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Abstract

Induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) represent a useful tool for
cardiovascular research. However, the mixed subtypes, including atrial-like, ventricular-like
and nodal-like, that result from differentiation protocols present a challenge for selective
studies. This thesis exploited the emerging genome engineering technology “CRISPR/Cas9”
to generate subtype-specific fluorescent reporter systems to label specific CM subtypes,
facilitating subsequent isolation for use in subtype-specific disease modelling.

Atrial-specific myosin light chain 7 (MYL7)-mClover and pituitary homeobox 2 (PITX2)-
mClover, ventricular-specific myosin light chain 2 (MYL2)-mClover and nodal-specific
hyperpolarisation activated cyclic nucleotide-gated potassium channel 4 (HCN4)-mScarlet
iPSCs were established by targeted insertion of the fluorophores at the stop codons of the
target genes. Each fluorophore was preceded by a P2A linker, allowing bicistronic expression.
Unfortunately, the PITX2-mClover and MYL2-mClover lines failed quality control and could
not be used for fluorescent reporter iPSC-CM derivation. The MYL7-mClover and HCN4-
mScarlet lines, however, exhibited faithful reporter systems where the expression of the
fluorophores mirrored that of their respective target genes.

Heterozygous TTN ¢.59926+1 G>A, a truncating mutation of the titin gene, is associated with
atrial fibrillation and dilated cardiomyopathy. This mutation was introduced into parental iPSCs
for preliminary characterisations. Subsequently, the mutation was engineered in the MYL7-
mClover iPSCs for exploring the application of subtype-specific reporter systems in disease
studies. The fluorescent sorting of the cells could not be optimised in the available time,
however, the engineered mutant MYL7-mClover line was differentiated towards the atrial and
the ventricular lineages.

No prominent consequences in heart failure-associated foetal gene reprogramming, overall
TTN expression, myofibrillar protein isoform switching, sarcomere organisation, sarcomeric
protein localisation were identified in the heterozygous mutant model. Interestingly, the Ca?*
transients were altered specifically in the atrial-like heterozygous model. This alteration may
underlie irregular, fast atrial rhythm in atrial fibrillation. The atrial-specific phenotype of TTN
€.59926+1 G>A may be further clarified when using purer atrial-like iPSC-CMs obtainable by
fluorescence-activated cell sorting of the differentiated MYL7-mClover iPSC-CMs.
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Chapter 1

Introduction

1.1 The heart

The heart is a vital organ whose role is to continuously supply blood throughout the body via
the circulatory system. Its function is tightly regulated by electrical activation and propagation,
ensuring rhythmic cycles of cardiac muscle contraction (systole) and relaxation (diastole)
associated with the blood pumping. Aberration in the cardiac function can ultimately lead to

heart failure.
1.1.1 Macroscopic physiology of the heart

The human heart is comprised of 4 contractile chambers partitioned by the septum and valves
(Figure 1-1) (Guyton and Hall, 2000), tightly controlling a unidirectional blood flow. The
superior vena cava and inferior vena cava collect deoxygenated blood from the upper body
and the lower body, respectively, and pass it into the right atrium. During diastole, the tricuspid
valve remains open, allowing the deoxygenated blood to travel from the right atrium into the
right ventricle. During systole, the pressure within the right ventricle increases, forcing the
tricuspid valve shut resulting in the blood entering the pulmonary artery via the pulmonary
valve. Within the pulmonary circulation system, CO: in the blood is exchanged for O. Then,

the oxygenated blood returns to the heart at the left atrium.

Similar to the situation from the right side, the oxygenated blood passes into the left ventricle
via the mitral valve, which remains open during diastole. The valve closes during systole as a
consequence of the increased pressure within the left ventricle, enabling the oxygenated blood
to exit the heart via the aortic valve. Then, the oxygenated blood travels via the aorta and the
subsequent arterial system to supply nutrients, gas and signalling molecules for all tissues of
the body. Finally, the depleted blood returns to the heart via the venous system to complete

the cycle.
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Figure 1-1 Unidirectional blood flow within the heart. The deoxygenated blood (blue) returns to the
right atrium via the superior vena cava and the inferior vena cava and then is passed into the right
ventricle via the tricuspid valve. The deoxygenated blood enters the pulmonary circulatory system via
the pulmonary valve for gas exchange. The oxygenated blood (red) fills the left atrium and then travels
into the left ventricle through the mitral valve. The blood leaves the heart via the aortic valve to provide
nutrients, gas and signalling molecules all over the body. Modified from (Guyton and Hall, 2000).

1.1.2 Histology of the heart

The majority of the heart tissue is of mesoderm origin, comprised of 4 main layers (Tran et al.,
2020) (Figure 1-2). Firstly, the pericardium is a fibrous sac surrounding the heart from all sides
except the roots of the great vessels. It positions the heart in the mediastinum, limits overfilling
of the heart and provides a mechanical barrier against infection. The sac is made of connective
tissues and layered with mesothelium at the innermost area. Secondly, the epicardium (or the
visceral pericardium) is composed of connective tissues, where cardiac ganglia develop,
nerves travel and adipose cells accumulate. Multipotent epicardial cells can migrate into the
myocardium and the endocardium, giving rise to valve cells, fibroblasts (responsible for
extracellular matrix deposition and signalling molecular secretion), smooth muscles and
components of the coronary vasculature. Thirdly, the myocardium is primarily composed of
cardiac muscle cells or cardiomyocytes (CMs), which are responsible for the contractile activity
of the heart. This layer is supplied with a complex system of the coronary vasculature,
lymphatics and autonomic innervation. Fourthly, the endocardium is made of a monolayer of
endothelial cells and subendothelial connective tissue. It provides the lining of the heart
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chambers and valves and a separation between the blood stream and the myocardium. It also
houses the cardiac conduction system (the atrioventricular node, bundle of His, bundle
branches and Purkinje’s fibres (Sdnchez-Quintana, 2003, Nagarajan et al., 2019)), which

regulates heart rhythm.
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Figure 1-2 Layers of the heart. The human heart is comprised of 4 main layers: the epicardium, the
pericardium, the myocardium and the endocardium. The epicardial sac holds the heart at the middle of
the thoracic cavity. The epicardium functions as an outer protective layer of the heart. The myocardium
is primarily made of cardiac muscles and thus, has a role in the cardiac contractility. The endothelium
provides a mechanical barrier between the myocardium and the blood stream. Modified from (Montero
et al., 2020).

1.1.3 Electrical conduction within the heart

Coordination of contraction within the atria and ventricles is partly mediated by a syncytial
structure called an “intercalated disc” (Figure 1-3), allowing action potential propagation
between connecting CMs. It is composed of a number of ion channels, fascia adherens,

desmosome and gap junction (Kleber and Saffitz, 2014). However, this mechanism alone is



not efficient enough to meet the precise timing of chamber filling and ejection required for

proper cardiac function.

Figure 1-3 Simplified illustration of an intercalated disc. The cardiac intercalated disc provides an
electromechanical connection between adjacent CMs. It is consisting of gap junctions, adherens
junctions and desmosomes. Gap junctions allow specific ion exchange between connecting cells.
Fascia adherens junctions (or adherens junctions), which are comprised of N-cadherin (N-cad), a-
catenin and B-catenin, form a mechanical link between the cells via the actin network. Desmosomes (or
macula adherens junctions) are intermediate filament-linked complexes of plakophilin (PKP),
plakoglobin (PKG) desmoglein (DSG), desmocollin (DSC) and desmoplakin (DSP), specialising in cell-
cell adhesion. Taken from (Vermij et al., 2017).

The heart develops its own conduction system comprised of specialised cells which
rhythmically initiate and propagate electrical signals throughout the heart (Figure 1-4A)
(Monteiro et al., 2017). Localising within the upper region of the right atrium, the sinoatrial
node spontaneously generates and propagates the stimulatory signal simultaneously
throughout the right atrium and left atrium via the intermodal pathway and Bachmann’s bundle,
respectively, stimulating atrial depolarisation/contraction and ejection of the blood from the
atria into the ventricles. The atrial activity correlates with the P-wave in an electrocardiogram

(Figure 1-4B).

Subsequently, the electrical signal is concentrated at the atrioventricular node before
accelerating down the bundle of His and into the left and right branches. The atrio-ventricular
transition is relatively delayed (~0.1 sec) to allow a complete atrial contraction and efficient

ventricular filling prior to the ventricular contraction. The signal continues travelling through
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the Purkinje fibres innervating the heart's apex, causing the ventricular
depolarisation/contraction beginning at the bottom of the ventricles towards the pulmonary
and aortic valve. This results in propelling the blood into the pulmonary and systemic
circulations. The ventricular contraction appears as the QRS complex on an

electrocardiogram.

Finally, as the impulse dissipates, the ventricles proceed to repolarisation/relaxation. This can

be detected as the T-wave on an electrocardiogram.

A B
Bachmann’s bundle
Sinoatrial Ventricular contraction
node
Bundle
of His Atrial contraction

Purkinje
Fibers

Atrioventricular
node

Right and Left
Bundle Branches

Ventricular relaxation

—

Direction of signal Delayed signal propagation
propagation

Figure 1-4 Cardiac conduction system. A) Simplified demonstration of the electric conduction
pathway of the heart. B) Typical electrocardiogram morphology corresponding to the cardiac activity.
The P-wave represents the atrial activation as a consequence of the electric propagation within the
atrial chambers. The QRS complex reflects the ventricular contraction which corresponds to when the
impulse distributes within the ventricles. The T-wave represents the ventricular relaxation phase, where
the electrical signal disappears from the ventricles. Modified from (Monteiro et al., 2017).

1.1.4 Autonomic regulation of the heart

In addition to the regulation by the intrinsic conduction system, the heart rhythm can be tuned
by the autonomic nervous system, including the sympathetic and parasympathetic systems,

to meet the demand for the blood contents under different conditions (Gordan et al., 2015).



Activation of the sympathetic system by e.g. stress, exercise, emotional excitement and heart
failure leads to the release of the excitatory hormones epinephrine and norepinephrine. These
chemicals interact with the B-adrenergic receptors of nodal, atrial and ventricular CMs,
resulting in increased electrical conductance (dromotropy), cardiac contractility (inotropy) and

heart rate (chronotropy).

Meanwhile, during rest, sleep, emotional tranquillity or post-sympathetic activation, the
parasympathetic system is activated. Acetylcholine secreted from the vagal nerve of this
system exerts negative effects for dromotropy, chronotropy and inotropy by stimulating the

muscarinic receptors of CMs.

1.1.5 Heart failure

Despite the delicate regulatory mechanisms enabling adaptation to different physiological
needs, cardiac function can be undermined under disease states. Persistence of the
pathogenesis without a proper intervention results in heart failure. Heart failure is defined as
a cardiac condition which fails to provide sufficient cardiac output (the amount of blood ejected
over a given interval) to meet the requirements of the body tissues (McMurray et al., 2012). Its
aetiology is diverse e.g. abnormalities in valve function, heart rhythm (arrhythmia), the

conduction system and cardiac muscle (cardiomyopathy) and infection.

Heart failure can be classified into 2 major groups. Firstly, systolic heart failure is described
as a condition of impaired cardiac contractility, resulting in increased end diastolic volume and
reduced left ventricular ejection fraction (<35%)(McMurray et al., 2012). Thus, this condition
is also known as heart failure with reduced ejection fraction. Secondly, diastolic heart failure
involves reduced ventricular compliance independent from changes in contractility, leading to
depleted ventricular filling and stroke volume (the amount of blood ejected during each
contractile cycle). Since the ejection fraction is not affected (=50%)(McMurray et al., 2012),

this condition is also known to as heart failure with preserved ejection fraction.



1.1.6 Inherited cardiomyopathies

Cardiomyopathy is one the factors contributing to heart failure. It can be either acquired or
inherited. 2 common types of cardiomyopathies are hypertrophic cardiomyopathy (HCM) and

dilated cardiomyopathy (DCM), both of which are usually inherited (Watkins et al., 2011)

(Figure 1-5).
A Normal heart Hypertrophic Dilated
B
Hypertrophic Dilated
cardiomyopathy cardiomyopathy
Mendelian genetic Genetic
Sarcomeric Sarcomeric, lamin A/C
AMPK s : Dystrophin complex,
LAMP2, GLA Lligldgie Z-disk, and others
Mitochondrial
Acquired
Nonmendelian genetic Nutritional
Toxins and drugs
Myocarditis
Endocrine
Autoimmune
Peripartum

Figure 1-5 Common inherited cardiomyopathies. A) Morphology of hypertrophic cardiomyopathy
(HCM) with thickened left ventricular wall and dilated cardiomyopathy (DCM) with left ventricular
dilation. Modified from (Hershberger et al., 2013). B) Categories of HCM and DCM. AMPK, AMP-
activated protein kinase; LAMP2, lysosomal-associated membrane protein 2; GLA, a-galactosidase.
Modified from (Watkins et al., 2011).

HCM and DCM share some genetic causes, especially sarcomeric genes (Figure 1-5B). HCM
is characterised primarily by thickening of the left ventricular wall with CM enlargement
(hypertrophy) (Figure 1-5A) and secondarily by CM disarray and myocardial fibrosis (Watkins
et al., 2011). Its prevalence is estimated as high as 1:500 in young adults (Maron et al., 1995).

Its most common genetic markers are mutations (autosomal dominant) in components of the
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CM’s contractile unit “sarcomere” — myosin heavy chain 7 (MYH7) and cardiac myosin binding
protein C (encoded by myosin binding protein C 3 (MYBPC3)), each accounting for
approximately 25-35%. The diseases-causing mutations in MYH7 are generally missense,
encoding malfunctioning proteins capable of being incorporated into the sarcomere.
Meanwhile, truncating mutations, which lead to insufficiency of proteins from the wild-type
(WT) allele to compensate functionally for the non-functioning products from the mutant allele,

are more common in the case of MYBPCS3.

DCM is a disease of left ventricular dilation (weakened ventricular wall, Figure 1-5A) with
systolic dysfunction (reduced left ventricular ejection fraction). The estimated DCM prevalence
is elusive, ranging from 1:2700 (Maron et al., 1995) up to 1:250-400 (Hershberger et al., 2013).
Compared to HCM, DCM aetiology is complex and heterogeneous. Over 30 genes have been
reported to be associated with DCM, mostly missense mutations, including those involving
sarcomere constituents (e.g. titin (TTN) and MYH7), force transduction mechanisms (e.g.
desmin and dystrophin), nuclear envelope components (e.g. Lamin A/C), Ca?" handling
apparatus (e.g. phospholamban (PLN)), ion channels (e.g. sodium channel type 5 subunit
alpha) etc. (Hershberger et al., 2013). Of these, TTN is the most common contributor (25%).
While the other disease loci are associated with missense mutations, most of the pathogenic
TTN mutations cause truncation of the protein. However, how these trigger the DCM
phenotype is not well understood. Most DCM are inherited in an autosomal dominant fashion,

though X-linked and recessive inheritances have also been identified (Watkins et al., 2011).
1.2 Cardiomyocytes (CMs)

CMs play a pivotal role in myocardial contraction and the cardiac pump at both physiological
and pathological conditions. Further understanding of how CMs transduce the electrical signal
produced by pace-making nodal cells to activate the Ca?* transient pathway and subsequent
CM contraction, collectively known as excitation-contraction (E-C) coupling, would aid in the

dissection of the patho-mechanism of cardiomyopathy.



1.2.1 Typical CM structure
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Figure 1-6 Microscopic anatomy of CMs. Taken from (Smith and Fernhall, 2022).

Sarcolemma

Typical human adult CMs possess a branching, cylindrical morphology, each connecting via
an intercalated disc (Figure 1-6) (Smith and Fernhall, 2022). As highlighted in 1.1.3,
intercalated discs are important for synchronisation of myocardial contraction. CMs develop a
specialised cell membrane structure called the transvers tubule (T-tubule), which invaginates
into the cell interior and connects with the sarcoplasmic reticulum (SR). Signalling structures
mediating sarcomere activation are concentrated on T-tubules. Under a light microscope,
sarcomere structure can be visualised as a striation of alternating isotropic bands (I-bands)
and anisotropic bands (A-bands). A series of repeating sarcomere units is known as a

myofibril.

CMs can be categorised into 3 major subtypes according to their position and function within
the heart. Atrial and ventricular CMs perform contractile activity upon electrical stimulation for
the atrial and ventricular chambers, respectively. Compared to ventricular CMs, atrial CMs are

smaller in cell area with a more spindle-like morphology (Figure 1-7) (Manfra et al., 2017).



Nodal CMs are pace-making cells that form the sinoatrial and atrioventricular nodes and thus
function in the spontaneous generation of stimulatory impulses and regulation of heart rhythm.
Nodal cell size is smaller than atrial CMs with an elongated, crescent-like morphology and a

few, sporadic T-tubules (Petkova and Dobrzynski, 2021) (Figure 1-7).

Ventricular Atrial Nodal

Figure 1-7 Simplified illustration of morphology of CM subtypes. Green colour represents T-tubule
distribution.

1.2.2 Cardiac action potential

Coordination of CM’s contraction is achieved by the transmission of the electrical action
potential. The action potential is defined as a rapid oscillation of CM’s membrane potential,

the difference in electrical potential between the cell interior and the extracellular space.

1.2.2.1 Atrial and ventricular-type action potential

Typical action potential morphology for contractile CMs can be divided into 5 distinct phases
(Figure 1-8) (Jost, 2009). In an unstimulated condition, CMs are maintained at the stable
resting membrane potential (~-85 to -90 mV) (Kussauer et al., 2019, Grant, 2009) (Phase 4).
The resting membrane potential is determined by a gradient of key ions such as Na*, K* and

Ca?* (Table 1-1), which are largely membrane-impermeable (Klabunde, 2011).
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lon | Extracellular concentration (mM) | Intracellular concentration (mM)
Na* 145 20

K+ 4 150
Ca? 25 0.0001

Table 1-1 Approximate ion concentration across the sarcolemma at the resting stage. (Klabunde,
2011)

Upon electrical activation (Phase 0), fast-type Na* channels, are opened, allowing a rapid Na*
influx and an increase of the membrane potential beyond the threshold (~-70 mV) (Jost, 2009,
Ikonnikov et al., 2013). The membrane potential continues depolarising till reaching slightly
above 0 mV, followed by a closure of the Na* channels. Some of these Na* ions can move to
nearby CMs via gap junctions, thereby triggering depolarisation of the connecting cells. Long
lasting (L-type) Ca?* channels (LTCCs) are also opened at a membrane potential above -40
mV, leading to a small Ca?" influx. These Ca?" ions are important for the E-C coupling

mechanism.

In Phase 1, transient outward K* channels are briefly opened, leading to a quick and small K*

efflux. Here, the membrane potential is slightly repolarised (~0 mV) (lkonnikov et al., 2013).

The LTCCs remain open during Phase 2. The Ca?* efflux is counter-balanced by the activity
of both slow, delayed rectifying K* channels and rapid, delayed rectifying K" channels,

resulting in a plateau of the membrane potential slightly below 0 mV (Ikonnikov et al., 2013).

In Phase 3, the LTCCs gradually close while both the slow and rapid, delayed rectifying K*
channels are still active, depressing the membrane potential. At the late stage of this phase,
additional K* channels are activated and further manipulate the K* efflux, resulting in the
regeneration of the resting membrane potential. In addition, the normal ion concentration
gradients (Table 1-1) are restored via the activity of Na*/Ca?* exchanger (NCX), ATP-

dependent Ca?* pump and ATP-dependent Na*/K* pump (Jost, 2009, Ikonnikov et al., 2013).
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Figure 1-8 Atrial and ventricular-type action potentials and their underlying ion currents. The
numbers refer to phases of the action potential. For each ion current diagram, the horizontal line
indicates the O current level where the area above the line shows an outward current and the area
below the line shows an inward current. Nav1.5; voltage-gated sodium channel 1.5; Cavl.2, voltage-
gated calcium channel 1.2; Kv4.3, voltage-gated potassium channel 4.3; Kv1.5, voltage-gated
potassium channel 1.5; hERG, human ether-a-go-go related gene; KvLQT1, long QT 1 syndrome-
associated voltage-gated potassium channel; mink, minimal potassium subunit; Kir2.1-2.3, inwardly
rectifying potassium channels 2.1/2.2/2.3; Kir3.1/3.4, inwardly rectifying potassium channels 3.1/ 3.4.
Modified from (Jost, 2009).

All the ion channels presented in ventricular CMs are also identified in atrial CMs (Figure 1-8).
However, atrial CMs express 3 additional channels: voltage-gated K* channel 1.5, inwardly
rectifying K* channels 3.1 and inwardly rectifying K* channel 3.4. These channels enhance the
membrane repolarisation, leading to the less prominent Phase 2 and decreased action

potential duration.
1.2.2.2 Nodal-type action potential

Unlike the contractile subtypes, nodal CMs display no stable resting membrane potential but
spontaneously produce action potentials (Figure 1-9) (Klabunde, 2011). Nodal-type action

potential has only 3 phases, lacking Phase 1 and 2.
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Phase 4 is spontaneous depolarisation. At approximately -60 mV, hyperpolarisation activated
cyclic nucleotide-gated potassium channel 4 (HCN4) is activated and mediates a Na* influx,
slowly increasing the membrane potential. At approximately -50 mV, transient (T-type) Ca?
channels are active and mediate a transient Ca?* influx. The Na* and Ca?" influxes together

drive the membrane potential toward the threshold level (~-40 to -30 mV).

Phase 0 is mainly regulated by Ca?* movement. At approximately -40 mV, the LTCCs become
active, continuously increasing the membrane potential until approaching slightly above 0 mV.
Because nodal CMs express no fast-type Na* channels, the depolarisation is developed at a

slower pace when compared to atrial and ventricular CMs.
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Figure 1-9 Nodal-type action potential and its underlying ion currents. The numbers refer to
phases of the action potential. For each ion current diagram, the horizontal line indicates the O current
level where the area above the line shows an outward current and the area below the line shows an
inward current. HCN4, hyperpolarisation activated cyclic nucleotide-gated potassium channel 4;
Cav3.1/3.2, voltage-gated calcium channel 3.1/3.2. Cavl.2, voltage-gated calcium channel 1.2; hERG,
human ether-a-go-go related gene; KvLQT1, long QT 1 syndrome -associated voltage-gated potassium
channel; Kir3.1/3.4, inwardly rectifying potassium channels 3.1/ 3.4. Modified from (Klabunde, 2011).

L-type Ca?*

In phase 3, K* channels are active, causing membrane repolarisation. As a consequence, the

membrane potential reaches -60 mV, where it is able to activate HCN4 for the subsequent
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spontaneous depolarisation. The mechanism by which HCN4 regularly and rhythmically

triggers cycles of action potential generation is known as the membrane clock.
1.2.3 Ca?* signalling in CMs

LTCC activation increases the intracellular Ca?* concentration level. However, it is not
sufficient to effectively initiate sarcomere contraction. Rather, this initial Ca?* pool enables
additional Ca?" release from the SR, via ryanodine receptors (RYRs) (Figure 1-10). This
mechanism is generally known as Ca?*-induced Ca?'-release. To reduce the cytosolic Ca?*
concentration during diastole, Ca?" ions inside CMs are sequestered into the SR via
sarco/endoplasmic reticulum Ca?*-ATPase (SERCA). Additional Ca?* ions are pumped out to
the extracellular space by NCX. The temporal rise and fall of the intracellular Ca?* level is

called a Ca?* transient (Figure 1-11).
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Figure 1-10 Ca?*-induced Ca?*-release mechanism and excitation-contraction coupling. Red and
green arrows indicate pathways regulating intracellular Ca?* increase and decrease, respectively. Ica,
Ca?* current component; NCX, Na*/Ca?* exchanger; RyR, ryanodine receptor; SR, sarco/endoplasmic
reticulum; PLB, phospholamban. Modified from (Bers, 2002).
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Figure 1-11 Simplified illustration of a Ca?* transient profile. Red, Ca?* rise; green, Ca?* fall.

