaying the APD50 values measured for basal conditions
(399.7£19.12ms) alongside the values measured after treatment with different
concentrations of GW0742, all changes in AP characteristic were subjected to one-
way ANOVA with Dunnett’s multiple comparison test and were n=8 10nM, 30nM,
100nM, 300nM and 1uM were all found to significantly decrease the APD50
(p<0.05). B - Graph displaying the APD90 values measured for basal conditions
(486.86+22.9ms) alongside the values measured after treatment with different
concentrations of GW0742. 10nM, 30nM, 100nM, 300nM and 1uM were all found
to significantly decrease the APD90 (p<0.05). C - Graph displaying the
triangularisation values measured for basal conditions (191.65+13.43ms)
alongside the values measured after treatment with different concentrations of
GWO0742. 10nM, 30nM, 100nM, 300nM and 1uM were all found to exhibit a
significant decrease on the triangularisation (p<0.05). D - Averaged trace data for
the action potentials of cells. Starting with basal recording (n=40) and overlaying
this trace with averaged trace data from treated cells (n=8) at the concentrations
tested. Black lines indicate averaged basal traces while red lines indicate averaged
treated traces. Scale bar=100m:s.
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4.2.11 Assessing effect of I agonists on LQTS2-hiPSC-CM
Is and I together form the repolarising K* current of the heart active during phases 2 and 3

of the cardiac action potential (Shih, 1994). However, there remains some dubiety as to
whether the I channel is expressed in hPSC-CMs (Virag et al, 2001; Jost et al, 2005; Ma et al,
2011). In this thesis it was decided to use the Iy activator ML277 to ascertain whether it was
able to exert a response on ReBI-hiPSC-CMs. Basal AP characteristics were measured in ReBI-
hiPSC-CMs before these cells underwent a 30 minute incubation with increasing
concentrations of ML277 (3nM, 10nM, 30nM, 100nM, 300nM and 1uM). All changes in AP
characteristic were subjected to one-way ANOVA with Dunnett’s multiple comparison test

and were n=8.

Figure 4.15 displays the ReBI-hiPSC-CM response to ML277. APD50, APD90 and
triangularisation values for ReBI-hiPSC-CMs were observed to significantly decrease at; 300nM

and 1uM

Table 4-10 - ReBI-hiPSC-CM response to ML277

Basal  224.22 35.05 350.33  32.01 222.82  25.37

10nM | 202.29 34.61 -9.78 3421 | 3426 | -235 |224.03 3543 | 0.54

30nM 205 46.62 -8.57 31298 57.12 -10.66 189.25 30.47 @ -15.07

100n 204.56 | 48.31  -8.77 | 328.79 | 53.31  -6.15 | 21434 36.09 | -3.81

300n 137.69 32.45 -38.59 223.23 38.01 -36.28 128.09 16.35 | -42.51

1uM 128.84 | 23.99 -42.54 | 189.11 | 24.95 | -46.02 | 93.06 15.84 | -58.24

These data indicate that ML277, an Iy agonist, was able to result in the decrease of APD50

and APD90 values in ReBI-hiPSC-CMs at concentrations >300nM. Furthermore the drug was
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also able to significantly reduce triangularisation at concentrations >300nM. This indicates

that there may be a role for I in reducing APD in LQTS2-hiPSC-CMs.
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Figure 4-15 - Assessment of ReBI-hiPSC-CM response to ML277
A — Graph displaying the APD50 values measured for basal conditions (224.22+35.05ms)

alongside the values measured after treatment with different concentrations of ML277, all
changes in AP characteristic were subjected to one-way ANOVA with Dunnett’s multiple
comparison test and were n=8. 3nM, 10nM, 30nM, 100nM all showed no significant
difference in APD50 (p>0.05). However 300nM and 1uM were both found to significantly
decrease the APD50 (p<0.05). B - Graph displaying the APD90 values measured for basal
conditions (350.33+32.01ms) alongside the values measured after treatment with different
concentrations of ML277. 3nM, 10nM, 30nM, 100nM all showed no significant difference
in APD90 (p>0.05). However 300nM and 1uM were both found to significantly decrease
the APD90 (p<0.05). C - Graph displaying the triangularisation values measured for basal
conditions (222.81+25.36ms) alongside the values measured after treatment with different
concentrations of ML277. 3nM, 10nM and 100nM were shown to exhibit no significant
effect on the triangularisation (p>0.05). 30nM, and 1uM were found to exhibit a significant
decrease on the triangularisation (p<0.05). D - Averaged trace data for the action
potentials of cells. Starting with basal recording (n=40) and overlaying this trace with
averaged trace data from treated cells (n=8) at the concentrations tested. Black lines
indicate averaged basal traces while red lines indicate averaged treated traces. Scale
bar=100ms.
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4.3 Discussion
Using hPSCs to generate cardiomyocytes is a vital component to disease modelling. Initial

reports showed that cardiomyocytes could be generated from hESCs which displayed the
structural and functional properties of early stage cardiomyocytes (Kehat et al, 2001;
Mummery et al, 2002). However hESC-CMs displayed a phenotype that was consistent with
fetal cardiomyocytes not adult cardiomyocytes (He et al, 2003; Mummery et al, 2003; Brito-
Martins et al, 2008). This issue with hESC-CMs has persisted in cardiomyocytes generated
using hiPSC with reports showing gene expression of cardiac genes such as MYL2, MYH7 and
TNNI3 more closely resemble fetal like cardiomyocytes than adult ones (Guo et al, 2011).
However, despite this potential limitation reports in the literature have demonstrated that
hiPSC-CMs are valuable and useful tools in modelling cardiac diseases such as LQTS1 (Moretti
et al, 2010), LQTS2 (Matsa et al, 2011), LQTS3 (Davis et al, 2012), CPVT (Jung et al, 2012) and

dilated cardiomyopathy (Sun et al, 2012).

Table 4-11 - Summary of drugs tested on LQTS2 disease model

Nicorandil Ikatp agonist -20.25 -18.93 -14.27
Minoxidil Ikatp agonist -19.02 -18.14 -16.68
RG3 Ikr agonist -9.24 -8.01 -7.14

NS1643 Ikr agonist -21.81 -20.18 -16.80
Telmisartan PPARS agonist | -15.90 -14.83 -13.41
GW0742 PPARGS agonist | -22.28 -20.64 -16.94
ML277 Iks agonist -42.54 -46.02 -58.24

In this thesis the hiPSC-CMs were tested to assess their response to a drug of known action in
order to confirm their functionality. In this case a B-adrenoceptor agonist, isoprenaline and I
blocker E4031. Both the healthy control hiPSC-CMs and ReBI-hiPSC-CMs exhibited increasesd

beat rate in response to isoprenaline. It has previously been reported that isoprenaline results
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in a positive chronotropic response in hiPSC-CMs, although the concentration required in this
thesis was higher than usually reported (ltzhaki et al, 2011). In addition to this both the healthy
control-hiPSC-CMs and ReBI-hiPSC-CMs were shown to increase APD in response to E4031.
Taken together these data illustrate the functionality of the hiPSC-CMs generated in this study

and provide confidence for their use in downstream assays.

Contemporary models of cardiac diseases typically use patch clamp electrophysiology (Ma et
al, 2011; Matsa et al, 2011; Davis et al, 2012; Liang et al, 2013) or multielectrode arrays (MEA)
(Matsa et al 2011; Itzhaki et al, 2011; Egashira et al, 2012; Navarrete et al, 2013; Mathur et al,
2015) in order to analyse the electrical behaviour of the cells. However in this study optical
dyes and confocal microscopy were used in order to ascertain the AP characteristics of the
hiPSC-CMs. Imaging of electrical properties of cells using optical dyes has been reported in the
literature previously with publications using Di-4-ANEPPS (Burridge et al, 2011; Ren et al,
2011) and FluoVolt (Asakura et al, 2015; Bedut et al, 2016). This thesis sought to use optical
dyes as an alternative to more conventional patch clamp electrophysiology in order to assess
the phenotype of the cells in monolayers rather than single cell level whereby the cells are not
working in conjunction with their neighbouring cells as would occur in vivo. This was
considered important as there remains a high degree of variability in the APD characteristics
of hiPSC-CMs when analysed using patch clamp electrophysiology. The aim of this thesis was
to establish whether this variability could be reduced in order to improve the power of the
findings in our downstream experiments. In this thesis it is reported that hiPSC-CMs which are
at the single cell level exhibit a high degree of variability in the observed calcium transients.
However this variability can be reduced by seeding the cells in a monolayer format. This is
intuitive as cells in a monolayer format are likely to be electrically coupled and the monolayer
acting in sync, unlike single cells which exhibit no intrinsic behaviour. Furthermore it was
shown that different monolayers exhibit different calcium transient behaviours, this indicates
that there is unlikely to be intrinsic behaviour of a hiPSC-CM monolayer and none was
observed in this thesis. These data indicate that to decrease variability to as low as
experimentally possible cells should be analysed in monolayers to allow for electrical coupling
(zhu et al, 2014). In this thesis calcium transients were found to be less variable between

monolayers than between single cells.

In this thesis the phenotypic analysis of the hiPSC-CMs was carried out using the CellOPTIQ
platform. This platform remains relatively novel and few reports in the literature are yet to

cite its use. However it has been shown to detect arrhythmias and changes in APD when cells
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are exposed to compounds which modulate the action potential (Hortigon-Vinagre et al,
2016). Optimisation of the CellOPTIQ platform led to the conclusion that Di-4-ANEPPS resulted
in a significantly reduced S:N ratio when compared to FluoVolt. This confirms published work
which demonstrated an improvement of 5x in S:N when using FluoVolt rather than Di-4-
ANEPPS (Watanabe et al, 2016). This is consistent with the findings of this thesis where a 7X
increase in S:N was demonstrated. In order to achieve the greatest S:N ratio possible to ensure
accurate AP data FluoVolt was chosen as the optical dye to be used in this thesis. In all assays
it was decided to maintain as consistent a protocol as possible and therefore Matrigel and
plastic bottomed 96-well plates were used due to their routine availability in our lab. Having
established that the CellOPTIQ is capable of measuring changes in APD in response to drug
exposure the next stage of this thesis was to characterise the LQTS2-hiPSC-CMs generated.
Basal AP recordings of healthy NCRM5-hiPSC-CMs lines were compared to basal AP recordings
of ReBI-hiPSC-CMs which possess G1681A mutation in KCNH2. The data for these hiPSC-CMs
indicated clearly that ReBI-hiPSC-CMs exhibited significantly greater APD50 and ADP90 values
in addition to exhibiting an increased triangularisation time. These data confirm that the ReBI-
hiPSC-CM monolayers used in this study recapitulate previously published data demonstrating
increased APD in hiPSC-CMs, with G1681A, when analysed as single cells using patch clamp
electrophysiology and clusters of cells using multielectrode array systems (Matsa et al, 2011).
This indicates that the ReBI-hiPSC-CMs generated in this study recapitulate the patient

phenotype in vitro.

Having established the optimum conditions to be used in our CellOPTIQ assays the next step
was to establish its efficacy in being used as a tool to identify potentially therapeutic
compounds for LQTS2 patients. To demonstrate that they would be suitable for use in an in
vitro drug testing assay it was required to determine that the machine would be able to detect
changes in APD in response to a drug of known action. In this thesis it was clearly
demonstrated that control hiPSC line (NCRMS5) cardiomyocytes exhibited significantly
increased APD50, AP90 and triangularisation in response to exposure to E4031 as expected
from the literature (Egashira et al, 2012). This illustrated that the CellOPTIQ was able to
measure basal electrophysiological characteristics and then repeat these measurements after
drug treatment. The move from manual patch clamp electrophysiology to the CellOPTIQ
platform improved the potential output in this thesis from 4-8 data points per day to up to

224 data points per day.
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Standardised therapy for LQTS2 patient remains the use of B-blockers and lifestyle changes
(Cho, 2016). However up to as many as 23% of LQTS2 patients experience cardiac events
despite B-blocker therapy (Priori et al, 2004). In order to improve upon this relatively high rate
of failure new pharmacological interventions are required. The aim of this thesis was to
contrast the effect of various drug compounds on ReBI-hiPSC-CMs with the effects of B-
blocker therapy to ascertain whether these compounds could reduce the APD. In this study
propranolol was used as a control drug to assess its effect on ReBI-hiPSC-CMs. The significant
effect on APD50 value observed when ReBI-hiPSC-CMs were exposed to 10nM of propranolol
was not found to persist at higher concentrations therefore it is likely to be an outlier. This
may have been caused by overexposure which was an issue observed on a few occasions as a
result of leaving the filter open with the excitation lamp on while a time course was
completed. This experiment should be repeated to ensure this is the case. Aside from that
result propranolol was not observed to exert any significant effect on APD50, ADP90 or
triangularisation time in the ReBI-hiPSC-CMs. This indicates that its role in benefiting LQTS2
patients is not through modulation of the APD. Propranolol has been reported to prevent the
chronotropic effect of isoproterenol with no significant effect on beat rate alone, but only in
conjunction with isoproterenol (Yokoo et al, 2009; Mandel et al, 2012). Due to time pressure
it was not possible to challenge the ReBI-hiPSC-CMs with isoprenaline in the presence of
propranolol, however given the available literature this would make a good future experiment
in order to further elucidate the role of propranolol in ReBI-hiPSC-CMs. In addition to this,
propranolol was only administered to ReBI-hiPSC-CMs in this thesis. Therefore it would be
prudent in future to test across a range of cell lines including healthy control hiPSC lines to
uncover its response to these hiPSC-CMs. Given the evidence in this thesis propranolol
appears to act by mediating any increase to beat rate as opposed to reducing beat rate at
basal levels. Furthermore there was no evidence in this thesis or the wider literature that

propranolol modulates the AP.

The LQTS2 patient phenotype is characterised by a decrease in K* ion outflow during phase 3
of the cardiac action potential (Medeiros-Domingo et al, 2007). A mutation within the pore
domain damages K* permeation pathway necessary for K* ion conduction (Doyle et al, 1998).
Therefore it is intuitive that increasing the K* ion flow through alternative K* channels may
benefit the patient. It is reported in this study that use of nicorandil resulted in a significant
decrease in the APD50 and AP90 values of the ReBI-hiPSC-CMs at all concentrations tested. In
addition to this triangularisation was significantly reduced at concentrations above 300nM.

This is in agreement with the published literature regarding the use of nicorandil on LQTS2-
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hiPSC-CMs where it has previously been reported that the drug can reduce APD by up to 18%
(Matsa et al, 2011). This is consistent with the findings in this thesis which report a maximum
decrease in APD50 and APD90 of up to 20% using nicorandil. This thesis also reports that
minoxidil resulted in a significant reduction in APD50 and APD90 values at all concentrations
tested. In addition to this it also resulted in significant reduction of triangularisation time at
concentrations greater than 100nM. This is the first report which comments on the efficacy
on minoxidil in reducing APD in hiPSC-CMs. This thesis reports that APD50 and ADP90 can be
reduced by around 19% using minoxidil. As mentioned previously this drug is more commonly
used in hair loss treatments (Varothai and Bergfeld, 2014). However as it is approved for use
there would be less concern regarding the safety of this drug were to be trialled in LQTS2
patients. These data indicate that minoxidil may be more potent in reducing triangularisation
than nicorandil, although both appear to possess potent effects on APD. In order to assess this
further these drugs should both be tested on a wider panel of LQTS2-hiPSC-CMs. Furthermore
these data indicate that activation of the Ity channels can increase K* ion flow and lead to a
reduction in APD highlighting a potentially beneficial avenue for drug discovery to treat LQTS2

patients.

Increasing the activation of the I channels which remain functional in LQTS2 patients is a
potentially beneficial avenue to explore. In this thesis the use of RG3 resulted in significant
decreases in APD50 and APD90 at all concentrations tested. However there was not found to
be any significant change in triangularisation time, which determines the time of
repolarisation. Previous reports which used RG3 in LQTS1 and healthy control patient
indicated that the drug did not have an effect on the APD (Zhang et al, 2012). The reasons for
the discrepancy between this study and Zhangs’ may be a result of different hiPSC lines.
Genetic variability of these lines may be the cause of the differential effects observed.
Furthermore these are different disease models, in this thesis an LQTS2 line was studied, in
Zhangs an LQTS1 and healthy control lines were tested. To that end it would be prudent to
test a panel of the healthy control lines we have in our lab to ascertain the response to RG3.
However a further potential explanation of this discrepancy is experimental design. In Zhangs
work the electrophysiology of the cells is assessed by single cell patch clamp at room
temperature, they make no reference to CO,. However in this thesis all drug testing was
performed on monolayers at controlled, physiological conditions of 37°C with 5% CO,. The
second i agonist investigated in this thesis was NS1643 which was demonstrated to result in
significant decreases in APD50 and APD90 values at all concentrations tested. However in

contrast to RG3 NS1643 was able to significantly reduce triangularisation time in all
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concentrations tested except 100nM. Given its effect at lower and higher concentrations this
is likely to be an outlier, caused by overexposure, and should be investigated further. NS1643
has previously been shown to reduce FPD in hiPSC-CMs, although it was required at
concentrations as high as 30uM to do so (Zhang et al, 2014). Further reports on NS1643 have
indicated its role in reducing the relaxation time of cardiomyocyte tissue constructs
(Mannhardt et al, 2016). Taken together these data indicate that activation of the Iy current
is sufficient to increase K* ion flow in LQTS2-hiPSC-CMs. RG3 was able to potently decrease
APD but not improve triangularisation time potentially indicating that despite its APD
modulating properties it would not be beneficial in aiding repolarisation in LQTS2 patients.
However NS1643 was able to potently reduce APD50 and ADP90 in addition to improving

triangularisation, possibly indicating a beneficial effect in LQTS2 patients.

Having demonstrated that activation of the I, channels was able to modulate APD and
improve repolarisation in LQTS2-hiPSC-CMs it was decided to ascertain the potential benefits
of activating hERG upstream. PPARGS agonists have not been reported in the literature for their
effects in modulating APD. They are more commonly reported to be involved in lipid and
glucose homeostasis (Evans et al, 2004). Telmisartan was demonstrated in this thesis to elicit
a significant decrease APD50 and ADP90 at all concentrations tested as well as improving
triangularisation time at concentrations greater than 300nM. These data indicate that
telmisartan is able to modulate the APD of hiPSC-CMs and reduce the time of each action
potential. In addition to this the other PPARS activator tested, GWO0742, was also
demonstrated to exhibit a beneficial effect. GW0742 significantly decreased APD50, APD90
and triangularisation time in all concentrations tested. Taken together these data provide
evidence of the potentially beneficial effect of PPARS agonists in treating LQTS2 patients.
GWO0742 is currently not approved but is being investigated for potential therapeutic effects
by GlaxoSmithKline. The next step for these drugs will be to test them against a larger panel
of LQTS2-hiPSC-CMs as well as healthy controls to further elucidate their APD modulating

properties.

Is, alongside Iy, forms the rapid reactivation current. However there remains a degree of
dubiety regarding the expression of KCNQ1 and therefore the I current in hiPSC-CMs (Christ
et al, 2015). In this study an agonist of lys, ML277, was tested on the ReBI-hiPSC-CMs in order
to ascertain whether activation of I could modulate ReBI-hiPSC-CMs APD. ReBI-hiPSC-CMs
were demonstrated in this thesis to significantly decrease ADP50, APD90 and triangularisation

times in response to exposure to ML277 at concentrations greater than 300nM. These
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indicates that activation of Ixs can modulate APD and decrease the action potential of ReBlI-
hiPSC-CMs. However given the dubiety surrounding expression of i it would be prudent to
analyse this further to ensure there is not an element of nonspecific binding behind this effect

as it only occurs at higher concentrations.