1.2.3.1 Atrial and ventricular-type Ca?" transients

Atrial and ventricular CMs share similarity in most of the Ca?* handling components. However,
the NCX expression is lower in atrial CMs (Wang et al., 1996) and thus, the Ca?* reuptake
depends primarily on SERCA. The SERCA activity is modulated by PLN and sarcolipin (SLN),
the latter being selectively expressed in the atrium (Ng et al., 2010). Binding with either PLN
or SLN reduces the apparent Ca?* affinity and transport velocity of SERCA (Asahi et al., 2002).
PLN is less expressed in atrial CMs and coupled to higher SERCA levels (e.g. 4-5 times lower
PLN:SERCA ratio in the rat and mouse atrium compared to the ventricle (Koss et al., 1998)).
Overall, the Ca?* decay kinetic is faster and Ca?* transient duration is shorter in atrial CMs

(Figure 1-12) (Walklate et al., 2021).
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Figure 1-12 Atrial and ventricular Ca?" transient profile. Adapted from (Walklate et al., 2021).
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The presence of T-tubules facilitates the E-C coupling via concentrating associated ion
channels, especially LTCCs, in close contact to the SR (Figure 1-10). In ventricular CMs, this
structural network runs extensively at the cell periphery and deeply into the cell interior,
allowing a global/lhomogenous Ca?* transient activation (Bootman et al., 2006). By contrast,
atrial CMs possess a less extensive T-tubule structure, which initiates Ca?* sparks, i.e. rapid
increase of intracellular Ca?* level, only at the cell periphery followed by a propagation of the

signal into the cell interior.
1.2.3.2 Nodal-type Ca?* transient

Similar to the action potential characteristics, nodal CMs display a spontaneous Ca?* transient
feature. In addition to the extrinsic, Ca?*-induced Ca?*-release mechanism governing the
intracellular Ca?* rise, nodal CMs possess a local Ca?* release pathway (Bogdanov et al.,
2006). The RYR function is negatively regulated by triadin (Singh et al., 2013). Interacting with
the Ca?*-sensitive calsequestrin, triadin inhibits the RYR’s Ca?* transport activity (Figure 1-
13A). Following the SR refilling by SERCA, the increased luminal Ca?* concentration causes
detachment of calsequestrin from triadin, thereby relieving its inhibitory effect and allowing a
spontaneous Ca?* release (Figure 1-13B). The localised Ca?* release occurs concomitantly
with the Ca?* influx associated with the T-type Ca?* channels and exerts a stimulatory effect
on NCX, increasing the Na* influx during the late stage of diastolic depolarisation (Bogdanov
et al., 2006). Once the luminal Ca?* level is depleted, especially by the Ca?*-induced Ca?*-
release mechanism, calsequestrin is able to bind to triadin, preventing Ca?" leaking from the
SR. This intrinsic Ca?* regulation is known as the calcium clock. The membrane clock and
calcium clock are interdependent and their coupled mechanism contributes to “automaticity”

of nodal CMs (Lakatta et al., 2010).
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Figure 1-13 Local Ca?*" release mechanism of the SR of nodal cardiomyocytes. A) At low
concentration of luminal Ca?*, triadin (TRI)/calsequestrin (CSQ) complex blocks Ca?* release hy
ryanodine receptor (RyR). B) Increased luminal Ca?* level relieves the TRI/CSQ interaction, allowing
spontaneous Ca?* release. Modified from (Singh et al., 2013).

Due to the additional T-type Ca?* channels and local Ca?* release contributions, the kinetics
of Ca?* upstroke is slow at its early stage in nodal CMs as compared to atrial and ventricular

CMs (Figure 1-14) (Lakatta et al., 2010).
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Figure 1-14 Simplified illustration of nodal-type Ca?* transient profile. Red Ca?* rise via Ca?*-
induced Ca?*-release mechanism; blue, Ca?* rise via local Ca?* release mechanism; green, Ca?* fall.

1.2.4 Regulation of sarcomere contraction

The Ca?* signalling regulated by the mechanism described in 1.2.2.1 is required for sarcomere
contraction. The sarcomere is composed primarily of interlocking thick, thin and titin filaments,
projecting from the zwischenscheibe (Z)-disc or Z-line and the middle (M)-line (Figurel-15)
(Bootman et al., 2006). The thin filament is primarily comprised of filamentous actin (F-actin),

which provides binding sites for the contractile motor protein myosin that makes up the thick
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filament. It is the interaction between actin and myosin (actomyosin cross-bridge) that

generates force during the sarcomere contraction.

Sarcomere

Myofibril

titin

Myofilaments

Zline

> < troponin |
Contraction/shortening troponin C
actin  tropomyosin troponin T

cross-bridge

Thick (myosin) filament Thin (actin) filament
Figure 1-15 Schematic illustration of sarcomere structure. A single sarcomere can be divided into
4 main regions: Z-disc/line, I-band, A-band and M-line. The movement of sarcomere from the Z-disc
toward the M-line is defined as sarcomere contraction and vice versa for sarcomere relaxation. The
sarcomere contraction and relaxation are regulated by the molecular interaction between thick and thin
filaments. Modified from (Bootman et al., 2006).

1.2.4.1 Thin filament

Thin filament is composed of actin, tropomyosin and troponin complex (troponin I, C and T)
(Figure 1-15 & 1-16) in a 7:1:1 ratio (Shave et al., 2010). Troponin T stabilises
troponin/tropomyosin/F-actin complex, where troponin | precludes the actin’s myosin binding
site in the absence of Ca?" i.e. during diastole. Upon Ca?* binding to troponin C, the inhibitory
effect of troponin | is relieved, allowing tropomyosin conformational change, actomytosin

cross-bridging and subsequent sarcomere contraction (Figure 1-16).
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Figure 1-16 Schematic of thin filament configuration during diastole and systole. TnC, troponin
C; Tnl, troponin I; TnT, troponin T. Each yellow sphere represents an actin monomer. Taken from
(Shave et al., 2010).

1.2.4.2 Thick filament

Cardiac thick filament is composed of myosin Il proteins stabilised by MYBPC3. The myosin
Il consists of 2 heavy chains, 2 regulatory light chains and 2 essential light chains (Figure 1-
17) (Sheikh et al., 2015). Each heavy chain contains a catalytic head (or sub-fragment 1), a
lever arm, a sub-fragment 2 domain and a coiled-coil tail domain. The sub-fragment 1 is an
essential domain that forms a cross-bridge with actin. The lever arm, where myosin light
chains localise, is associated with the myosin’s power stroke mechanism during sarcomere
contraction. Myosin light chains stabilise the myosin heavy chain’s lever arm and plays roles
in actomyosin cross-bridge kinetics and force development required for physiological needs

(England and Loughna, 2013).
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Figure 1-17 Schematic illustration of thin filament structure. Thin filament composition includes
myosin and myosin binding protein C (MyBP-C), both of which are stabilised within the sarcomere by
titin. Myosin consists of two heavy chains, each of which interacts with one essential light chain (ELC)
and one regulatory light chain (RLC) at its lever arm region. The myosin’s head domain (S1) harbours
sites for ATP and actin binding. MyBP-C controls the myosin’s mobility during actomyosin cross-
bridging. S1, sub-fragment 1; S2, sub-fragment 2. Modified from (Sheikh et al., 2015).

1.2.4.2.1 Actomyosin cross-bridge cycling

The actomyosin cross-bridge cycle can be divided into 4 major states (Figure 1-18). Firstly, at
the resting state, the sub-fragment 1’s catalytic core is occupied by ATP (Figure 1-18A).
Secondly, ATP hydrolysis allows the sub-fragmentl-ADP-Pi complex to approach the thin
filament (Figure 1-18B). Thirdly, upon the Ca?*-induced troponin configuration change, an
actomyosin cross-bridge develops (Figure 1-18C). Fourthly, upon the release of ADP-Pi, the
myosin undergoes a power stroke i.e. sliding of the actin filament toward the M-line, resulting

in sarcomere contraction (Figure 1-18D).
1.2.4.2.2 Atrial and ventricular myosin

In the human heart, myosin heavy chains exist in 2 isoforms including myosin heavy chain 6
(MYH6) and MYH7, which are predominantly expressed in the atria and ventricles,

respectively (Ng et al., 2010). MYH6 displays ~3 times faster cross-bridge cycling kinetics
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compared to MYH7, which partly explains the faster contraction kinetics in the atria (Walklate

et al., 2021).
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Figure 1-18 Actomyosin cross-bridge cycle. A) When bound with ATP, the myosin filament is
structurally unable to approach the F-actin. B) Upon ATP hydrolysis, the myosin moves toward the F-
actin. C) The presence of Ca?* causes a conformational change of the troponin/tropomyosin/actin
complex, permitting actomyosin cross-bridging. D) Release of the ADP:Pi enables an acto-myosin
sliding. TnC, troponin C; TnT, troponin T; Tnl, troponin |. Modified from (England and Loughna, 2013).

Each myosin heavy chain isoform has its own myosin light chain partners. Atrial-specific MYH6
is coupled with myosin (essential) light chain 4 and myosin (regulatory) light chain 7 (MYL7).
Meanwhile, ventricular-specific MYH7 interacts with myosin (essential) light chain 3 and
myosin (regulatory) light chain 2 (MYL2). MYL2 is classified as a slow isoform according to its
effect on cross-bridge prolongation, which allows a sustained actin activation and enhanced
force production (Sheikh et al., 2015). This property further explains the slow contraction

kinetics in the ventricles.
1.2.4.2.3 Cardiac myosin binding protein C

The A-band localisation of MYBPC3 is mediated by its C-terminus interaction with myosin and
titin (Figure 1-17). Meanwhile, interacting with the myosin’s sub-fragment 2 (Gruen and Gautel,
1999), the N-terminus functions as a molecular brake for actomyosin cross-bridge by

modulating the myosin’s ATPase activity (Yang et al., 2001). Phosphorylation of the C-
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terminus by B-adrenergic stimulation removes its inhibitory effect, resulting in hypercontractility

(Yang et al., 2001).
1.2.4.3 Titin: a gigantic and complex muscle protein

Titin is another component of the sarcomere. It is the largest protein known to the human body
(with a total 364 exons, 363 of which are included in the TTN meta-transcript devoid of exon
48), whose molecular weight of the full-length isoforms are in the range of 2.9-3.3 MDa (in
cardiac muscles) or 3.7 MDa (in skeletal muscles) (Freiburg et al., 2000). The TTN meta-
transcript represents an inferred complete model that includes all possible in-frame coding
exons (Bang et al., 2001). In CMs, a single titin molecule constitutes half of the sarcomere,
spanning from the Z-disc to the M-line. Titin can be divided into 4 regions (Figurel-19). The
N-terminal titin anchors titin to the Z-line of the sarcomere. The extensible I-band provides an
elasticity for titin and the sarcomere. This domain consists of 3 different spring-like elements:
tandem immunoglobulin-like, proline-glutamic acid-valine-lysine-rich and N2B elements. The
inextensible A-band contains immunoglobulin-like matifs alternating with fibronectin motifs and
serves as a stable platform for myosin attachment during CM contraction. The C-terminal titin
harbours a serine/threonine kinase domain and stabilises myosin at the M-line/band of the
sarcomere.
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Figure 1-19 Simplified depiction of a single titin protein organisation relative to the sarcomere
regions. A full-length titin spans half of the sarcomere from the Z-disc to the M-band. Its structure
comprises of 4 domains: i) N-terminal Z-disc-binding domain, ii) extensible I-band domain containing
elastic immunoglobulin-like (1g), proline-glutamic acide-valine-lysine (PEVK)-rich and N2B elements, iii)
inextensible A-band domain containing lg/Fibronectin Il (Fnlll) elements anchoring titin with myosin
and iv) M-band/M-line-binding domain. Taken from (Giganti et al., 2018).
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1.2.4.3.1 The diversity of titin isoforms

The diversity of titin isoforms, which differ in length, is primarily associated with I-band exon
usage through alternative splicing while exons encoding the other domains are conserved
(Figure 1-20). N2-B (2.9 MDa) and N2-BA (3.3 MDa) are the titin isoforms exclusively
expressed in cardiac muscles whereas the N2-A isoform is generated specifically in skeletal
muscles (3.4 MDa in psoas muscles and 3.7 MDa in soleus muscles) (Freiburg et al., 2000).
The length of titin determines the passive tension of the sarcomere. As the short cardiac N2-
B has fewer elastic elements, it holds a greater passive stiffness than the longer N2-BA
isoform (Freiburg et al., 2000, Trombitas et al., 2000). While healthy adult CMs predominantly
express the N2-B isoform, an upregulation of the compliant N2-BA is frequently observed in
the compromised heart (Makarenko et al., 2004, Nagueh et al., 2004, Neagoe et al., 2002).
RNA binding motif protein 20 (RBM20) is an RNA splicing factor expressed in cardiac and
skeletal muscles. It is responsible for a diversity of isoforms of cardiac transcripts including
TTN, where its mutations are linked with cardiomyopathy. Knocking out Rbm20 induced the

DCM phenotype with an increased Ttn N2-BA:N2-B ratio in a rat model (Guo et al., 2012).

The splicing mechanism also produces the less abundant TTN isoforms Novex 1,2 and 3
which incorporate unique exons novexl, novex2 and novex3, respectively, with an unclear
function. The Novexl and 2 (both 3 MDa) are very similar in exon composition to the N2-B
isoform while the Novex 3 (~700 kDa) has an alternative C-terminus which lacks the majority

of the A-band and M-line domains (Bang et al., 2001).
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Figure 1-20 Human TTN isoforms. Modified from (Giganti et al., 2018). The exons presented here is
numbered according to the meta-transcript excluding novex3 exon (exon48) in the total exon annotation
https://www.cardiodb.org/titin/.
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Apart from the RNA splicing pathway, an alternative titin isoform is generated using an internal
promoter (Zou et al., 2015). This unusual promoter activity is identified just upstream of human
TTN exon 241 (according to the total exon annotation) or within the A/l junction, and is
responsible for the Cronos titin expression. Though the Cronos isoform lacks the whole Z-disc
and I-band regions, its exclusive expression did not completely disrupt sarcomere formation
in CMs (Zaunbrecher et al., 2019). Contractility was also preserved in this cell model although
depressed contractile force was detected. This isoform was believed to play a role in the
functional rescue of titin from proximal mutations that disrupt the generation of full-length titin

molecules.

1.2.4.3.2 Complex titin interactome

Titin not only exhibits a diversity in the structure but also interacts with a wide range of proteins
along its different regions (Figure 1-21) (Guo et al., 2018). Mutations of these binding partners

are linked with cardiomyopathy.

1.2.4.3.2.1 Z-disc interactome

The titin Z-disc binds to alpha actinin, which in CMs, is encoded by alpha actinin 2 (ACTN2).
ACTN2 crosslinks F-actin within the Z-disc of adjoining sarcomeres. The ACTN2 Q9R
mutation is associated with DCM (Mohapatra et al., 2003). This mutation abolished the ACTN2
binding ability to myogenesis-regulating muscle limb protein and decreased ACTN2 nuclear
localisation in myoblasts (Mohapatra et al., 2003), leading to impaired myogenic differentiation

potential.

Two adjacent titin molecules are glued together by a single titin-CAP (T-CAP) at their N-
termini. T-CAP is known to interact with minimal K* subunit B (Furukawa et al., 2001) and
fast-type Na* channel (Mazzone et al., 2008) on T-tubules. Hence, T-CAP may play a role in
the E-C coupling (Ibrahim et al., 2013). TCAP homozygous missense mutations are
associated with HCM (T1371 and R153H) and DCM (E132Q) by unknown mechanisms

(Hayashi et al., 2004).
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Figure 1-21 Titin binding partners. Titin is presented in the long rectangle with its different domains.
Titin’s direct partners are oval (both in orange and red) and indirect partners are rectangle (both in red
and yellow). Red oval and rectangle highlight targets whether their expression is associated with RNA
binding motif protein 20. SANK1, small ankyrin 1; p94, calpain 3; FHL1/2, four and a half LIM domain
protein; MyBPC, myosin binding protein C; Nbrl, neighbour of BRCA1 gene 1; MURF, muscle ring
finger protein; MyHC, myosin heavy chain; MyLC, myosin light chain; TPM, tropomyosin; CARP,
cardiac ankyrin repeat protein; DARP, diabetes related ankyrin repeat protein; ARPP, ankyrin repeat
domain protein 2; TMOD, tropomodulin; MYOT, myotilin; FLNC, filamin C; T-cap, titin-cap; minK,
minimal potassium channel subunit ; CRP3/MLP, muscle LIM protein/cysteine-rich protein 3); CRP2,
cysteine-rich protein 2); ENAH, enabled homolog; ANP, atrial natriuretic peptide; BNP, brain natriuretic
peptide; KCND2/3, potassium voltage-gated channel subfamily D member 2/3; KCNK2, potassium
channel subfamily K member 2; KCNQ1, potassium voltage-gated channel subfamily Q member 1;
ADAM17, a disintegrin and metalloprotease 17; ADAMS3S3, a disintegrin and metalloprotease-33 protein;
IGFBP, insulin growth factor binding protein; ZNF, zinc finger protein; ERK2, extracellular signal
regulated kinase 2; ANK2, ankyrin 2; YB-1, Y-box binding protein 1; ISOT-3/USP13, isopeptidase
T-3; USP24, ubiquitin specific peptidase 24; UBCY9, ubiquitin-conjugating enzyme 9; UBCH10,
ubiquitin-conjugating enzyme H10. Taken from (Guo et al., 2018).

1.2.4.3.2.2 I-band interactome

The titin I-band is responsible for titin’s passive tension, which is important for the diastolic
function. The I-band region also harbours a binding site for a small heat shock protein called
alpha crystallin B. This protein plays a role in a stress response (Kétter et al., 2014). Under
stress, the titin’s N2-B elements preferentially unfold and form aggregates, resulting in
increased stiffness. Translocalisation of alpha crystallin B from the cytosol to the sarcomere

suppresses this stiffening effect (Kotter et al., 2014). The R157H mutation in the gene
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encoding alpha crystallin B was suggested to impair the protein interaction with titin, leading

to the DCM phenotype (Inagaki et al., 2006).

1.2.4.3.2.3 A-band interactome

As described in 1.2.4.2.3, the A-band titin provides a scaffold for myosin and MYBPC3. Also,
as highlighted in 1.1.6 both missense mutations in MYH7 and truncating mutations in MYBPC3

are the most common genetic factor predisposing HCM.

1.2.4.3.2.4 M-line interactome

Myomesin crosslinks adjacent myosin filaments and titin at the M-line. Like titin, myomesin,
encoded by the myomesin 1 gene (MYOML), contains spring-like elements: immunoglobulin-
like and fibronectin Ill domains. This protein functions as a mechanical stress sensor, in
addition to titin, where it can be stretched upon myosin sheer stress introduced by contractile
activity (Agarkova and Perriard, 2005). Little is known about its contribution in biology and
disease. Knocking out MYOM1 impaired sarcomere organisation, contractile function and Ca?*
homeostasis in a CM model (Hang et al., 2021). A missense MYOM1 mutation (V1490l) is

associated with HCM but its underlying mechanism is unknown (Siegert et al., 2011).

The titin’s M-line region also contains a binding site for muscle ring finger proteins 1/2
(MURF1/2), which regulate myofibrillar protein turnover. A dysregulated MURF activity can
modify the sarcomere content and the cardiac mass, which in turn compromise cardiac
function. Missense mutations of MURF1 (S5L) and MURF2 (C50Y) were suggested to be
mediators of HCM pathogenesis through protein degradation pathways (Su et al., 2014).
Knocking out the gene encoding MURF1 in mice did not interfere with cardiac development

but exerted an anti-hypertrophic effect (Willis et al., 2007).

1.2.5 B-adrenergic stimulation of contractile activity

As described in 1.1.4, epinephrine or norepinephrine targets the cardiac p-receptors in CMs.

This stimulation leads to increased cellular cyclic AMP level by adenylyl cyclases, which in
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turn activates protein kinase A. Protein kinase A catalyses phosphorylation of numerous
targets associated with the E-C coupling mechanism (Figure 1-22) (El-Armouche and
Eschenhagen, 2009). For example, phosphorylation of LTCC (Kamp and Hell, 2000), RYR
(serine 2030 (Xiao et al., 2006)) and PLN (serine 16 (Chu et al., 2000)) together cause overall
cellular Ca?* load associated with the Ca?* transient generation, resulting in increased force
production during systole. Phosphorylation of troponin | (serine 23/24 (Kobayashi and Solaro,
2005)) and MYBPC3 (serine 282 (Sadayappan et al., 2005)) decrease myofilament Ca?
sensitivity, promoting sarcomere relaxation. The overall effect of the 3-adrenergic response is

increased cardiac inotropy.
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Figure 1-22 B-adrenergic response in CMs. Upon norepinephrine/epinephrine stimulation, the CM’s
B-receptor (B-AR) liberates its coupled stimulatory G-protein (Gs). Binding of Gs with adenylyl cyclase
(AC) promotes ATP conversion into cyclic AMP (cAMP). This catalytic activity can be suppressed upon
binding to inhibitory G-protein (Gi) associated with the acetylcholine-activated muscarinic receptor (M2)
response. CAMP activates protein kinase A, which in turn phosphorylates several proteins modulating
the E-C coupling mechanism including, L-type CaZ* channel (LTCC), ryanodine receptor (RYR),
phospholamban (PLB), phospholemman (PLM), cardiac myosin binding protein C (cMyBP-C) and
troponin | (Tnl). cAMP itself also triggers the Na* transport activity by hyperpolarisation-activated cyclic
nucleotide-gated channel (HCN). Overall, B-adrenergic stimulation exerts a positive inotropic effect.
Taken from (EI-Armouche and Eschenhagen, 2009).

1.3 Titin in DCM

Mutations in the TTN gene are largely associated with DCM with TTN truncating variants

(TTNtv) being the most common contributor, accounting for ~25% of familial DCM (Herman et
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al., 2012). However, not all TTNtv mutations are pathogenic since they can be found in about

1-3% of the general population (Golbus et al., 2012).

1.3.1 Influence of mutational position on TTNtv pathology

The discovery of asymptomatic TTNtv carriers has brought about efforts to elucidate how the
mutational positions contribute to the DCM phenotype. As demonstrated previously, several
titin isoforms are produced by alternative RNA splicing, where I-band exons are most
differentially expressed. RNA sequencing suggested that the percentage of a given exon being
included in the expressed TTN transcript repertoire (also known as percentage spliced in) is
a useful metric for predicting the TTNtv pathogenicity (Roberts et al., 2015). TTNtv originating
from consecutive exons (high percentage spliced in) is more likely be pathogenic whereas
TTNtv located in exons with a low percentage spliced in index is better tolerated by e.g.
transcriptional bypass. Besides, variants encoded in exons spliced in the N2-BA but not in the
N2-B isoform have a weak association with the disease (Roberts et al., 2015). Thus, this notion
partly explains healthy individuals carrying non-consecutive I-band TTNtv (Schafer et al.,

2017, Hinson et al., 2015).