To that end it would be worthwhile to assess the effect of ML277 against a panel of hiPSC-
CMs, both healthy, LQTS2 and LQTS1. In addition to this ReBI-hiPSC-CMs should be exposed
to an Iy blocker, such as chromanol 293b, in order to ascertain if such block has an effect,
identifying whether Iy is active and functional in these hiPSC-CMs. The seeding of cells in a
monolayer format as opposed to single cell analysis will enable the hiPSC-CMs to electrically

couple and may impact on ion channel density or functionality.

To summarise, this chapter has demonstrated that ReBI-hiPSC-CMs are able to accurately
recapitulate the patients LQTS2 phenotype in vitro. Furthermore it is possible using the
CellOPTIQ system to assess the AP characteristics of hiPSC-CMs using voltage sensitive dye
FluoVolt and this system can detect changes in APD of hiPSC-CMs in response to drug
exposure. This system was used to successfully run an in vitro drug assay to identify
compounds which may possess beneficial effects for LQTS2 patients yielding positive results

in lkatp, Ikr PPARS and lys agonists which should be investigated further.
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5 Chapter 5—-Phenotyping a CPVT S2246L mutation in hiPSC-CMs

5.1 Introduction
Catecholaminergic polymorphic ventricular tachycardia (CPVT) is a cardiac channelopathy

which inhibits the ability of the cardiac myocyte to appropriately handle calcium, a vital
component in the excitation-contraction (EC) coupling process (Cerrone et al, 2007; Roux-
Buisson et al, 2012). Studies have demonstrated the expression of RYR2, SR Ca*/ATPase
(SERCA), IP3R2, L-type calcium channel (LTCC) and Sodium-Calcium exchanger (NCX) in hiPSC-
CMs using semi quantitative RT-PCR (ltzhaki et al, 2011; Lee et al, 2011). Furthermore
functionality of RYR2, SERCA, IP3R and LTCC has also been demonstrated (Itzhaki et al, 2011).
However, what remains under addressed is the difference between healthy hiPSC-CMs and
CPVT-hiPSC-CMs in their respective functional calcium handling properties. Thus, in contrast
to the LQTS model which was used for drug screening, the intention for the CP1-hiPSC-CM in
this thesis was to investigate their calcium handling properties. This was achieved by
comparing the functionality of CP1-hiPSC-CMs to a CRIPSR/Cas9 genetically corrected hiPSC
line (CP1-WT) as well as an unrelated but healthy control hiPSC line, ReBI-PAT.

5.1.1 CPVT
CPVT has up to 5 subtypes which are characterised by mutations in calsequestrin 2 (CASQ2)

(Lahat et al, 2001), CALM1 (Hyegaard et al, 2012), TRDN (Roux-Buisson et al, 2012), TECRL
which exhibits a crossover phenotype between CPVT and LQTS (Devalla et al, 2016) and RYR2
(Swan et al, 1999). CPVT1 is characterised by a mutation within RYR2 and it is this subtype
which will be discussed in this chapter (Priori et al, 2001). CPVT is characterised by the
appearance of a healthy phenotype at rest. However, patients present with symptoms such
as bidirectional polymorphic ventricular tachycardia when exposed to adrenergic stimulation
brought on by exercise or stress (MacLennan and Zvaritch, 2011; Kim et al, 2014). CPVT is
inherited in an autosomal dominant manner and is often caused by mutation in the RYR2 gene
(Swan et al, 1999; Priori et al, 2001). Over 70 mutations have been reported to date in the
RYR2 region, the majority of which cluster to four highly conserved protein domains labelled
domains I-IV (Priori and Chen, 2011). However mutations within the RYR2 gene have only been
identified as causative in around 50% of dominantly inherited CPVT cases (Nyegaard et al,
2012). These defects in calcium handling lead to the spontaneous release of calcium from the
sarcoplasmic reticulum (SR) during diastole (Roux-Buisson et al, 2012). In turn this increase in
cytosolic calcium concentration can trigger DADs which are a risk factor for arrhythmias. This

process is particularly enhanced under adrenergic stimulation (Cerrone et al, 2007). The
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mechanism for these DADs is by increased cytosolic calcium activating the NCX creating a

transient inward current leading to depolarisation (van der Werf and Wilde, 2013).

5.1.2 Molecular and structural biology of RYR2 channel
Three isoforms of RYR have been identified in mammals; RYR1, RYR2 and RYR3. These genes

share ~70% sequence identity and are found in different cell types (Sorrentino and Volpe,
1993). RYR1 is predominantly found in skeletal muscle (Takeshima et al, 1989), RYR2 in the
heart (Nakai et al, 1990) and RYR3 is found primarily in the brain (Hakamata et al, 1992). The
RYR2 channel has been mapped to chromosome 1g42-43 and the human RYR2 gene
comprises of 105 exons (Tiso et al, 2001). The human RYR2 gene is primarily translated into a
large monomer which comprises an N-terminal domain of ~4500aa and a C-terminal domain
of roughly ~500aa (Lanner et al, 2010). It has been predicted using topology models that the
C-terminus contains 4-12 membrane-spanning domains (Blayney and Lai. 2010). It has been
suggested that the GGIG sequence which is found in one transmembrane loop and conserved
across all isoforms of RYR may form the pore loop, due to its similarity to the selectivity filter
of voltage gated K* channels (Du et al, 2001). The C-terminus of RYR2 is also believed to
interact with proteins such as calsequestrin (CASQ), junction and triadin which are important
in the regulation of calcium induced calcium release (CICR) (Lanner et al, 2010). The RYR2
channel is a tetramer comprised of four RYR2 polypeptides and four FK506 binding proteins

(Marx et al, 2000).

5.1.3 Regulation of cardiac ryanodine receptor
RYR2 activity is regulated by a number of factors including Ca?* and proteins such as protein

kinase A (PKA), CASQ, FK506-binding proteins (FKPBs) and Ca%*/calmodulin dependent protein
kinase (CaMKII) (Kimlicka and Van Petegem, 2011). One FKBP molecule is bound to each
subunit of RYR and this assembly is thought to aid the characteristic of gating as an ensemble
rather than stochastically, a vital component of efficient EC coupling (Brillantes et al, 1994;
Kaftan et al, 1996; Marx et al, 1998). The regulation of the binding between FKBP12.6 and the
RYR channel is achieved by PKA phosphorylation state (Marx et al, 2000). If PKA is
phosphorylated then FKBP12.6 becomes dissociated from the channel leading to increased
calcium sensitivity (Marx et al, 2000). Reports have indicated that increased expression of
CaMKIl can lead to higher levels of SR Ca? leak (Fischer et al, 2013). CaMKII has been shown

to increase Ca?* entry via LTCC in murine and rabbit cardiomyocytes (Dzhura et al, 2000).
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Furthermore it can influence Ca? uptake and release from the SR by inducing the
phosphorylation of RYR in both heterologous overexpression of RYR in HEK cells and in rabbit

in vivo models (Wehrens et al, 2004; Currie et al, 2004).

CASQ acts as a sensor of Ca? for the RYR2 channel, communicating changes in luminal levels
of Ca%, and at basal levels associates with triadin and junction which anchor it to the
membrane of the SR (Gyorke et al, 2004; Gaburjakova et al, 2013). The true molecular
mechanism of this process remains poorly understood (Gaburjakova et al, 2013). Under
normal conditions CASQ2 acts as a suppressor of the RYR2, however an increase in SR levels
of Ca? results in a conformational change of the protein which results in a cessation of its
inhibitory effect (Gyorke et al, 2004). Overexpression of CASQ2 has been shown to result in
larger calcium transients and spontaneous calcium sparks from isolated heart cells (Terentyev
et al, 2003). CASQ2 has also been shown to lengthen the recharging process of the SRs calcium
stores thus suggesting a role in maintaining a refractory period after contraction (Terentyev

et al, 2003).

Store overload-induced calcium release (SOICR) is the term given to a Ca®* influx-independent
and SR Ca’-dependent release of calcium from the SR stores (Jiang et al, 2004). SOICR
suggests the potential for a luminal Ca?* regulatory function of the RYR. Increased luminal Ca*
has been reported to increase the open probability of single RYR2 channels in both canine and
sheep models (Sitsapesan et al, 1994; Gyorke et al, 1998). However SOICR remains
controversial as any Ca* which exists in the luminal space of the SR has the potential to
activate the RYR as it passes through the cytosol of the cell, a potential mechanism termed
“feed-through” activation (Tripathy et al, 1996; Xu et al, 1998). A second hypothesis states
that RYR may be activated through the luminal side (Gyorke et al, 1998). Yet another potential
explanation is that RYR2 is activated by both SR and cytosolic Ca%* together (Laver, 2007).

However assessment of this phenomenon is outwith the scope of this thesis.
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5.1.4 Calcium handling in the cardiac myocyte
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Figure 5-1 - The cardiac calcium cycle
CaZ*enters the cell through LTCC which are found in the invaginations of the cell known as t-tubules. The Ca2*then

activates the RYR2 receptor which sits on the SR. This activation leads to CaZ* release from the SR in a process
known as calcium induced calcium release (CICR). This CICR is vital in establishing a high concentration of cytosolic
calcium which associates with troponin to induce contraction, a key component of the EC coupling. After
contraction the CaZ* in the cytosolic space must be removed to allow relaxation and this is achieved by two
principal mechanisms: The first and larger component is through the SERCA which transfers cytosolic Ca2*back into
the SR in a reuptake mechanism; the second is through the NCX which exchanges Na+ and Ca2*ions across the cell
membrane. The amplitude and velocity of the Ca?* transient is regulated by phosphorylation of nodal Ca?* cycling
regulators in cardiomyocytes. (lkeda et al, 2008).

5.1.4.1 The role of L-Type calcium channel
In the cardiac myocyte the L-Type Calcium Channel (LTCC) is the route by which calcium enters

the cell and activates the RYR2 receptor on the SR thereby releasing calcium from its store in
what is termed calcium induced calcium release (CICR) (Yamakage et al, 2002) (Figure 5.1). In
hiPSC-CMs calcium flow through the LTCC is required for calcium transients which are
eliminated by its blockade (Itzhaki et al, 2011). In the human heart the pacemaker cells which
regulate beat rate are driven by LTCC as they allow spontaneous depolarisation, thus initiating
the cardiac action potential in these cells (Guo et al, 2011; Torrente et al, 2016). Calmodulin
is an important calcium dependent modulator of LTCC activity promoting either calcium
dependent inactivation or calcium dependent facilitation of ionic flow (Zuhlke et al, 1999;
Saimi et al, 2002; Saucerman et al, 2008). It has recently been shown that the protein
myoscape, which localises to t-tubules, is able to interact with LTCC to modulate calcium
current (Eden et al, 2016). Therefore the major role of LTCC in calcium handling is to facilitate

Ca? entry to the cardiomyocyte to initiate the process of CICR.
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5.1.4.2 Therole of RYR2
RYR2 is known to be important in maintaining calcium homeostasis in the heart and thus is

vital in the EC coupling process which underpins the heart’s electrical activity (van der Werf
and Wilde, 2013). RYR2 is a cation-selective ion channel which is found within the membrane
of the SR where it is responsible for inducing the release of calcium from this intracellular
storage organelle (Williams et al, 2001). Activation of a single RYR2 leads to a local increase in
cytosolic Ca?* release in what is termed a calcium spark (Cheng et al, 1993). These calcium
sparks significantly amplify the original Ca?* signal leading to CICR (Lou et al, 2013). In vivo,
several RYR2 channels are situated on the membrane of the SR closely linked to a t-tubule
invagination of the sarcolemma, these form a couplon (Franzini-Armstrong et al, 1999; Brette
et al, 2002). This in turn leads to a close association with the LTCC and this spatial association
is key in the amplification of the signal which underlies efficient EC coupling in cardiomyocytes
(Scoote and Williams, 2002). Inward flow of calcium leads to increased release of calcium from
the SR which ultimately reaches a threshold whereby contraction occurs as calcium ions bind
to troponin C (Scoote and Williams, 2002). Relaxation of the cardiac myocyte requires the
dissociation of calcium from troponin C and its removal from the cytosol which is achieved by
the NCX which pumps Ca?* out of the cell and SERCA which returns the calcium to SR stores
(Bassani et al, 1994). Therefore the predominant role of the RYR2 is to be the gatekeeper of

the SR Ca?* store, initiating its release when activated by Ca?* flow through the LTCC.

5.1.4.3 Therole of SERCA
SERCA is a key component in removing Ca?* from the intracellular space and returning it to the

stores within the SR, and is estimated to remove up to 70% of the calcium required during
relaxation (Bassani et al, 1994; Shigekawa and Iwamoto, 2001). SERCA2 is the key isoform
found in cardiac muscle (Frank et al, 2003). The SERCA pump serves two purposes: firstly it
induces relaxation of the cardiac muscle by lowering cytosolic Ca% levels and secondly it
restores the Ca®* load within the SR for subsequent muscle contraction (Lipskaia et al, 2010).
SERCA is a single polypeptide with a molecular mass of 110kDa which is localised to the SR
membrane (Periasamy and Kalyanasundaram, 2007). SERCA is driven by ATP hydrolysis and is
able to transport two Ca?" ions for each molecule of ATP hydrolysed (Periasamy and
Kalyanasundaram, 2007). SERCA removes Ca%* from the cytosol of the cell by interacting with
the protein phospholamban (PLB) which regulates the activity of the SERCA pump (Kranias et
al, 2012). PLB inhibits the SERCA pump when in the unphosphorylated state. However when

phosphorylated by PKA, this inhibition is relieved leading to an increase in pump activity (Zima
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et al, 2014). The major role of SERCA in calcium handling therefore, is to remove calcium from
the cytosol which results in muscle relaxation and to refill the SR in order to prepare for the

next contraction.

5.1.4.4 The role of NCX
The NCX is a membrane transporter which contains 10 transmembrane helices, with four ion-

binding sites specifically for Ca?* and three which likely bind Na* (Liao et al, 2012). NCX is
known to transport 3 Na* ions in exchange for 1 Ca%" ion which results in an ionic current
(Ottolia et al, 2013). The role of NCX in healthy hearts is to remove the same volume of Ca?*
which entered the cell via the LTCC, while SERCA recycles Ca%* from SR (Bridge et al, 1990).
The NCX achieves this by exchanging Na* and Ca?* ions across the plasma membrane during
Ca?" influx or efflux depending on the electrochemical gradient formed, therefore it is driven
by electrical activity (Shigekawa and lwamoto, 2001). Early in the cardiac action potential
process, there is a large influx of Na* to the cells which forms an electrochemical gradient
causing the NCX to pump Na* ions out of the cell and Ca? ions into the cell (Bers, 2002).
Furthermore, it has been suggested that calcium influx through the NCX can synergistically
amplify the effect of CICR which is driven through the LTCC (Litwin et al, 1998). Although
SERCA is more prominent during Ca?* extrusion through its reuptake mechanism than NCY, it
has been shown that in the event of inadequate reuptake of Ca?* into the SR, the NCX will
increase its activity to increase the amount of Ca?* extruded from the cell (Piacentino et al,
2003). Therefore the NCX plays a dual role in the process of calcium cycling: it can transport
Ca” into the cell in the early phases of the cardiac action potential; but its main purpose is the

extrusion of Ca?* from the cell during relaxation of the cardiac muscle.

5.1.45 Therole of IP3
IP3Ris activated by IP3 which is generated by the activation of phospholipase C (Marks, 2000).

The role of IP3 in calcium handling in the human heart remains a controversial subject. It has
been postulated that IP3 is more functional with regard to calcium cycling in fetal
cardiomyocytes but this process is taken over by RYR as cells mature (Rosemblit et al, 1999).
However evidence from some studies have indicated that IP3 still plays a major role in
controlling intracellular calcium concentrations (Poindexter et al, 2001). Action potentials are
not thought to activate IP3 and it is therefore not electrically driven (Kentish et al, 1990). What

is more, although IP3 receptors are found in the heart the rate and extent of Ca?* release from
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IP3 is thought to be much lower than CICR (Bers, 2002). Indeed, IP3R is thought to be around
50 times less abundant than RYR in the human heart (Moschella et al, 1993). One of the more
interesting roles thought to involve IP3 is the propagation of electrical signals in the heart
given the abundance of IP3 receptors in the Purkinje fibres (Gorza et al, 1993). IP3 has been
shown to play a role in calcium handling in hESC-CMs and hiPSC-CMs (Satin et al, 2008; Itzhaki
et al, 2011). Therefore the role of IP3 in calcium handling may be more prominent in hPSC-

CMs than in native adult cardiomyocytes due to their immature phenotype.

5.1.5 CRISPR/Cas9 genome engineering to generate isogenic controls
Early genome editing work was carried out using Zinc-Finger Nucleases (ZFNs) and

transcription activator-like effector nucleases (TALENS). ZFNs consist of two different domains
- a DNA binding and a DNA cleavage domain (Carroll, 2011). ZFNs are able to induce a double
strand break (DSB) in the genome at a specific location (Urnov et al, 2010). However ZFNs
require laborious screening and optimisation when trying to combine multiple ZFNs to target
unique sites in the human genome (Boch, 2011). TALENS are a fusion protein secreted by
Xanthomonas bacteria and they consist of nonspecific Fokl endonuclease and an adaptable
TALE DNA-binding domain (Boch and Bonas, 2010; Brookhauser et al, 2017). TALENS contain
amino acids in the conserved TALE domain which are termed repeat variable diresidues (RVD).
These give the TALEN specificity over where in the genome it will induce a break in the DNA
(Boch et al, 2009; Moscou and Bogdanove, 2009). Despite the success of genome editing using
TALENS there remain concerns regarding undesired off target effects, which can result in

unintended disruption of genes (Grau et al, 2013).

Clustered regularly interspaced short palindromic repeats (CRISPR) are part of an RNA
mediated adaptive immune system found in bacteria and archea (Weidenheft et al, 2012).
Figure 5.2 below shows a schematic explaining the key processes in CRIPSR/Cas9 targeting. It
was shown that by forming an RNA chimera - termed the guide RNA (gRNA) - of trans-
activating crRNA (tracrRNA) and CRISPR RNAs (crRNA) that Cas9 protein could induce double
strand breaks in the genome at site specific locations (Jinek et al, 2012). The gRNA binds to it
complementary site in the genome and recognises the PAM in the endogenous sequence,
which contains the sequence NGG (linek et al, 2012). By inducing these double stranded
breaks in the DNA at site-specific locations, it is possible to induce changes in the DNA by
providing the cells with a template, such as plasmid DNA or a single stranded oligonucleotide,

to repair themselves using homology directed repair (HDR) (Ran et al, 2013). Plasmid based

173



targeting using the PiggyBac transposon system has previously been utilised to correct the B-
thalassemia mutation in hiPSCs (Xie et al, 2014). The PiggyBac system exhibits benefits over
the single stranded oligonucleotide system, which provides a single stranded oligonucleotide
as a template for HDR, as it features both positive and negative selection using puromycin and
by expressing thymidine kinase (Chen and Bradley, 2000). In this thesis the initial intention
was to target CP1-hiPSC using the oligonucleotide method of the CRISPR/Cas9 system.
However should this prove unsuccessful, then a plasmid based method using a modified

PiggyBac transposon system would be used.

PAM
A Target Gene of
Sequence Sequence )

interest
B

Complex

Cas® + gRNA
C Double
strand cut

D Double

Stranded Break

Repair by HDR or NHEJ

Figure 5-2 - Schematic explaining the CRISPR/Cas9 process

A — The initial selection of gene of interest with an identified gRNA target sequence and a PAM site immediately
downstream. The target sequence provides a region in the genome for the gRNA to bind and the PAM site will
activate Cas9 protein leading to a double stranded break in the DNA. B — This step is the formation of a single entity
of complexed gRNA and Cas9 protein, which is only activated when it recognises a PAM site. The role of the gRNA
is to direct the Cas9 to a specific location in the genome. C — When the complex of gRNA and Cas9 protein find the
complementary sequence and bind to it, the Cas9 protein is activated and a double strand break is induced in the
DNA. D — This double strand break can then be repaired by NHEJ which will likely result in indels or frameshift
mutations. Alternatively the cell can use HDR to repair itself, for this a template must be present, in the CRISP/Cas9
genome editing system an oligonucleotide or targeting plasmid will be provided as a template.

5.1.6 Chapter aims and objectives
The genetic variability between cell lines necessitates the generation of isogenic control hiPSC

lines using gene editing technology to further explain the role of specific mutations in disease
phenotype. This chapter demonstrates the use of CRISPR/Cas9 gene editing technology to
correct the S2246L mutation in the RYR2 gene of the CP1 hiPSC line to create an isogenic
control. Furthermore this chapter has assessed a selection of key calcium handling parameters
namely TRise, TDecay, amplitude and time of transients (TOT) (Shinnawi et al, 2015) to
determine whether they show a differential phenotype in CPVT-hiPSC-CMs when compared

to a healthy, unrelated control cell line (ReBI-PAT) and a genetically corrected hiPSC line (CP1-
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WT) when different components of the calcium handling machinery are blocked. To achieve

this the following aims must be met;

1. Using CRISPR/Cas9 genome editing technology correct the S2246L mutation in the
RYR2 of the CP1 hiPSC line.

2. Assess the basal calcium handling behaviour of both healthy-hiPSC-CMs and CPVT-
hiPSC-CMs.

3. Assess the role pharmacological blockade has on the calcium handling machinery in

both healthy-hiPSC-CMs and CPVT-hiPSC-CMs.
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5.2 Results

5.2.1 Patient history and genetic profile
The patient in this study was a male who presented at 5 years of age with a normal ECG but

with a history of syncope and a previous diagnosis of CPVT. A genetic screen on the patient
had shown that he carried the autosomal dominant missense mutation RYR2 c.6737C>T. This
mutation causes a substitution of leucine for serine at amino acid position 2246 designating
this mutation S2246L and locating it in the cytosolic central domain of the RYR2 protein. Figure
5.3 illustrates the reprogramming process to generate hiPSC from the patient’s skin fibroblasts
which were obtained during the implantation of an implantable cardiac monitor. The patient
provided informed consent and this sample collection was approved by the University of
Nottingham Research Ethics Committee (License 09/H0408/74). Figure 5.3 continues by
showing genotyping analysis of the affected region in CP1 and in the healthy control hESC line
HUES7. CP1-hiPSC contains the heterozygous C/T, using custom designed primers shown in
Table 5.1. The HUES7 chromatogram shows a homozygous C, also shown using custom
designed primers shown in Table 5.1. Finally Figure 5.3 displays a schematic explaining where

in the RYR2 this mutation is located.
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Figure 5-3 - Assessing the CP1 patient genotype

A — Representative images through the reprogramming process of CP1. From the initial seeding of CP1-fibs through to the emergence of putative hiPSC colonies after the addition of SeV.

: Protein Phosphatase 1

: Protein Phosphatase 2A

: Protein Kinase A

: Protein phosphorylation sites

: FK506 Binding Protein (peoptidyl prolyl isomerase)
: Calmodulin

: Calmodulin dependent protein kinase II

: Patient mutation

Finally the purified hiPSC line. B — Chromatograms covering the S2246L mutation in CP1 cell line on the top the red diamond indicates the heterozygous mutation. The image on the bottom
shows the same region in HUES7 hESC line which features the WT genotype of a homozygous G at position 2246. C — Schematic which displays the predicted structure of the cardiac RYR2, the
patient mutation has been highlighted by a red star. The mutation occurs in the cytosolic domain of the RYR2 and is thought to be primarily involved in inter-domain interactions. Schematic

adapted from (Priori and Napolitano, 2005), genotyping of the mutation was performed by Dr Divya Rajamohan.
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5.2.2 Targeting CPVT hiPSC with CRISPR/Cas9 using single stranded oligonucleotide
method
In order to assess the role of the S2246L mutation in patient phenotype, genome editing

techniques were used to alter the mutated base pair. CRISPR/Cas9 was utilised to target the
$2246L mutation in the CP1 patient hiPSC line using the oligonucleotide method whereby HDR
is facilitated by the introduction of a single stranded oligonucleotide as has previously been

demonstrated (Bialk et al, 2015).

Figure 5.4 shows the location of the mutation in exon 44 of the RYR2 gene. In order to target
the CP1-hiPSC line using the oligonucleotide method three components were required. The
first was an oligonucleotide of ~100bp to act as a DNA template for HDR. First the CP1-hiPSC
line was PCR amplified and sequenced using the custom designed primer pair in Table 5.1.
This was performed to detect any SNPs in the genome compared to reference sequence as it
was vital that the repair template oligonucleotide retained 100% homology with the
endogenous sequence with the obvious exception being the nucleotide being targeted. Two
101bp oligonucleotides were then synthesised by Sigma, one featuring a C (to make the
mutated allele WT and correct the genotype) and one featuring a T (to mutate the WT allele
and create a double mutant) at the position corresponding to exon 44 c6373 in the RYR2. The
second component was a gRNA which was designed using the online CRISPR tool developed
by MIT (http://crispr.mit.edu/). Using an input sequence of +100bp from the mutation site the
online tool identified potential gRNAs followed by the 5’-NGG PAM sequence. This online tool
was also able to predict the specificity and likelihood of off target effects for each gRNA
identified. The gRNA was then generated using a commercially available RNA in vitro
transcription kit (Ambion). The final component was purified Cas9 protein purchased from
ToolGene. All three components were nucleofected into CP1-hiPSC using the Amaxa 4D

system and programme CA-137.

After electroporation CP1-hiPSCs were plated in one well of a 6-well plate coated in Matrigel
and 48 hours later these hiPSCs were harvested and plated at clonal density in Matrigel coated
35mm dishes. A small number of cells were removed for gDNA extracted in order to assess
whether any targeting had occurred using a restriction digest. In the case of the system used
in this thesis a restriction enzyme was removed by silently mutating a C>T, removing the Sfcl
restriction site from the PCR product generated by the product from the primer pair shown in
Table 5.1. These hiPSCs were then grown at clonal density until ready to be collected, using
mechanical dissociation, and expanded. After this expansion, cell pellets were collected and

gDNA extracted. Using the custom designed primers pair shown in Table 5.1 PCR was
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performed to amplify the region around the mutation, these products were then sequenced

to assess the extent to which targeting had successfully occurred.

Table 5-1 - Primers used to sequence CP1

Primer Pair Primer Sequence 5’ - 3’ Product Size
CP15’ Primer ccccagctatgagaggttca 445bp
CP1 3’ Primer gaacgttggttctccttcca \
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B Exon 44 Mutation
6737C>T

CP1 5’ Primer CP1 3’ Primer
— A—

C
5’ Q,)\CCTTTTCTHGRTCCGGCTCACGCAGAGCTAATGCTAGTTCATTATTATCCATCACCAAAGCTGCAGCCACATCCAGTGGTGTTGAACCTCTCATAGCTGGGGA 3’
l 4 1 4 1 N 1 " ! 4 1 " 1 4 ! N 1 " ! 4 1 ]
I t T t T 1 T 1 T t T T T T T T T T T T T 1
3’ GG.M\HHGHTCTRGGCCG&GTGCGTCTCGATTACGATCAAGTAATAATAGGTAGTGGTTTCGACGTCGGTGT!\GGTCACCACAACTTGGAGAGTATCGACCCCT\@ 5’
1 L oRNA ]
Mutation AGC>AGT
D ¢
CP1 Mut Oligo TCCCCAGCTATGAGAGGTTCAACACCACTGGATGTGGCTGCAACTTTGGTGATGGATAATAATGAACTAGCATTAGCTCTGCGTGAGCCGGATCTAGAAAAGG
CP1WT Oligo TCCCCAGCTATGAGAGGTTCAACACCACTGGATGTGGCTGCAACTTCGGTGATGGATAATAATGAACTAGCATTAGCTCTGOGTGAGCCGGATCTAGARAAGG

Figure 5-4 - Selecting the tools for the oligonucleotide method of gene targeting using CRISPR/Cas9
A - Identification of RYR2 genomic sequence using genome browser (RYR2 NCBI Reference Sequence: NC_000001.11). Using the Blat tool to search for the genomic DNA sequence which was

derived from the CP1-hiPSC line identified exon 44. B — Schematic displaying the location of the mutation which is situated in exon 44 of the RYR2. This schematic also displays the location of
the 5’ and 3’ sequencing primers used to sequence the genome around the mutation. C — This image shows the 101bp oligonucleotide, synthesised by Sigma, which was provided to the cells
as a template for HDR after the initiation of a double strand break by the Cas9 protein. The mutation is highlighted, in the CP1-hiPSC line the mutation is a C>T. Finally there will be a silent
mutation(no amino acid change) within the oligonucleotide which removes a unique restriction site from a screening PCR product, thus aiding screening. On this diagram the sequence should
be read from 5’ to 3’ on the bottom strand. D — Two different oligonucleotides were used in this experiment: one was designed to correct the mutant allele to WT (CP1 WT Oligo) and the

other is intended to mutate the WT allele to a T, this will result in a homozygous mutation, this is termed CP1 Mut Oligo.
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By nucleofecting an oligonucleotide along with a gRNA and Cas9 protein the expectation was
that the Cas9 protein would complex with the gRNA and result in a double stranded break
(DSB) in the genome at the site to which the gRNA was complementary. The introduction of
this DSB would then result in the targeted cell repairing the break through HDR, using the
template provided as an oligonucleotide, or by NHEJ which will likely result in a frameshift

mutation or an indel.

Figure 5.5 shows the analysis of the targeted clones, 23 of which were assessed by PCR
amplification of the region around the mutation using the custom designed primers shown in
Table 5.1 and then sequenced. These analyses showed that of the 13 clones which had been
targeted with the CP1-WT oligonucleotide to correct the mutated allele, 0% exhibited
successful targeting and 0% exhibited indel or frameshift mutations. 10 clones were assessed
all of which had been targeted using the CP1-MUT oligonucleotide to mutate the healthy allele
with 0% success rate, along with 0% indels or frameshift mutations. The lack of success and
noticeable lack of indels or frameshift mutations indicated two potential issues. The first was
that the gRNA was not specific enough and therefore was directing the Cas9 protein to a
different location in the genome. The second potential problem was that the purified Cas9

protein was not active and therefore no DSBs were being induced.

At this stage a number of colleagues in the lab had noticed a similar lack of successful targeting
or indel/frameshifts using the oligonucleotide method. As a result of this it was decided as a
lab-wide practice to test the activity of the Cas9 protein used in this thesis as shown in Figure
5.5. This was performed by incubating purified gRNA with Cas9 protein and plasmid DNA from
a previously successful targeting experiment in an Eppendorf tube and running the resulting
DNA on a gel to assess whether any cleavage of the DNA had occurred. This showed that the
Cas9 protein which had been used in this thesis, was not actively cutting compared to Cas9
protein from an alternative supplier (which was actively cutting) and to previous batches from

ToolGene which were also actively cutting.

The conclusion therefore was that the lack of successful targeting using this method was a
consequence of inactive Cas9 protein. Due to the need to optimise the process and the
concentrations of new reagents when using an alternative Cas9 protein supplier, the direction
of this experiment was changed and a different system to edit the CP1-hiPSC genome was

introduced.
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Figure 5-5 - Analysing the success of the oligonucleotide method using CRISPR/Cas9
A — Representative chromatograms of the CP1-Mut targeted cells after sequencing. The red diamond indicates the heterozygous mutation remains at position 2246. B - Representative

chromatograms of the CP1-WT targeted cells after sequencing. The red diamond indicates the heterozygous mutation remains at position 2246. C — Table showing the relative success of the
targeting using the oligonucleotide method. There were 0% successful targeting events as well as 0% indels or frameshift mutations. Given the scarcity of indels it was suggested that the Cas9
protein was not active. D — A diagnostic digest using control gRNA and gDNA from previously successful CRISPR/Cas9 oligonucleotide targeting. This gel highlights that lane 3 (Labomics Cas9
Lot # C14112409) and lane 6 (NEB Cas9 (M0386M)) result in successful cutting of control DNA. However in lane 4 (Labomics Cas9 Lot #C15041524 ) and 5 (Labomics Cas9 Lot # C15042827) no
cutting was evident suggesting that these lots of CAs9 protein were not active, it was Lot#C15041524 which was used in these experiments. The in vitro test of Cas9 protein was carried out by
Dr Alexander Kondrashov.
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5.2.3 Targeting CPVT hiPSC with PiggyBac transposon method
One of the advantages of the oligonucleotide system is that there is no integration of plasmid

DNA which subsequently will need to be excised potentially leaving a footprint which may
result in the disruption of gene expression (Liu et al, 2011). However the PiggyBac transposon
system has previously been used successfully to modify the human genome “footprint free”
(Galvan et al, 2009). Moreoever using a modified version of this system (Figure 5.6) it was
possible to introduce two selection steps. The first was to kill any hiPSC not expressing
puromycin and which were therefore not targeted during nucleofection and the second was
to introduce ganciclovir to the hiPSCs after excision as this will kill any hiPSC expressing
thymidine kinase thus killing hiPSCs which had not excised the insert. In this thesis the
PiggyBac system was used along with a Cas9 plasmid and a gRNA plasmid meaning the delivery
of three plasmids to the cells using nucleofection. Assembly was required to generate the

targeting construct plasmid.
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TTAA Site Mutation

A
1kb Homology Arm 1kb Homology Arm
ﬁ

B gRNA

1kb Homology Arm PiggyBac PURO THY KIN PiggyBac 1kb Homology Arm
C

1kb Homology Arm PiggyBac PURO THY KIN PiggyBac 1kb Homology Arm
D TTAA Site

Left Homology Arm Right Homology Arm
Figure 5-6 - Schematic explaining the PiggyBac method

A —The endogenous genomic sequence. The areas mapped out by the green outline show the 1kb arms of homology on either side of the TTAA site which will be created by PCR amplification
of the endogenous sequence from gDNA and incorporated into a targeting plasmid construct. The TTAA site is omitted from the targeting construct as the excision of the PiggyBac will leave a
TTAA footprint, by incorporating this into the targeting strategy the method can be considered ‘footprint’ free as no amino acid or nucleotide changes will be made. The mutation is
highlighted in red. The targeting construct will feature the WT nucleotide sequence at this location. Also seen in this section is the gRNA: it should be noted that as the gRNA used in this
strategy spans the TTAA site it will not be present in the targeting construct, as the PiggyBac splits the homology arms. This prevents the gRNA plasmid cutting the targeting construct and
reducing efficiency B — This is a schematic representing the targeting construct. The targeting construct has a pBluescript backbone and features two key components which will be used in
selection. The puromycin resistance cassette allows positive selection by killing any hiPSCs in the culture which have not successfully taken up the plasmid after electroporation. The plasmid
also expresses thymidine kinase, this will be used for negative selection after excision as the addition of ganciclovir will kill any cell still expressing the plasmid, leaving only fully excised hiPSC.
There are also two 1kb arms of homology flanking the PiggyBac sequence. C— This schematic represents the plasmid components integrated into the endogenous DNA, due to the PiggyBac
sequence insertion between the arms of homology the gene will be disrupted while this insertion is in place. D — The left and right homology arms from the targeting construct will remain
after excision and this will leave the corrected nucleotide at position c6736.
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The targeting construct plasmid was made up of 4 components; a pBluescript backbone, a
PiggyBac region containing a puromycin resistance cassette and expressing thymidine kinase,
a left arm of homology from the CP1-hiPSC endogenous sequence and a right arm of homology
from CP1-hiPSC endogenous sequence. 40bp primers with overhangs between the borders of
the 4 components were synthesised by Sigma and used to amplify the homology arms from
endogenous CP1-hiPSCs. The PiggyBac sequence with overhangs was amplified from PiggyBac
plasmid DNA. These PCR amplifications were performed using custom designed primers which

are shown in Table 5.2.

Table 5-2 - 40bp primers used to generate targeting plasmid

Primer Name 5’ — 3’ Sequence

Backbone > Left Flank acggtatcgataagcttgattacgtaaaattaaactttaa

PB > Left Flank gactatctttctagggttaaaatattgagaaaaccgtgaa

Left Flank > PB ttcacggttttctcaatattttaaccctagaaagatagtc

Right Flank > PB tgcaccaaccttacttatattTAACCCTAGAAAGATAATCA
PB> Right Flank TGATTATCTTTCTAGGGTTAaatataagtaaggttggtgca
Backbone > Right Flank ccgggctgcaggaattcgatcagtaaaggaaacaggaaga

To assemble the targeting plasmid PCR amplification was performed using the custom primers
shown in Table 5.2. Figure 5.7 shows a schematic explaining the four different components
required to generate the targeting construct plasmid for the CP1-WT plasmid. Figure 5.7
displays gel electrophoresis images showing the left and right arm of homology, 320bp and
1000bp respectively, and the PiggyBac sequence which was 3235bp after PCR amplification
using the custom designed primers shown in Table 5.2. These products were extracted from
the gel and annealed along with the pBluescript backbone using Gibson assembly. Colonies
were then plated on agar plates containing ampicillin and incubated at 37°C overnight. The
following day colonies were picked from the agar plates and they underwent a small scale
DNA prep as described in Section 2.4.7. In order to assess whether the Gibson assembly had
been successful, plasmids were linearized with EcoRl and gel electrophoresis was performed.
Of the 16 clones linearised, 8 exhibited the correct product size. Upon sequencing it was
demonstrated that all 8 had the right homology arm inserted correctly as shown by
sequencing with M13R primer, but only 6 had the left homology inserted correctly, as shown
by sequencing with M13F primer. Of the final 6 plasmids which featured the correct size and
orientation of the components, all exhibited the nucleotide C at the corresponding mutation
point 6737. This suggested that these plasmids would result in a WT phenotype if used in the
CP1 hiPSC line. The final plasmid map for the CP1-WT targeting plasmid can be seen in Figure
5.8.
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Figure 5-7 - Generating the targeting construct for use in PiggyBac system in CRISPR/Cas9

The generation of a targeting construct required the building of a plasmid form 4 components. The first component was a pBluescript backbone which was generated by digestion using
EcoRlI (red). The second component was the left homology arm from the CP1 endogenous sequence which resulted in a PCR product of 320bp as shown (green). The third component
was a right homology arm from the CP1-hiPSC endogenous sequence which resulted in a PCR product of 1000bp as shown (yellow). The final product was a PigggyBac region which
featured a puromycin resistance cassette and expressed thymidine kinase and this resulted in a 3235bp PCR fragment as shown (blue). These PCR products were cut from the gel and
purified before being assembled using Gibson assembly. The black arrows indicate the primers described in Table 5.2.
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Figure 5-8 - Plasmid maps of CP1 targeting construct
The targeting plasmids used to provide a template for the HDR after the inducement of a DSB in the CP1-hiPSC line. The CP1 targeting construct features puromycin resistance under the control

the PGK promoter as well as a change in nucleotide sequence form T>C which will correspond to a change in the sequence of nucleotide position 6737, resulting in a WT genotype. The two

arms of homology (orange) are split by the PiggyBac sequence (pink) which will leave a TTAA excision site when removed.
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Figure 5.9 shows the generation of the gRNA plasmid. To construct the gRNA plasmid suitable
gRNA sequences for targeting RYR2 were identified using online CRISPR tool
(http://crispr.mit.edu/). Using an input sequence of +100bp from the TTAA site the online tool
identified potential gRNAs followed by the 5’-NGG PAM sequence. This online tool was able
to predict the specificity and likelihood of off target effects for each gRNA identified. To create
the gRNA plasmid gRNA primers shown in Table 5.3 were annealed together and ligated into
linearized pU6 plasmid (Dr Bill Skarnes, Sanger Institute). Ligation was aided by the Bsal
overhangs at the 5’ and 3’ end (Figure 5.9). These plasmids were then plated on agar plate
containing kanamycin and incubated at 37°C overnight. The following day colonies were
picked and were subjected to small scale DNA preparation as described in Section 2.4.7. In
total 3 colonies were selected for analysis which was carried out by having the plasmid
sequenced using the SP6 primer (5" ATTTAGGTGACACTATAG 3’). All were successfully ligated

with the gRNA inserted correctly.