1.3.2 Proposed pathomechanisms

The mechanisms by which TTNtv induces DCM pathogenesis is still elusive, largely due to
the titin’s mammoth size and isoform diversity. Two molecular models are proposed based on

whether truncated titin molecules can be stably transcribed and translated.

1.3.2.1 Haploinsufficiency

Happloinsufficiency describes a situation where a diploid organism has only one active allele
while the other is inviable due to e.g. a loss-of-function mutation. The resultant protein
insufficiency compromises the protein’s normal function and the organism’s fitness
(Deutschbauer et al., 2005). TTNtv may also be pathogenic due to non-sense mediated decay

(NMD) (Brogna and Wen, 2009).
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Figure 1-23 Simplified illustration of NMD mechanism. A) In normal translation, an exon-exon
junction complex (EJC), which binds to a spliced mRNA, is removed by the ribosome undergoing
translation toward a stop codon. B) However, a premature stop (PTC) precludes the complete
translation, allowing a persistent EJC localisation. The EJC recruits upstream frameshift proteins 1/2/3
(UPF1/2/3) — at this stage, the ribosome may dissociate. The UPF complex interacts with the
suppressor of morphogenetic effect on the genitalia proteins (SMG) 1/8/9 complex. Phosphorylation of
UPF1 by SMGL1 further recruits SMG5, SMG6 and SMG7. mRNA degradation mediated by the SMG6'’s
endonuclease activity results in reduced transcriptional and/or protein levels from a mutant allele
harbouring a PTC. Modified from Wikimedia Commons, retrieved on September 7, 2022.

It is conjectured that the presence of a premature stop codon in TTNtv could provide a
substrate for activating the NMD machinery, which consequently subjects the mRNA to
degradation, lowering the titin transcriptional and/or protein levels. In normal translation, exon-
exon junction complexes bound to mRNA after splicing are displaced by the ribosome
approaching a stop codon (Lykke-Andersen and Jensen, 2015) (Figure 1-23A). In the
presence of a premature stop, an early termination of translation prevents the ribosome
acquiring the actual stop codon and thus, the exon-exon junction complexes remain bound to
the mRNA (Figure 1-23B). The exon-exon junction complex recruits upstream frameshift
proteins, which further recruit a series of suppressor of morphogenetic effect on genitalia

proteins. Of these, the suppressor of morphogenetic effect on genitalia protein 6 has a
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nuclease activity which mediates degradation of the mutant mRNA, leading to reduced
transcriptional and/or protein levels. However, in some studies, a loss of titin protein is reported
independently from TTN allelic imbalance (Hinson et al., 2015, Fomin et al., 2021), possibly

suggesting that NMD may not be the pathway underlying titin haploinsufficiency.

Reduction of titin protein levels may lead to metabolic and signalling remodelling as seen in
Z-line and A-band TTNtv-harbouring rat models, switching metabolism from the fatty acid
toward the glycolic pathway (Schafer et al., 2017), recapitulating heart failure (Stanley et al.,

2005, Neubauer, 2007).

1.3.2.2 Poison peptide

This alternative model is proposed on the basis of the presence of truncated titin proteins
which interferes with cardiac function. In order to support this notion, proof of stable truncated
titin proteins and/or their incorporation into the sarcomere are required. Recent publications
have reported stable truncated titin proteins in TTNtv DCM biopsies by Western blot analysis,
showing their size corresponding to the respective mutational positions (McAfee et al., 2021,
Fomin et al., 2021). However, how the truncated titin proteins contribute to disease pathology

is still not completely understood.

(Fomin et al., 2021) demonstrated that the truncated titin protiens were unable to integrate
into the sarcomere but rather presented as cytosolic inclusion bodies. This study also
suggested that the accumulation of these aggregates compromised protein homeostasis by
aggravating the ubiquitin-proteasome system (UPS), which is responsible for myofibrillar
protein turnover. UPS dysfunction is a common characteristic in cardiomyopathies (Gilda and
Gomes, 2017, Predmore et al., 2010), which potentially hinders CMs’ capacity to cope with

stress.

(McAfee et al., 2021) and (Fomin et al., 2021) agreed that a combination of TTNtv-associated-

titin happloinsufficiency, independent of a transcriptional change, and stable truncated titin
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proteins, possibly through dysregulated protein quality control (PQC), underlies the DCM

pathogenesis.
1.4 TTNtv-associated atrial fibrillation

Atrial fibrillation is the most common arrhythmia defined by irregular and rapid heart rhythm,
which is associated with heart failure, stroke, and premature death. Atrial fibrillation is
classified as an electrical heart disease where the electrocardiogram displays an aberrant P
wave, possibly repeatable or invisible, and an irregular, high QRS frequency (Figure 1-24). As
described in 1.1.3, the P wave and the QRS complex represent an electrical propagation within

the atria and the ventricles, respectively.
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Figure 1-24 Electrocardiogram of atrial fibrillation. A) The last normal beat prior to the onset of atrial
fibrillation with a normal electrocardiogram (ECG). B) Atrial fibrillation is characterised by a fast,
uncoordinated atrial electrical activity in which the ECG displays an aberrant P wave (blue). The
ventricles also respond to this irregularity which leads to impaired contraction (represented by an
abnormal, high QRS frequency (red)). Modified from (Lip et al., 2016).

Atrial fibrillation is caused by an abnormal electrical conduction within the atria but its aetiology
is not fully understood. Interestingly, genome wide association studies have identified TTN as
being one of the most common genetic risk factors for atrial fibrillation, where the TTN-atrial
fibrillation co-segregation was independent from a DCM background (Nielsen et al., 2018).
Similarly, large-scale whole genome sequencing uncovered enrichment of rare TTNtv in

individuals developing an early onset atrial fibrillation (Choi et al., 2018). A rare missense TTN

variant (rs2042995) in human was found to be implicated in a P wave prolongation (Weng et
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al., 2020). In agreement, a heterozygous A-band Ttntv zebrafish model recapitulated the atrial
fibrillation’s phenotype with an increased atrial fibrosis and a prolongation of the PR interval
(Ahlberg et al., 2018). The PR interval correlates with the descending impulse from the atria
to the ventricles. Hence, aberration of this parameter indicate impairment in the atrial electrical

activity.
1.5 Induced pluripotent stem cell derived-CMs (iPSC-CMs)

Advances in pluripotent stem cells, including embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs), have provided an alternative source of cells for cardiovascular
research (Gao and Pu, 2021). Human ESCs are derived from preimplantation embryos,
generally donated from fertility clinics, which require ethical approval for use (Robertson,
2001). Meanwhile, human iPSCs can be directly reprogrammed from somatic cells (Takahashi
and Yamanaka, 2006) and thus have gained more popularity. iPSCs can be differentiated into
many cell linages including CMs by modulating key signalling pathways identified during
embryonic development.
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Figure 1-25 Schematic illustration of embryonic heart development with respect to the
embryonic stages. The cardiac crescent consisting of the first and second heatrt fields. The cells within
the cardiac crescent undergo proliferation and differentiation, leading to formation of the linear heart
tube. The cells from the first heart field contribute to the left ventricle (LV) and a portion of the atria (A)
while the cells derived from the second heart field form the right ventricle (RV), a portion of the atria (A),
inflow tract and outflow tract (OFT). The right forward looping of the linear heart tube results in the atria
being positioned cranially relative to the ventricles. Maturation of the embryonic heart includes formation
of the valves, the septum and the 4 chambers of the heart. Taken from (Paige et al., 2015).
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1.5.1iPSC-CM differentiation

The cardiac lineage is derived from epiblast-originated mesodermal cells during the primitive
streak formation, a structure that is promoted upon a gradient of NODAL and wingless
integrated (WNT) signals (Perea-Gomez et al., 2002). Eomesodermin-expressing mesoderm
contributes to the cardiovascular system. Eomesodermin activates mesoderm posterior basic
helix-loop-helix transcription factor 1 (MESP1), which is identified as an early cardiac
mesoderm marker and plays important roles in cardiac progenitor cell specification (Bondue
et al., 2008). However, the fate of MESP1* cells may be already determined and the cardiac
progenitors of the so-called first and second heart fields (Figure 1-25) may present at or before
gastrulation (Devine et al., 2014, Meilhac et al., 2004, Lescroart et al., 2014). The first heart
field develops from cells that express NK2 homeobox 5 (NKX2.5) and T-BOX 5, giving rise to
the left ventricle and a portion of the atria whereas the second heart field is a group of cells
expressing NKX2.5 and ISLET1 that are mainly involved in formation of the right ventricle,

atria, inflow tract and outflow tract (Evans et al., 2010).

iPSC-derived CMs (iPSC-CMs) differentiation can be achieved by modulating transforming
growth factor B family proteins (including WNT3a, bone morphometric protein 4 (BMP4),
activin A and NODAL) and WNT. BMP4 regulates expression of GATA binding protein 4,
serum response factor and myocyte enhancer 2C, committing iPSCs into the mesodermal
stage (Klaus et al., 2012). A combination of BMP4 and activin A activates expression of
platelet-derived growth factor receptor alpha in the mesodermal subpopulation which are
positive for kinase domain receptor (Kattman et al., 2011). These double positive cells
represent the cardiac mesoderm marked by expression of MESP1, which can be differentiated

further into the cardiac progenitor cells.

WNT has a biphasic role in iPSC-CMs differentiation. WNT promotes iPSC transition into the
mesodermal stage. However, activation of this pathway at the slightly later stage blocks the
cardiac differentiation. Inhibition of WNT in the mesodermal cells allow their transition into the

cardiac mesoderm and the cardiac progenitor cells (Willems et al., 2011). Therefore, a WNT
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agonist e.g. CHIR-99021 is required at the start of the differentiation followed by a WNT

antagonist e.g. IWR1 or IWP-2 (Lian et al., 2012) at the subsequent stage.
1.5.2 Limitations of iPSC-CMs

In contrast to primary adult CMs, the self-renewal capacity of iPSCs enables the production of
an infinite numbers of iIPSC-CMs for studying cardiac biology and disease. However, iPSC-
CMs possess unique characteristics which may limit their utilities. Firstly, they express
embryonic-like, immature phenotypes, molecularly, structurally and functionally (Figurel-
26A), which may not fully recapitulate the adult human heart. Secondly, current differentiation
protocols generally yield mixed types of cells and mixed subtypes of CMs including atrial-like,

ventricular-like and nodal-like cells.
1.5.2.1 Immaturity
1.5.2.1.1 Electrophysiology and Ca?" signalling

iPSC-CMs possess automaticity due to the expression of HCN4 (Goversen et al., 2018). In
contrast, primary ventricular and atrial CMs only contract upon acquiring electrical stimulation.
iPSC-CMs have a higher resting membrane potential (~-50 to -70 mV) compared to adult CMs
(~ -851t0 90 mV) (Hoekstra et al., 2012, Kussauer et al., 2019, Grant, 2009). The less negative
membrane potential allows the HCN4 activity to spontaneously activate action potential
generation (Figure 1-26C). Spontaneous Ca?* release from the SR is also seen in iPSC-CMs
(Koivumaki et al., 2018). This mechanism underlies the spontaneous Ca?* transient generation
and further enhances the spontaneous depolarisation via the activated NCX channel. These

inherent iPSC-CMs’ membrane and Ca?* clocks resemble the phenotype of adult nodal cells.

In addition, iPSC-CMs display a poorly-developed SR, no (or few) t-tubules, low expression
of Ca?" handling proteins e.g. SERCA and RYR (Figure 1-26D), which together lead to the

slow E-C coupling when compared to adult CMs (Kane et al., 2015).
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Figure 1-26 Immaturity of iPSC-CMs. A) iPSC-CMs display several immature characteristics with
respect to structure and function, which are different from adult or mature CMs. Compared to mature
CMs, iPSC-CMs have B) smaller cell size, poorly alinged myofiiments, C) circumferential distribution
of gap junction connexin 43 (this junctional protein is polarised to the intercalated disc in mature CMs),
lower expression of Ca?* handling proteins, no development of T-tubules, E) lower contractile force (due
to the lower sarcomere content, less organised myofilament and differential myofilament protein
expression), F) fewer mitochondria number, more preference on using glucose to generate energy by
glycolysis (while mature CMs can additionally oxidise fatty acids by p-oxidation for ATP production), G)
higher prolifertion potential (instead, mature CMs can expand their volume) and more nuclear DNA
content. CPT, carnitine O-palmitoyltransferase; FA-CoA, fatty acyl-CoA ester; mtDNA, mitochondrial
DNA; n, haploid content of chromosomes; NCX, sodium—calcium exchanger; RYR2, ryanodine receptor
2; SERCAZ2a, sarcoplasmic/endoplasmic reticulum calcium ATPase 2a. Modifified from (Karbassi et al.,
2020).
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1.5.2.1.2 Metabolism

In eukaryotic cells, oxidative phosphorylation, an aerobic process of producing ATP by

oxidising NADH or FADH,, takes place on cristae within mitochondria. CMs are capable of
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using several classes of energy substrates including carbohydrates (by glycolysis) and lipids
(by B oxidation) to generate NADH/FADH,. iPSC-CMs have a limited number of mitochondria
with less developed cristae and thus, have a low oxidative capacity (Figure 1-26F) (Horikoshi
et al., 2019, Feyen et al., 2020). Approaching the mature stage, CMs undergo metabolic
reprogramming. Immature iPSC-CMs predominantly use glucose for energy production
whereas mature CMs generate ATP via oxidation of fatty acid and glucose (Yang et al., 2019,

Feyen et al., 2020).

1.5.2.1.3 Structure and morphology

iPSC-CMs exhibit various immature morphometric features; they are small and rather rounded
(Figure 1-26B) with mononucleation (Figure 1-26C) and a circumferential gap junction
arrangement (Figure 1-26E). Meanwhile, adult CMs have a higher frequency of binucleation
and a cylindrical morphology presenting well aligned gap junctions within intercalated discs

(Yang et al., 2014).

Sarcomeric organisation is the other structural immaturity found in iPSC-CMs (Figure 1-26E).
Compared to the adult counterpart, iPSC-CMs possess poorly-aligned sarcomeres with
shorter sarcomere length (2.2 versus 1.6 um) (Denning et al., 2016). During human
development, there are myofibrillar protein isoform switching events including MYH6>MYH?7,
skeleton troponin 1> cardiac troponin |, MYL7->MYL2 and titin N-2BA->N-2B. iPSC-CMs
predominantly express the immature isoforms of these elements (MYH6, skeleton troponin |
and titin N2-BA) (Yang et al.,, 2014, Ahmed et al, 2020). These differences have
consequences in CM function. For example, the titin N2-BA isoform has a greater molecular

size than the N2-B isoform, conferring lower passive stiffness (Makarenko et al., 2004).

1.5.2.2 Population heterogeneity and CM purification methods

Despite continuing improvements, the in vitro CM differentiation still yields mixed populations,
which may preclude scalable CM production, complicate phenotypic analyses and cause

adverse effects in post-CM transplantation applications. The heterogeneity comes from
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undifferentiated cells, cell types other than CMs (e.g. fibroblasts, endothelial, epicardial and
smooth muscle cells (Zhang et al., 2019b, Christoforou et al., 2013, Zhang et al., 2019a) and
mixed CM subtypes including atrial-like, ventricular-like and nodal-like cells (Poulin et al.,

2021, Scheel et al., 2014). Various methods have been developed to purify CM populations.

1.5.2.2.1 Percoll gradient

Percoll is a colloidal suspension of polyvinyl pyrrolidone-coated silica that facilitates a
separation of different non-cell and cell components based on their ability to travel differentially
upon centrifugation force. Although this method is simple to apply, it provides only a limited

fractionation which yields rather highly variable purity (Laflamme et al., 2007).

1.5.2.2.2 Microfluidic approaches

Microfluidic devices have been used to separate cells based on size (Zhang et al., 2012) and
electrophysiology (Myers et al., 2013). However, this strategy would need substantial

validation if used for iPSC-CM purification due to their phenotypic variability and immaturity.

1.5.2.2.3 Metabolic selection

CMs can generate energy from substrates other than glucose, whereas other cell types need
glucose for survival, growing iPSC-CMs in a glucose-deprived condition could eliminate non-
CM populations (Tohyama et al., 2013) However, the efficiency of this method depends on the
stage of CM maturity. Fatty acid supplementation has been shown to promote iPSC-CM
maturation; therefore, a glucose-free, fatty acid-augmented medium effectively enriches iPSC-
CM populations (Lopez et al., 2021, Yang et al., 2019, Feyen et al., 2020, Lin et al., 2017).
The free fatty acid addition is complicated by its cytotoxicity effects on CMs (de Vries et al.,

1997) but these can be ameliorated by complexing with bovine serum albumin.

1.5.2.2.4 Mitochondrial dyes

The heart is one of the organs that demands a high level of energy from oxidative

phosphorylation and thus, CMs harbour numerous mitochondria. Fluorescent mitochondria
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dyes e.g. tetramethylrhodamine methyl ester perchlorate permit the labelling of CMs (Hattori
et al., 2010) which could be further purified by fluorescence-activated cell sorting (FACS).
Nonetheless, the efficiency of this approach depends on the stage of cell maturity, which
probably excludes the majority of immature CM populations. Moreover, non-CMs and
undifferentiated cells also have been found to take up a considerable quantity of the dye (Elliott

etal., 2011)

1.5.2.2.5 Molecular beacons

Molecular beacons are synthetic nucleotide probes carrying a fluorescent reporter at one end
and a quencher at the other end. Molecular beacons form a hairpin structure in which the
guencher comes into the vicinity of the fluorophore, hence is kept fluorescently inactive. The
beacons can be designed to specifically recognise mRNAs of interest. The mRNA/beacon
hybridisation distances the fluorophore from its quencher, allowing fluorescently labelling of
the target mMRNA. FACS assay can be used to detect and isolate iPSC-CMs labelled with CM-
specific beacons (Myers et al., 2013). Molecular beacons represent a powerful CM purification
tool (>97% purity (Myers et al., 2013)). The only concern is how beacons can be efficiently

delivered into the cells, which may need optimisation for each iPSC line.

1.5.2.2.6 Cell surface markers

Unlike blood cells, CMs lack specific surface markers. Although signal-regulatory protein alpha
(SIRPA) and vascular cell adhesion molecule 1 (VCAM1) were suggested as being CM
markers in ESC-derived CMs (ESC-CMs) (Elliott et al., 2011), they have been not widely
implemented for CM purification. Contamination of NKX2.5 negative populations in the sorted
fractions expressing these two protein questions their utility. In addition, these markers are

known to be expressed in non-CMs (Dubois et al., 2011, Osborn et al., 1989).

1.5.2.2.7 Genetic approaches

iPSC-CMs can be engineered to express selectable markers under the control of CM-specific

promoters. These cells are collectively known as reporter cell lines (Sontayananon et al.,
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2020). iPSC-CM purification methods vary by the means of selection e.g. antibiotic treatment
when using drug-resistant reporters or FACS when using fluorescent reporters. Although
antibiotic selection offers a robust and efficient iPSC-CM refinement, a prolonged drug
supplementation can alter CMs’ Ca?* signalling (Belus and White, 2001) and electrophysiology
(Hannes et al., 2015). The additive advantage of fluorescent reporters is enabling a real time
tracking of the cell differentiation and maturation. The complication of all genetic strategies is
that they involve genetic manipulation which requires genetic expertise and may cause

unforeseeable functional consequences.

1.6 Establishment of fluorescent reporter line

A transgenic construct carrying fluorophore is a prerequisite for generating fluorescent
reporter lines. The DNA sequence encoding the fluorophore needs to be inserted downstream
of the promoter of interest. Fluorescent reporter lines can be engineered as transient lines,
where the transgene presents as a free episome, or as stable lines, in which the transgene

becomes stably incorporated into the host genome, either randomly or site-specifically.
1.6.1 Transient fluorescent reporter line

Transient reporter lines are established by transfection of non-integrating plasmids or
transduction of adenoviral vectors (Nayerossadat et al., 2012) into host cells (Figure 1-27A).
These reporter systems are only active for a period of time as long as the episomal DNA is
still viably intact. Uncontrollable copy number is the main disadvantage of the system, which
depends on the initial transfection efficiency and the loss of the plasmid over time, leading to
cell-cell variation of fluorescent levels. Moreover, the applicability in developmental studies is
relatively limited. A transgene needs to be introduced at the specific time frame where the
ectopic promoter driving the fluorophore expression is readily active. These difficulties can be

overcome using the following alternative approaches.
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Figure 1-27 Fluorescent reporter line generation methods. A common fluorescent reporter transgene construct consists of an open reading frame (ORF) of
fluorophore (FP) following an ectopic promoter sequence (A and B). A) A transient line is generated by introducing a fluorescent reporter transgene using a
non-integrating vector e.g. adenovirus. B) An integrating vector e.g. lentivirus can be used to insert the transgene into host’s genome at random sites. These
two approaches (A and B) cannot control a copy number of transgenes in each single cells, where the random integration (B) can also lead to a series of the
transgene localisation at a random locus. C) To site-specifically target the genome by homologous recombination (HR), the transgene construct requires flanking
homology arms (HA). D) Using genome editing tools e.g. zinc finger nucleases (ZNFs), transcription activator-like effector nucleases (TALENSs) and clustered
regularly interspaced palindromic repeat (CRISPR)/CRISPR-associated protein 9 (Cas9), the efficiency of targeted insertion of the transgene is tremendously
enhanced. These programmable nucleases introduce DNA double strand break (DSB) at a precise location which stimulates the HR pathway. A fluorescent
reporter can be targeted into E) a safe harbour site (SHS) or F) a gene of interest (GOI). E.) A master cell line is engineered by introducing a pair of recombination
sites e.g. LoxP or Frt into SHS. Various fluorescent reporter lines can be derived from a master cell line by transfecting an exchange vector harbouring a
fluorescent transgene flanked by equivalent recombination sites and relevant recombinase enzyme e.g. Cre or Flp. This strategy is known as recombinase-
mediated cassette exchange (RMCE). F) Instead of depending on an ectopic promoter activity, an endogenous promoter can be utilised to drive expression of
FP. A carefully designed promoterless targeting vector is a prerequisite for HR-mediated incorporating FP’s ORF into e.g. an endogenous stop codon. To
preserve normal expression of GOI, a linker sequence e.g. a porcine teschovirus-1 2A peptide (P2A), a thosea asigna 2A peptide (T2A) or an internal ribosomal
entry site (IRES) may be included in the targeting construct. Taken from (Sontayananon et al., 2020).
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1.6.2 Random integration of fluorescent reporter transgene

This strategy relies on a reporter construct being cloned, packaged and delivered by genome-
integrating viral systems e.g. lentivirus (Nayerossadat et al., 2012) or as a linear or circular
naked DNA (Figure 1-27B). In the latter situation, a plasmid or bacterial artificial chromosome
is transfected into host cells and its stable genomic integration is established by antibiotic

selection.