Table 5-3 - Primer pair used to generate gRNA sequence for ligation

gRNA Pair Sequence 5’ -3’ Product Size
CP1 gRNA accGattttaaatataagtaaggttgg 27bp
aaacccaaccttacttatatttaaaat
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This schematic shows the gRNA vector backbone, pU6_Bsal. A — The plasmid is then digested using Bsal to create over hanging sticky ends for subsequent ligation. B —

Figure 5-9 - Generation of the gRNA plasmid
Plasmid now has the pU6 backbone and TGGC and GTTT over hangs. C - The sequenced gRNA after ligation showing the correct sequence
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5.2.4 Optimisation of Amaxa 4D nucleofection
Before nucleofection of the three plasmids required for this method of gene targeting the

optimal conditions for nucleofection in hiPSC lines using the Amaxa 4D system were first
assessed as shown in Figure 5.10. pSin GFP plasmid was nucleofected into two hiPSC lines
using 7 different programmes on the Amaxa 4D system per manufacturers guidelines. These
data indicate that DN-100 (86.5+6.5% at 24 hours), DC-100 (59.6+12% at 24 hours) and CA-
137 (47.3212% at 24 hours) were the most efficient programs at all time points. Maximum
GFP % was achieved at 24 hours under all conditions. In addition to the efficiency of
transfection, the cell number was also calculated in order to assess viability. In this regard CB-
150 (6909+1836.32), CD-118 (6024.75+2363.87) and CE-118 (5973.5+£1150.25) were shown to
have the most cells present at 24 hours. Only two conditions exhibited cell numbers lower
than the non electroporated control indicating higher levels of cytotoxicity, CA-137

(4037.7521209.86) and DN-100 (1908.25+474.69).

These data indicated that DN-100, DC-100 and CA-137 were the most efficient programmes

to target hiPSCs despite some cytotoxicity in DN-100 and CA-137.
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Figure 5-10 - Assessing the optimal conditions of electroporation on the Amaxa 4D system

To assess the optimal Amaxa 4D electroporation programme two hiPSC lines were tested. 1.6x10° were harvested in the logarithmic growth phase and resuspended in Amaxa P3
nucleofection buffer with 6.4ug of pmaxGFP vector added. The hiPSC were then equally seeded into 16 different wells in a Cell Line Optimization 4D-Nucleofector X Kit strip before being
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nucleofected. After nucleofection the strip was then incubated at 37°C with 5% CO,, for 5 minutes to allow the hiPSCs to recover. After this the entire contents of each well were resuspended

in E8 medium + 10puM Y-27632 and each transferred to 1 well of a 48 well plate. The hiPSCs were then analysed and stained with hoescht at 24, 48 and 72 hours to assess cell count by

imaging the cells using the DAPI channel on a confocal plate reader. In addition to this the cell count was used, along with the number of hiPSCs which stained green in the Alexa488 channel,
to calculate % positive. A — These graphs display the % of hiPSCs which were positive for GFP using the Alexa488 channel on a confocal plate reader at 24, 48 and 72 hours. B — These graphs
show the number of cells present within the well as assessed by hoescht live cell staining in the DAPI channel, n=2.
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5.2.5 Assessment of targeting using plasmid method
Upon successful nucleofection of the gRNA and Cas9 plasmids the genome will be cut at the

site specified by the gRNA design program. As WT Cas9 plasmid was used in this thesis the cut
in the genome will be a DSB (Ran et al, 2013). Once this DSB is induced the cell will then repair
the break by NHEJ leading to a frameshift mutation/indel. If a template is present then the
cell may repair itself by HDR. Successful nucelofection of all three targeting plasmids would
create the condition of DSB at the site desired in the genome and the presence of a template

for HDR which would correct the mutated base pair.

The hiPSCs targeted in this thesis were left for 24-48 hours to recover from electroporation
after which they were passaged to fresh plates and treated with puromycin. After 1 week of
puromycin treatment all hiPSCs were harvested and replated before being transfected with
1ug transposase plasmid to excise the PiggyBac sequence. The hiPSCs were then given 24-48
hours to recover from this transfection before being treated with ganciclovir as any hiPSCs in
which the PiggyBac insert had not been excised would still express thymidine kinase which
converts ganciclovir into a toxic product (Beck et al, 1995). After this process of negative
selection clonal hiPSCs were dissociated mechanically (using a stem cell knife) and sequenced
using the primers in Table 5.1 to assess whether successful targeting had occurred. Figure 5.11
shows the analysis of the 12 hiPSC clones which were picked, expanded and analysed.
Sequence data indicated that 1 of the 12 clones analysed exhibited a corrected phenotype.

The others maintained a heterozygous C/G at position 6737.

Therefore the genotype of this hiPSC clone had been altered and from that point it was termed
CP1-WT. Further analysis was required to ensure clean recombination of the DNA after

excision of the targeting construct with no indels, SNPs or frameshift mutations.
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ACCACTGGATGTBGCTBCAGCTTCGBGG6GTGBGATGGATAATAATGAAC
CP1 Corrected Clone 9
. 4
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Untargeted CP1 hiPSC
&
C

Clones Analysed Positive Clones

12 1 (8%)

Figure 5-11 - Analysing the success of the plasmid method of targeting using CRISPR/Cas9
A - Schematic displaying the location of the mutation which is situated in exon 44 of the RYR2. B — Chromatograms which show the sequence around the S2246L mutation in untargeted CP1-

hiPSCs and in CP1-targeted WT clone 9. The red diamond indicates the position of the mutation in the CP1 untargeted cells and the position of the corrected homozygous G in the CP1-WT
Clone 9 line. C — This table shows the relative targeting efficiency of the protocol used in this thesis. Of the 12 clones analysed after two selection steps 1 was positive giving a targeting
efficiency of 8%.
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Having successfully altered the T>C at position 6737 in the mutated allele of CP1-hiPSC the next step

in characterising this line was to assess the recombination of the homology arms and the TTAA excision

site with the endogenous sequence. PCR amplification of the regions of interest was performed using

the custom primers shown in Table 5.4. These PCR products were then sequenced to ascertain if there

were any indels or frameshift mutations at these locations.

As shown in Figure 5.12 there was clean recombination of the region where the left homology arm

and right homology arm were introduced in the initial targeting step. Furthermore the TTAA excision

was also recombined cleanly.

These data indicate that no damage to the endogenous DNA had occurred at the introduction or

excision site of the plasmids used in this thesis.

Table 5.4 - Primers used to assess if clean recombination had occurred after excision of the PiggyBac

Sequence 5’ -3’

Product
Size

Region to Assess Primer Pair

Left Homology Arm 5’ Left HA Primer
3’ Left HA Primer

Right Homology Arm 5’ Right HA Primer
3’ Right HA Primer

TTAA Site 5’ TTAA Primer

3’ TTAA Primer

ggagtggttggggagatgtt
acctggatcgtgctgtaact
catcgtggctctttgtagge
agtgtctacccagtgctgac
ccccagctatgagaggttca
gaacgttggttctcctteca

399bp
411bp

445bp
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5’ Left HA Primer
E— 3’ Left HA Primer

Left Homology Arm Right Homology Arm

Left Homology Arm Sequence

5/ TATATACAATTTTTATTTGTCAATTCAAAATACOTAAAATTAAACTTTAATOTA 4,

CP1 Corrected Clone 9

tatatacaatttttatttgtcaattcaaaatacgtaaaattaaactttaatgta 3’

NCBI Reference Sequence: > e e o e A o B e T e B

NC_000001.11 3’ atatatgttaaaaataaacagttaagttttatgcattttaatttgaaattacat 5’
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5’ Right HA Primer 3’ Right HA Primer
B —

5’ TTAA Primer R
- > 3’ TTAA Primer

—

Left Homology Arm Right Homology Arm

B
Right Homology Arm

CP1 Corrected Clone 9

NCBI Reference Sequence: 5’ ttaaactcttcctgtttcctttactgctttattttcaactattggaaa 3
NC_000001.11 B I B I S T R R R et 5"
%" aatttgagaaggacaaaggaaatgacgaaataaaagttgataaccttt

C
TTAA Site

CP1 Corrected Clone 9

NCBI Reference Sequence: 5’ ttctcaatattttaaatataagtaaggttg 3’
) | 1 1 3 | 1

NC_000001.11 T ' ! ! ' '
3 aagagttataaaatttatattcattccaac

57

Figure 5-12 - Assessing the left and right homology arms as well as the TTAA site after PiggyBac excision

A —The schematic of the recombined genomic DNA at the site of insertion features the primers used to assess the recombination of the left homology arm. This chromatogram and snapgene
file illustrate the sequence of the CP1-WT hiPSC line at the point where the left arm of the targeting construct ends and the endogenous sequence begins. These data indicate clean
recombination at the left arm of homology. B - The schematic of the recombined genomic DNA at the site of insertion features the primers used to assess the recombination of the right
homology arm. This chromatogram and snapgene file illustrate the sequence of the CP1-WT hiPSC line at the point where the right arm of the targeting construct ends and the endogenous
sequence begins. These data indicate clean recombination at the right arm of homology. This reference sequence should be rad 5’ to 3’ on the bottom strand. C - The schematic of the
recombined genomic DNA at the site of insertion features the primers used to assess the recombination of the TTAA. This chromatogram and snapgene file illustrate the sequence of the CP1-
WT hiPSC line at the TTAA excision point where the plasmid was initially integrated. These data indicate clean recombination at the TTAA site.
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5.2.6 Basal calcium handling data for healthy-hiPSC-CMs and CPVT-hiPSC-CMs
To assess whether the differences in basal calcium handling phenotype were observed in

hiPSC-CMs it was decided to test four key parameters of the calcium transient; TRise, TDecay,
Amplitude and Time of Transients (TOT) (Shinnawi et al, 2015). These parameters were
measured in CP1-, CP1-WT and ReBI-PAT-hiPSC-CMs using the CellOPTIQ platform. To achieve
this hiPSC-CMs were seeded at 5x10* cardiomyocytes per well in a 96 well plate and dyed
using the calcium label Fura2-AM. Measurements were obtained with stable conditions of

temperature at 37°C and CO; at 5%.

Figure 5.13 shows the basal calcium handling characteristics of the hiPSC-CM panel used in
this thesis. All three hiPSC-CMs were analysed for their basal levels of TRise, TDecay,
amplitude and TOT. It was observed that ReBI-PAT-hiPSC-CMs exhibit significantly shorter
TRise (346.4+20.54ms vs 365.8+20.01ms, p<0.05, n=92, Tukeys multiple comparisons test)
and significantly shorter TOT (13304£314.7ms vs 1475+297.9ms, p<0.05, n=92, Tukeys multiple
comparisons test) than CP1-hiPSC-CMs. CP1-hiPSC-CMs displayed a significantly longer TRise
time (365.8+20.01ms vs 335.4+16.45ms, p<0.05, n=91, Tukeys multiple comparisons test), a
significantly larger amplitude (0.26£0.15 vs 0.1+0.06, p<0.05, n=91, Tukeys multiple
comparisons test) and a significantly shorter TOT (1475+297.9ms vs 1811+604.8ms, p<0.05,
n=91, Tukeys multiple comparisons test) than CP1-WT-hiPSC-CMs. ReBI-PAT-hiPSC-CMs
exhibited a significantly longer TRise time (346.4+20.54ms vs 335.4+16.45ms, p<0.05, n=91,
Tukeys multiple comparisons test), a significantly shorter TDecay time (458.3+124.5ms vs
502.3+115.7ms, p<0.05, n=91, Tukeys multiple comparisons test), a significantly larger
amplitude (0.23+0.10 vs 0.1+0.06, p<0.05, n=91, Tukeys multiple comparisons test), and a
significantly shorter TOT (1330£314.7ms vs 1811+604.8ms, p<0.05, n=91, Tukeys multiple
comparisons test) than CP1-WT-hiPSC-CMs.

These data indicate that significant differences exist between healthy and CVPT hiPSC-CMs.
Furthermore they indicate that there are also significant differences between CPVT-hiPSC-
CMs and CPVT-WT-hiPSC-CMs after genetic correction of the hiPSC line. Finally the CP1-WT-
hiPSC-CMs exhibit differences to the heathy-hiPSC-CMs indicating genetic variation between
hiPSC-CMs.
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Figure 5-13 - Basal calcium handling characteristics of CP1-, ReBI-PAT- and CP1-WT- hiPSC-CMs
hiPSC-CMs were seeded into Matrigel coated 96-well plates at a density of 5x10% per well to create a confluent monolayer. All hiPSC-CMs in this study were between d30-35 post

differentiation. hiPSC-CMs were stained with intracellular calcium label FURA2-AM and transients were recorded on the CellOPTIQ platform. ReBI-PAT-hiPSC-CMs exhibited basal TRise of
346.4+20.54ms (n=92), TDecay of 458.3+124.5ms (n=92), amplitude 0.23+0.10 (n=92) and TOT of 1330+314.7ms (n=92). CP1-hiPSC-CMs exhibited basal a TRise of 365.8+20.01ms (n=96),
TDecay of 470.2+89.09ms (n=96), amplitude of 0.2610.15 (n=96) and TOT of 1475+297.9ms (n=96). CP1-WT-hiPSC-CMs exhibited a TRise of 335.4+16.45ms (n=91), TDecay of 502.3+115.7ms
(n=91), amplitude of 0.1+0.06 (n=91) and TOT of 1811+604.8ms (n=91). ReBI-PAT-hiPSC-CMs showed significant difference to CP1-hiPSC-CMs with regards to TRise (p<0.05, n=92, Tukeys
multiple comparisons test) and TOT (p<0.05, n=92, Tukeys multiple comparisons test). CP1-hiPSC-CMs significant difference in TRise (p<0.05, n=91, Tukeys multiple comparisons test),
amplitude (p<0.05, n=91, Tukeys multiple comparisons test) and TOT (p<0.05, n=91, Tukeys multiple comparisons test) compared CP1-WT-hiPSC-CMs. ReBI-PAT-hiPSC-CMs exhibited
significantly differences in TRise (p<0.05, n=91, Tukeys multiple comparisons test), TDecay time (p<0.05, n=91, Tukeys multiple comparisons test), amplitude (p<0.05, n=91, Tukeys multiple
comparisons test), and TOT (p<0.05, n=91, Tukeys multiple comparisons test) than CP1-WT-hiPSC-CMs.
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5.2.7 Assessment of LTCC blockade in healthy-hiPSC-CMs and CPVT-hiPSC-CMs
The LTCC is a key component of the calcium handling machinery of a cardiomyocyte. Calcium

ions flow into the cell through the LTCC and activate the RYR2 leading to CICR from the SR
(Yamakage et al, 2002). Nifedipine is a known blocker of the LTCC (Itzhaki et al, 2011) and for
this thesis was used to assess the effect that LTCC has on the calcium transient across our
hiPSC panel. hiPSC-CMs were seeded into a 96-well plate at a density of 5x10* per well. These
hiPSC-CMs were then stained with the intracellular calcium labelling dye Fura2-AM and basal
recordings were taken using the CellOPTIQ system. Nifedipine was added at 50, 100 and
1000nM and incubated on the cells for 30 minutes. After this incubation a second recording
was taken. To assess changes one-way ANOVA with Dunnett’s multiple comparisons test was

used to compare treated hiPSC-CMs to basal hiPSC-CMs within the same cell line, n=5.

Exposure to 1000nM stopped calcium transients in all 6 replicates of all hiPSC-CM lines. In
addition to this only 1 of 6 CP1-WT-hiPSC wells continued to beat after treatment with 100nM
of nifedipine (Figure 5.14). In all hiPSC-CMs TRise, TDecay, amplitude and TOT were assessed
after treatment with 50, 100 and 1000nM of nifedipine. In ReBI-PAT-hiPSC-CMs and CP1-
hiPSC-CMs TRise was significantly reduced at 100nM. In CP1-WT-hiPSC-CMs TRise was

significantly reduced at 50nM.

Having established the response of this hiPSC-CMs panel to LTCC block, the second task was
to assess whether there were any differences between CP1-hiPSC-CMs and CP1-WT-hiPSC-
CMs in the magnitude of the responses. The percentage change in each parameter was
assessed across the hiPSC-CM panel tested to establish if the magnitude of responses varied
between cell lines (Figure 5.15). To assess if a significantly different effect was observed

unpaired t tests were undertaken. In all cases n=5.

The effect of nifedipine on TRise was significantly smaller between CP1 compared to CP1-WT
at 50nM and 100nM. There was a significantly smaller change in amplitude observed in CP1
than CP1-WT at: 50nM and 100nM. There was also a significant difference in the magnitude
of effect on TOT between CP1 and CP1-WT at 100nM of nifedipine exposure.
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Table 5-4 - Effect of nifedipine on calcium handling mechanics

R-PAT Basal 348.21 18.13 419.92 112.44 0.20 0.12 1294.08 | 418.62
50nM 325.28 | 21.07 -6.59 487.74 191.74 | 16.15 0.14 0.09 -28.56 1474.10 | 382.01 13.91
100nM 303.04 @ 24.28 -12.97 342.24 105.87 | -18.50 0.10 0.07 -51.31 1408.12 695.54 8.81
1uM 0.00 0.00 -100.00 | 0.00 0.00 -100.00 | 0.00 0.00 -100.00 | 0.00 0.00 -100.00
CcP1 Basal 371.80 | 22.92 492.80 @ 80.85 0.15 0.12 1748.47 | 320.23
50nM 349.28 | 8.97 -6.06 510.86 12150 | 3.67 0.18 0.12 23.63 1558.56 | 244.08 -10.86
100nM 317.16 | 46.82 -14.70 462.28 159.63 | -6.19 0.08 0.09 -45.41 2443.16  1855.47 @ 39.73
1uM 0.00 0.00 -100.00 | 0.00 0.00 -100.00 | 0.00 0.00 -100.00 | 0.00 0.00 -100.00
CP1 WT Basal 338.33 | 23.35 555.11 146.89 0.10 0.10 2049.25 | 945.70
50nM 284.74 | 41.27 -15.84 462.94 169.74 | -16.60 0.05 0.05 -51.11 2396.65 | 1108.33 | 16.95
100nM 66.84 149.46 | -80.24 95.00 212.43 | -82.89 0.02 0.04 -81.64 318.80 712.86 -84.44
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Figure 5-14 - Assessment of hiPSC-CM calcium handling response to LTCC
blocker nifedipine

hiPSC-CMs were seeded into Matrigel coated 96-well plates at a density
of 5x10* per well to create a confluent monolayer. All hiPSC-CMs in this
study were between d30-35 post differentiation. hiPSC-CMs were stained
with intracellular calcium label FURA2-AM and transients were recorded
on the CellOPTIQ platform. To assess changes one-way ANOVA with
Dunnett’s multiple comparisons test was used to compare treated hiPSC-
CMs to basal hiPSC-CMs within the same cell line, n=5. All hiPSC-CMs
ceased beating after the addition of 1uM nifedipine. In the case of CP1-
WT-hiPSC-CMs only 1 well out of 6 remained beating after addition of
100nM of nifedipine. Statistical analysis was carried out on each
parameter (TRise, TDecay, amplitude and TOT) for each hiPSC-CM line
across all concentrations tested to assess if drug exposure resulted in any
significant changes. TRise in ReBI-PAT-hiPSC-CMs was significantly altered
at 100nM (p<0.05) and 1uM (p<0.05). TRise in CP1-hiPSC-CMs was
significantly altered at 100nM (p<0.05) and 1uM (p<0.05). TRise in CP1-
WT-hiPSC-CMs was significantly altered at 50nM (p<0.05), 100nM
(p<0.05) and 1uM (p<0.05). TDecay in ReBI-PAT-hiPSC-CMs, CP1-hiPSC-
CMs and CP1-WT-hiPSC-CMs was significantly altered at 1uM (p<0.05) or
100nM (p=0.37). Amplitude in ReBI-PAT-hiPSC-CMs, CP1-hiPSC-CMs and
CP1-WT-hiPSC-CMs was significantly altered at 1uM (p<0.05). TOT in
ReBI-PAT-hiPSC-CMs, CP1-hiPSC-CMs and CP1-WT-hiPSC-CMs was
significantly reduced at 1uM (p<0.05). Stars denote significance in the
change between basal and treated levels within the same hiPSC-CM line.
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% Change

TRise TDecay Figure 5-15 - % change in calcium handling parameters between CP1-hiPSC-CMs
and CP1-WT-hiPSC-CMs in response to different doses of nifedipine

° * hiPSC-CMs were seeded into Matrigel coated 96-well plates at a density of
04 5x10* per well to create a confluent monolayer. All hiPSC-CMs in this study
=507 :?" were between d30-35 post differentiation. hiPSC-CMs were stained with
g 50+ intracellular calcium label FURA2-AM and transients were recorded on the
-100- 2 CellOPTIQ platform. Calcium transients were completely abolished in both CP1-
L ) -1004 and CP1-WT-hiPSC-CMs at 1uM. In CP1-WT-hiPSC-CMs 5 of the 6 wells tested in
150 1 . A . 1 150 : . T . ! this thesis abolished calcium transients at 100nM of nifedipine. The effect of
o‘f\ é\ o‘f\ q“ nifedipine on TRise was significantly different between CP1 and CP1-WT at
& & 50nM (-5.8+4.12% vs -14+5.9%, p<0.05, n=5, unpaired t-test) and 100nM (-
Nifedipine Concentration Nifedipine Concentration 18.56+15.51% vs -84.69+37.51%, p<0.05, n=5, unpaired t-test). The observed
difference in magnitude of the effect on amplitude of 50nM (16.76+52.61% vs
Amplitude Time of Transient 42.43+185.5%, p<0.05, n=5, unpaired t-test) and 100nM (-50.69+34.1% vs -
300+ — — . 100- , * . 93.04+17.05%, p<0.05, n=5, unpaired t-test) was significant between CP1 and
2004 = 50nM cp1-WT. There was a significant difference in the magnitude of effect on TOT
e o 501 = 1000M Y etween CP1 and CP1-WT at 100nM of nifedipine exposure (15.83+2.58% vs -
E 100+ g 0 - M 84.69+37.5% p<0.05, n=5, unpaired t-test). Comparisons within these graphs
O o 5 relate to differences in % change between each cell line when exposed to same
X £ =01 concentration of drug.
-100 100+
200 ' ' -150 T T
OQ\ OQ(‘{\ dzr\ '\4\&
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5.2.8 Assessment of RYR2 blockade in healthy-hiPSC-CMs and CPVT-hiPSC-CMs
Calcium release from the SR is mediated by activation of the RYR by an influx of Ca?" ions

through the LTCC (Yamakage et al, 2002; Itzhaki et al, 2011). In CPVT the RYR ‘leaks’ Ca?* ions
into the cytosol of the cell, when excessive Ca?* accumulates here the cell inappropriately
attempts to contract (Roux-Buisson et al, 2012). In this study it was decided to block the RYR
with the known blocker ryanodine, which is known to activate the receptor at nanomolar
concentrations (Buck et al, 1992). In this thesis therefore, concentrations in the range of
10uM-20uM were used, high enough to block the receptor (Lindsay et al, 1994) and to assess

the effect on calcium handling behaviour.

hiPSC-CMs were seeded into a 96-well plate at a density of 5x10%. These hiPSC-CMs were
stained with the intracellular labelling dye Fura2-AM and basal recordings were taken using
the CellOPTIQ system. Ryanodine was added at 10, 15 and 20puM and incubated on the cells
for 30 minutes. After this incubation a second recording was taken. To assess changes one-
way ANOVA with Dunnett’s multiple comparisons test was used to compare treated hiPSC-

CM s to basal hiPSC-CMs within the same cell line, n=6 (Figure 5.16).

In ReBI-PAT-hiPSC-CMs TDecay was significantly increased at 10uM, 15uM and 20uM. TOT
was significantly increased at 10uM, 15uM and 20uM. In CP1-WT-hiPSC-CMs TDecay was

significantly increased at 10uM, 15uM and 20uM.

Having established the response our hiPSC-CMs panel to RYR2 blockade the second challenge
was to assess whether the magnitude of response was different between CP1-hiPSC-CMs and
CP1-WT-hiPSC-CMs (Figure 5.17). To assess if a significantly different effect was observed

unpaired t tests were undertaken. In all cases n=6.

Exposure to ryanodine resulted in an effect of a significantly different magnitude on TRise
between CP1 and CP1-WT at 15uM and 20uM. Exposure to ryanodine resulted in an effect of
significantly different magnitude on TDecay between CP1 and CP1-WT at 10uM and 15uM.
There was found to be a significantly larger effect on amplitude on CP1-WT than CP1 when

exposed to 10uM of ryanodine.

These data indicate that there are variable responses to RYR2 blockade between CP1-hiPSC-
CMs and CP1-WT-hiPSC-CMs.
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Table 5-5 - Effect of ryanodine on calcium handling mechanics

R-PAT Basal 354.57 | 24.96 536.00 136.38 0.24 0.10 1445.53 | 294.43
10uM 343.55 16.15 -3.11 725.67 71.69 35.39 0.22 0.12 -6.85 2157.62 | 418.01 3.89
15uM 338.22 19.71 -4.61 746.03 | 42.88 39.19 0.15 0.06 -37.39 2192.86 @ 374.83 51.70
20uM 345.95 16.81 -2.43 743.35 20.27 38.68 0.21 0.08 -14.30 1959.02 | 337.44 35.52
CP1 Basal 359.44  21.11 504.77 120.95 0.26 0.09 1501.75 @ 242.60
10uM 377.83 17.74 5.12 580.58 109.30 15.02 0.20 0.09 -21.67 1926.42 | 578.46 28.28
15uM 379.88 12.29 5.69 603.50 26.65 19.56 0.20 0.06 -21.11 1902.42  195.20 26.68
20uM 377.12 | 8.81 4.92 567.62 63.97 12.45 0.18 0.06 -32.11 1834.37 | 309.90 22.15
CP1 WT  Basal 333.72 16.52 477.89 | 97.50 0.08 0.06 1915.21 679.53
10uM 333.98 | 7.97 0.08 757.33 | 94.71 58.48 0.06 0.04 -28.32 2037.37 | 472.39 6.38
15uM 302.67 16.38 -9.30 676.82 126.18  41.63 0.04 0.03 -56.89 2252.20 322.54 17.60
20uM 309.28 | 27.43 -7.32 699.08 121.94  46.29 0.06 0.03 -33.96 2054.98 | 424.48 7.30

205



450-

S~
o
=)

Time (ms)
&
o

TRise

300+
250 , , :
M
Q?‘S R \éK
e-"q’\ &
Amplitude
5
0.4
[+
T
3
£ 0.2] ?El ?ﬂ
£
< é i
0.0 , : I':'
Q?‘S (52\ :\@
> &
&

TDecay
1000+
| —|
& 8004 [P Ls éﬂ
£ 6001 ??E
[
£ 400
P 200
0 , :
A N
\Q?" (jl Q\éK
L G
Time of Transient
5000-
—~ 4000+

= 1000+
0
&
>
Q@

= Basal
=1 10U
= 15U
= 20um

Figure 5-16 - Assessment of hiPSC-CM calcium handling response to RYR2
blocker ryanodine

hiPSC-CMs were seeded into Matrigel coated 96-well plates at a density of
5x10* per well to create a confluent monolayer. All hiPSC-CMs in this
study were between d30-35 post differentiation. hiPSC-CMs were stained
with intracellular calcium label FURA2-AM and transients were recorded
on the CellOPTIQ platform. Statistical analysis was carried out on each
parameter (TRise, TDecay, amplitude and TOT) for each hiPSC-CM line
across all concentrations tested to assess if drug exposure resulted in any
significant changes. To assess changes one-way ANOVA with Dunnett’s
multiple comparisons test was used to compare treated hiPSC-CMs to
basal hiPSC-CMs within the same cell line, n=6. TRise of CP1-WT-hiPSC-
CMs was significantly reduced at 15uM (p<0.05) and 20uM (p<0.05).
TDecay of ReBI-PAT-hiPSC-CMs was significantly increased at 10uM
(p<0.05), 15uM (p<0.05) and 20uM (p<0.05). TDecay of CP1-WT-hiPSC-
CMs was significantly increased at 10uM (p<0.05), 15uM (p<0.05) and
20uM (p<0.05). Amplitude of ReBI-PAT-hiPSC-CMs was significantly
decreased at 15uM (p<0.05). TOT of ReBI-PAT-hiPSC-CMs was significantly
increased at 10uM (p<0.05), 15uM (p<0.05) and 20uM (p<0.05). Stars
denote significance in the change between basal and treated levels within
the same hiPSC-CM line.
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TRise TDecay Figure 5-17 - % change in calcium handling parameters across hiPSC-CM panel in

20 I — 1 150 - . N . response to different doses of ryanodine
10 ! ! ; i . hiPSC-CMs were seeded into Matrigel coated 96-well plates at a density of
® j l .l_ T ° 100+ 5x10* per well to create a confluent monolayer. All hiPSC-CMs in this study
£ 0 T T T = were between d30-35 post differentiation. hiPSC-CMs were stained with
S 10 5 % intracellular calcium label FURA2-AM and transients were recorded on the
FS R 0 CellOPTIQ platform. Statistical analysis was carried out to assess if there were
20 any significant differences in the magnitude of response of TRise, TDecay,
30 . : 50 i : amplitude or TOT between CP1 and CP1-WT. Exposure to ryanodine resulted in
oq'\ u‘é‘ oq"‘ r\”é‘ a significantly different magnitude of effect on TRise between CP1 and CP1-WT
& R at 15uM (1.39%5.4% vs -10.11+5.34%, p<0.05, n=5, unpaired t-test) and 20uM
Ryanodine Concentration Ryanodine Concentration (0.3145.5 vs -9.03+£10.53%, p<0.05, n=6, unpaired t-test). Exposure to ryanodine
resulted in a significantly different magnitude of effect on TDecay between CP1
Amplitude Time of Transient and CP1-WT at 10uM (12.85+12.97% vs 59.37+37.32%, p<0.05, n=5, unpaired t-
2001 e 100 - -0 test) and 15uM (24.75+8.88% vs 50.66+21.51%, p<0.05, n=5, unpaired t-test).
' ' - 5 There was found to be a significantly larger effect on amplitude on CP1-WT than
"y 100+ © 50 - J0uM CP1 when exposed to 10uM of ryanodine (-25.62+12.49 vs -59.0249.26%,
< = p<0.05, n=5, unpaired t-test). Comparisons within these graphs relate to
S o7 5 differences in % change between each cell line when exposed to same
X 1004 X 09 concentration of drug.
200 T T 50 T T
dzv\ '\\‘\& oqv\ \é\
& &
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5.2.9 Assessment of SERCA blockade in healthy-hiPSC-CMs and CPVT-hiPSC-CMs
One of the key processes during EC coupling is removal of calcium ions from the cytosol of the

cardiac myocyte after contraction (Bassani et al, 1994; Shigekawa and Ilwamoto, 2001). This is
achieved primarily through two mechanisms, the NCX which accounts for around 30% of Ca%
removal and SERCA which accounts for 70% of Ca?* removal (Bassani et al, 1994; Shigekawa
and Iwamoto, 2001). In CPVT there is excessive leakage from the SR which results in Ca%*
accumulation in the cytosol (Roux-Buisson et al, 2012). Therefore blockade of the SERCA pump

may have a differential effect in CPVT-hiPSC-CMs as compared to healthy controls.

To investigate this hiPSC-CMs were seeded into a 96-well plate at a density of 5x10* per well.
These hiPSC-CMs were stained with the intracellular labelling dye Fura2-AM and basal
recordings were taken using the CellOPTIQ system. Thapsigargin was added at 10uM, 15uM
and 20puM and incubated on the cells for 30 minutes. After this incubation a second recording
was taken. To assess changes one-way ANOVA with Dunnett’s multiple comparisons test was
used to compare treated hiPSC-CMs to basal hiPSC-CMs within the same cell line, n=6 (Figure
5.18).

In ReBI-PAT-hiPSC-CMs the increase in TRise was found to be significant at 15uM and 20uM.
TDecay was significantly increased at 10uM, 15uM and 20uM. Amplitude was significantly
reduced at 15uM and 20uM. TOT was significantly increased at 10uM, 15uM and 20uM. In
CP1-hiPSC-CMs amplitude was significantly increased at 15pM. TOT was significantly
increased at 20puM. In CP1-WT-hiPSC-CMs TDecay was significantly increased at 10uM, 15uM

and 20uM. TOT was significantly increased at 20uM.

Having established the response of the hiPSC-CMs panel to SERCA block the next question was
to assess whether the magnitude of response was different between CP1-hiPSC-CMs and CP1-
WT-hiPSC-CMs (Figure 5.19). To assess if a significantly different effect was observed unpaired
t tests were undertaken. In all cases n=6. A significantly smaller response was observed in
TDecay of CP1 when compared with CP1-WT when exposed to 15uM and 20uM of

thapsigargin.
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Table 5-6 - Effect of thapsigargin on calcium hanlding mechanics

R-PAT Basal 355.01 10.48 501.35 | 85.99 0.29 0.07 1453.11  218.41
10uM 338.95 12.92 -4.52 674.25 | 90.57 34.49 0.25 0.08 -12.76 2151.88 | 422.98 -12.56
15uM 332.97 | 7.22 -6.21 683.45 106.60  36.32 0.18 0.05 -39.95 1878.47 | 698.22 29.27
20uM 326.40 17.72 -8.06 722.73 | 99.87 44.16 0.16 0.05 -44.88 2135.90 | 284.25 46.99
CP1 Basal 363.00 18.19 420.08  51.43 0.19 0.07 1270.66 | 186.12
10uM 375.84 | 19.96 3.54 496.64 | 75.66 18.23 0.23 0.21 20.03 1448.47 | 264.92 13.99
15uM 366.57 | 24.39 0.98 475.97 | 80.07 13.30 0.29 0.16 50.15 1561.00 @ 312.60 22.85
20uM 362.73 14.40 -0.07 464.15 | 51.02 10.49 0.26 0.14 36.29 1720.97 | 662.84 35.44
CP1 WT Basal 332.54 | 14.66 501.46 117.86 0.09 0.06 1784.39 432.18
10uM 339.32 18.13 2.04 670.97 | 82.41 33.80 0.05 0.02 -40.67 2375.76 | 405.04 33.14
15uM 340.60 10.80 2.42 691.44 18.23 37.88 0.07 0.08 -22.02 1989.74 @ 483.16 11.51
20uM 344.08 10.79 3.47 636.02 | 41.92 26.83 0.06 0.05 -26.32 2542.70 | 359.01 42.50
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Figure 5-18 - Assessment of hiPSC-CM calcium handling response to SERCA
blocker thapsigargin

hiPSC-CMs were seeded into Matrigel coated 96-well plates at a density of 5x10*
per well to create a confluent monolayer. All hiPSC-CMs in this study were
between d30-35 post differentiation. hiPSC-CMs were stained with intracellular
calcium label FURA2-AM and transients were recorded on the CellOPTIQ
platform. Statistical analysis was carried out on each parameter (TRise, TDecay,
amplitude and TOT) for each hiPSC-CM line across all concentrations tested to
assess if drug exposure resulted in any significant changes. To assess changes
one-way ANOVA with Dunnett’s multiple comparisons test was used to compare
treated hiPSC-CMs to basal hiPSC-CMs within the same cell line, n=6. TRise of
ReBI-PAT-hiPSC-CMs was significantly reduced at 15uM (p<0.05) and 20uM
(p<0.05). TDecay of ReBI-PAT-hiPSC-CMs was significantly increased at 10uM
(p<0.05), 15uM (p<0.05) and 20uM (p<0.05). TDecay of CP1-WT-hiPSC-CMs was
significantly increased at 10uM (p<0.05), 15uM (p<0.05) and 20uM (p<0.05).
Amplitude of ReBI-PAT-hiPSC-CMs was significantly reduced at 15uM (p<0.05)
and 20uM (p<0.05). Amplitude of CP1-hiPSC-CMs was significantly increased at
15uM (p<0.05). TOT of ReBI-PAT-hiPSC-CMs was significantly increased at 10uM
(p<0.05), 15uM (p<0.05) and 20uM (p<0.05). TOT of CP1-WT-hiPSC-CMs was
significantly increased at 10uM (p<0.05) and 20uM (p<0.05) but not 15uM
(p=0.53). Stars denote significance in the change between basal and treated
levels within the same hiPSC-CM line.
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Figure 5-19 - % change in calcium handling parameters across hiPSC-CM panel

in response to different doses of thapsigargin
hiPSC-CMs were seeded into Matrigel coated 96-well plates at a density of

5x10% per well to create a confluent monolayer. All hiPSC-CMs in this study
were between d30-35 post differentiation. hiPSC-CMs were stained with
intracellular calcium label FURA2-AM and transients were recorded on the
CellOPTIQ platform. Statistical analysis was carried out to assess if there were
any significant differences in the magnitude of response of TRise, TDecay,
amplitude or TOT between CP1 and CP1-WT after exposure to thapsigargin. A
significantly different magnitude of response was observed in TDecay between
CP1 and CP1-WT when exposed to 15uM (12.53+12.56% vs 67.87+16.75%,
p<0.05, n=5, unpaired t-test) and 20uM (18.4+13.85% vs 47.5+17.49%, p<0.05,
n=6, unpaired t-test) of thapsigargin. No significant differences were observed
in the magnitude of response in relation to TRise, amplitude or TOT.
Comparisons within these graphs relate to differences in % change between
each cell line when exposed to same concentration of drug.
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5.2.10 Assessment of NCX blockade in healthy-hiPSC-CMs and CPVT-hiPSC-CMs
One of the key processes during EC coupling is the removal of calcium ions from the cytosol

of the cardiac myocyte after contraction (Roux-Buisson et al, 2012). This is achieved primarily
through two mechanisms: the NCX which accounts for around 30% of Ca?* removal and SERCA,
which accounts for 70% of Ca?* removal (Bassani et al, 1994; Shigekawa and Iwamoto, 2001).
In CPVT there is excessive leakage from the SR which results in Ca?* accumulation in the cytosol
(Roux-Buisson et al, 2012). Therefore blocking the NCX pump may have a differential effect in
CPVT-hiPSC-CMs when compared to healthy controls.

To investigate this hiPSC-CMs were seeded into a 96-well plate at a density of 5x10* per well.
These hiPSC-CMs were stained with the intracellular labelling dye Fura2-AM and basal
recordings were taken using the CellOPTIQ system. ORM-10103 (ORM) was added at 10uM,
15uM and 20uM and incubated on the cells for 30 minutes. After this incubation a second
recording was taken. To assess changes one-way ANOVA with Dunnett’s multiple comparisons
test was used to compare treated hiPSC-CMs to basal hiPSC-CMs within the same cell line, n=6

(Figure 5.20).