Despite the simplicity, the random behaviour of genome integration may be causative of both
technical and biological risks (Den Hartogh and Passier, 2016). Firstly, the copy number of
integrating constructs is unpredictable and a degree of transgene expression loss after a few
cell passages (Fiedorowicz et al., 2020) raises a concern over the reliability of the gene
reporter system. Secondly, since genomic insertion position is unknown, there is a possibility
that the fluorescent expression may be influenced, either negatively or positively, by the
flanking proximal regulatory sequences and/or vice versa (Wilson et al., 1990). Thirdly,
transgenes may be marked by epigenetic factors and/or chromosomal architecture alteration
specifically during iPSC-CM differentiation, possibly silencing the fluorescent expression (Klatt

et al., 2020, Calero-Nieto et al., 2010).

1.6.3 Targeted integration of fluorescent reporter transgene

By exploiting the endogenous repair mechanism “homologous recombination” (Sung and
Klein, 2006), a fluorescent reporter transgene can be placed at a desired genomic position
(Figure 1-29C), thereby avoiding deleterious effects of random integration. A transgene is
carefully designed to harbour flanking arms homologous to a target region, allowing
recombination between the vector and the genome and thus, targeted fluorophore integration.
Despite its specificity, without the application of site-specific nucleases (see 1.6.4), the
targeting efficiency by this strategy is extremely low, making such experiments challenging

(Leavitt and Hamlett, 2011).
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1.6.4 Genome engineering technologies

The advance in genome engineering technologies has revolutionised the way scientists are
manipulating the genome. Site-specific endonucleases, e.g. clustered regularly interspaced
short palindromic repeat (CRISPR)/CRISPR associated protein 9 (Cas9), can be programmed
to target and cleave sequences of interest (Kim and Kim, 2014) (Figure 1-27D). The resultant
targeted double strand break (DSB) of DNA provides a substrate that triggers the homologous

recombination pathway, hence enhancing the targeting efficiency (Rouet et al., 1994).

Endonuclease-assisted production of fluorescent reporter lines most commonly employ one
of two strategies. In the first strategy, a fluorescent reporter transgene is introduced into so-
called safe harbour sites (Figure 1-27E). For example, Adeno-associated virus integration site
1 (Oceguera-Yanez et al., 2016) is considered as a suitable genomic region for integration
and transgene expression in many cell types (Papapetrou and Schambach, 2016). Moreover,
ectopic DNA insertion into these loci does not exhibit any major harmful consequences. Safe
harbour site targeting design requires the transgene to be flanked with arms homologous
against the target site. Simplifying engineering at these well-used sites, systems have been
developed to facilitate sequence exchange by enzymatic recombination (Figure 1-27E). In this
scenario, recombination sites such as heterotypic LoxP are firstly introduced into the safe
harbour site of host’s cells. This resulting “master cell line” serves as a substrate for producing
multiple reporter lines using recombination-mediated cassette exchange mechanism (Irion et
al., 2007, Pei et al., 2015). This mechanism involves an exchange vector carrying a fluorescent
reporter transgene flanked by a matching pair of recombination sites being transfected into
the master cell line, which permits sequence exchange through the action of a co-delivered

recombinase (Oceguera-Yanez et al., 2016).

The disadvantage of all previous techniques is that the expression of fluorescent reporter is
under the control of an ectopic promoter. In this regard, the fluorescent reporter may not
faithfully represent the actual biological situation of the target gene. Avoiding this concern, the

second strategy of nuclease-aided fluorescent reporter line establishment takes advantage of
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endogenous promoter activity (Figure 1-27F). Open reading frames containing coding
sequences of fluorophores can be incorporated just downstream of the gene of interest or
alternately, directly upstream of the gene’s coding sequence. Here, the fluorophore expression
is regulated by the endogenous promoter. To allow a bicistronic expression, additional peptide
sequences e.g. porcine teschovirus-1 2A (P2A) (Liu et al., 2017) are required to be interspaced

between the gene of interest and the fluorophore.
1.6.5 CRISPR/Cas9

CRISPR/Cas9 is an RNA-programmable endonuclease system evolved in prokaryotes as an
adaptive defence mechanism against foreign DNA (Barrangou et al., 2007). The system
incorporates invading DNA sequences between the tandem repeats within the CRISPR array
(Sander and Joung, 2014) (Figure 1-28A). Transcripts from this array are called CRISPR
RNAs, containing the product of the acquired foreign sequences known as spacers. Each
CRISPR RNA hybridises with a so-called transactivating RNA prior to complexing with Cas9
protein. The spacer-encoded sequence directs Cas9 to cleave complementary DNA
sequences, only if they are present adjacent to sequences known as protospacer adjacent

motifs (PAMs).

CRISPR/Cas9 from Streptococcus pyogenes has been widely used in genome engineering
(Sander and Joung, 2014). To simplify this system, the two RNA components are fused into a
single guide RNA (gRNA) (Figure 1-28B). The 5’ end of gRNA harbours 20-nt sequence
corresponding to the protospacer, determining its target specificity. Recognition by S.
pyogenes Cas9 requires an NGG PAM lying immediately downstream of target sequences,

where N is any nucleotide (Figure 1-29).
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Figure 1-28 Naturally occurring and engineered CRISPR/Cas9. A) Targeted cleavage of foreign
DNA by the naturally occurring CRISPR/Cas9 system requires complexing between Cas9 protein and
a hybridised product of CRISPR RNA (cr-RNA) and trans-activating RNA (tr-RNA). cr-RNA is
transcribed from the CRISPR array containing tandem repeat motifs interspaced by spacers acquired
from the former invading DNA. B) The two RNA elements can be fused in to a single guide RNA (gRNA)
for use in genome engineering application. Modified from (Sander and Joung, 2014).
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Figure 1-29 S. pyogenes CRISPR/Cas9 machinery. The S. pyogenes Cas9 specificity relies on the
complementarity between the first 20-nt of gRNA and the target sequence containing an NGG PAM.
Taken from (Sander and Joung, 2014).

Targeting by CRISPR/Cas9 activate endogenous repair pathways (Sander and Joung, 2014,
Jiang and Doudna, 2017) (Figure 1-31). The non-homologous end joining repair pathway can
seal the break with some errors, resulting in introduction of insertion/deletion (indel) mutations.

This pathway can be exploited to knock-out (KO) a target gene. Alternatively, through the
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homology-directed repair pathway (HDR) in the presence of a DNA donor, a targeted genomic
insertion/replacement can be achieved. Modifications can be made at the level of a single

nucleotide change or insertion of a whole gene sequence such as a fluorophore.

L
Nuclease-induced
double-strand break
NHEJ
Deletions |:
....... —— ) OO
"""" template
msemm{ _—_
sane HDR
Variable length
indels +
| S—

Precise insertion or modification
Figure 1-30 Mechanisms of CRISPR/Cas9-assisted genome editing. A DSB generated by Cas9 can
be repaired by the non-homologous end joining (NHEJ) or homology-directed repair (HDR)
mechanisms. The NHEJ occasionally introduces insertion/deletion mutations at the break site.
Depending on a DNA donor sequence, the HDR mediates sequence replacement/insertion in a precise
manner. Taken from (Sander and Joung, 2014).

1.7 Fluorescence-guided subtype-specific iPSC-CM purification

Depending on the choice of promoter used, purification of fluorescent iPSC-CM reporter lines
yields different population compositions. Although using pan-cardiac fluorescent reporters
including ACTN2 (Fiedorowicz et al., 2020), TTN (Sharma et al., 2018) and NCX (Fu et al.,
2010) allow a highly efficient removal of non-cardiac cells, CM subtype identification is not
feasible. Heterogeneous CMs would be undesirable for most areas of cardiovascular
research. Firstly, the contamination of other subtypes could induce post-transplantation
arrhythmogenic effects, raising a safety concern for iPSC-CMs in cardiac tissue repair (Soma
et al., 2021). Secondly, since each CM subtype responds differentially to drugs (Gunawan et
al., 2021), a pharmacological screening in mixed CM cultures may be biased against specific
CM subtype(s), hindering an assessment of the actual chemical potency. Thirdly, pooled
iPSC-CMs may not accurately predict pathogenic mechanisms that are restricted within
specific heart regions. In contrast, subtype-specific fluorescent reporter systems enable
isolation of single CM subtypes, which could be specifically tailored to meet the needs of the

downstream applications.
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1.7.1 Ventricular markers

Among all CM subtypes, ventricular-like cells represent the greatest population (up to 84%) in

ESC-CMs and iPSC-CMs (Zhang et al., 2009, Moore et al., 2008, Churko et al., 2018).

MLY2 is exclusively expressed in ventricular CMs throughout their development (Chuva de
Sousa Lopes et al., 2006). Thus, MLY2 is widely accepted as a ventricular-specific marker.
Several fluorescent MYL2 iPSC-CM reporter lines have been shown to allow successful
FACS-based enrichment of cells displaying ventricular-like electrophysiology and molecular
phenotype (Huber et al., 2007, Bizy et al., 2013, Chirikian et al., 2021). The general
disadvantage of MYL2-based ventricular-like cell purification is that the MYL2 expression level
is low at the early stage of differentiation but increases with time in culture, corresponding to

the cell maturity (Piccini et al., 2015).
1.7.2 Atrial markers

Atrial-like iPSC-CM purification is in high demand due to this subtype being relatively a minor
population (Churko et al., 2018). Generation of atrial-specific reporter lines is also challenging

because of a lack of a reliable genetic marker.

SLN is expressed predominantly in the atria (Minamisawa et al., 2003). Fluorescent SLN
iPSC-CM reporter lines have been shown to enable purification of cells with atrial-like
electrophysiology and Ca?* signalling (Josowitz et al., 2014, Chirikian et al., 2021). Moreover,
a dual SLN/MYL2 fluorescent reporter allows simultaneous isolation of atrial-like and
ventricular-like cells (Chirikian et al., 2021). The possible drawback of SLN is that its

expression becomes downregulated when iPSC-CMs mature (Josowitz et al., 2014).

Nuclear receptor subfamily 2 group F member 2 (NR2F2) has been shown to mediate atrial
specification in human iPSC-CMs (Devalla et al., 2015) and mice (Wu et al., 2013). Relying
on this gene activity, atrial-like cells have been successfully purified from ESC-CMs (Schwach
et al., 2017). The limitation of NR2F2 is its expression in non-CMs such as vascular smooth

muscle cells, endocardial cells, and epicardial cells (Lin et al., 2012).
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MYLTY is expressed throughout the linear heart tube and only becomes restricted to the atria
in the later stages (Kubalak et al., 1994, Franco et al., 1998). Considering this expression
pattern, MYL7 may be a good candidate for an atrial reporter. The concern of using this marker
is that: though iPSC-CMs primarily express MYL7 at the early differentiation days, its level
progressively declines in the later stages (Bedada et al., 2014). Currently, there is no stable

iPSC-CM reporter line for MLY7 produced.

Another potential atrial marker is pituitary homebox 2 (PITX2), which is exclusively expressed
in the adult left atrium (Clauss and Kéab, 2011). PITX2 inhibits sinoatrial node development
by suppressing the expression of nodal-regulating transcription factor called short stature

homeobox 2 (SHOX2). Currently, there is no fluorescent PITX2 iPSC-CM line reported.

1.7.3 Nodal markers

Nodal-like cells are the rarest subtype resulting from the in vitro differentiation (Churko et al.,

2018) and there are not many nodal-specific fluorescent reporters published.

HCN4 is a nodal-specific channel. However, there is no HCN4 reporter iPSC-CM line
published. HCN4 is transcriptionally under the control SHOX2 (Clauss and Kaab, 2011).
SHOX2 overexpression is able to activate the nodal gene programme and steer the ESC-CM
differentiation towards the nodal pathway (lonta et al., 2015). The utility of SHOX2 as a nodal-

marker has been also confirmed by fluorescent SHOX2 iPSC-CMs (Chen et al., 2016).

1.8 Hypotheses and specific aims

1.8.1 Hypotheses

According to the expression pattern seen in the adult heart, | hypothesise that:

I. MYL7 and PITX2 are atrial-specific markers in iPSC-CMs. Reporters driven by these genes

may enable atrial-like CM identification and purification.

Il. MYL2 is a ventricular-specific marker in iPSC-CMs. A reporter driven by this gene may

enable ventricular-like CM identification and purification.
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l1l. HCN4 is a nodal-specific marker in iPSC-CMs. A reporter driven by this gene may enable

nodal-like CM identification and purification.

Titin is the key sarcomere component which provides a scaffold for thick and thin filaments.

Therefore, | hypothesise that:

IV. TTNtv disrupts sarcomere formation, leading to sarcomere insufficiency and impaired

contractility in DCM.

Though titin is expressed similarly in both atrial and ventricular CMs, these two CM subtypes
display differences in e.g. Ca?* handling apparatus and myofibrillar proteins. Thus, |

hypothesise that:

V. TTNtv impairs Ca?* transient dynamics and contractility differentially in atrial and ventricular

CMs.

1.8.2 Specific aims

Aim 1 —In accordance with Hypotheses I-lll, | aim to generate fluorescent MYL7, PITX2, MYL2

and HCN4 reporter iPSC-CM lines using CRISPR/Cas9 (Chapter 3).

Aim 2 — Following Aim 1, | aim to explore the utility of the engineered fluorescent reporter lines
in purification of CM subtypes (Chapter 4). It includes characterisation of correlation between
the fluorescent reporter and target gene expression and use of the fluorescent reporters in

facilitating FACS sorting of their respective CM subtype.

Aim 3 — In accordance with Hypothesis IV, | aim to generate a TTNtv iPSC-CM model using
CRISPR/Cas9 and characterise TTNtv consequences in sarcomere organisation, myofibrillar

remodelling and expression of CM failure markers (Chapter 5).

Aim 4 — | aim to explore the utility of the engineered fluorescent reporters in the study of TTNtv
disease (Chapter 6). In accordance with Hypothesis V, the aim includes introduction of a

common TTNtv into the fluorescent reporter line(s) and characterisation of TTNtv
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consequences in the reporter lines by measuring Ca?* transient dynamics, contractility and

sarcomere remodelling in atrial and ventricular-like iPSC-CMs.
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Chapter 2

Materials and methods

Note: Recipes for all buffers and solutions are included in Appendix: Table S1. Commercial
kits and other commercial products are summarised in Appendix: Table S2. All instruments
are summarised in Appendix: Table S3. All primers, SYBR green probes and other DNA oligos
are summarised in Appendix: Table S4. Maps of plasmids and a gBlock template are included

in Appendix: Figure S1-S7.

2.1 Materials

2.1.1 Bacteria

In this study, 5 sources of Escherichia coli were used for molecular cloning purposes.
Chemically competent DH5a, NEB5a (NEB) and ElectroSHOX were for heat shock
transformation. Electro-competent ElectroSHOX (Bioline) or NEB® 5-alpha (NEB) was used

for transformation by electroporation.
2.1.2iPSCline

KOLF2-C1iPSC line (WTSIi018-B-1) was a gift from the Wellcome Sanger Institute. This stem

cell line was derived from healthy male’s skin fibroblasts.
2.1.3 Antibodies

All antibodies used in this study are listed in Table 2-1. The concentrations are stated for

immunofluorescence (IF), Western blot (WB) or FACS.

Table 2-1: List of antibodies

Primary antibodies

Target specificity Host ’C\liloone/Cat. Working concentration | Source

. 1:200 (IF), 1:2000 (WB),
ACTN2 Rabbit | Ab68167 1:100 (FACS) Abcam
ACTN2 Mouse | EA53/ab9465 | 1:200 (IF) Abcam
F-actin (Alexa Fluor 633 . .
conjugated phalloidin) - A22284 1:400 (IF) Invitrogen
GAPDH Rabbit | ABS16 1:1000 (WB), Millipore
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1:1000 (WB), 1:100

GFP Rabbit | SAB4301138 (FACS) Sigma

1:1000 (WB) .
MYL2 Mouse | 60229-1-1g 1:100 (FACS) Proteintech

1:2000 (WB) .
MYL7 Mouse | 311011 1:100 (FACS) Synaptic system
MYOM1 Mouse | B4 1:200 (IF) DSHB
T-CAP Rabbit | Ab133646 1:30 (IF) Abcam
TNNT2 Rabbit | Ab45932 1:200 (IF) Abcam

. . (Obermann et
TTN M8 Rabbit | M8 1:50 (IF) al., 1996)
. (Furst et al.,
TTN T12 Mouse | T12 1:10 (IF) 1088)
Secondary antibodies

Specificity Host (’\‘]Lone/Cat. Working concentration | Source
Alexa Fluor 488- . .
conjugated anti rabbit 1gG Goat A11034 1:1000 (IF) Invitrogen
Alexa Fluor 568- ) :
conjugated anti rabbit 1gG Goat A11036 1:1000 (IF)(FACS) Invitrogen
Alexa Fluor 647-
conjugated anti mouse Donkey | A31571 1:1000 (IF) (FACS) Invitrogen
1gG
Alexa Fluor 647-
conjugated anti Rabbit Donkey | A31573 1:1000 (FACS) Invitrogen
1gG
HRP-conjugated anti- Sheep | NA931 1:10000 (WB) Sigma
mouse IgG
HRP-conjugated anti- . .
rabbit IgG Donkey | NA934 1:10000 (WB) Sigma

2.1.4 Tagman assay probes

Tagman assay probes (ThermoFisher) are summarised in Table 2-2.

Table 2-2 List of Tagman assays

Transcript Assay ID
ACTN2 Hs00153809_m1
GAPDH (VIC-MGB labelled) 4626317E
HCN4 Hs00975492 ml
HEY?2 Hs01012057 ml
IRX4 Hs00212560 ml
KCNJ3 Hs04334861 sl
MYH6 Hs01101425 ml
MYH7 Hs01110632 ml
MYL2 Hs00166405_m1
MYL7 Hs1085598 g1
NKX2.5 Hs00231763 ml
NPPA Hs00383230 g1
NPPB Hs00173590_m1l
NR2F2 Hs00819630_m1
PITX2 Hs04234069 mH
T-CAP Hs00366220_m1
TNNT2 Hs00943911 ml
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2.2 Methods
2.2.1 Molecular Cloning
2.2.1.1 Gibson Assembly

Gibson Assembly is a molecular cloning method which facilitates joining of multiple double-
stranded DNA (dsDNA) fragments in a single, isothermal reaction (Figure 2-1) (Gibson et al.,
2009). The joining DNA fragments were designed to contain directional homology ends (25-
nt). 5 exonuclease partially digests these sequences, facilitating the annealing of the
fragments. DNA polymerase fills the gap between the joining fragments and then the reaction

is completed by sealing the fragments with DNA ligase.

A
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+5’ exonuclease
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= 1

5’ ’
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L
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Figure 2-1 Simplified directional Gibson Assembly diagram. Gibson Assembly is a cloning
approach for joining multiple DNA fragments in a single, isothermal reaction. 1) For a directional Gibson
Assembly, each pair of joining DNA fragments is designed to share short homology sequences at their
joining ends (highlighted by the same colour). For example, there is only one way to complete a 3-way
combination of fragment A, B and C:- that is A-B: B-C: C-A. ll) & exonuclease in Gibson Assembly
reaction resects the 5’ end of each fragment, creating 3’ DNA overhangs. The partial single —stranded
DNA regions then anneal to their compatible sequences. 11l) DNA polymerase fills the gapped sequence
and DNA ligase finally seals the joining fragments together.

All Gibson Assembly reactions were performed using NEBuilder® HIFI DNA Assembly Kit
(NEB) as per the manufacturer’'s recommendation with equimolarity (0.1 pmol) for each joining

fragment.
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2.2.1.2 Ligation-dependent cloning

In this thesis, a ligation-dependent cloning involved two or three fragments. 100 ng of
phosphatase (NEB)-treated linearised vector was ligated with the respective linearised
insert(s) at 1:3 and 1:3:3 molarity ratio for 1-insert cloning and 2-insert cloning, respectively
(or with 10 uM annealed oligos). Ligation was performed using T4 DNA ligase (NEB) as

recommended by the manufacturer.

2.2.1.3 Golden Gate Assembly

This seamless cloning strategy was used for the cloning of the CRISPR target sequence into
a sgRNA scaffold. 2 pl of 100 uM oligo was mixed with equal concentration of its paired oligo
in 16 pl Tris-EDTA buffer (Invitrogen). The oligo mix was heated at 100°C for 5 min and cooled
down slowly to room temperature to allow annealing. 1 yl of the annealed oligos was mixed
with 150 ng of a CRISPR cloning plasmid (pX330-Puro, Figure S4), 1 pl Bbsl, 1 pl T4 DNA
ligase, and 1 pyl 10x T4 DNA ligase buffer in a total 20 pl reaction. The mixture was then
subjected to thermocycling using the following parameters: 10 cycles of 5 min 37°C and 10
min 16°C, 1 cycle of 5 min 50°C and 5 min 80°C. Subsequently, 1 pl of 1. mM ATP and 1 pl of
ATP-dependent Plasmid Safe Nuclease (Epicentre) were added into the CRISPR reaction and

incubated at 37°C for 1 hr to remove non-circular DNAs.

2.2.1.4 Bacterial transformation

5 pl of Gibson Assembly, Golden Gate Assembly or ligation mixture was mixed with 100 pl
ice-thawed chemically competent E. coli and incubated on ice for 20 min. The cells were
transferred to 42°C for exactly 90 sec and immediately returned to ice for 5 min. If ampicillin
was used, the whole culture was spread evenly onto an LB agar supplemented with 100 pg/ml
ampicillin, and the plate was incubated at 37°C overnight. If kanamycin was the selection (in
case of any plasmids containing a neomycin resistant cassette(Neo)), the cells were recovered
in an antibiotic-free LB liquid for 45 min on a 225-rpm rocking platform at 37°C. The cells were

pelleted (3000 rpm, 2 min) and re-suspended in 100 yl LB and plated onto an LB agar
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containing 50 ug/ml kanamycin. Single colonies were picked and cultured in LB containing
appropriate antibiotic at 37°C on a 225-rpm shaking platform overnight. Plasmids were purified
using GeneJET Plasmid Miniprep Kit (ThermoFisher), or GeneJET Plasmid Midiprep Kit
(ThermoFisher) if iIPSC transfection was their downstream application, and verified by

restriction digestion and Sanger DNA sequencing.

2.2.1.5 Bacterial electroporation

2 ul of Gibson Assembly mixture was mixed with electro-competent E. coli and incubated on
ice for 5 min. The cell/Gibson Assembly reaction mixture was transferred to a pre-chilled
electroporation cuvette. Electroporation was performed using Gene Pulser Xcell (Biorad) by
following parameters: 1350 V, 10 yF and 600 Q. The bacteria were recovered in LB and
incubated at 37°C on a 255-rpm rocking platform for 1 hr before spread on an LB agar

containing an appropriate antibiotic.
2.2.1.6 Colony PCR

Colony PCR is a primary screening method for successful cloning based on PCR amplification
of the insert. Single bacterial colonies grown on an agar plate were carefully picked using a
clean micropipette tip. The tip was swirled gently into a PCR mixture containing screening
primers prior to being resuspended into LB supplemented with an appropriate antibiotic. After
the PCR confirmation, positive clones were sub-cultured for further analysis e.g. plasmid

extraction and DNA sequencing.

2.2.2 Long single stranded DNA (IssDNA) purification

dsDNA molecules representing a HDR donor template were cloned into the pJET1.2/blunt
plasmid (Figure 2-2A & S6) using CloneJET PCR Cloning Kit (ThermoFisher) by following the
manufacture’s protocol. The dsDNA inserts were amplified by PCR from the cloned plasmid
using the biotinylated (Btn) pJET1.2 forward primer and an insert-specific reverse primer
(Figure 2-2B). The PCR product was purified using Monarch® PCR & DNA Cleanbup Kit

(NEB) as per the manufacturer’s instruction.

54



Long single stranded DNA (IssDNA) purification was performed in a 1.5 ml Eppendorf tube on
a magnetic rack. Dynabeads M280 Streptavidin (ThermoFisher) were washed twice with 600
pl chilled Tween Buffer. The beads were then saturated twice with 600 pl 2X Binding Buffer.
100 ul 2X Binding buffer and 100 pl of 10 pg biotinylated PCR product was added to the beads
and incubated at room temperature for 1 hr with rolling and the unbound fraction was collected
for analysis (Figure 2-3A). The beads were washed 3 times with 1X Binding Buffer (2X Binding
Buffer diluted with distilled water) and the washes were collected. 100 pl of 20 mM NaOH was
added to the bead mix and then incubated at 22°C for 10 min with 600 rpm shaking. On a
magnetic rack, the supernatant was transferred to 50 pl of Neutralising Solution (this fraction
is the eluted bottom strand IssDNA, Figure 2-3B). The second/top strand IssDNA was still non-
covalently bound with the beads at this stage. The elution was repeated two more times. The
fourth elution was in a stronger alkaline condition (150 mM NaOH) with equal concentration of

neutralising buffer.

The beads were saturated again twice with 600 pl 2X Binding Buffer. The beads were
incubated at room temperature for 5 min with 50 pl Hybridisation Buffer prior to adding 1 pl
Xhol. The hybridisation primer was designed to create a small region of dsDNA sequence
surrounding the polylinker Xhol site lying immediately downstream of the biotinylated pJET1.2
forward primer sequence (Figure 2-2B & 2-3C). The reconstitution of dsDNA allows the Xhol
digestion to occur and release the top strand IssSDNA. The restriction digestion was performed
at 37°C with 600 rpm shaking for 1 hr. 50 pyl Monarch® DNA Elution Buffer (NEB) was added
and a total 100 pl supernatant was collected as the top strand IssSDNA product (Figure 2-3D).

The IssDNAs were concentrated using Monarch® PCR & DNA Cleanup Kit (NEB).
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Figure 2-2 Design for IssDNA purification. A) A blunt end PCR product of interest can be cloned into
pJET1.2/blunt vector at the broken EcoRYV site and B) the modified target sequence is amplified by PCR
using the biotinylated forward primer (pJET-Btn-F) and a target-specific reverse primer. After adhering
to streptavidin dynabeads, alkali treatment to denature the DNA and several steps of eluting the non-
biotinylated strand (Figure 2-3A and B), the dsDNA portion can be generated by annealing with the
hybridisation primer, allowing Xhol site cleavage (Figure 2-3C). This restriction site was used for eluting

the single strand (top strand) of the target DNA (Figure 2-3D).
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Figure 2-3 Simplified illustration of IssDNA purification. A) A biotinylated dsDNA is captured by a
streptavidin-coated dynabead. B) The dsDNA is denatured on the bead, allowing non-biotinylated
bottom IssDNA elution. C) Xhol site is regenerated upon hybridisation primer annealing where D) the
Xhol catalysis releases the top IssDNA from the bead.

2.2.3 In vitro gRNA synthesis

CRISPR target sequences (20 nt) were designed in silico using http://crispor.tefor.net/. A T7

gRNA transcription template (Appendix, Table S4) was designed using EnGen® sgRNA
Synthesis Kit, S. pyogenes protocol (NEB) and a gRNA was synthesised by following the

manufacture’s recommendation.
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2.2.4 Genomic DNA (gDNA) extraction

Cells were lysed in the lysis buffer (Table S1) at 37°C overnight. 1:10 volume 8 M LiCl and 1
volume absolute isopropanol were mixed with the cell lysate and centrifuged at 13,000 rpm at
room temperature for 15 min. The white DNA pellet was then washed with 70% ethanol and
centrifuged at 13,000 rpm at room temperature for 15 min. The DNA pellet was let dry at 37°C

for at least 10 min. gDNA was re-suspended with nuclease-free water.

2.2.5 PCR and DNA gel electrophoresis

Prior to electrophoresis, PCR samples were mixed with the Orange-G DNA loading buffer and
loaded into an agarose gel (Sigma)/TAE buffer (Severn Biotech). Electrophoresis was
performed at constant 130V in a TAE buffer. DNA bands were imaged under ultraviolet light
on ChemiDoc™ MP Imaging System (Biorad). Where necessary, DNA band was excised from

an agarose gel and purified using GeneJet Gel Extraction Kit (ThermoFisher).

2.2.6 cDNA synthesis and quantitative PCR (qPCR)

RNA extraction was performed using TRIzol™ (Invitrogen) as per the manufacturer's
recommendation. RNA was converted to cDNA using gPCRBIO cDNA Synthesis Kit (PCR
Biosystems) by following the manufacturer’s instruction. cDNA was diluted to 20 ng/ul when
guantitative PCR (qPCR) was the downstream application. gPCR was performed using
PowerUP™ SYBR™ Green Master Mix (Applied Biosystems) or TagMan™ Fast Advanced
Master Mix (Applied Biosystems), and qPCR parameters were quantified by CFX96 Touch
Real-Time PCR Detection System (BioRad). Unless stated otherwise, expression fold change
was calculated by means of AACt using glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) as a normalisation gene. All Tagman assay probes and SYBR green probes

(mClover gF/gR, mScarlet gF/gR) are presented in Table 2-2 and Table S4, respectively.
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2.2.7 Protein extraction and Western blot (WB)

Cells were lysed in RIPA buffer (ThermoFisher) supplemented with 1X cOmplete™ EDTA-
free protease inhibitor cocktail (Roche) on ice for 20 min and centrifuged at 10,000 rpm for 10
min. The clear supernatant was carefully transferred into a new Eppendorf tube. Protein
concentration was measured using Pierce™ BCA Protein Assay Kit (ThermoFisher) as per

the manufacturer’s guidance.

30-40 ug of protein was mixed with 1X Laemmli loading buffer (Biorad) and boiled at 100°C
for 5 min. The protein sample was cooled on ice for at least 5 min and loaded into AnykD™
Mini-PROTEAN®-TGX™ Stain-free Precast Protein Gel (Biorad) submerged in 1X TGS
running buffer (Biorad). Electrophoresis was performed at constant 100V for approximately 1

hr.

The protein polyacrylamide gel was combined with Trans-Blot Turbo Mini 0.2 yM PVDF
transfer paper (Biorad) and transfer apparatus. Protein transfer was performed by Trans-Blot

Turbo transfer system (Biorad) using mixed molecular weight program.

The transfer membrane was blocked with 5% skimmed milk in 0.1% Tween-20 (VWR) in
phosphate buffered saline (PBS) (Gibco) and incubated at room temperature for 1 hr on a
rocking platform. The membrane was incubated with primary antibodies and incubated at 4°C
overnight. The membrane was washed 3 times with 0.1% Tween-20/PBS, 5 min each on a
rocking platform. The membrane was incubated with HRP-conjugated secondary antibodies
in 0.1% Tween-20/PBS at room temperature on a rocking platform for 1 hr. The membrane
was washed 3 times with 0.1% Tween-20/PBS, 5 min each on a rocking platform. The
membrane was then incubated with ECL substrate (Biorad) away from light for 5 min. Protein
bands were visualised on ChemiDoc™ MP Imaging System (Biorad) and quantified by

ImageJsoftware (version 1.53c).
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2.2.8 iPSC culture

iPSCs were maintained in Essential 8™ (E8) medium (Gibco) without antibiotic supplement
on a vitronectin (Gibco) pre-coated culture vessel at 37°C with 5% CO, and the medium was
changed daily. At approximately 65-70% density, the cells were dissociated using ReLeaSR™
(STEMCELL) as recommended by the manufacturer and re-plated at 1:5 to 1:6 dilution. To
obtain single cells, the cells were disaggregated using TryPLE™ select enzyme (Gibco) by
following the manufacturer’s protocol. When culturing single cells, an additional 10 yM Rho-
kinase inhibitor Y-27632 (ROCKIi) (STEMCELL) was required. ROCKi was removed 24 hr after

treatment.

For cryopreservation, approximately 10° cells were dissociated using ReLeSR™ and re-
suspended in 500 pl E8. The cell suspension was transferred into a 2-ml cryovial and added
in a dropwise manner with an equal volume of 2X freezing medium (20% DMSO in foetal
bovine serum (Gibco)). The cells were then moved into a defined cooling unit “Mr Frosty” and
stored at -80 °C overnight. Subsequently, the cells were preserved in liquid nitrogen, vapour

phase.

For thawing, frozen cells were partially defrosted at 37 °C for 5 min or until a small ice crystal
remained. The cell suspension was gently added to 5-ml Dulbecco’s Modified Eagle
Medium/F12 (Gibco) and centrifuged at 100 g for 5 min. The cell pellet was re-suspended with

ROCKIi-supplemented E8 and plated on a vitronectin-coated tissue-culture vessel.
2.2.9 iPSC quality control
2.2.9.1 FACS analysis for iPSC pluripotency

Approximately 10° iPSCs were dissociated and centrifuged at 100 g for 5 min. The cell pellet
was washed once with PBS and centrifuged at 100 g for 5 min. The pellet was fixed with
Cytofix (Human and Mouse Pluripotent Stem Cell Analysis Kit, BD Biosciences) or equivalent
4% paraformaldehyde at room temperature for 20 min. The subsequent staining processes

were performed by following the manufacturer’s recommendation. The cells were acquired on
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LSRFORTESSA™ X20 CELL ANALYZER (BD Biosciences) and analysed by FlowJo

software (version 10.6.2).
2.2.9.2 iPSC karyotyping

Approximately 10° iPSCs were plated onto a 30-mm rectangular coverslip for 24 hr. The cells
were karyotyped by the Chromosome Dynamics Core Facility at the Wellcome Centre for

Human Genetics using DAPI staining of metaphase spreads.
2.2.10iPSC transfection and clonal establishment
2.2.10.1iPSC transfection

2.2.10.1.1 Ribonucleoprotein (RNP) electroporation

0.6 pl of 20 uM EnGen® Spy Cas9 NLS (NEB) or Alt-R® S.p. HiFi Cas9 Nuclease (IDT) and
1 ug gRNA were diluted in 4.4 pl Buffer R provided with Neon™ Transfection System 10 pl kit
(Invitrogen) and incubated at room temperature for 15 min. In the case of experiments using
HDR templates, 200 ng of plasmid template or 1 ul of 100 uM single-stranded oligo
deoxynucleotide (ssODN) was added into the RNP mix just prior to electroporation. 10° cells
were re-suspended in 7 yl Buffer R and added into the RNP mix. Using a P10 tip, the cells
were electroporated by Neon™ Electroporation System (Invitrogen) using the following
programme: 1250 V, 30ms, 2 pulses. Immediately, the cells were transferred into a 48-well

plate containing ROCKIi-supplemented ES8.

72 hr after transfection, gDNA was harvested for subsequent PCR analysis. In the case of
HDR experiments, the remaining cells were seeded at low density. If the HDR template
harboured a Neo cassette, the cells were treated with 350 ug/ml G418 for 7 days followed by

200 ug/ml G418 for another 7 days before low density plating.
2.2.10.1.2 Plasmid reverse transfection

5 pul FUGENEG® (Promega) was diluted in 20 pl Opti-MEM™ (Gibco) and incubated at room

temperature for 5 min. In the meantime, 550-1000 ng plasmid in a final volume of 25 pl Opti-
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MEM™ was incubated at room temperature for 5 min in a separate tube. The two diluted

reagents were mixed thoroughly and incubated at room temperature for another 10 min.

2.5 x 10° iPSCs were seeded onto a 12-well plate just prior to transfection. The transfection
mix was dropwise added into the cell culture and swirled to mix. After 24 hr, the transfection
reagent was withdrawn and replaced with E8 medium. If plasmids contained a puromycin
resistant cassette, the cells were selected in a medium containing 350 ng/ml puromycin 48 hr

post-transfection for 48 hr before low density seeding.
2.2.10.2 iPSC low density plating and colony picking

102 cells were seeded evenly onto a 6-cm dish in E8 supplemented with 1X CloneR™
(STEMCELL) or 1X RevitaCell™ (Gibco). These cloning supplements were maintained in the
culture medium for 2 days. Approximately 7 days after seeding, single colonies showing a
clear and defined boundary and a regular rounded morphology were picked using a sterile
micropipette tip under a stereoscope and transferred into a vitronectin-coated 96-well plate
containing E8. Approximately 7 days later, the colonies were split into two 96-well plates, one

for maintenance or freezing and the other for gDNA extraction.
2.2.11 iPSC-CM differentiation

iPSC-CMs were differentiated as described by (Lian et al., 2012) with some modifications

(Figure 2-4).

iPSCs were seeded onto a reduced growth factor, phenol red-free Matrigel (Corning) coated
vessel and maintained in E8 medium. When the cells reached approximately 90-95%
confluency (day 0) (Figure 2-4), the medium was changed to RPMI-1640 (Gibco)
supplemented with B-27™ minus insulin (Gibco) and 10 yM CHIR-99021 (Selleck). On day 1,
RPMI-1640 supplemented with B-27™ minus insulin was added to halve the CHIR-99021
concentration without medium change. On day 2, the medium was replaced with RPMI-1640
supplemented with B-27™ minus insulin. On day 3, the medium was changed to RPMI-1640

supplemented with B-27 ™ minus insulin and 5 yM IWR-1 (Selleck). The medium was replaced
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with plain RPMI-1640 supplemented with B-27™ minus insulin on day 5. From day 7 onward,
the cells were cultured in RPMI-1640 supplemented with B-27™ and the medium was
changed every other days. The cells started beating from day 9 to d11. Approximately at day
13-day 15, the cells were cultured in a glucose-free RPMI-1640 medium (Gibco)
supplemented with B27™ for a consecutive 3-day period without medium change to enrich
iPSC-CMs population. iPSC-CMs from day 30 onward were considered mature CMs and were

harvested for phenotypic observation.

90-95%
confluent iPSCs

E8 ‘ RPMI 1640 + B27
I
-Insulin +Insulin
+IWR1 -Glc
W #
dO d2 d3 d5 d7 dq d11 d13 d15 d30

Cells start beatina

Figure 2-4 A conventional, directed monolayered iPSC-CM differentiation protocol. —Glc,
glucose-deprived medium.

When required, iPSC-CMs were disaggregated using TryPLE or 0.25% Trypsin-EDTA
(Gibco). The dissociated cells were re-suspended in a plating medium (RPMI-1640
supplemented with B-27, 10% knock-out serum replacement (Gibco) and 2 uM Thiazovivin
(Selleck)). The plating medium was replaced with plain RPMI-1640 supplemented with B-27

after 24 hr.
2.2.12 Live iPSC-CM imaging

Live iPSC-CM imagining was performed by SP8 LIGHTNING confocal microscope (Leica)
using a 20X dry objective lens at 37 °C. mClover fluorescent signals were acquired using a
fluorescein filter set with 7.5X zoom factor at 512*512 pixel? resolution. mScarlet fluorescence
signals were acquired using a mCherry filter set with 1X zoom factor at 512*512 pixel?
resolution. Nuclei were stained with 1 yM siR-DNA (Universal Biologicals) 5 min prior to

acquiring fluorescent signals using a Cy5 filter set.
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2.2.13 iPSC-CM immunofluorescence (IF)

Approximately 5 x 10* iPSC-CMs were seeded onto a 12-mm round glass coverslip and
cultured for at least 48 hr. The cells were washed once with PBS and fixed with 4%
paraformaldehyde for 15 min at room temperature. The cells were washed 3 times with PBS
before permeabilised with 0.2% Triton X-100 for 10 min at room temperature. The cells were
blocked with 5% fish gelatin (Sigma) and 0.3 M glycine in PBS for 1 hr at room temperature.
Subsequently, the cells were probed with primary antibodies in PBS at 4°C overnight. The
cells were washed 3 times with PBS and stained with fluorescence-labelled secondary
antibodies in PBS at room temperature for 1 hr away from light. The cells were washed 3 times
with PBS and then the coverslip was mounted on a clean glass slide with DAPI-containing
fluoroshield (Sigma). The coverslip was sealed with colourless nail polish and allowed to dry.
Images were acquired by SP8 LIGHTNING confocal microscope using a 63X oil-immersion
objective lens at 1024*1024 pixel® resolution with 7.5X zoom factor. mClover fluorescent
signals were acquired using a fluorescein filter set. Targets labelled with Alexa Fluor-488,
Alexa Fluor-568 and Alexa Fluor-647-conjugated antibodies were imaged using a Texas Red,

a Fluorescein and a Cy5 filter set, respectively.
2.2.14 FACS analysis for iPSC-CMs

Approximately 10° iPSC-CMs were dissociated and centrifuged at 100 g for 5 min. The pellet
was washed once with PBS and centrifuged at 100 g for 5 min. The pellet was fixed with
Cytofix (BD Biosciences) or equivalent 4% paraformaldehyde at room temperature for 20 min.
The cells were permeabilised with BD perm/wash buffer (BD Biosciences) for 10 minutes at
room temperature. The cells were probed with primary antibodies in BD perm/wash buffer at
4°C overnight. The cells were washed twice with BD perm/wash buffer and incubated with
fluorophore-conjugated secondary antibodies in BD perm/wash buffer at room temperature for
1 hour. The cells were washed twice with BD perm/wash and then resuspended in PBS. The
cells were acquired on LSRFORTESSA™ X20 CELL ANALYZER and analysed by FlowJo

software. Targets labelled with Alexa Fluor-488 and Alexa Fluor-647-conjugated antibodies
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were analysed using a Texas Red, Fluorescein and Cy5 filter set, respectively. mScarlet

fluorescent signals were acquired using a mCherry filter set.

For live cell analysis, after cell dissociation and washes, the cells were re-suspended in PBS
supplemented with a chilled plating medium without phenol red. The cells were acquired on

FX500 cell sorter (Sony) and analysed by FlowJo software.
2.2.15 Contractility measurement for iPSC-CMs

Approximately 1 x 10° iPSC-CMs were seeded onto a 3.5-cm glass bottom culture dish and
cultured for at least 7 days prior to measurement. The cells were transduced with 1:10,000
diluted (from the stock) (unknown multiplicity of infection, unpublished) adenoviral vectors
harbouring a mScarlet-ACTN2 cassette for 1 hr and the medium was changed to plain RPMI-
1640 supplemented with B27™. The mScarlet-ACTN2 adeno viruses were a gift from Dr
Violetta Steeples. 48 hr post treatment, the medium was changed to Tyrode’s-HEPES
solution. Sarcomere contraction behaviour videos were acquired by 1X81 microscope
(Olympus) using a 100x oil-immersion lens and a RFP filter set at 512*288 pixel? resolution
at 37°C at 50 frames per second. Sarcomere contractility was analysed using SarcTrack
scripts (Toepfer et al., 2019) in collaboration with Professor Chris Toepfer and Dr Yiangos

Psaras.
2.2.16 Ca?* transient measurement for iPSC-CMs

Approximately 1 x 10° iPSC-CMs were seeded onto a 3.5 glass bottom culture dish and
cultured for at least 7 days prior to measurement. The cells were transduced with
adenoviruses carrying a red genetically encoded calcium indicator (RGECO) (multiplicity of
infection = 50) overnight and the medium was changed to plain RPMI-1640 supplemented
with B27™. The RGECO adeno viruses were a gift from Dr Alex Sparrow (Sparrow et al.,
2019). 48 hr post treatment, the medium was changed to Tyrode’s-HEPES solution. Ca?*
transient videos were acquired by IX81 microscope using a 100x oil-immersion lens and an

RFP filter set at 512*288 pixel® resolution at 37°C at 50 frames per second. Ca?* transient
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parameters were analysed using CalTrack scripts (Psaras et al., 2021) run on MatLab (version

R2021b)

2.2.17 Statistical analysis

All statistical analyses were performed using GraphPad Prism software (version 9.3.0). For a
two-group comparison, the Student t-test was used on normal distributed data, otherwise, the
Mann-Whitney U-test was used. For testing more than two treatments modelled by normal
distribution, ordinary one-way ANOVA was used with Tukey’s post-hoc analysis. The non-
parametric Kruskal-Wallis test was used with post-hoc Dunn correction only when data were

not satisfied by one-way ANOVA assumptions.

66



Chapter 3

CRISPR/Cas9-mediated generation of CM subtype-specific fluorescent iPSCs

3.1 Introduction

The population heterogeneity in iPSC-CMs poses a limitation in cardiovascular research.
Fluorescent reporter systems made specific to each iPSC-CM subtype, including atrial-like,
ventricular-like and nodal-like cells may be useful for detection and purification of these
subtypes, providing a cell source for a subtype-specific disease study. In order to produce
CM subtype-specific fluorescent reporter lines, a fluorophore construct can be inserted
downstream of CM subtype-specific promoter. Specifically, the work described in this chapter
aims to replace the stop codon of target genes with a fluorophore preceded by a P2A self-

cleaving peptide.

The self-cleavage peptide P2A is commonly used to promote bicistronic expression, especially
to establish fluorescent reporter lines. In this chapter, a GSG sequence was added at the N-
terminus of P2A to maximise the cleavage efficiency (Wang et al., 2015). The P2A mechanism
is proposed as ribosomal skipping where the ribosome pauses and releases a nascent peptide
when reaching the last proline codon of P2A (Kim et al., 2011, Liu et al., 2017) (Figure 3-1).
Subsequently, the translation recommences at this proline site toward the following gene/open
reading frame. This results in addition of the majority of the P2A oligo peptide at the C-terminus
of the upstream open reading frame and a single proline residue at the N-terminus of the

downstream open reading frame.

As described in Chapter 1, MYL7 and PITX2 are specific markers for adult atrial CMs. In
addition, MYL2 and HCN4 are specific markers for adult ventricular and nodal CMs,
respectively. This chapter aims to develop fluorescent reporter iPSC lines specific for MYL?7,
PITX2, MYL2 and HCN4 using CRISPR/Cas9 technology. Each of these reporter lines were

generated using different targeting strategies and different CRISPR/Cas9 delivery methods
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depending on specific CRISPR/Cas9 targeting efficiency and complexity of the structure of

the target genes.