In ReBI-PAT-hiPSC-CMs TRise was significantly decreased at 15uM and 20uM. TDecay
significantly decreased at 15uM and 20uM. Amplitude also significantly decreased at 15uM
and 20uM. TOT significantly decreased at 20uM. In CP1-hiPSC-CMs TRise was significantly
decreased at 10uM, 15uM and 20uM. However in CP1-WT-hiPSC-CMs, TOT was significantly

increased at 10uM.

Having established the response of the hiPSC-CMs panel to the NCX block, the follow up
guestion was to assess whether the magnitude of response was different between CP1-hiPSC-
CMs and CP1-WT-hiPSC-CMs (Figure 5.21). To assess if a significantly different effect was
observed unpaired t tests were undertaken. In all cases n=6 There was difference which was
found to be significant in the magnitude of response between CP1-hiPSC-CMs and CP1-WT-
hiPSC-CMs with regard to TRise when exposed to 15uM of ORM10103. The TOT of CP1-WT
was found to exhibit a significantly different magnitude of response when exposed to 10uM

and 15uM of ORM10103.
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Table 5-7 - Effect of ORM on calcium handling mechanics

R-PAT Basal 327.88 15.73 349.63 | 53.79 0.22 0.10 1076.03 | 127.49
10uM 316.10 | 21.04 -3.59 322.95 77.35 -7.63 0.17 0.11 -21.79 1015.17 | 153.89 29.42
15uM 294.78 | 24.46 -10.09 215.04 | 36.56 -38.49 0.08 0.05 -63.56 793.38 57.78 -26.27
20uM 303.32 18.77 -7.49 194.45 | 32.67 -44.38 0.04 0.03 -83.18 777.62 46.50 -27.73
CP1 Basal 367.75 18.98 455.98 69.01 0.47 0.18 1392.57 | 233.01
10uM 336.28 | 31.93 -8.56 386.67 | 80.10 -15.20 0.47 0.15 -0.74 1189.73 | 179.43 -14.57
15uM 341.98 18.53 -7.01 419.72 | 90.86 -7.95 0.44 0.20 -6.12 1233.43 | 256.55 -11.43
20uM 331.12 | 6.68 -9.96 376.42 | 47.93 -17.45 0.52 0.15 10.36 1148.08 | 95.56 -17.56
CP1 WT Basal 338.18 | 9.75 501.41 101.60 0.11 0.06 1630.73  235.88
10uM 332.15 12.77 -1.78 529.17 171.73 | 554 0.07 0.04 -41.70 2173.83 | 733.65 33.30
15uM 346.25 | 24.77 2.39 523.07 | 80.25 4.32 0.06 0.04 -45.12 1632.43 | 253.22 0.10
20uM 320.20 | 25.59 -5.32 455.18 69.69 -9.22 0.06 0.03 -47.43 1725.20 | 352.41 5.79
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Figure 5-20 - Assessment of hiPSC-CM calcium handling response to
NCX blocker ORM10103

hiPSC-CMs were seeded into Matrigel coated 96-well plates at a
density of 5x10* per well to create a confluent monolayer. All hiPSC-
CMs in this study were between d30-35 post differentiation. hiPSC-
CMs were stained with intracellular calcium label FURA2-AM and
transients were recorded on the CellOPTIQ platform. Statistical
analysis was carried out on each parameter (TRise, TDecay, amplitude
and TOT) for each hiPSC-CM line across all concentrations tested to
assess if drug exposure resulted in any significant changes. To assess
changes one-way ANOVA with Dunnett’s multiple comparisons test
was used to compare treated hiPSC-CMs to basal hiPSC-CMs within the
same cell line, n=6. TRise of ReBI-PAT-hiPSC-CMs was significantly
decreased at 15uM (p<0.05) and 20uM (p<0.05). TRise of CP1-hiPSC-
CMs was significantly decreased at 10uM (p<0.05), 15uM (p<0.05) and
20uM (p<0.05). TDecay of ReBI-PAT-hiPSC-CMs was significantly
decreased at 15uM (p<0.05) and 20uM (p<0.05). Amplitude of ReBI-
PAT-hiPSC-CMs was significantly decreased at 15uM (p<0.05) and
20uM (p<0.05). TOT of ReBI-PAT-hiPSC-CMs was significantly
decreased at 20uM (p<0.05). TOT of CP1-WT-hiPSC-CMs was
significantly increased at 10uM (p<0.05). Stars denote significance in

the change between basal and treated levels within the same hiPSC-
CM line.
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Figure 5-21 - change in calcium handling parameters across hiPSC-CM
panel in response to different doses of ORM10103
hiPSC-CMs were seeded into Matrigel coated 96-well plates at a density

of 5x10* per well to create a confluent monolayer. All hiPSC-CMs in this
study were between d30-35 post differentiation. hiPSC-CMs were stained
with intracellular calcium label FURA2-AM and transients were recorded
on the CellOPTIQ platform. Statistical analysis was carried out to assess if
there were any significant differences in the magnitude of response of
TRise, TDecay, amplitude or TOT between CP1 and CP1-WT after
exposure to ORM10103. There was found to be a significant difference in
the magnitude of response between CP1-hiPSC-CMs and CP1-WT-hiPSC-
CMs with regard to TRise when exposed to 15uM of ORM10103 (-
6+8.16% vs 3.29+8%, p<0.05, n=6, unpaired t-test). The TOT of CP1-WT
was found to be exhibit a significantly different magnitude of response
when exposed to 10uM (-17.74+7.42% vs 32.22+53.52%, p<0.05, n=6,
unpaired t-test) and 15uM of ORM10103 (-10.47+2.79% vs 6.31+13.69%,
p<0.05, n=6, unpaired t-test).
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5.2.11 Assessment of IP3R blockade in healthy-hiPSC-CMs and CPVT-hiPSC-CMs
The role of IP3 in the cardiac myocytes handling of calcium remains controversial. It has been

postulated that this secondary messenger is more functional in the fetal heart and its role is
taken over by RYR in the adult heart (Rosemblit et al, 1999). Given that hiPSC-CMs are more
likely to display a fetal like phenotype rather than an adult one it was prudent to assess the
response of the calcium transit to IP3R blockade using 5uM xestospognin C, a known blocker

of these receptors (Oka et al, 2002).

To investigate this hiPSC-CMs were seeded into a 96-well plate at a density of 5x10* per well.
These hiPSC-CMs were then stained with the intracellular labelling dye Fura2-AM and basal
recordings taken using the CellOPTIQ system. xestospongin C was added at increasing
concentrations and incubated on the cells for 30 minutes. After this incubation a second
recording was taken. To assess changes one-way ANOVA with Dunnett’s multiple comparisons
test was used to compare treated hiPSC-CMs to basal hiPSC-CMs within the same cell line, n=6

(Figure 5.22).

Across all three cell lines no significant changes were observed in TRise, TDecay, amplitude or

TOT when exposed to 5uM of xestospongin C.

Having established the response our hiPSC-CMs panel to IP3R block, the next question was
then to assess whether the magnitude of response was different between CP1-hiPSC-CMs and
CP1-WT-hiPSC-CMs (Figure 5.23). To assess if a significantly different effect was observed

unpaired t tests were undertaken. In all cases n=6.

In all parameters tested, TRise, TDecay, amplitude and TOT, no significant differences were
observed after treatment with 5uM of xestospongin C between CP1-hiPSC-CMs and CP1-WT-
hiPSC-CMs.
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Table 5-8 -

Effect of xestospongin c on calcium handling mechanics

Basal 345.82 | 9.69 520.47 120.01 0.24 0.10 1482.80 281.86

5uM 340.62 | 5.99 -1.50 567.10 | 119.66 | 8.96 0.27 0.13 | 11.75 1581.60 | 270.81 @ 8.17
CP1  Basal 375.37 | 7.92 501.75 51.21 0.30 0.11 1603.97 311.62

5uM 370.82 | 4.69 -1.21 54477 | 74.33 8.57 0.26 0.10 | -12.60 | 1864.90 | 257.04 | 16.27
CP1  Basal 331.85 | 15.40 436.95 | 67.28 0.14 0.06 1486.87 176.32
WT

5uM 330.55 | 9.99 -0.39 439.22 | 66.47 0.52 0.15 0.07 | 7.62 1417.02 | 225.05 | -4.70
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Figure 5-22 - Assessment of hiPSC-CM calcium handling response to IP3R blocker
xestospongin C

hiPSC-CMs were seeded into Matrigel coated 96-well plates at a density of
5x10* per well to create a confluent monolayer. All hiPSC-CMs in this study
were between d30-35 post differentiation. hiPSC-CMs were stained with
intracellular calcium label FURA2-AM and transients were recorded on the
CellOPTIQ platform. Statistical analysis was carried out on each parameter
(TRise, TDecay, amplitude and TOT) for each hiPSC-CM line across all
concentrations tested to assess if drug exposure resulted in any significant
changes. In this thesis no parameters were significantly altered in any of the
hiPSC-CM lines tested when exposed to xestospongin C.
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Figure 5-23 - % change in calcium handling parameters across hiPSC-CM panel in

response to 5uM xestospongin C
hiPSC-CMs were seeded into Matrigel coated 96-well plates at a density of 5x10% per

well to create a confluent monolayer. All hiPSC-CMs in this study were between d30-
35 post differentiation. hiPSC-CMs were stained with intracellular calcium label
FURA2-AM and transients were recorded on the CellOPTIQ platform. Statistical
analysis was carried out to assess if there were any significant differences in the
magnitude of response of TRise, TDecay, amplitude or TOT between CP1 and CP1-WT
after exposure to xestospongin C. There were no significant differences observed in
the magnitude of response in regards to TRise, TDecay, amplitude or TOT after

exposure to xestospongin C.
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5.3 Discussion
Attempting to edit CP1-hiPSC using the oligonucleotide method was unsuccessful in this thesis

as a result of inactive Cas9 protein from a commercial supplier. However reports in the
literature have confirmed that the oligonucleotide method is able to successfully edit hiPSCs
genome (Bialk et al, 2015). In future gene editing experiments it may be prudent to optimise
a new protocol purchasing Cas9 protein from a more reliable supplier given the simplicity and
non-integrative nature of this method. In this thesis a plasmid based method was successfully
utilised to correct the T>C at base pair 6737 in exon 44 of the RYR2 gene using a modified
PiggyBac transposon system within the targeting construct in order to insert two arms of
homology with the corrected sequence within them. This was then excised leaving no
footprint as has previously been performed to correct the B-thalasssemia mutation in hiPSCs
(Xie et al, 2014). Although the plasmid based strategy requires more time and passages than
the oligonucleotide based method it could be argued it is a more robust system. This is due to
the two selection steps which are not present in the oligonucleotide method. Although the
oligonucleotide method requires no integration it also represents a greater chance of
screening multiple negative colonies. One note to make regarding screening when using the
oligonucleotide method is the importance of adding a unique restriction site. In this thesis a
unique restriction site was removed, however any incomplete cutting would therefore have
generated a false positive in the diagnostic digest. This should be avoided and restriction sites
added instead, to give a clearer indication of success as cutting should only occur when

successful targeting has occurred.

Basal characteristics of calcium handling showed that CP1-hiPSC-CMs displayed significantly
shorter TRise times compared to ReBI-PAT-hiPSC-CMs and a significantly shorter TOT. This is
not necessarily what was expected given that dysfunction of the RYR2 is suggested to lead to
calcium leak, however CPVT does not result in a phenotype at basal levels. Indeed recent
reports suggest that length of the calcium transient is not different between healthy-hiPSC-
CMs and CPVT-hiPSC-CMs (Sasaki et al, 2016). The reason for this unexpected result may lie
in the cells immaturity, with underdeveloped structural properties and gene expression more
typical of fetal than adult cardiomyocytes these hiPSC-CMs may behave atypically. However
given that Sasaki also used hiPSC-CMs a more likely explanation would be that genetic
variability between the lines is the cause of this difference (Sinnecker et al, 2014), this
underlines the need for isogenic controls when analysing calcium handling properties of cells

as highlighted previously (Bellin et al, 2013).
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When CP1-hiPSC-CMs were compared to CP1-WT-hiPSC-CMs they displayed longer TRise,
larger amplitude and shorter TOT. These changes were unexpected as CPVT does not exhibit
a phenotype at basal levels (MacLennan and Zvaritch, 2011; Kim et al, 2014). CPVT-hiPSC-CMs
at basal have previously been shown to exhibit aberrant events such as double peaks
(Penttinen et al, 2015). In this study none were observed. A logical follow on experiment from
this would be to assess the response of CP1 and CP1-WT to adrenergic stimulation, potentially
by isoprenaline exposure. Time pressure in this thesis meant this was not possible. However
increased basal amplitude in CP1-hiPSC-CMs over CP1-WT-hiPSC-CMs may indicate Ca®* leak
from the SR, potentially a manifestation of the CPVT phenotype. Although this would not be
expected at basal levels it is important to note that the immature phenotype of hiPSC-CMs

may result in different calcium handling properties from native adult cardiomyocytes.

The two healthy lines, CP1-WT-hiPSC-CMs and ReBI-PAT-hiPSC-CMs were assessed to
determine if genetic correction returned CP1-WT-hiPSC-CMs back to a “normal” phenotype.
It was observed that these hiPSC-CMs displayed significant differences in TRise, TDecay,
amplitude and TOT. Given the differences observed between ReBI-PAT-hiPSC-CMs and CP1-
WT-hiPSC-CMs it is likely the case that genetic variability underlies these differences
(Sinnecker et al, 2014). This further underlines the importance of generating isogenic controls
for disease modelling studies in relation to calcium handling. Given the unexpected results
observed in these experiments repeating them across a larger panel of hiPSC lines would
elucidate this further to increase the understanding of baseline calcium handling properties
which often go underreported. The TRise times in this thesis of between 335.4 — 365.8ms are
longer than some TRise reports in the literature of between 200-300ms (Shinnawi et al, 2015).
Furthermore the TDecay times observed in this thesis at baseline levels are between 458.3-
502.2ms in comparison to published TDecay times in the region of 600-800ms (Shinnawi et al,
2015). The variation between this thesis and the values reported in Shinnawi’s publication
may be a number of factors such as method of reprogramming or method of differentiation
(Liang and Zhang, 2013) underlining a need to standardise such phenotyping assays across the

field.
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Table 5-9 - Overall effect of the drug on cell lines

R-PAT TRise < - < < =
TDecay - > > < -

Amplitude - - < < -

TOT - > > - -

CP1 TRise < - - < -
TDecay - - - - -

Amplitude - - - - -

TOT - - > - -

CP1-WT TRise < < = - -
TDecay - > > - -

Amplitude - = = - _

TOT - - > - -

5-24 - > indicates increase, < indicates decrease while - indicates no change

Ca?* entry via LTCC is vital for the initiation of calcium transients. In the hiPSC-CM panel tested
in this thesis all hiPSC-CMs stopped beating upon addition of 1000nM of nifedipine, this is
consistent with reports in the literature (Itzhaki et al, 2011). Exposure to nifedipine was found
to decrease the TRise time across all cells lines, this is potentially as a result of less LTCC being
able to transport Ca?* into the cell and thus hiPSC-CMs reach the peak of their transient sooner
as they will potentially rely more heavily on Ca?* from SR stores. However once the hiPSC-CM
has depolarised the reuptake and extrusion machinery are unaffected and therefore operates
to its standard timeframe. Intracellular Ca** may not be affected by this as previous reports
have shown the SR to be a functional store of Ca%* in hiPSC-CMs (Itzhaki et al, 2011). Exposure

to nifedipine was not observed to cause any response in TDecay, amplitude or TOT in ReBI-
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PAT-hiPSC-CMs or CP1-hiPSC-CMs until the amelioration of the transients at 1000nM. There
was significant reductions in TDecay, amplitude and TOT observed in CP1-WT at 100nM
although these statistics will be influenced by the 83% of wells which stopped exhibiting
calcium transients at this concentration. Reports in the literature have shown nifedipine is
able to reduce the TOT in hiPSC-CMs (Klimas et al, 2016). In addition to that previous reports
have shown that nifedipine results in significant decreases in calcium transient amplitude
(Itzhaki et al, 2011; Dempsey et al, 2016). Given the variability between the results in this
thesis and the published literature it would be prudent to replicate the experiments within
this thesis across a greater panel of hiPSC-CMs. However what should be pointed out is the
scarcity of reports in the literature with regards to the calcium handling machinery within

hiPSC-CMs and more specifically CPVT-hiPSC-CMs.

Significant differences were observed in the magnitude of response to nifedipine between
CP1-hiPSC-CMs and CP1-WT-hiPSC-CMs. CP1-WT-hiPSC-CMs were found to decrease their
TRise time to a greater level than CP1-hiPSC-CMs. In addition to this TDecay was decreased to
a significantly greater level and as well as amplitude and TOT at 100nM of nifedipine. Although
this could be a consequence of the CRISPR/Cas9 editing process described in this chapter it is
important to remember that all but 1 well of the 100nM CP1-WT-hiPSC-CMs stopped beating
which is likely skewing the data. This experiment should be replicated to assess whether CP1-
WT-hiPSC-CMs are more sensitive to LTCC blockade than CP1-hiPSC-CMs. Theoretically this
may indicate that in a CP1-hiPSC-CM with leaky RYR2 intracellular Ca®* is able to compensate
for the loss of Ca?* through the LTCC. Having corrected the mutation this may not be the case
in CP1-WT-hiPSC-CMs. To assess this more Ca?* imaging experiments may be performed in

addition to possible recombination studies of single receptors of both CP1 and CP1-WT RYR2.

Exposure to ryanodine resulted in a significant drop in TRise for CP1-WT, not seen in CP1. This
could indicate a more prominent role for RYR in calcium release in CP1-WT. Previous reports
in the literature have shown that upstroke velocity was decreased in RYR-/- in mouse ES cells
indicating that without RYR2 TRise may decrease (Fu et al, 2005). TDecay of ReBI-PAT and CP1-
WT was increased but no changes were seen in CP1. This may indicate a higher degree of
functionality in the CP1-WT-hiPSC-CMs which is not reflected in the CP1-hiPSC-CMs.
Amplitude decreased in response to ryanodine exposure but not to a statistically significant
level. Reports in the literature have shown amplitude to decrease in response to 10uM
ryanodine by between 5-29% in control-CMs and 23-52% in CPVT-CMs (Lee et al, 2011; Novak

et al, 2015). This was dose responsive as increased doses reduced the amplitude (Itzhaki et al,
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2011). The reason this was not observed in this thesis may potentially indicate that Ca% is
being released through a secondary mechanism or cycled through the LTCC and NCX. In this
respect the extracellular Ca®* of the medium is important, in the experiments performed in
this thesis extracellular calcium concentration was 1.8mM. Future experiments may wish to
optimise this further and perhaps assess the relative changes in calcium transients in response
to variations in extracellular Ca®* content. The TOT of ReBI-PAT was increased, this was not
seen in CP1 or CP1-WT. It is not clear whether blockade of the RYR would lead to increased
TOT as less Ca?* extruded from the SR would require less reuptake by SERCA and extrusion by
NCX. A drawback of these experiments is the poorly understood cycling of calcium in these
hiPSC-CMs as a result of the absence of t-tubules and therefore couplons which are vital in
efficient propagation of EC coupling (Franzini-Armstrong et al, 1999; Brette et al, 2002). In this
thesis caffeine was not administered in order to assess the relative levels of Ca®* stored in the
SR. The reason for this was due to the need to “puff” caffeine on the cell not being possible
due to technical constraints of the CellOPTIQ system. However, it would be prudent in future
to test the response of hiPSC-CMs to caffeine puff to assess the volume of Ca?* stored in the

SR as this has been achieved before (ltzhaki et al, 2011).