P2A

'Wh%.

lTrnmcriplion

vl 8

Translation
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protein protein

Figure 3-1 Proposed mechanism of self-cleavage P2A peptide. When the translation machinery
reach the last proline codon of P2A (cleavage site), it halts and frees the nascent peptide containing
the majority of the P2A sequence. The translation resumes and continues to translate the downstream
gene containing the last proline residue of P2A. Modified from (Wang et al., 2015)

3.2 gRNA and targeting donor design

CRISPR-targetable sequences were screened in silico near the stop codon of each target
gene. Target sequences were selected based on the proximity to the stop codon and the
predicted maximum specificity with minimum off-target scores. The respective gRNAs
containing the selected CRISPR target sequence were in vitro transcribed and purified before
being reconstituted with EnGen® Spy Cas9 NLS, generating a RNP preparation.
Subsequently, the CRISPR/Cas9 RNP was electroporated into KOLF2-C1 iPSCs and 48 hr
post transfection, the cells were harvested for gDNA extraction. Approximately 500-bp PCR

amplicons covering the CRISPR/Cas9 target regions were amplified and sequenced, allowing

an assessment of the CRISPR-related indel rate by http://shinyapps.datacurators.nl/tide/
(Brinkman et al.,, 2014). The indel or tracking of indel by decomposition (TIDE) score

determined how efficient the respective gRNAs cut the target genomic sequence.
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Figure 3-2 Targeting constructs for genomic insertion of a promoterless fluorescent reporter at
a stop codon. For those targets showing a low degree of repetitive sequences up to 1kb either
upstream or downstream of a stop codon (referred to as homology arms (HA) in a targeted knock-in
(KI) context), a targeting construct is designed in a form of plasmid. For a locus where unique HAs
cannot be extended to 1kb, a IssSDNA template with approximately 100 bp HAs is preferred.

For conventional targeted knock-in of a large insert e.g. fluorophore, a plasmid with homology
arms flanking the desired change serves as a targeting construct. With CRISPR/Cas9-
assisted gene targeting, homology arms can be relatively modest in size; a typical design
involves the sequence to be inserted being flanked by repetitive motif-free sequence up to 1
kb (Figure 3-2). As an alternative, homology arms can be shortened to approximately 100 bp

when using IssDNA templates (Miura et al., 2018).

3.2.1 MYL7-mClover line

3.2.1.1 MYL7 gRNA efficiency test

3 different MYL7 gRNAs, which harboured 20-nt CRISPR sequences complementary to the
MYL7 locus, were synthesised and tested for their efficiency. CRISPR-A (2.2% TIDE) and
CRISPR-B (1.3 % TIDE) showed minimal activity at the MYL7 locus. Only CRISPR-C showed
a modest TIDE score (14.6%) (Figure 3-3C).
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Figure 3-3 TIDE analysis for CRISPRs targeting the MYL7 locus. A) In vitro transcribed gRNAs in a
heat-denatured form containing the CRISPR A, B and C sequences. B) PCR products 48 hr after
CRISPR/Cas9 transfection into KOLF2-C1 iPSCs using the primers MYL7-F2/R2 which amplified the
sequence flanking the target site. These PCR products were sequenced and analysed for CRISPR
activity by TIDE as compared to the non-transfected WT control. C) TIDE score for each CRISPR
design. NTC, no template control.
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Since CRISPR-C presented the highest TIDE score, it was selected for the targeted insertion
of the fluorescent reporter into the MYL7 locus. The MYL7 locus displays only a few repeat

motifs surrounding the stop codon (Figure 3-4), so the donor template was designed in a form

5007 70007 = =y 50007 S 5007
ENSG00000106631.8 PPiae MIR repeat “matches 51..166(1) of consensus repeat region
L2b repeat: matches 3021.,3166(1) of consensus CRISPR_C 14.6%

GAACATCGACTACAAGTCACTGTGCTACATCATCACCCATGGAGACGAGAAAGAGGAATGAGGGGCAGGE

CTTGTAGCTGATGTTCAGTGACACGATGTAGTAGTGGGTACCTCTGCTCTTTCTCCTTACTCCCCGTCCC

. | 160 . . 165 | | 170 . . , 175
r Asn Ile Asp Tyr Lys Ser Leu Cys Tyr Ile Ile Thr His Gly Asp Glu Lys Glu Glu @

ENSGO00000106631.8
10 0a

C>T | C>T
C>T
C>T

Figure 3-4 MYL7 CRISPR-C location relative to the MYL7 locus. The features (C>T) within the
CRISPR-C region hightlight the intentional silent mutations introduced into the 5’ HA of the targeting
vector required for the MYL7-mClover line generation. Approximately 1000 bp upstream and 1000 bp
downstream of the stop codon contain 2 relatively large and 1 relatively small repeative motifs($).

3.2.1.2 MYL7-mClover targeting vector cloning

The targeting plasmid (Figure 3-5A) was initially synthesised by Gibson Assembly from 4 DNA
fragments. The first fragment (3111 bp) (Figure 3-5B & C) was generated by linearising the
destination plasmid V924-neo-dTA (Figure S1) via Xhol and Hindlll digestion. The dTA or
diphtheria toxin A is a negative selection marker which helps exclude random genomic
integration events. The second fragment, the 5 Homology Arm (5’ HA; 1130 bp), and the third
fragment, the 3° Homology Arm (3’ HA; 1338 bp) (Figure 3-5B & C) were amplified by PCR
from KOLF2-C1 gDNA using the primers MYL7-5HR-F/R and MYL7-3HR-F/R2, respectively.
The 5 HA fragment contained both the CRISPR recognition site and the intact PAM site. In
order to prevent recleavage of the successfully targeted allele by the CRISPR/Cas9, either
the target’'s PAM sequence or the CRISPR recognition sequence itself needs modification. As

no silent mutations could be made at the PAM site, 4 silent mutations (all C>T) were introduced
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onto the CRISPR region (Figure 3-4 & 3-5A). The fourth fragment P2A-mClover (846 bp)
(Figure 3-5B & C) was amplified by PCR from the synthesized MYL2-P2A-mClover gBlock
template (Figure S7) using the primers MYL7-mClover-F/R. The successful Gibson Assembly
products were screened by Pstl digestion (4317 and 2007 bp) (Figure 3-5D) before being
verified by DNA sequencing. Since the successful clone N3 showed no undesired mutations,

it was selected for the further cloning step.

Given the relatively low activity of the selected CRISPR/Cas9 at the MYL7 locus, to ensure
stable genomic integration, a selection cassestte Neo was introduced into the plasmid clone
N3. This modification was achieved in 2 steps. Firstly, the annealed oligo linker (NS-TV-
link1/2) containing BamHI-BsrGl-Apal-Xhol restriction sites (26 bp) was inserted into the Xhol-
linearised plasmid clone N3 (6324 bp) (Figure 3-5E). After Xhol and Ncol digestion (the correct
pattern: 2065, 1371, 1241, 1019 and 651 bp) (Figure 3-5F) and sequence verification, the
resultant plasmid clone L3 was selected for the next step. Secondly, the floxed Neo cassette
fragment (1911 bp) (Figure 3-5G, right) obtained from the plasmid PL452 (Figure S2) previouly
digested with BamHI and Sall was cloned into the linearised plasmid clone L3 (6330 bp)
(Figure 3-5G, left) which was prepared by BamHI and Xhol digestion. The final targeting
plasmid (8241 bp) should have 7 products (3299, 2014, 2007, 525, 261, 113 and 22 bp) when
analysed by Pstl digestion. With the correct digestion pattern and verified sequence, the
plasmid clone S3 (Figure 3-5H), which was later called the MYL7-mClover targeting vector,

was selected for generating the MYL7-mClover reporter line.
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Figure 3-5 MYL7-mClover targeting vector cloning. A) A simplified illustration of the MYL7-mClover
plasmid construct labelled with 4 silent mutations, which were introduced to prevent recleavage of the
targeted allele. The targeting plasmid was initially generated by Gibson Assembly to combine 4 DNA
fragments (B-D). B) Preparation of Gibson Assembly fragments. C) Purified DNA fragments from B. D).
Diagnostic screening for successful Gibson Assembly (N3). The oligo linker (BamHI-BsrGI-Apal-Xhol)
was introduced into E) the BamHlI-linearised fragment from clone N3 F) Diagnostic screening for
successful linker cloning (L3). G) A floxed Neo fragment and linearised L3 fragment preparation. H)
Diagnostic screening for successful combination of the fragments in G (S3, final form of the targeting
vector). Amp, ampicillin resistant gene; PGK P, phosphoglycerate kinase promoter; U, uncut; C, cut;
NTC, no template control; T, with template; V, vector; Lin. V, linearised vector; *, fragments used for
relevant cloning; red, relevant clone.

3.2.2 HCN4-mScarlet line

3.2.2.1 HCN4 gRNA efficiency test

2 different gRNAs, which harboured 20-nt CRISPR sequences complementary to the HCN4
locus, were synthesised and tested for their efficiency. CRISPR-A (Figure 3-6C) was selected
for generating the HCN4-mScarlet reporter line due to its higher TIDE score (38.21%);

CRISPR-B yielded 4.7% TIDE.

Approximately 1000 bp upstream and 1000 bp downstream of the stop codon contain only a
few repeat motifs (Figure 3-7), and subsequently the donor template was designed in a form

of a plasmid with these lengths of homology.
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Figure 3-6 TIDE analysis for CRISPRs targeting the HCN4 locus. A) In vitro transcribed gRNAs in a
heat-denatured form containing the CRISPR A and B sequences. B) PCR products 48 hr after
CRISPR/Cas9 transfection into KOLF2-C1 iPSCs using the primers HCN4/R which amplified the
sequence flanking the stop codon. These PCR products were sequenced and analysed for CRISPR
activity by TIDE as compared to the non-transfected WT control. C) TIDE score for each CRISPR
design. NTC, no template control.
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Figure 3-7 HCN4 CRISPR-A location relative to the HCN4 locus. Approximately 1000 bp upstream
and 1000 bp downstream of the stop codon contain only 7 relatively small and 1 relatively large
repetitive motifs ($).

3.2.2.2 HCN4-mScarlet targeting vector cloning

The targeting plasmid (Figure 3-8A) was initially synthesised by Gibson Assembly from 4 DNA
fragments. The first fragment (3111 bp) (Figure 3-8B & C) was generated by linearising a
destination plasmid V924-neo-dTA via Xhol and Hindlll digestion. The second fragment 5’ HA
(1588 bp) and the third fragment 3' HA (975 bp) (Figure 3-8B & C) were amplified by PCR
from KOLF2-C1 gDNA using the primers HCN4-5HR-F2/R2 and HCN4-3HR-F2/R2,
respectively. Since the HCN4 CRISPR-A recognition site was interrupted by the fluorophore
insertion in the final targeting vector, no sequence modifications on the targeting construct
were required to prevent recleavage of the targeted allele (Figure 3-8A). The fourth fragment
P2A-mScarlet (796 bp) (Figure 3-8B & C) was amplified by PCR from the plasmid
18ACH20P_2368293 (Figure S5) using the primers HCN4-mScarlet-F2/R2. The successful
Gibson Assembly products were screened by Pstl digestion with the correct products being

4626, 1303, 300 and 141 bp (Figure 3-8D).

Despite successful assembly, DNA sequencing showed random mutations in all of the clones

generated by Gibson Assembly. Interestingly, the clones N8 and E15 had mutations in

76



different locations which then allowed a subcloning strategy to be developed to correct the
mutations (Figure 3-8E). The clone E15 contained no mutations except the two within the
Nhel and BamHI flanked region whereas the same region was free of undesired mutations in
the clone N8. The small fragment (528 bp) made by Nhel and BamHI digestion of the clone
N8 was therefore subcloned into the large fragment (5842 bp) from the clone E15 digested
with the same restriction enzymes (Figure 3-8F). The resultant plasmid clone SC3 with the
correct Pstl digetion pattern (4626, 1303, 300 and 141 bp) (Figure 3-8G) and verified

sequence was slected for the next cloning steps.

To ensure a stable genomic integration, a selection cassestte Neo was introduced into the
plasmid clone SC3. This modification can be divided into 3 steps. Firstly, since there was no
unique restriction site which could be used to linearlise the clone SC3 between the mScarlet
and the 3’HA region, the 3’'HA was initially removed by BsrGl and Hindlll digestion (Figure 3-
8H). The 3’HA-free fragment (5426 bp) was then used as a vector for cloning the annealed
oligo linker (NS-TV-link3/4) containing Mfel-Spel-PspOMI-Apal restriction sites (26 bp). The
resultant clone Q1 with the correct Mefl and Xhol digestion pattern (3135 and 2322 bp) (Figure

3-8l) and verified sequence was selected for the next step.

Secondly, the floxed Neo cassette frament A (1543 bp) (Figure 3-8K, left) and fragment B (352
bp) (Figure 3-8K, right) obtained by A) EcoRI and Sacl and B) Sacl and Spel digestion of the
plasmid PL452, respectively were cloned into the Spel and Mfel linealised fragment of the
plasmid clone Q1 (5449 bp) (Figure 3-8J). The resultant clone R9 with Asel digestion
confirmation (3490, 2057 and 1752 bp) (Figure 3-8L) and verified sequence was selected for

the next step.
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Figure 3-8 HCN4-mScarlet targeting vector cloning. A) A simplified illustration of the HCN4-
mScarlet plasmid construct showing the CRISPR-A recognition site split between the 5’HA and the
3'HA. The targeting plasmid was initially generated by Gibson Assembly to combine 4 DNA fragments
(B-D). B) Preparation of Gibson Assembly fragments. C) Purified DNA fragments from B. D). Diagnostic
screening for successful Gibson Assembly. E) Products of Gibson Assembly in the clones N8 and clone
E15 contained different mutational sites, allowing (F-G) subcloning to correct the mutations. F)
Preparation of fragment for subcloning. G) Diagnostic screening for successful subcloning (SC3). H)
Preparation of the clone SC3 for Mfel-Spel-PspOMI-Apal linker cloning. 1) Diagnostic screening for
successful linker cloning (Q1). J-K) Preparation of fragments for Neo cloning. L) Diagnostic screening
for successful Neo cloning (R9 containing no 3' HA). M-N) Preparation of fragments for reintroduction
of the 3'HA.O) Diagnostic screening for the final form of the targeting vector (T1). Amp, ampicillin
resistant gene; PGK P, phosphoglycerate kinase promoter; U, uncut; C, cut; NTC, no template control;
T, with template; V, vector; Lin. V, linearised vector; *, fragments used for relevant cloning(s); purple
stars, undesired mutations.

79



Thirdly, the fragment C (5426 bp) (Figure 3-8M, left) and the fragment D (1916 bp) (Figure 3-
8M, right) obtained by C) Hindlll and Bsrgl and D) Bsrgl and Apal digestion of the plasmid
clone R9, respectively were integrated with the 926-bp fragment generated by Apal and Hindlll
digestion of the plasmid clone SC3. The final targeting vector (8268 bp) should have 2
products (7511 and 757 bp) when analysed by Sacl digestion. With the correct digstion pattern
and verified sequence, the plasmid clone T1 (Figure 3-80), which was later called the HCN4-

mScarlet targeting vector, was selected for generating the HCN4-mScarlet reporter line.

3.2.3 PITX2-mClover reporter line

3.2.3.1 PITX2 gRNA efficiency test

2 different gRNAs, which harboured 20-nt CRISPR sequences complementary to the PITX2
locus, were synthesised and tested for their efficiency. CRISPR-A yielded 14.3% TIDE (Figure
3-9C) and CRISPR-B had minimal activity (4.3% TIDE). Due to the higher efficiency, the

CRISPR-A was selected for generating the PITX2-mClover reporter line.

Approximately 1000 bp upstream and 1000 bp downstream of the stop codon contain only a
few, small repeat motifs (Figure 3-10), subsequently the donor template was designed in a

form of a plasmid with these homology regions.
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Figure 3-9 TIDE analysis for CRISPRs targeting the PITX2 locus. A) In vitro transcribed gRNAs in
a heat-denatured form containing the CRISPR A and B sequences. B) PCR products 48 hr after
CRISPR/Cas9 transfection into KOLF2-C1 iPSCs using the primers PITX2-F/R which amplified the
sequence flanking the stop codon. These PCR products were sequenced and analysed for CRISPR
activity by TIDE as compared to the non-transfected WT control. C) TIDE score for each CRISPR

design. NTC, no template control.
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3.2.3.2 PITX2-mClover targeting vector cloning

The targeting vector was initially designed to be generated by Gibson Assembly of 4 fragments
(Figure 3-11B). The first fragment (3111 bp) was generated by linearising the destination
plasmid V924-neo-dTA via Xhol and Hindlll digestion. The second fragment 5 HA (1475 bp)
and the third fragment 3’ HA (999 bp) were amplified by PCR from KOLF2-C1 gDNA using the
primers PITX2-5HR-F2/R and PITX2-3HR-F/R2, respectively. The fourth fragment P2A-
mClover (845 bp) was amplified by PCR from the MYL2-P2A-mClover gBlock template using

the primers PITX2-mClover-F/R.

However, after several attempts, the assembly was unsuccessful. The plan for the targeting
vector construction was then simplified by joining each pair of the Gibson Assembly fragments.
The 5’HA fragment was combined with the P2A-mClover fragment by fusion PCR (2332 bp)
(Figure 3-11C) using the primer PITX2-5HA-F2 and PITX2-mClover-R. The PITX2-5’HA-P2A-
mClover fusion product was then trimmed by Aatll and Bglll (2282 bp) (Figure 3-11D) before
cloned into the cloning vector Litmus28 (L28) (Figure S3), previously digested with the same
restriction enzymes (2739 bp) (Figure 3-11E). The succesful PITX2-5HA-P2A-mClover

cloning was confimed by the Aatll and Bglll digestion pattern (2739 and 2282 bp) and DNA
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sequencing and the plasmid clone F1 was selected for the further targeting vector construction
(Figure 3-11F). Similarly, the 3'HA fragment was joined to the P2A-mClover fragment by
fusion PCR using the primers PITX2-mClover-F and PITX2-3HA-R2. The PITX2-P2A-
mClover-3’'HA fusion product (1819 bp) (Figure 3-11G) was cloned into the cloning vector
pJET1.2/blunt (Figure S6). Interestingly, colony PCR screening using the primers pJET1.2-
F/R found only 1 promising clone (1E, ~1938 bp) (Figure 3-11H) out of the total 56 clones,
suggesting impurity of the fusion PCR products. DNA sequencing of the clone 1E revealed a
single nucleotide deletion immediately downstream of the 3’'HA region, which may partly

explain the failed Gibson Assembly.

The next cloning step involved subcloning of a fragment from the plasmid clone 1E into the
clone F1 to fuse the 3'HA to the 5’HA-mClover. The Aatll and Avrll linearised plasmid clone
F1 (5013 bp) (Figure 3-111) was used as a vector for cloning the 1015-bp fragment (Figure 3-
11J) that was obtained by Xbal and Aatll digestion of the plasmid clone 1E. The successful
subcloning from this step should have two products (5029 and 991 bp) when analysed by
BamHI and Kpnl digestion (Figure 3-11K). The clone FL1 with verified sequence was chosen

for use in the next step.

To prepare the plasmid for floxed Neo cassette insertion, the annealed oligo linker containing
BamHI-BsrGl-Apal-Xhol restriction sites (26 bp) (NS-TV-link1/2) was cloned into the plasmid
clone FL1, previously digested with BamHI (6020 bp) (Figure 3-11L) at the immediately
downstream of the mClover. The resultant plasmid clone Q1 with the correct Apal and Kpnl
digestion pattern (5047 and 999 bp) (Figure 3-11M) and verified sequence was selected for
the next step. Notably, the oligo linker insertion resulted in the CRISPR-A recognition
sequence being interrupted (Figure 3-11A), which prevented the re-targeting of successful
genomic insertion events. The BamHI and Apal linearised plasmid clone Q1 (6028 bp) (Figure
3-11N) was used as a cloning vector for the Neo cassette fragment (1922 bp) (Figure 3-110)

obtained from digestion of the plasmid PL452 with the same restriction endonucleases. The
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successful clone R1 with the correct Xhol digestion pattern (5071, 1901 and 962 bp) (Figure

3-11P) and confirmed sequence was selected for the final cloning step.
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Figure 3-11 PITX2-mClover targeting vector cloning. A) A simplified illustration of the PITX2-
mClover plasmid construct showing the CRISPR-A recognition site split between the major region of
the 3'HA and the minor region of the 3'HA as a consequence of the cloning. The targeting plasmid was
initially designed to be generated by Gibson Assembly which combined 4 DNA fragments. B)
Preparation of Gibson Assembly fragments. Since the Gibson Assembly failed, these GA fragments
were then used as substrates for PCR extension (C and G). C) Fusion PCR products of the 5’HA-P2A-
mClover fragment. D-E) Preparation for cloning the 5’HA-P2A-mClover into the L28 vector F) Diagnostic
screening for successful 5’HA-P2A-mClover cloning (F1). G) Fusion PCR products of the P2A-mClover-
3’'HA fragment. H) Colony PCR screening for successful cloning of P2A-mClover-3’HA into the cloning
vector pJET1.2/blunt showing the promising clone 1E. However, DNA sequencing identified a single
nucleotide deletion immediately downstream of the 3’'HA. 1-J) Preparation of fragments for cloning of
the P2A-mClover-3’'HA fragment into the plasmid clone F1. K) Diagnostic screening for successful
cloning in I-J (FL1). L) Preparation of the plasmid clone FL1 for BamHI-BsrGl-Apal-Xhol linker insertion
at the downstream of the mClover region. M) Diagnostic screening for successful linker cloning (Q1).
N-O) Preparation for cloning of floxed Neo into the plasmid clone Q1. P) Diagnostic screening of
successful floxed Neo cloning (R1). Q-R) Preparation for cloning of the P2A-mClover-Neo-3’HA
fragment S) Diagnostic screening for the final from of the targeting vector S1). Amp, ampicillin resistant
gene; PGK P, phosphoglycerate kinase promoter; U, uncut; C, cut; NTC, no template control; T, with
template; V, vector; Lin. V, linearised vector; *fragments used for relevant cloning(s).

The final cloning step was cloning of the whole targeting construct from the L28 backbone into
the destination vector V924-Neo-dTA. The plasmid V924-Neo-dTA was firstly digested with

Bglll and Kpnl to remove the Neo cassette and produce a desired linearlised vector fragment
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(3088 bp) (Figure 3-11Q). Secondly, the plasmid clone R1 was digested with the same
enzymes to obtain a 5253-bp fragment (Figure 3-11R) containing the whole targeting
construct, which was subsequently cloned into the linearised V924-dTA vector. The final
targeting plasmid (8341 bp) when digested with Nhel and Xbal should have 4 products (4171,
1854, 1426 and 892). The plasmid clone S1, which was called the PITX2-mClover targeting
vector, with the above digestion confirmation and sequence verification was selected for use

in generating the PITX2-mClover reporter line.

3.2.4 MYL2-mClover reporter line

3.3.4.1 MYL2 gRNA efficiency test

2 different gRNAs, which harboured 20-nt CRISPR target sequences complementary to the
MYL2 locus, were synthesised and tested for their efficiency. CRISPR-A vyielded 17% TIDE
(Figure 3-12C) and CRISPR-B yielded 19.4% TIDE. Due to the higher efficiency, the CRISPR-

B was selected for generating the MYL2-mClover reporter line.

Because there is a considerable amount of repeat DNA motifs (6 relatively large and 4
relatively small motifs) reported approximately 1000 bp upstream and 1000 bp downstream of
the stop codon (Figure 3-13), which may reduce the efficiency of targeted integration, the

donor template was designed in a form of IsSDNA, which required only ~100bp HAs.
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Figure 3-12 TIDE analysis for CRISPRs targeting the MYL2 locus. A) In vitro transcribed gRNAs in
a heat-denatured form containing the CRISPR A and B sequences. B) PCR products 48 hr after
CRISPR/Cas9 transfection into KOLF2-C1 iPSCs using the primers MYL2-F/R which amplified the
sequence flanking the stop codon. These PCR products were sequenced and analysed for CRISPR
activity by TIDE as compared to the non-transfected WT control. C) TIDE score for each CRISPR
design. NTC, no template control.
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Figure 3-13 MYL2 CRISPR-B location relative to the MYL2 locus. Approximately 1000 bp upstream
and 1000 bp downstream of the stop codon contain 6 relatively large and 4 relatively small repeat motifs

($).

3.2.4.2 MYL2 gRNA vector cloning

From experiences in mouse ESCs in Professor Ben Davies’ laboratory, a IssDNA was not
compatible with RNP electroporation, the most efficient CRISPR/Cas9 delivery mode (Burger
et al., 2016). In addition, CRISPR/Cas9 targeting efficiency was also relatively low when RNP
was introduced by lipofection. To address these issues, the sequence encoding the MYL2
CRISPR-A was cloned into a CRISPR/Cas9 expression plasmid. This plasmid was later
introduced together with the IssDNA into iPSCs by lipofection for generating the fluorescent

MYL2 reporter line.

The annealed oligos containing the MYL2 CRISPR-A (MYL2-A1/A2) were cloned into a human
codon-optimised CRISPR/Cas9 expression plasmid pX330-puro (Figure S4) by Golden Gate
Assembly. The successful pX330-puro-MYL2 clone A4 was confirmed by Bbsl and Notl
digestion (8509 and 1737 bp) (Figure 3-14A) and DNA sequencing and selected for generating

the MYL2-mClover reporter line.
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3.2.4.3 MYL2-mClover IssDNA donor synthesis

The MYL2-P2A-mClover gBlock template containing 120-bp 5’HA and 150-bp 3’HA (Figure
S7) was cloned the pJET1.2/blunt vector. The PAM sequence downstream of the MYL2
CRISPR-A recognition sequence on this template was altered with silent mutations to prevent
the CRISPR/Cas9 activity at the successfully targeted allele (Figure 3-14B). The resultant
plasmid clone B3 with the correct Notl and Aatll digestion pattern (2176, 1309, 386 and 203

bp) (Figure 3-14C) and verified sequence was selected for the IsSDNA synthesis.

The whole targeting construct was amplified by PCR from the plasmid clone B3 using the
biotinylated primer pJET1.2-Btn-F and the primer MYL2-R5 (1151 bp, Figure 3-14B & C),
which was purified before incubation with streptavidin beads. The streptavidin-captured
dsDNA was denatured in an alkali condition, allowing bottom IssDNA elution (B-E1, B-E2 and
B-E3; Figure 3-14D). The top IssDNA was eluted by reconstituting a region of dsDNA using
the pJET-Hybridization primer. This dsDNA sequence contained an Xhol restriction site that
could then be used to release and elute the top IssSDNA (T-E1; Figure 3-14E). Each IsSsSDNA
molecule, including the top and the bottom, had a molecular weight of half that of the dsDNA
(1151 bp) and was thus expected to migrate on an agarose gel at the equivalent distance of
~500 bp dsDNA fragment (Figure 3-14F). This approach yielded approximately 1000 and 3750
ng of the top IssDNA (T-E1) and the bottom IssSDNA (B-E1), respectively, purified from 10 pg
dsDNA template. From the BD’s laboratory experience, top IssDNAs have higher purity than
bottom IssDNAs after the described purification process. Therefore, the top ISSDNA (1108 nt)
was selected for use in generation of the MYL2-mClover reporter line rather than the bottom

strand.
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Figure 3-14 MYL2 CRISPR-B cloning and MYL2-mClover donor purification. A) Diagnostic
screening for successful MYL2 CRISPR-B into the pX330-puro vector. B-F) Biotinylation-mediated
MYL2-mClover IssDNA purification. B-C) Initially, the MYL2-mClover targeting construct was cloned
into pJET1.2/blunt vector. B) A diagram highlighting the intentional silent mutation at the CRISPR-B
PAM site (G>A) and the relevant primers/probes position relative to the resultant pJET1.2-MYL2-
mClover plasmid. C) Diagnostic screening for successful cloning as in B (B3). The clone B3 was used
as a template for PCR amplification of biotin-tagged dsDNA containing the MYL2-mClover construct.
D-F) IssDNA purification D) Purification of the bottom IssDNA (B-E1, B-E2 and B-E3) from the dsDNA
in C. E) Purification of the top IssDNA (T-E1). F) The final purified/concentrated products of the top (T-
E1) and bottom (B-E1) IssDNAs. U, uncut; C, cut; NTC, no template control; T, with template; V, vector;
UB, unbound fraction; W, wash; B-E1/2/3; bottom IssDNA-elutions 1/2/3; T-E1, top IssDNA-elution 1,
Nat, native form; Denat, heat-denatured form.
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3.3 CRISPR/Cas9-mediated generation of fluorescent reporter iPSC lines

In order to establish a fluorescent reporter, CRISPR/Cas9 is heeded to be transfected into the
parental KOLF2-C1 iPSCs together with a DNA donor template. The different subtype-specific
fluorescent reporter relied on two different CRISPR/Cas9 delivery methods. For the plasmid
donor templates harbouring a Neo cassette i.e. the MYL7-mClover, PITX2-mClover and
HCN4-mScarlet lines, the relevant re-constituted gRNA/Cas9 RNP was introduced into the
cells by electroporation. As described in 3.2.4.2, for the IssDNA template i.e. the MYL2-
mClover line, the pX330-puro-MYL2 plasmid was reverse-transfected into the cells by

lipofection.

The transfected cells were allowed to recover for a few days prior to PCR screening for
insertion events (pooled screening) of the fluorescent reporter, followed by low density
seeding. For the MYL7, HCN4 and PITX2 reporter projects, approximately 5 days post-
transfection, the cells were treated with 350 pg/ml G418 for 7 days followed by 200 ug/ml
G418 for another 7 days. For the MYL2 project, the cells were selected in E8 containing 350
ng/ml puromycin 48 hr post-transfection for 48 hr, allowing selection of cell that had up-taken
the pX330-Puro-MYL2 plasmid. Subsequently, colonies were picked from the low-density
cultures and analysed for individual clones (clonal screening) carrying the fluorescent reporter
by PCR. Finally, the sequence of the targeted allele in each promising clone was confirmed

by DNA sequencing.

3.3.1 Generation of MYL7-mClover line

5’ PCR screening using the primers MYL7-F3 and mClover5'R and 3’ PCR screening using
the primers ExNeo2 and MYL7-R3 indicated successful integration of the P2A-mClover-Neo
construct at the MYL7 locus in the pool of KOLF2-C1 cells electroporated with the RNP/MYL7-
mClover targeting vector (Figure 3-15A). Following low density plating, individual clones

showing successful 5’ integration were also isolated, approximately 60% being positive
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(Figure 3-15B). Subsequent 3’ screening of 12 selected 5’-positive clones showed 100%

positive integration at this end of the vector (Figure 3-15C).

Two promising clones (7B and 7D) were taken forward for the removal of the Neo cassette via

Cre-Lox recombination. The Cre-Pac plasmid (Taniguchi et al., 1998) harbouring Cre

recombinase was reverse transfected into the cells by lipofection. Some of the pool of the

transfected cells were analysed for Neo cassette deletion by PCR using the primers

mCloverF2 and MYL7-R2 while the remaining cells were subjected to a second round of low

density plating and clonal establishment.
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Figure 3-15 Genotypic screening for MYL7-mClover line. A) 5 and 3’ PCR screenings in the pool of
CRISPR/Cas9-transfected iPSCs. B) Clonal screening for 5’ integration C) Clonal screening for 3’
integration. The promising clone 7B and 7D were subsequently transfected with a Cre expression
plasmid to excise the floxed Neo cassette. D) PCR screening for Neo deletion in the pool of Cre-
transfected cells. E) Clonal screening for Neo deletion of clones (red) derived from the parental Neo-
positive 7B and 7D clones. NTC, no template control; P, pool of transfected cells; PGK P,
phosphoglycerate kinase promoter.
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The successful Neo deletion was detectable in the pool of Cre transfected cells derived from
the Neo positive clones 7B and 7D (Figure 3-15D). Further screening in isolated colonies
confirmed 2 promising Neo negative clones 7H and 11B (Figure 3-15E) derived from the
parental Neo-positive 7D, which were later simply called clones 7H and 11B, respectively, but
none was found in Neo positive 7B-derived colonies. It is notable that the Cre-Pac plasmid
harbours a puromycin selectable marker. However, the Cre transfection was performed
without antibiotic selection, which may explain the small number of clones harbouring deleted

Neo allele.

The clones 7H and 11B were expanded and reconfirmed for the integration of the P2A-
mClover at the MYL7 locus by 5 PCR using the primers MYL7-F3 and mClover5’'R and 3’
PCR using the primers mClover-F2 and MYL7-R3 (Figure 3-16). A further internal PCR assay
was performed, amplifying from within the 5’HA to the 3’HA using the primers MYL7-F2/R2 to
verify a complete insertion of the P2A-mClover sequence, which was later confirmed by DNA
sequencing. In addition, both clones were identified as being heterozygous for the fluorophore,
where the non-targeted alleles displayed no undesired CRISPR-related mutations. These two

clones were selected for further quality checks.
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Figure 3-16 Conformational PCR of isolated MYL7-mClover iPSCs after clonal expansion. 5’ and
3’ PCR screenings indicated successful P2A-mClover insertion downstream of the MYL7 locus devoid

of the Neo cassette. Internal PCR confirmed the intact P2A-mClover insert with a heterozygous status.
NTC, no template control.
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3.3.2 Generation of HCN4-mScarlet line

5 PCR screening using the primers HCN4-F2 and mScarlet-R and 3’ PCR screening using
the primers bGH-F2 and HCN4-R4 indicated successful integration of the P2A-mScarlet-Neo
at the HCN4 locus in the pool of KOLF2-C1 cells electroporated with the RNP/HCN4-mScarlet
targeting vector (Figure 3-17A). Following low density plating, individual clones showing
successful 5’ integration were also isolated, approximately 98% being positive (Figure 3-17B).
Subsequent 3’ screening of 16 selected 5’-positive clones showed 100% positive integration
at this end of the vector (Figure 3-17C).
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Figure 3-17 Genotypic screening for HCN4-mScarlet line. A) 5" and 3’ PCR screenings in the pool
of CRISPR/Cas9-transfected iPSCs. B) Clonal screening for 5’ integration C) Clonal screening for 3’
integration. The promising clone 2B, 2C, 2D, 2E, 4F and 4H were subsequently transfected with a Cre
expression plasmid to excise the floxed Neo cassette. D) PCR screening for Neo deletion in the pool of
Cre-transfected cells with and without puromycin selection (548 bp). E) Clonal screening for Neo
deletion (red) of puromycin-treated clones derived from the parental Neo-positive 2B, 2C, 4F and 4H
clones. NTC, no template control; P, pool of transfected cells; PGK P, phosphoglycerate kinase

promoter.
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DNA sequencing indicated heterozygosity of the mScarlet insertion event in clones 2B, 2D,
2E, 4F and 4H with no deleterious mutations on the non-targeted allele and likely
homozygosity of the mScarlet in clone 2C. These clones were transfected with the Cre-Pac
plasmid, 48 hr after which the cells were selected in 300 ng/ml puromycin for a further 48 hr.
The pool of the transfected cells showed Cre-Lox-mediated Neo excision when assayed by
PCR using the primers mScarlet-F and HCN4-R (Figure 3-17D). Further screening of isolated
colonies having been selected against puromycin revealed i) 1/24 (1C) promising Neo
negative clones derived from the parental Neo positive clone 2B, ii) 6/24 (1A, 2C, 2G, 3C, 3D,
and 3F) promising Neo negative clones derived from the parental Neo positive clone 2C, iii)
1/24 (2D) promising Neo negative clones derived from the parental Neo positive clone 4F and
iv) 2/24 (1A and 3H) promising Neo negative clones derived from the parental Neo positive

clone 4H (Figure 3-17E).

The clones Neo-positive-2B-derived 2B-1C, Neo-positive-2C-derived 2C-3D and Neo-
positive-4F-derived 4F-2D were expanded and reconfirmed for the integration of the P2A-
mScarlet at the HCN4 locus by 5’ PCR using the primers HCN4-F2 and mScarlet-R and 3’
PCR using the primers mScarlet-F and HCN4-R4 (Figure 3-18). A further internal PCR assay
using the primers HCN4-F/R confirmed the integrity of the full-length P2A-mScarlet integration
event, which was later verified by DNA sequencing. In addition, both clones 2B-1C and 4F-2D
were identified as being heterozygous for the fluorophore with the non-targeted alleles
displaying no undesired CRISPR-related mutations. A long-range PCR (3763 bp) amplifying
outside of the HAs i.e. further away from the CRISPR cut site using the primers HCN4-F3/R4
further suggested mScarlet heterozygosity in the clone 4F-2D. This PCR assay was designed
to investigate whether the CRISPR/Cas9 introduced any large deletion events undetectable
by the internal PCR. Since there were no products smaller than the expected amplicons
containing the inserted fluorophore by both the internal and long-range PCR, it could be
assumed that the clone 2C-3D was successfully edited for both alleles. Subsequently, the

clones 2B-1C, 2C-3D and 4F-2D were selected for further quality checks.
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Figure 3-18 Conformational PCR of isolated HCN4-mScarlet iPSCs after clonal expansion. 5’ and
3’ PCR screenings indicated successful P2A-mScarlet insertion downstream of the HCN4 locus devoid
of the Neo cassette. Internal PCR confirmed the intact P2A-mScarlet insert with a heterozygous status
in the clone 2B-1C and 4F-2D. Long range PCR suggested homozygous insertion of the mScarlet
sequence at the HCN4 locus in the clone 2C-3D. NTC, no template control.

3.3.3 Generation of PITX2-mClover line

5" PCR screening using the primers PITX2-F2 and mClover5’-R and 3’ PCR screening using
the primers exNeo2 and PITX2-R2 indicated successful integration of P2A-mClover-Neo at
the PITX2 locus in the pool of KOLF2-C1 cells electroporated with the RNP/PITX2-mClover
targeting vector (Figure 3-19A). Following low density plating, individual clones showing a
successful 5" integration were also isolated, 100% being positive (Figure 3-19B). Subsequent

3’ screening of 24 selected 5’-positive clones showed 100% positive integration at this end of

the vector (Figure 3-19C).
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Figure 3-19 Genotypic screening for PITX2-mClover line. A) 5 and 3’ PCR screenings in the pool
of CRISPR/Cas9-transfected iPSCs. B) Clonal screening for 5’ integration. C) Clonal screening for 3’
integration. The promising clone 3C and 3D were subsequently transfected with a Cre expression
plasmid to excise the floxed Neo cassette. D) PCR screening for Neo deletion in the pool of Cre-
transfected cells followed by puromycin selection. E) Clonal screening for Neo deletion of puromycin-
treated clones derived from the parental Neo-positive 3C and 3D clones. NTC, no template control; P,
pool of transfected cells; PGK P, phosphoglycerate kinase promoter.
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The promising Neo-carrying clones 3C and 3D were transfected with the Cre-Pac plasmid,
followed by puromycin treatment. PCR analysis using the primers mClover-F2 and PITX2-R
suggested successful Cre-Lox-mediated removal of the floxed Neo cassette in the pool of the

transfected cells (Figure 3-19D) and in subsequent clonal progeny colonies (Figure 3-19E).

The promising clones Neo-positive-3C-derived 3C-4C, 3C-4D and 3C-6G and Neo-positive-
3D-derived 3D-3D, 3D-3H and 3D-6C were expanded and reconfirmed for the integration of
the P2A-mClover at the PITX2 locus by 5’ PCR using the primers PITX2-F2 and mClover5’-R
and 3’ PCR using the primers mClover-F2 and PITX2-R2 (Figure 3-20). A further internal PCR
assay using the primers PITX2-F/R confirmed the integrity of the full-length P2A-mClover and
suggested a homozygous status in the clones derived from the Neo-positive-3D, which was
later confirmed by a long-range PCR using the primer PITX2-F2/R2 (Figure 3-20). However,
the internal PCR indicated an unexpected Cre-Lox recombination in all the clones derived
from the Neo-positive-3C which resembled a selective Neo excision on a single allele in a
homozygous line, resulting in mixed amplicons with and without the Neo cassette. This
homozygous targeting was also suggested by a long-range PCR using the primers
PITX2F2/R2. Heterozygous clones may be obtainable from e.g. the Neo positive clone 3E
(Figure 3-20, internal PCR), but the whole process of repeating the Cre transfection and the
subsequent genotyping would take time. Therefore, the homozygous 3D-3D, 3D-3H and 3D-

3C were selected for the iPSC quality control checks.
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Figure 3-20 Conformational PCR of isolated PITX2-mClover reporter iPSCs after clonal
expansion. 5’ and 3’ PCR indicated successful P2A-mClover insertion downstream of the PITX2 locus
in all the selected clones. Internal PCR clearly confirmed the intact P2A-mClover insert devoid of the
Neo cassette with a homozygous status in the clones 3D-3D, 3D-3H and 3D-6C, consistent with the
long range PCR results. Despite being suggested by the long range PCR as being homozygous for the
fluorophore insert, the clones 3C-4C, 3C-4D and 3C-6G, showed an imperfect Neo excision with mixed
Neo-positive and Neo-negative PCR amplicons. NTC, no template control; PGK P, phosphoglycerate

kinase promoter.
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3.3.4 Generation of MYL2-mClover line

The generation of this fluorescent reporter line was slightly different from the previous 3 lines
as it relied on a transient transfection of 1.3 ug CRISPR/Cas9 expression plasmid pX330-
puro-MYL2 and 250 ng IssDNA donor template carrying the P2A-mClover construct. A faint
band of 5 PCR using the primers MYL2-F4 and mClover5’-R suggested a low efficiency of
integration of the fluorescent reporter at this end of the donor in the pool of the transfected
cells (Figure 3-21A). Unfortunately, 3’ PCR using the primers mClover-F and MYL2-R3
showed no positive band at the expected size (1007 bp) in the pool of the transfected cells
(Figure 3-21A). Further 5’ and 3’ genotyping in isolated colonies found only 2/512 promising

clones (6F and 11C) (Figure 3-21B).
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Figure 3-21 Genotypic screening for MYL2-mClover line. A) 5 PCR indicated insertion of the 5’ end
of the P2A-mClover at the MYL2 locus in the pool of CRISPR/Cas9-transfected iPSCs, but 3' PCR
failed to confirm the insertion at the other end. B) Clonal screening for 5’ integration of the P2A-mClover.
C) Clonal screening for 3’ integration of the P2A-mClover of the 5’ positive clones 6F and 11C. NTC,
no template control; P, pool o

106



Both clones 6F and 11C were expanded and analysed for the integrity of the full-length P2A-
mClover insertion by internal PCR using the primers MYL2F/R (Figure 3-22) and DNA
sequencing. This strategy also suggested that clone 6F was heterozygous for the insertion
while clone 11C may be homozygous. However, a long-range PCR using the primers
MYL2F4/R3 indicated heterozygosity for both clones (Figure 3-22). Moreover, DNA
sequencing identified mutations at the end of the MYL2’s coding sequence within the non-
targeted allele. The clone 6F had 3 amino acid changes and 6 amino acid loss whilst the clone

11C showed a deletion of the whole last exon (exon 7).
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Figure 3-22 Conformational PCR of isolated MYL2-mClover reporter iPSCs after clonal
expansion. Internal PCR confirmed a full-length integration of the P2A-mClover in both clones 6F and
11C. Long range PCR indicated heterozygosity of the insert for both clones where DNA sequencing
suggested deletion mutations of the MYL2 gene in the non-targeted alleles. The clone 6F had a small
deletion mutation at the end of the MYL2’s coding sequence (6 amino acids) with amino acids 157-159
changed whereas the clone 11C showed a deletion of the whole coding sequence within exon 7.
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Due to the extremely low targeting efficiency, it was considered not worth repeating the
transfection and subsequent genotyping for this reporter line project. The undesired CRISPR-
related deletions seen in the non-targeted alleles for both clones may be correctable by
CRISPR/Cas9-mediated insertion of the WT sequence but the whole process would also be
laborious. Therefore, both clones were subject directly to CM differentiation (Chapter 4) to

investigate the consequence(s) of the truncations of this sarcomere protein.

3.4 iPSC quality checks

CRISPR/Cas9-mediated genome editing can lead to unintended chromosomal instability, not
only by a megabase-scale deletion (Adikusuma et al., 2018, Alanis-Lobato et al., 2021), but
also a variation in the chromosome number e.g. whole chromosome deletion (Papathanasiou
et al., 2021), all of which may adversely influence gene expression and lead to unexpected
pathogenic phenotypes. To ensure normal karyotype, the engineered fluorescent reporter

lines were subject to metaphase chromosome counting

In addition, the genomic perturbation or simple prolonged clonal expansion may negatively
alter expression of the stem cell markers, potentially supressing the iPSC-CMs differentiation
potential. To investigate if the iPSC pluripotency was retained, the engineered fluorescent
reporter lines were analysed for expression of the pluripotency marker including OCT4, SOX2,

SSEA4 and NANOG by flow cytometry.

3.4.1 Quality checks for MYL7-mClover line

Both heterozygous clones 7H and 11B displayed a normal karyotype (46 chromosomes)
(Figure 3-23A). It should be noted that the clone 11B has a sub-population (only 1/25 cells)
with 47 chromosomes. Flow cytometry analysis of expression of the pluripotency markers
including OCT4, SOX2, SSEA4 and NANOG confirmed that both clones retained pluripotent

status (Figure 3-23B). Therefore, both were qualified iPSC clones.
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Figure 3-23 MYL7-mClover iPSC line’s quality control. A) Distribution of chromosome count per cell.
B) Flow cytometry analysis of pluripotency marker expression.
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3.4.2 Quality checks for HCN4-mScarlet line

Both heterozygous clone 4F-2D and homozygous 2C-3D had a normal karyotype (Figure 3-
24A). Meanwhile, the other heterozygous clone 2B-1C showed aneuploid sub-populations
with 47 chromosomes (1/20 cells), 53 chromosomes (1/20 cells) and 57 chromosomes (1/20
cells). Flow cytometry analysis of pluripotency markers including OCT4, SOX2, SSEA4 and
NANOG confirmed that all clones retained pluripotent status (Figure 3-24B). Due to the

suboptimal karyotype, the clone 2B-1C was excluded from the further experiments.
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Figure 3-24 HCN4-mScarlet iPSC line’s quality control. A) Distribution of chromosome count per
cell. B) Flow cytometry analysis of pluripotency marker expression.
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3.4.3 Quality checks for PITX2-mClover line

Both homozygous clones 3D-3H and 3D-6C had a normal karyotype (Figure 3-25A).
Meanwhile, the clone 3D-3D showed two modal values (44 and 46 chromosomes), thus was
considered karyotypically abnormal. Flow cytometry analysis of pluripotency markers
including OCT4, SOX2, SSEA4 and NANOG confirmed that all clones retained pluripotent

status (Figure 3-25B). Due to the suboptimal karyotype, the clone 3D-3D was excluded from

the further experiments.
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Figure 3-25 PITX2-mClover iPSC line’s quality control. A) Distribution of chromosome count per cell.