The variation in magnitude of response which was observed between CP1-hiPSC-CMs and
CP1-WT-hiPSC-CMs with regard to TRise and TDecay at 10uM and 15uM of ryanodine
indicates a differential level of functionality of the ryanodine receptor between the two hiPSC-
CM lines. This may indicate that the CRISPR/Cas9 genome editing has successfully changed
and potentially corrected the diseased phenotype. However to prove this will require a
number of further experiments. To further assess the differential phenotype between these
two hiPSC-CMs it would be prudent to assess response to B-adrenergic stimulation with
isoprenaline as this has been shown to elucidate a phenotype in patient cells (MacLennan and
Zvaritch, 2011; Kim et al, 2014). The second experiment would be to assess the Ca?* spark
frequency after incubation with pM concentrations of ryanodine as this should block the
receptor, any efflux from the SR at this time may indicate calcium leak. Thirdly, it would be
interesting to clone the individual receptors for single receptor analysis to assess their gating

properties.

Treatment with thapsigargin to block SERCA resulted in a decrease in TRise in ReBI-PAT but
not CP1 or CP1-WT. This could be considered an unexpected consequence as SERCA is
predominantly involved in reuptake after the transient has peaked therefore no effect on

TRise was expected. However as the hiPSC-CMs were incubated for 30 minutes this may be
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an adaptive mechanism to the loss of functionality of SERCA. TDecay increased in ReBI-PAT
and CP1-WT but not CP1. Blockade of SERCA should result in either defective reuptake of
calcium back into the SR or the overcompensation of NCX to extrude more calcium than usual
for the cell. Interestingly in this thesis the two healthy lines responded appropriately whereas
CP1-hiPSC-CMs did not exhibit an effect in the TDecay time in response to SERCA blockade.
Amplitude decreased in ReBI-PAT-hiPSC-CMs at 15uM and 20uM as well as in CP1-hiPSC-CMs
at 15uM. However no decrease was observed in CP1-WT-hiPSC-CMs. Reports in the literature
have previously suggested that 20uM of thapsigargin would lead to total amelioration of
calcium transients (ltzhaki et al, 2011). Given the important role in reuptake it is possible that
the hiPSC-CMs in this thesis are simply cycling Ca?* through the LTCC and NCX, therefore
bypassing the SR mediated Ca?* stores, this is closely linked to the level of extracellular Ca?*
content in culture medium. In order to test this it would be interesting to block SERCA in
addition to the blockade of NCX and LTTC, both separately and all three at once. This
experiment would further elucidate the role each is playing in hiPSC-CM calcium cycling. TOT
increased in ReBI-PAT and CP1-WT also in CP1 but only at 20uM. The increase in TOT may be
an expected occurrence in response to SERCA blockade as the inability of the hiPSC-CM to
extrude calcium could lead to an elongation of the transients. Although the contribution of
NCX to calcium relaxation has been shown to upregulate in response to inadequate SR Ca?
uptake (Piacentino et al, 2003) a potentially rate limiting step is energy availability as the NCX

is driven by ATP hydrolysis (Periasamy and Kalyanasundaram, 2007).

Exposure to 15uM and 20uM of thapsigargin causes a significantly greater increase in TDecay
time in CP1-WT-hiPSC-CMs than in CP1-hiPSC-CMs. This is further indication that the
CRISPR/Cas9 gene editing has resulted in a change in function within calcium handling of these
hiPSC-CMs, this is particularly interesting in the case of SERCA as its role is related to SR
reuptake. A leaking RYR2 channel would indicate dysfunctional handling of Ca?* within the SR,
given the differential magnitude of response between these two lines it would be interesting
to investigate this further by repeating this experiment with higher concentrations of
thapsigargin to assess if CP1-hiPSC-CMs have a blunted response to SERCA blockade in
comparison to CP1-WT-hiPSC-CMs.

ORM-10103 was used to block the NCX within the hiPSC-CM panel in this thesis. TRise
decreased for ReBI-PAT-hiPSC-CMs and CP1-hiPSC-CMs but not CP1-WT-hiPSC-CMs. It is
difficult to interpret these data as there remains a lack of research into the role of NCX in

calcium influx (Kane et al, 2015). However as amplitude is decreased in ReBI-PAT-hiPSC-CMs,
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this may suggest that the NCX is involved in Ca?* influx early in the cardiac calcium transient.
The NCX was blocked using ORM which demonstrated that TDecay decreased for ReBI-PAT-
hiPSC-CMs and CP1-WT-hiPSC-CMs but not CP1-hiPSC-CMs. To test the relative role of each of
these calcium extrusion mechanisms it may be interesting to assess the effect of their
blockade in cells which are younger and older than those used in this study. In addition to this

gene expression assays would be a good complement to such a study.

There was not much of a differential response to the effect of NCX blockade between CP1-
hiPSC-CMs and CP1-WT-hiPSC-CMs. Interestingly this reflects the trend observed throughout
these experiments which showed larger differential effects between mechanisms directly
related to the SR, where CPVT dysfunction exists, as opposed to those indirectly involved such
as LTCC, IP3 and NCX. TOT of the CP1-WT-hiPSC-CMs were found to be significantly different
from CP1-hiPSC-CMs response at 10uM and 15uM but given that this effect was not
maintained at 20uM a replication of this experiment may be required to fully elucidate

whether this is a true result.

Administration of xestospongin C did not result in any changes to any of the hiPSC-CMs in any
of the parameters tested. Previous research has indicated that blockade of IP3R has resulted
in a decrease in amplitude depending on drug of up to 100% suggesting IP3 mediated calcium
release is necessary for hiPSC-CMs (ltzhaki et al, 2011). Why this was not the case in this thesis
may be down to a number of factors. In Itzhaki’s research IP3 was not blocked with
xestospongin C it was instead blocked with 2-Aminoethoxydiphenyl borate (2-APB) and the
phosopholipase C inhibitor U73122. The second reason why this drug may have had no effect
could be that IP3 is not responsible for any aspect of calcium handling in the hiPSC-CMs
assessed in this thesis. Finally only 1 concentration of the drug was able to be tested in this
thesis due to scarcity of the drug, it would be prudent in the future to repeat these
experiments with a wider selection of concentrations. In addition to this alternative drugs
should also be tested as there remains some dubiety about the efficacy of xestospongin C in
blocking IP3R (Oka et al, 2002; Saleem et al, 2014). Potential alternatives are
Aminoethoxydiphenyl borate (2-APB) and the phosopholipase C inhibitor U73122 (ltzhaki et
al, 2011).

Overall in this chapter the gene editing of the CP1 hiPSC line was successfully performed using
a plasmid based system. Although this is more intrusive than the simpler oligonucleotide
system it is more robust as a result of its selection process. The CP1-WT-hiPSC line exhibits a

clean homozygous WT G nucleotide at position 2246 in the RYR2 gene. Furthermore
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recombination sites at the left and right arms of homology show clean recombination with no
indels or frameshift mutations. Furthermore there was clean recombination at the TTAA site.
With respect to the analysis of the hiPSC-CMs calcium handling machinery this chapter reports
interesting but preliminary data. The hiPSC-CMs in this thesis responded appropriately to the
known LTCC blocker nifedipine, providing confidence in the assay and the hiPSC-CMs.
However blockade with ryanodine did not result in the decreased amplitude shown in other
reports in the literature. In addition to this the overall variable response in much of this
calcium transient analysis raises many questions. The next step in this analysis should be to
plot each individual data point to assess whether there is a clustering of hiPSC-CMs within
certain parameters while others would be considered “outliers” potentially identifying sub-
populations within the larger population. Such analysis would be vital in investigating whether
the behaviour with respect to calcium handling properties of hiPSC-CMs is widely variable or
if a more representative mean population is present alongside outlying hiPSC-CMs. Should this
prove to be the case it may be beneficial in future to assess hiPSC-CMs within a tighter window
to ensure the hiPSC-CMs analysed are more representative of the mean population and to

avoid outliers skewing data.
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6 General Discussion

The emergence of hiPSC technology has provided the research community with a powerful
tool to study disease progression in a way which would not be feasible in vivo using human
models. Sudden cardiac death (SCD) is a major global healthcare challenge as it accounts for
nearly 20% of the deaths in industrialised countries with up to 50% of these patients having
no previous heart disease diagnosis (Wellens et al, 2014). Furthermore it is estimated that up
to 10% of SCD cases have an underlying genetic cause (Napolitano et al, 2012). There remains
an inadequacy in risk stratification strategies, treatment options and methods of diagnosis for

these conditions (Rajamohan et al, 2013; Wellens et al, 2014).

hiPSC have become a valuable source of in vitro cardiomyocytes with higher efficiencies and
marked improvements in yields demonstrated in recent years (Burridge et al, 2011; Burridge
et al, 2014). These de novo hiPSC-CMs have been demonstrated as a novel source for in vitro
drug screening and toxicity assays which may complement animal models and heterologous
overexpression systems to assess of drug efficacy and safety (Ebert et al, 2012; Liang et al,

2013; Rajamohan et al, 2013).

6.1 Generating Disease Models

6.1.1 Non-integrative reprogramming technology
Initial methods to generate hiPSCs using non-integrative methods were beset by laborious

techniques such as mRNA delivery (Warren et al, 2010) or by very low reprogramming
efficiencies such as in the initial reports of episomal plasmids (Yu et al, 2009). However among
these newer methods Sendai virus stands out as one of the most attractive owing to its ease
of use, only requiring one transduction, and it’s relatively high reprogramming efficiency of
around 0.04-0.31% in feeder free conditions (MacArthur et al, 2012; Yamasaki et al, 2016).
Sendai virus was the most efficient reprogramming method tested in this thesis displaying an

efficiency of 0.51%.

This thesis is the first to report the successful derivation of hiPSC lines using the GET peptide
delivery system. This system has previously been used to deliver a variety of biologically active
cargo (Dixon et al, 2016). The benefit of such a system is the simplicity of its use, requiring
only one transfection, and the ability to generate the peptide at low cost, potentially indicating

an improvement over SeV.
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Itis now a decade since the seminal reports of hiPSC generation from Yamanka and Thomson’s
labs and the growth of the field in that time has meant that it can now realistically be said that
hiPSC generation is a technique which can be employed in any lab around the world. This is
due to the commercial non-integrating reprogramming kits widely available such as

CytoTune2.0 and Epi5 kits (Thermo Fisher) and the ReproRNA kit (STEMCELL Technologies).

6.2 Using hiPSC-CMs to model cardiac channelopathies

6.2.1 LQTS2
In this thesis an elongation of the APD was observed between LQT2-hiSPC-CMs and healthy-

hiPSC-CMs when using voltage sensitive dyes. This confirms what has been shown in the
literature previously by single cell analysis, using patch clamp electrophysiology, and cluster
analysis with MEA based systyems (Matsa et al, 2011; Itzhaki et al, 2011; Kuusela et al, 2016).
In this thesis the LQTS2-hiPSC-CMs were not subjected to adrenergic stimulation, although
this has induced EADs in some models in the past. The variable results displayed across
reported LQTS2-hiPSC disease models with regards to the generation of EADs in response to
adrenergic stimulation can be explained by a number of factors. The first is different hiPSC
and hiPSC-CM generation techniques. A second explanation may be the method of
phenotyping as analysis of hiPSC-CMs at a single cell level for patch clamp electrophysiology
elicits a differential response to the same hiPSC-CMs analysed as clusters on MEA system
(Matsa et al, 2011). Furthermore it is possible that the reason for variable results between
LQT2-hiPSC-CM disease models is underpinned by the inherent genetic variability which exists
between different cell lines, especially in disorders such as LQTS which is known to exhibit
variable penetrance even within multiple members of the same family who share the same
mutation (Giudicessi et al, 2013: van Meer et al, 2016). Overall this underlines the need for
greater standardisation across the field regarding culture methods, hiPSC-CM generation,
phenotyping assays and the parameters to measure. Projects such as the CiPA consortium will
be vital in establishing a new paradigm. The aim of CiPA is to facilitate a new method of
analysis to ascertain compounds which are arrhythmogenic which is not solely focussed on
hERG block but more holistically around the ion channels of the heart. CiPA seeks to use
mechanistically based in vitro assays alongside in silico reconstructions of cellular cardiac
electrophysiological activity to elucidate toxic compounds in the pre-clinical trial stage before

confirming these findings using hPSC-CM:s.
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6.3 Therapeutic options for LQTS2

6.3.1 PB-blockers
Nadolol and propranolol are the most effective B-blockers available to treat LQTS2 patients

(Chockalingham et al, 2012; Abu-Zeitone et al, 2014). It is therefore a cause of concern that
nadolol, the most commonly used LQTS2 B-blocker, has recently been discontinued in the UK
for commercial reasons (Ackerman et al, 2017). This development underlines a need for
improved pharmacological treatment options to prevent clinicians undertaking more
aggressive treatment options such as ICD implantation. Propranolol was tested on LQTS2-
hiPSC-CMs in this thesis and shown to result in no significant changes to APD50, APD90 or the
triangularisation time indicating its role in LQTS2 is to prevent increased heart rate not
modulation of the cardiac action potential. By preventing an increase in heart rate under
adrenergic stimulation B-blockers do not address the underlying issue within the patient, a
prolonged period of cardiac repolarisation. It is for this reason that this thesis investigated a
number of ion channel modulators to assess if the underlying cardiac repolarisation could be

improved.

6.3.2  lkatp agonists
The main manifestation of the LQTS2 phenotype is a limited amount of K* efflux during cardiac

repolarisation through the hERG channel as lir current. Attempts to mediate this process by

increasing K* efflux via alternative channels are an attractive treatment option.

6.3.2.1  Nicorandil
In this thesis nicorandil was demonstrated to reduce APD50 by 20%, APD90 by 18% and

triangularisation by 14%, these data indicate a similar reduction to that observed in previous
reports (Matsa et al, 2011). The potential of nicorandil to increase K* efflux and potentially
treat LQTS has been reported on previously, prior to the advent of hiPSC technology animal
models indicated that activation of the Ikt current could improve repolarisation (Shimizu and
Antzelevtich, 2000; Chinushi et al, 2002). Published LQTS2-hiPSC disease models have
reported nicorandil to be effective in reducing the APD of LQTS2-hiPSC-CM disease model by
shortening the APD and abolishing the observed EADs in response to adrenergic stimulation
(Matsa et al, 2011; Liang et al, 2013). In this thesis nicorandil was used as a reference
compound to validate the LQT2-hiPSC-CM disease model by showing that APD could be

decreased using this drug using the system tested in this thesis, confirming previous reports.
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6.3.2.2  Minoxidil
In this thesis minoxidil was shown to result in a reduction of 19% in APD50, 18% in APD90 and

16% in triangularsation time. Traditionally minoxidil has been used as a vasodilator which can
cause tachycardia and thus this effect must be mitigated in patients, an important
consideration in LQTS2 patients. One of its more unfortunate side effects is hypertrichosis
which is ultimately why it is commonly used in hair growth products (Sica, 2004). Indeed it has
been reported that treatment of dermal papilla cells derived from hiPSCs with minoxidil
increased expression of dermal papilla markers (Veraitch et al, 2017). Furthermore, minoxidil
has been proposed as a treatment for impotence due to its vasodilation potential (Cavillini,
1991). Overall the effect of minoxidil on LQTS2 and repolarisation warrants further
investigation as it is a drug which is commonly available on the market in the UK and any
beneficial effects for LQTS patients would markedly improve patient outlook and quality of

life.

Reports in the literature have identified other liaty, Openers which were not tested in this thesis
but exhibit the ability to improve repolarisation. The It agonist pinacidil has been shown to
reduce APD in LQTS-hiPSC-CMs as well as abolishing EADs and other arrhythmic events (ltzhaki
et al, 2011). This further underlines the potential which Iyt agonists show in treating LQTS2,

something which should be studied in greater depth.

6.3.3 Ik agonists
The loss of functionality or expression of the hERG channel in the human heart leads to a

decrease in I current which is vital for repolarisation of the ventricles during the cardiac
action potential. Increasing this current by activating the channels in the LQTS2 heart which

are functional is an attractive treatment option.

6.3.3.1 NS1643
In this thesis NS1643 was demonstrated to result in a reduction in APD50 of 21%, in APD90 of

20% and in triangularisation time of 16%. NS1643 is an organic small molecule compound
which was first discovered to interact with the hERG channel in heterologous overexpression
models (Hansen et al, 2005; Cassis et al, 2006). NS1643 has been shown to reduce field
potential duration, a surrogate for the QT interval, in LQTS1-hiPSC-CM models (Zhang et al,
2014). Further testing in LQTS1-hiPSC-CM disease models indicated that NS1643 was able to
reduce the time for repolarisation but only at concentrations >100uM and its effects were far

less potent than that of LUF7346 (Sala et al, 2016). NS1643 has also been tested in 3D
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engineered heart tissue (EHT) format, providing a decrease in the time for the relaxation of
the EHT, this is in direct contrast to the known I blocker E4031 which increased this relaxation

time (Mannhardt et al, 2016).

6.3.3.2 Ginsenoside RG3 (RG3)
Exposure of LQTS2-hiPSC-CMs to RG3 was demonstrated in this thesis to result in a reduction

of ADP50 by 9%, APD90 by 8% and triangularisation time by 7%. RG3 is derived from the
medicinal plant Panax ginseng and has been reported to have an anti-proliferative and anti-
migratory effect in both colon and prostate cancers (Kim et al, 2004; Junmin et al, 2015). In
addition to the potential benefits the compound may bring in cancer treatment it has also
been demonstrated that it exhibits an anti-apoptotic and anti-inflammatory effect in thus
improving cardiac function in rat models which have been subjected to myocardial infarction
(zhang et al, 2016). Further investigation of the pharmacological properties of RG3 reported
that the drug was also able to activate the KCNE1 subunit which co-assembles with KCNQ1,
increasing activation of the I, channel and thus increasing K* efflux through mediation of the

Is current (Choi et al, 2010; Choi et al, 2014).

Further research will be required on the use of Iy, agonists to treat LQTS2 and the use of LQTS2-
hiPSC-CM models will allow further investigation of the pathogenesis of the disease. As the
hERG channel is dysfunctional in LQTS2 it remains to be seen if activation of the functional
channels which are present will enable greater and more efficient repolarisation in vivo or if a

more prudent strategy will be the activation of alternative channels for K* efflux.

6.3.4 PPARS agonists
The activation the Iy current through hERG channels represents an attractive potential avenue

for treatment for LQTS as described in Section 6.3.3.

6.3.4.1 Telmisartan
In this thesis telmisartan was demonstrated to result in a reduction of APD50 by 15%, APD90

by 14% and the triangularisation time by 12%. Telmisartan is thought to be an effective anti-
fibrotic and has been suggested as a potential treatment option for hypertensive patients
(Mikami et al, 2014). The drug has also been proposed as a potential treatment for type 2
diabetes although this effect is thought to be mediated through its ability to activate the
PPARYy receptor (Miura et al, 2005). More recently there has been interest in using telmisartan
as cancer drug due to its apoptotic effect on cancer cells across a number of types of cancer

(Wu et al, 2016; Kozako et al, 2016). Large scale clinical trials in humans indicate that the drug
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can play a role in reducing blood pressure (ONTARGET investigators, 2008) and a generic form

of telmisartan was approved for use by the FDA in 2014.

6.3.4.2 GWO0742
In this thesis exposure of LQTS2-hiPSC-CMs to GW0742 was demonstrated to result ina

reduction of APD50 by 15%, APD90 by 14% and the triangularisation time by 12%.Studies in
murine models have demonstrated that GW0742 may play a role in preventing lung
inflammation (Galuppo et al, 2010). Furthermore experiments in rats demonstrated a
potential cardioprotective effect against ischemic injury when GW0742 was administered
(Yue et al, 2008). However in spite of these findings there has been no reported experiments

on the use of GW0742 in modulating the APD in humanised models.

Despite the abundance of PPARS receptors present in the heart (Yue et al, 2008) there remains
a relative lack of information relating to the effect PPARS agonists, or indeed antagonists, play
in cardiac electrophysiology. This thesis reports that both PPARS agonists tested on an LQTS2-
hiPSC-CM disease model exhibit significant effects in reducing APD. In addition to this the
triangularisation time, a measurement of repolarisation, was significantly enhanced in
response to both drugs. This effect was found to be more potent when using GW0742 in
comparison to telmisartan. Nevertheless both of these drugs require further investigation to

examine in greater depth their potential as LQTS2 therapeutic compounds.

6.3.5 ks agonists
6.3.5.1 ML277
ML277 was tested in this thesis and shown to result in a reduction of APD50 by 42%, APD90

by 46% and the triangularisaton time by 58%. A compound library screen identified the
compound ML227 as a potent activator of KCNQ1 (Mattmann et al, 2012). ML277 has been
trialled in a number of LQTS-hiPSC-CM disease models with results indicating that it is able to
reduce APD by up to 11% when tested at concentrations of between 1uM and 2uM (Kuusela
etal,2016). In a LQTS1-hiPSC-CM disease model, treatment with ML277 was found to enhance
activation of the lis current in addition to reducing the APD in both LQTS1-hiPSC-CMs and
healthy-hiPSC-CMs (Ma et al, 2015). The ability of I« to potentially augment K* efflux in LQTS2

patients exhibiting a decreased I current is an attractive prospect to treat LQTS2.

Itis worth noting that in the case of Ixs current there remains dubiety as to whether this current
is expressed in hPSC-CMs. Reports in the literature have shown that Iy block resulted in no

effect on hiPSC-CMs (Qu and Vargas, 2015). However another report has indicated that
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exposure to ML277 restored Iy function in a LQTS1-hiPSC model (Ma et al, 2015). Interestingly
it has been reported that hiPSCs derived from cardiac-stromal progenitor cells exhibited an Iy
current when hiPSCs derived from a skin biopsy from the same patient did not, potentially
indicating that hiPSC-CM phenotype may be linked to the original starting cell population that
was reprogrammed (Altomare et al, 2016). In order to elucidate this further a greater panel
of hPSC-CMs should be evaluated for the presence of Iy current, this is something being
carried out presently by our lab. What must also be noted is that ML277 is not necessarily only
having an effect on the I current, given that no response was evident until concentrations of
>300nM were used in this thesis it would be prudent to assess whether the drug is able to

bind to other receptors.

6.4 Modelling CPVT

Calcium handling is a highly spatial and temporal process which relies on the efficient
movement of calcium into the cell, via the LTCC, to activate the RYR2 on the membrane of SR
and induce calcium induce calcium release and contraction of the cardiac myocyte. Calcium is
then taken back into the SR by SERCA or extruded from the cell by the NCX. Changes in the
morphology and structure of cardiomyocytes have been shown to result in changes in the way

in which the cardiomyocyte handles calcium (Louch et al, 2015).

Modelling of CPVT is made more complex by the suggestion that the disease primarily
manifests itself in the His-purkinje system (Cerrone et al. 2007). Given that current cardiac
differentiation protocols are as yet unable generate specific subtypes it may not be possible
to accurately model CPVT in vitro at this time. Although attempts to use subtype specific
promoters to drive fluorescent proteins have recently be used to enable more rapid
identification of subtypes within cultures for specific analysis of the effects on those subtypes
(Chen et al, 2017). However, it has been suggested that hiPSC-CMs exhibit a degree of
plasticity meaning that the action potential characteristics of hiPSC-CMs, commonly used to
define subtype, vary based on call seeding density (Du et al, 2015). In this thesis hiPSC-CMs
were consistently seeded at the same density for all assays to limit the variability in this

respect.

This thesis demonstrated that the hiPSC-CMs responded appropriately to nifedipine exposure
by stopping calcium transients at concentrations of around 1uM which has previously been
shown in the literature (ltzhaki et al, 2011). Reports regarding the nature of calcium handling

mechanics in hPSC-CMs are scarce. Given the knowledge that hPSC-CMs have markedly
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different structure from mature adult cardiomyocytes it is intuitive that their mechanism for
cycling calcium may be different due to the temporal and spatial nature of calcium cycling.
This thesis sought to gain a greater understanding of the way in which calcium is being cycled
in hiPSC-CMs. The experiments within this thesis sought to block different aspects of the
calcium handling machinery in order to assess the relative importance it played. However for
many of the results observed the variation within the dataset appears to obscure the
importance each component plays. This fits with the wider literature which cites a high degree
of variation in calcium data (George and Edwards, 2017). To this end it is vital that this
variation is reduced to improve the power of the findings in such experiments. This
could be achieved by improvement of the maturation of the hiPSC-CMs, however
differences in cell size would likely still play a role in variation of calcium mechanics. It
is also possible that within populations there are typical and atypical results, it would
be intersting if atypical or outlying samples could be excluded on the basis of basal
characteristics allowing researchers to focus on the hiPSC-CMs which behave more
typically. However this would require further investigation as no evidence has been
published which shows typical hiPSC-CM calcium handling behaviour, the field must
move towards more reporting of variance in calcium handling data to allow a greater
understanding of how hPSC-CMs handle calcium and how this differs from native adult
cardiomyoctytes.The logical next step from the work contained within this thesis
would be to assess whether “sub populations” or a “mean population” exist within the

dataset to gain a greater appreciation of the variance of the data within this thesis.

6.5 The current outlook for disease modelling using hiPSC-CMs

6.5.1 Utility of hPSC-CMs as disease models
As described in Section 1.5, hPSC-CMs are able to faithfully recapitulate many of the ion

channels, accessory subunits and regulatory proteins which are present in vivo. When
compared to the use of immortalised cell lines, such as HEK or CHO, overexpressing a single
ion channel, this humanised model of cardiac function is able to greatly enhance the
understanding of drug interaction at the ion channel level. Such limitations of single ion
channel studies highlight the need for improved humanised models for drug screening. Indeed
in this thesis two PPARS agonists were tested and displayed efficacy in improving
repolarisation of the LQTS2-hiPSC-CM disease model. Such compounds would be unable to

exert an effect on heterologous overexpression models as the PPARS agonists operate by
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signalling through multiple factors which are present in hPSC-CMs but not in HEKs or CHOs

overexpressing hERG (Lee and Kim, 2015).

Furthermore, in vitro hPSC-CMs have been extensively shown to faithfully recapitulate in vivo
pharmacological response of over 60 compounds to date with a wide range of drugs with
varied targets (Rajamohan et al, 2013). For example hPSC-CMs have both increased and
decreased their beat rate in response to B1l-adrenoceptor agonists and antagonists (Norstrom
et al, 2006). Furthermore agonists of the B2-adrenoceptor such as isoprenaline can also
increase beat rate (Matsa et al, 2011), something which was also observed in this thesis.
Moreover they display the functionality of a multitude of K* channels such as I, which can be
blocked resulting in a prolonged APD, (Matsa et al, 2011) and lxatp Openers which can shorten
the APD by increasing K* efflux during phase 3 of the cardiac AP (Matsa et al, 2011). Both of
these effects were observed in this thesis using the LQTS2-hiPSC-CM model. The ability of
these hiPSC-CMs to faithfully recapitulate clinical observations has been demonstrated by
reports of increased cardiac repolarisation in hiPSC-CMs in response to known APD elongating

drugs — cisapride, erythromycin, sotalol, quinidine and E4031 (Kuusela et al, 2016).

Changes in cell behaviour mean variability is increased if a small and defined time window
with regards to age of hPSC-CMs for assays is not adopted (Dolnikov et al, 2005). In this thesis
all hiPSC-CMs were assessed between day 30 -35 post-differentiation. Cryopreservation of
hiPSC-CMs would enable standardisation of CM ages when used in assays however this leads
to increases in beat rate when compared to fresh hiPSC-CMs (Kim et al, 2011). Furthermore
cryopreservation and thaw of hiPSC-CMs has been shown to result in variable viability after
thaw and this loss of hiPSC-CMs must be factored in when choosing this strategy. Changes in
the phenotype of hiPSC-CMs before and after cryopreservation were not tested in this thesis,
however the evidence in the literature suggest that cross comparison of fresh and thawed

hiPSC-CMs may introduce an additional layer of variability which should be avoided.

A further drawback is the use of a healthy control hiPSC line from a different patient with a
separate genetic background, as a result of the millions of other polymorphisms within the
genome which can account for phenotypic variability even within multiple healthy patients
(Shen et al, 2013). This issue can be overcome by the generation of an isogenic control using
genome engineering techniques (Bellin et al, 2013). Despite these limitations, hiPSC-CMs
remain a valuable disease model which can complement the findings of in vitro overexpression

models and in vivo animal models. The key caveat to any in vitro hiPSC-CM disease model is
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the need to validate the system as was performed in this thesis using multiple hiPSC-CM lines

and reference compounds.

Taken together these findings illustrate that key ionic channels within the heart which regulate
voltage and calcium events in hPSC-CMs are present and functional. It has been established in
multiple reports that Iy, the current affected by LQTS2, is a major repolarising current in hPSC-
CMs demonstrating the suitability of hPSC-CM models to investigate Iy dysfunction. However
to model a disease such as CPVT it is imperative that the RYR2 is expressed and functional,
this has been shown to be the case indicating that hPSC-CMs are able to display functional
characteristics of the channel. However, what remains under addressed is the role different
aspect of the calcium handling play within hPSC-CMs and how their structural immaturity

influences this due to the highly spatial and temporal nature of calcium cycling.

6.5.2 Limitations of hPSC-CM

6.5.2.1 The immature phenotype of hPSC-CMs
Although in vitro modelling provides resources which were not available before hPSC

technology there remain some limitations to its use regarding the maturity both functionally
and structurally for the hiPSC-CMs, this was described in Section 1.5. Inducing maturation in

vitro

In vitro maturation of hPSC-CMs is perhaps the most pressing issue facing the cardiac disease
modelling field at the present time. Given the limitations of hPSC-CMs outlined above there
remains room for improvement in order for hPSC-CMs to reach their full potential as tools to
model disease, assess drug toxicity/efficacy and be used for stem cell transplantations.
Interestingly it has been shown that transplantation of immature hPSC-CMs into the working
myocardium of a model species results in an increase in structural and functional maturation
(Kadota et al, 2017). Attempts to modulate maturation of hPSC-CMs in vitro are discussed

below.

6.5.2.2  Invitro maturation
The simplicity and ease of use regarding medium additives in facilitating hPSC-CM maturation

make them an attractive proposition for the field in general. It has been shown that
Triiodothyronine (T3) results in functional maturation of hPSC-CMs with improvements in
twitch force, calcium transient upstroke and downstroke as well as enhanced oxygen
consumption rates (Yang et al, 2014). However it appears that medium additives alone will be

insufficient to induce hPSC-CM maturation and as such other factors which can be modulated
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are also being investigated (Denning et al, 2016). Altering substrate stiffness and chemistry
also hold promise in improving maturation, maintaining rat cardiomyocytes on a substrate
with an elastic modulus of ~10kPa, the native rat hearts elastic modulus, was found to result
in a greater alignment of the hPSC-CMs sarcomeres as well as functional maturation of calcium
transients and SERCA expression (Jacot et al, 2008). Large scale screens for optimal hPSC-CM
substrates have previously reported that chemically-defined methacrylate co-polymers
(isobornyl and tert-butylamino-ethyl) resulted in hPSC-CMs with 6 fold quicker upstroke
velocities and significantly increased sarcomeric length when compared to gelatin control

plates (Patel et al, 2015).

In addition to altering the substrate aiding alignment to rod shaped cells thorugh cell
patterning is thought of as a potentially beneficial avenue as the shape of the cardiomyocyte
is vital in driving sarcomeric alignment (Bray et al, 2008). Stimulation of the hPSC-CM,
electrically or mechanically, has been hypothesised as a potential route to ensure synchronous
contractions (Yang et al, 2014). As native cardiomyocytes undergo mechanical stimulation in
vivo it has been suggested that mimicry of such an event may lead to maturation of hPSC-CMs.
It has been reported that seeding hESC-CMs onto a gelatin 3D scaffold which is then subjected
to stretch has resulted in functional maturation of the hPSC-CMs tested in that study (Mihic
et al, 2014). The use of 3D cultures is considered a viable methodology which may enable in
vitro maturation of the cardiomyocytes. One report using 3D engineered structures used
cardiomyocytes to form what they termed engineered heart tissue (EHT) which were
developed by mixing dissociated hPSC-CMs with fibrin and collagen into rectangle moulds
which sit between two silicon posts (Hansen et al, 2010; Schaff et al, 2011). The use of these
EHTs has been shown to improve sarcomeric alignment and improve cellular organisation in

both hPSC-CMs and using neonatal rat heart cells (Hansen et al, 2010; Schaff et al, 2011).

6.6 Study limitations and future work

6.6.1 Use of only 1 hiPSC line per condition
In this thesis the LQTS2 in vitro drug assay has indicated that a number of the drugs tested

may exhibit beneficial effects for LQTS2 patients. However one limitation of this work is that
the drug assay was only carried out on ReBI-hiPSC-CMs. Given the genetic variability observed
across different hiPSCs and indeed the variability which can be introduced as a result of
reprogramming and differentiation method it would be wise to investigate these results

further (Burridge et al, 2012; Liang and Zhang, 2013). To do this a larger panel of both healthy
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and LQTS2 hiPSC lines should be differentiated to cardiomyocytes and assessed using the
assay template from this thesis. This will achieve two aims — the first is to further confirm that
these drugs are able to increase K* efflux during phase 2 and 3 of the cardiac action potential
and therefore improve repolarisation time, a key aspect in treating LQTS2. The second
outcome this will achieve will be to gain an understanding of whether treatment with these
drugs in the healthy hiPSC-CM may induce excessive APD shortening. Together these two
outcomes will help build a broader picture about whether these drugs should be considered

candidates for use in LQTS2 patients.

6.6.2 Use of cell permeable fluorescent dyes
In this thesis the two major phenotyping experiments were carried out using fluorescent dyes

— FluoVolt for voltage and Fura2-AM for calcium. Although cellular phenotyping using dye
based systems are well established an alternative to these are the use of genetically encoded
indicators. This enables long term imaging without loss of signal or cytotoxicity. Genetically
encoded indicators have been reported for both calcium and voltage (Zhao et al, 2011;
Broussard et al, 2014). Such systems can also be ratiometric in order to account for movement
of the hiPSC-CM, in this thesis Fura2-AM was used to image calcium which is ratiometric.
However the FluoVolt dye used to image voltage is not. Despite the potential benefits of using
genetically encoded indicators one of the major drawbacks of such systems is the time they
take to generate in addition to variable expression levels in such a transgenic system (Rose et

al, 2014).

6.6.3 Lack of other cell types in phenotyping assays
In this thesis cells were analysed as part of a monolayer culture rather than as single cells as

is typically the case for patch clamp electrophysiology. This was decided as it could be argued
that single cells will behave differently than cells acting within a monolayer, which is more
commonly the case in vivo, research has shown that hiPSC-CMs behave differently between
single cells and clusters (Matsa et al, 2011). However it can also be argued that
cardiomyocytes do not act alone in vivo as there is substantial contribution from other cell
types such as cardiac fibroblasts, endothelial cells and vascular smooth muscle cells (Souders
et al, 2009). Therefore it may be the case that in order to fully recapitulate the in vivo

phenotype other cell types must be included as part of disease models.
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Initial investigations in this area have been favourable with reports demonstrating that cardiac
tissue structure could be improved in EHTs by the introduction of tubular channels to the EHT
which were populated by endothelial cells to mimic in vivo vasculature (Vollert et al, 2014). In
addition to this the co-culture of endothelial cells and engineered myocardium has been
shown to improve the function of this myocardium by a mechanism speculated to be
biomimicry of vascular network’s in vivo properties for functional cell assembly therefore
resulting in greater orientation of the cardiomyocytes (Chiu et al, 2012). Co-culture of
cardiomyocytes with cardiac fibroblasts has been shown to result in increased expression of
Cx-43 as well as integrin-B1, this is potentially achieved via the growth factors and extra
cellular matrix which are secreted by the cardiac fibroblasts in vivo (leda et al, 2013; Saini et
al, 2015). However despite these indications of improved cardiomyocyte phenotype when co-
culturing with other cells found in the in vivo cardiac system there remain limited methods
which are able to separate these cells in vitro robustly aside from promoter driven antibiotic
resistance which requires the generation of a transgenic hiPSC line. As a result of this, there
remains a challenge when analysing fluorescent based dyes on monolayers of hiPSC-CMs

when other cell types are present (Lee et al, 2012; Herron, 2016).

6.6.4 Lack of patch clamp investigation
Although the use of monolayers and fluorescent dyes was able to greatly improve throughput

in this thesis it is unable to determine the effect drugs have on specific ion channels. It would
be prudent in future to investigate the drugs tested in this thesis with patch clamp
electrophysiology to gain a greater understanding of how drugs affect specific current
densities (Obergrussberger et al, 2016). In this respect the monolayer based assays using
fluorescent dyes are able to screen many compounds in a higher throughput fashion than
manual or automated patch clamp electrophysiology. However these techniques are required
downstream to gain a greater mechanistic understanding of the effect the compound has

specifically on each ion channel.

6.6.5 Variability of calcium handling data
The inherent variability of calcium handling parameters has been established in the literature

(George and Edwards, 2017). In this thesis the CPVT-hiPSC disease model was used in a calcium
handling assay to ascertain whether there existed any differences between the CPVT-hiPSC-
CMs and their CRISPR/Cas9 genetically corrected CPVT-WT-hiPSC-CM isogenic pair. Although

some interesting data was gathered, there remains a great degree of variability within the
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findings, in this case a new analytical framework may be required to further investigate
calcium handling properties. Such a framework has been proposed, by assessing factors such
as synchronization, amplitude, length, and variability of oscillation (SALVO) a team in Cardiff
have reported a single index of in vitro cytotoxicity that was able to correctly stratify the effect
of astemizole, thioridazine, cisapride, flecainide, valdecoxib, sotalol, and nadolol using Ca%
signalling in hPSC-CMs (Lewis et al, 2015). It would be interesting to use such a system to

analyse the data set reported in this thesis.

6.7 Final remarks
The rate of advancement of disease modelling using hiPSC has been rapid, only a decade ago

were hiPSCs first generated by Shinya Yamanaka and already they have been trialled in
humans for a patient suffering macular degeneration. The high rate of drug attrition which
currently besets the pharmaceutical industry could be radically altered by an improvement of
pre-clinical screening procedures. hiPSCs have the potential to be that radical change. This
thesis has demonstrated that hiPSC generation and their subsequent differentiation to
cardiomyocytes can result in high quality hiPSC lines, as assessed by pluripotency and tri-
lineage differentiation potential, and hiPSC-CMs which can be produced in large quantities at
high differentiation efficiencies. Automation of this system is possible, and has been trialled
in our lab, and promises to greatly enhance the output of hiPSC-CMs as and when required.
Furthermore this thesis established a drug screening assay using LQTS2-hiPSC-CMs which
yielded a number of promising compounds with respect to improving the repolarisation time
of hiPSC-CMs and these will require further investigation. With respect to CPVT, it appears
clear that the structural immaturity of hiPSC-CMs will hold back progress in modelling this
disease due to the spatial and temporal nature of calcium cycling. In this respect the
maturation of hiPSC-CMs will be the next major breakthrough in the field of cardiac disease

modelling.
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