B) Flow cytometry analysis of pluripotency marker expression.
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3.4.4 Quality check for MYL2-mClover line

The undesired MYL2 mutations in both clones 6F and 11C raised a concern over their CM
differentiation potential as the gene encodes the thick filament component. It will be discussed
in Chapter 4 that defects in CM differentiation and/or expression of both mClover and MYL2
proteins were identified, disqualifying both clones from being fluorescent reporter iPSC-CMs.

Hence, iPSC quality checks were no longer needed.

3.5 Discussion

In this chapter, 4 fluorescent reporter iPSC lines were generated using CRISPR/Cas9, each
of which targeted a CM-subtype specific gene. Establishment of the atrial-specific MYL7-
mClover and PITX2-mClover lines and the nodal-specific HCN4-mScarlet line relied on the
same approach by RNP electroporation with a plasmid donor containing a selection marker
Neo. The ventricular-specific MYL2-mClover line was produced by lipofection of a
CRISPR/Cas9 expression plasmid and an IssDNA donor since the homology arm length was

the limiting factor for use of a plasmid donor.

3.5.1 Modes of CRISPR/Cas9 delivery

One of the main advantages of CRISPR/Cas9 as a tool for genome editing is its simplicity,
where the system’s specificity depends on the gRNA component. The CRISPR/Cas9 design
can therefore be tailored to the locus of interest by simple change of the gRNA sequence,
making it a favourable research tool. Meanwhile, the other technologies e.g. zinc finger
nucleases and transcription activator-like effector nucleases rely on a complicated protein
engineering customised to each target sequence. Apart from the CRISPR sequence itself,
modes of CRISPR/Cas9 delivery also determine the genome editing efficiency (Lino et al.,

2018, Yip, 2020).

Firstly, a CRISPR/Cas9-encoding DNA plasmid can be introduced into the cells by either
chemical transfection, electroporation or viral transduction. This delivery mode allows a long
expression time for both gRNA and Cas9 and thus may increase the targeting efficiency.
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However, the plasmid DNA format has a slow onset of gene editing as it takes time for
transcription, translation and RNP complexing. The prolonged presence of the CRISPR/Cas9
RNP at high concentration in the cells also increases the risk of off-target events (Wu et al.,
2014). Despite the intracellular plasmid stability, the efficiency of the MYL2-mClover line
production was extremely low (2/512). It may partly be explained by the different lifetime of
the CRISPR/Cas9 plasmid and the IssDNA donor. Compared to dsDNAs, the structure of
single-stranded DNAs (ssDNASs) is highly labile (Murphy et al., 2004, Mcintosh et al., 2014)
and their linear form (required for HDR) is thermodynamically unfavourable. ssDNAs are also

susceptible to enzymatic and chemical degradation.

Secondly, Cas9 can be delivered as mRNA together with relevant gRNA(S) to accelerate the
onset of target editing and reduce the off-target effects (Wu et al., 2014). However, the RNA(S)
short lifetime may compromise the editing efficiency. Furthermore, both mRNA and gRNA are

prone to RNAse-mediated degradation, thus their delivery requires a careful optimisation.

Thirdly, a pre-complexed, readily active CRISPR/Cas9 RNP allows an immediate gene editing
in the nucleus with minimised off-target effects (Burger et al., 2016, Wu et al., 2014). The
gRNA stability is also ensured upon reconstitution with Cas9. RNP electroporation was proven
to be highly efficient for HDR experiments in my hands. Delivery by electroporation might also
be suitable for IsSDNA donor templates. However, this method yielded no success in the
MYL2-mClover reporter project (data not shown) and several other targeting projects, possibly
due to IssDNA structural damage by electrical pulses or an inability for long DNA strands to
transgress the membrane via the pore. The HDR efficiency can be further enhanced by
covalently tethering the donor template with the RNP complex (Aird et al., 2018), thereby

increasing the effective concentration of the donor template at the DSB site.

3.5.2 DNA donor template

The type of DNA donor templates in this chapter was guided by the available homology arm

length at the targets. Repetitive sequences were avoided in homology arms as they can be
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substrates for either random integration or chromosomal rearrangement (Pascarella et al.,
2020, George and Alani, 2012). Both single stranded and double strand breaks, e.g. by
CRISPR/Cas9 induction, may increase the risk of homologous recombination-mediated

chromosomal structure alterations, resulting in loss of function of the target gene.

The sequences around the MYL7, HCN4 and PITX2 stop codons were minimally populated
with repeat motifs and subsequently their fluorescent reporter donor were designed as a
plasmid with ~1000-bp HAs. The high success of the targeted insertion was clearly due to the
antibiotic selection. G418 (also known as Geneticin) treatment ensured a stable genomic
insertion of Neo-containing sequences. G418 is an aminoglycoside antibiotic which inhibits
the elongation step of protein translation in both prokaryotes and eukaryotes (Eustice and
Wilhelm, 1984). Only cells acquiring and expressing Neo survive in the presence of G418
(Southern and Berg, 1982). While a transient Neo expression, e.g. from episomal vector,
allows cells to grow for a certain period (as long as the Neo construct still persists), a stable
Neo expression, e.g. from genomic incorporation, provides a permanent resistance against
G418. In addition, dTA included in the plasmid backbone also eliminated a random integration
of the vector independent of homologous recombination. Similarly to G418, dTA blocks protein
synthesis by inhibiting the eukaryotic translation elongation factor 2 (Lange et al., 2019) and

thus, any stable genomic integration of this cassette would kill the cells.

MYL2 was the only locus that showed a high abundance of repeat motifs surrounding the stop
codon and thus, the MYL2-P2A-mClover DNA donor template was synthesised in a form of
IssDNA with minimal HA length. The low yield of the targeted insertion may be attributable to
the design of the IssDNA. Firstly, the large size of the insert (~900 bp) relative to the size of
HAs (~100 bp) may compromise efficient recombination events. Secondly, there may be a
IssDNA strand preference. The top strand of the MYL2-mClover IssDNA used in this study
was the CRISPR/Cas9 target strand. A use of the non-target strand may provide a better
substrate for HDR but this remains to be investigated. The strand dependency appears to vary

among target loci (Ranawakage et al., 2021). Thirdly, the length of HAs plays a critical role for
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an optimal HDR (Ranawakage et al., 2021). The length of either the 5’ or 3’ HA may need to
be optimised to suit the locus as it may not necessary be the case that a long HA would be
beneficial and vice versa. Nevertheless, the repeat motifs around the stop codon may not be
as problematic for use of a plasmid donor template as predicted. (Chirikian et al., 2021),
(Galdos et al., 2021) and (Luo et al., 2021) successfully used CRISPR/Cas9 to generate MYL2
fluorescent reporter PSC-derived CM lines by relying on targeting plasmids with ~500-bp (or

less) HAs.

3.5.3 Summary

In this chapter, 4 fluorescent reporter iPSC lines were established using CRISPR/Cas9, each
of which had GSG-P2A-preceded fluorophore inserted downstream of each target gene in
replacement of the original stop codon. The MYL7-mClover, HCN4-mScarlet and PITX2-
mCover reporter lines displayed no CRISPR-related, undesired mutation. Meanwhile, the
MYL2-mClover line acquired a deletion mutation at the MYL2’'s C-terminus associated with
the CRISPR activity on the non-targeted allele. All 4 lines were differentiated into CMs and

characterised in Chapter 4.
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Chapter 4

Characterisation of engineered fluorescent reporter iPSC-CM lines

4.1 Introduction

Advances in the ability to direct differentiation of iPSC into diverse cell lineages including CMs
has expanded our knowledge of developmental biology and disease pathogenesis. However,
the iPSC-CMs’ population heterogeneity, including atrial-like, ventricular-like and nodal-like
cells, presents limitations for their use in selective analysis. This thesis relied on WNT
signalling modulation (Chapter 2) (Lian et al., 2012) to induce the cardiac differentiation, which
favours ventricular-like CMs (Churko et al., 2018). Meanwhile, atrial-like CMs are the minor
population and nodal-like cells are the rarest subtype (Churko et al., 2018). Subtype-specific
fluorescent reporter lines could be useful systems to identify and purify these iPSC-CM

subtypes for use in subtype-specific disease modelling.

This chapter mainly focuses on the characterisation of CMs derived from the fluorescent
reporter iPSC lines described in Chapter 3, including atrial-specific MYL7-mClover and PITX2-

mClover, ventricular-specific MYL2-mClover and nodal-specific HCN4-mScarlet.

I. Firstly, each iPSC line was differentiated using the conventional (ventricular) protocol (Lian
et al., 2012) to test whether the differentiation potential was preserved after the CRISPR/Cas9-

mediated genomic manipulation.

Il. Secondly, an atrial differentiation protocol was established to facilitate characterisation of

the atrial-specific reporter lines using the MYL7-mClover line as a model.

lll. Thirdly, the CMs differentiated from each reporter line (by either the ventricular or atrial
protocol) were analysed by gPCR, WB, fluorescent microscopy and FACS to investigate
whether the expression of the fluorophore represents the expression of the target gene and

faithfully indicates the respective CM subtype.
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4.2 MYL7-mClover line

The heterozygous MYL7-mClover reporter iPSC line (clone 11B) showed a normal
differentiation potential with spontaneous contraction visibly detected approximately from day

8-9 by the ventricular differentiation protocol.

4.2.1 Optimisation of retinoic acid (RA)-induced atrial differentiation

Establishment of an atrial differentiation protocol could be useful for characterisation of atrial
reporter systems including the MYL7-mClover. The response of the reporter marker to the
atrial differentiation could determine if the tested system represents the atrial lineage. Previous
works suggested that retinoic acid (RA) signalling during the mesodermal stage (equivalent to
day 3-5 in this study) is a prerequisite for atrial specification in IPSC-CM differentiation

(Cyganek et al., 2018, Zhang et al., 2011, Lee et al., 2017).

4.2.1.1 Transcriptional expression of atrial and ventricular markers in response to RA

Four conditions of 1 yM RA supplementation were tested for optimisation for both the onset
of the induction time point and the treatment length during the MYL7-mClover iPSC-CM
differentiation, including days 3-7, days 3-9, days 4-7 and days 4-9 (Figure 4-1A). The
differentiated cells were collected for analysis of gene expression at day 30 of differentiation

by gPCR.

There was no change in pan-cardiac marker ACTN2 expression in any treatment condition
(Figure 4-1B), indicating that RA did not dramatically disturb the differentiation process. It was
clearly shown that RA effectively suppressed the ventricular gene programme (IRX4, HEY2
(hairy/enhancer-of-split related with YRPW motif protein 2) and MYL2) irrespective of the
treatment conditions (Figure 4-1D). In contrast, there was a slight difference in atrial marker
expression (MYL7, NR2F2, KCNJ3 (inward rectifier K* channel subfamily J Member 3), PITX2
and MYHG6) (Figure 4-1C) between the RA conditions where the treatment on days 3-9 exerted
the highest upregulation effect. Thus, days 3-9 condition was used as a standard condition for

atrial differentiation in the subsequent experiments.
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Figure 4-1 Gene expression profile for atrial differentiation in day 30 MYL7-mClover iPSC-CMs.
A) Schematic of RA treatment conditions with respect to the days in the conventional (ventricular) iPSC-
CM differentiation protocol. DMSO D3, DMSO treated on days 3-6; DMSO D4, DMSO treated on days
4-6; RA D3, 4-days, RA-treated on days 3-7; RA D3, 6-days, RA-treated on days 3-9; RA D4, 3-days,
RA-treated on days 4-7; RA D4, 5-days, RA-treated on days 4-9. B) Pan-cardiac marker. C) Atrial
markers D) Ventricular markers. Each dataset was obtained from different wells of differentiation using
a single batch of iPSC. n=3, mean + S.D. one-way ANOVA with Turkey’s post-hoc. All expression levels
were made relative to the DMSO D3 condition.
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4.2.1.2 Protein expression of atrial and ventricular myosin light chains in response to

RA

Protein from day 30 iPSC-CMs treated with RA (days 3-9 condition) was obtained for WB
analysis (Figure 4-2). The ventricular light chain MYL2 expression level was almost completely
undetectable, thereby confirming that ventricular gene programme was shut down.

Meanwhile, the atrial light chain MYL7 was upregulated.
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Figure 4-2 Protein expression analysis of atrial differentiation in day 30 MYL7-mClover iPSC-
CMs. The cells were treated with RA (+RA) or without RA (control). A) WB. B) Quantification of protein
from A as normalised by GAPDH. C) Quantification of protein from A as normalised by ACTN2. Since
there was a reduction in ACTN2 by RA treatment observed in B, normalisation by ACTN2 may provide
a more sensible comparison with respective to CM cell population. Each dataset was obtained from
different wells of differentiation using a single iPSC batch. Mean + S.D., n=3, Student t-test.
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4.2.1.3 Effect of RA on cell size

Day 30 iPSC-CMs treated with RA were fixed and measured for cell area. RA induced a

significant cell area reduction as compared to the non-treated control (Figure 4-3).
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Figure 4-3 Quantification of cell area of day 30 MYL7-mClover iPSC-CMs upon atrial induction.
+RA, RA treated; control, RA untreated. Each dataset was obtained from a single well of differentiation.
Mean + SD, n control = 80, n RA = 80, U-test.

4.2.1.4 Effect of RA on Ca?* transient dynamics

To investigate the consequence of RA on the calcium dynamics, day 33 iPSC-CMs were
transduced with adenoviruses carrying a fluorescent Ca?* indicator RGECO. 48 hr after the
viral transduction, videos of fluorescence oscillation behaviour were collected at 2 Hz pacing
for CalTrack analysis (Psaras et al., 2021). It is worth noting that the RA treatment caused an
apparent acceleration in spontaneous contraction rate beyond the capacity of the
physiological pacing condition 1 Hz. The minimum working pacing frequency for the RA-
treated cells was 2 Hz, which was used as a standard condition for the subsequent functional

studies.

CalTrack suggested that RA significantly shortened the Ca?* transient length (Figure 4-4A &
B). This was supported by the reduction in the computed Ca?" transient duration (CD),
especially CD at 90% and 50% of Ca?* decay (Figure 4-4C). The change in the CD parameters
were further explained by a summation of both the faster Ca®* release as illustrated by the

shortened time to Ca?" peak, especially the time to 90% of the peak (Figure 4-4D), and the
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faster Ca?" reuptake as suggested by the shortened time to Ca?* decay, especially the times

to 90% and 50% Ca?* decay (Figure 4-4E).
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Figure 4-4 Ca?* transient analysis of day 35 MYL7-mClover iPSC-CMs differentiated with or
without RA treatment. A) Representative kymograph and intracellular, raw fluorescent Ca?* traces. B)
Normalised mean Ca?* traces. C) Ca?* transient duration (CD), CD at 10% decay (CD1o), CD at 50%
decay (CDso) and CD at 90% decay (CDeo). D) Time to Ca?* peak (Ton), time to 10% Ca?* peak (T1o0n),
time to 50% Ca?* peak (Tsoon) and time to 90% Ca?* peak (Tooon). E) Time to Ca2* decay (Toff), time to
10% Ca?* decay (T1iooff), time to 50% Ca?* decay (Tsooff) and time to 90% Ca?* decay (Tsoofr). Each
dataset was obtained from different cells from a single well of differentiation. Mean £ S.D., n control =
30, n RA = 37, Student t-test (CD1o0, CDso, Ton, T10on, T500n, T500ff, Toooff) OF U-test (CD, CDgo, Toaoon, Toff,
T100ff).

4.2.1.5 Effect of RA on contractility

To investigate the consequence of RA on contractility, day 33 iPSC-CMs were transduced
with adenoviruses carrying mScarlet-ACTN2. 48 hr after the viral transduction, videos of
ACTN2-visualised sarcomeric contractile behaviour were collected at 2 Hz pacing (Figure 4-

5A) for SarcTrack analysis (Toepfer et al., 2019).

SarcTrack identified no changes in the sarcomere length (Figure 4-5B & C) and the standard
deviation of the sarcomere length (Figure 4-5D & E) between the cells with and without RA
supplementation at both the contraction state and the relaxation state, indicating normal
sarcomere maturation upon the RA treatment. The RA-treated cells displayed faster
contraction (Figure 4-5F) and relaxation kinetics (Figure 4-5G) without a change in the

fractional shortening (Figure 4-5H).

Overall, the observed increased atrial marker expression, suppressed ventricular marker
expression, CM hypotrophy, shortened Ca?* transient duration and accelerated sarcomere
contraction and relaxation kinetics were suggestive of atrial-like characteristics of the RA-
treated cells (Cyganek et al., 2018).
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Figure 4-5 Contractility analysis of day 35 MYL7-mClover iPSC-CMs differentiated with or
without RA treatment. A) Representative live cell images with fluorescently-labelled ACTN2. Scale
bar = 10 ym. B) Minimum sarcomere length (SL) at contraction state. C) Maximum SL at relaxation
state. D-E) S.D. of SL at D) contraction state and E) relaxation state. F) Contraction time. G) Relaxation
time. H) Fractional shortening (contractility). Each dataset was obtained from different cells from a single
well of differentiation. Mean £ S.D., n control = 26, n RA = 36, Student t-test (B, D, E, F, H) or U-test (C,
G).
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4.2.2 Correlation between mClover and MYL7 expression

RNA samples from cells differentiated using the ventricular protocol for 0, 3, 5, 10, 15 and 30
days were harvested for gPCR. The expression pattern of mClover followed that of MYL7
which became detectable from day 3 and continuously increased until reaching a plateau at
day 30 (Figure 4-6A). Meanwhile, the onset of expression of pan-cardiac markers ACTN2 and
TNNT2 was approximately at day 5 after which the expression steadily increased. The
mClover and MYL7 expression showed a positive correlation (Pearson correlation coefficient,

r = 0.88) (Figure 4-6B), suggesting that mClover mirrored the MYL7 expression at the RNA

level.
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Figure 4-6 Relationship between MYL7 and MYL7-driven mClover expression. A) Time course
expression of MYL7, mClover, TNNT2 and ACTN2 between day 0 and day 30 of differentiation. n=3 for
each time point acquired from different wells using a single iPSC batch, mean + S.D. B) Correlation
analysis of the MYL7 and mClover expression. n=27, Pearson’s correlation coefficient (r). Each datum
point was collected from various time points from different wells of differentiation using a sing iPSC
batch. All expression levels were made relative to the day 0 time point.

4.2.3 Response of mClover transcriptional and protein expression to atrial

differentiation

RNA and protein samples from cells differentiated by the ventricular and atrial protocols for 30

days were harvested for gPCR and WB analysis, respectively.
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gPCR suggested that the atrial induction increased the mClover expression (Figure 4-7). This
effect was closely similar to the level observed in MYL7, highlighting mClover as being a
marker for MYL7 gene expression.
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Figure 4-7 mClover transcriptional expression in day 30 MYL7-mClover iPSC-CMs upon RA-
mediated atrial differentiation. Control, DMSO-treated; +RA, RA-treated. Mean + S.D., n=3, Student
t-test. Each dataset was obtained from different wells of differentiation using a single iPSC batch.
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Figure 4-8 mClover protein expression in day 30 MYL7-mClover iPSC-CMs upon RA-mediated
atrial differentiation. A) WB. B) Quantification of protein from A as normalised by GAPDH. C)
Quantification of protein from A as normalised by ACTN2. Since there was a reduction in ACTN2 by RA
treatment observed in B, normalisation by ACTN2 may provide a more sensible comparison with
respective to CM cell population. Control, non-treated; +RA, RA-treated. Each dataset was obtained
from different wells of differentiation using a single iPSC batch. Mean + S.D., n=3, Student t-test.
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At the protein level, RA also upregulated the mClover expression to the similar level observed
in MYL7 (Figure 4-8). Notably, the data other than mClover/mClover were adapted from Figure

4-1 and Figure 4-2 as they were derived from the same cell source.

4.2.4 Investigation of mClover fluorescence expression by microscopy

The ultimate aim of generating the MYL7-mClover reporter line is purification of live atrial-like
iPSC-CMs using FACS. Thus, it is important to first investigate if the mClover fluorescence

can be visualised and whether its intensity is enhanced by the atrial differentiation protocol.

Live cell imaging (day 30) suggested a well-to-well variation of the mClover fluorescent
intensity when the cells had been differentiated by the atrial protocol (Figure 4-9). Most of the
cultures displayed average mClover expression, which was comparable to those differentiated
by the ventricular protocol, whilst only 2 or 3/12 wells showed an obvious increase in the
fluorescent signal. The mClover fluorescence diffused throughout the cytosol within the live

cells.

As the MYL7-mClover reporter line was also used for the subsequent IF and FACS assays, it
is worth investigating whether the mClover fluorescence is preserved upon fixation. Overall,
the fluorescence was faintly detectable in fixed iPSC-CMs (day 30)(Figure 4-10), possibly
explainable by a disruption of the mClover structure by paraformaldehyde (Park et al., 2019).
There was no clear difference in the fluorescent intensity between the atrial and ventricular
differentiation. The fluorescent signal was enriched within the sarcomere structure (marked by
ACTN2 immunostaining) and nucleus (marked with DAPI), indicating that the monomeric
mClover molecule was small enough to freely move into the nucleus in the fixed cells. mClover
was specifically expressed in ACTN2-positive CMs but was unobservable in other cell types

(ACTN2-negative), highlighting the (MYL7-driven) mClover as being a CM-specific marker.
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Figure 4-9 Live cell imaging of day 30 MYL7-mClover iPSC-CMs differentiated by the atrial and
ventricular protocols. KOLF2-C1 cells were the non-fluorescent parental line where the MYL7-
mClover reporter line was derived from. Scale bar 10 ym. Each Atrial set of images was acquired from
different wells of differentiation using a single iPSC batch.
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Figure 4-10 Immunofluorescent images of day 30 MYL7-mClover iPSC-CMs differentiated by the atrial and ventricular protocols. IF staining of
sarcomeric ACTN2 and nuclei (DAPI). mClover fluorescence was directly visualised using a fluorescein-specific filter set. Merge is an overlay between mClover
and ACTNZ2 images. Zoom images were digital zoom images from the square area destined in Merge. Scale bar 10 pm. Arrows indicate non-CMs (ACTN2-
negative) with no expression of mClover.
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4.2.5 Investigation of mClover fluorescence expression by FACS

Understanding how the mClover fluorescence correlates with the MYL7 expression especially
upon the atrial induction ensures a success in live cell sorting for enrichment of the atrial-like
subtype. However, the endogenous MYL7 proteins are distinguishable by the FACS machine
only if fluorescently labelled. To avoid the potential masking effect of the fixative, mClover is
also needed to be immunofluorescently labelled. In addition, the length of culture time seems
to compromise with the iPSC-CM viability during cell preparation prior to live cell sorting. To

address this concern, early stage iPSC-CMs were used in FACS analysis.

In this experiment, day 25 MYL7-mClover reporter iPSC-CMs from a single well of
differentiation were fixed, stained for ACTN2, MYL7 and mClover and analysed by FACS.
Almost all of the cells differentiated using the ventricular (97%) and atrial (94.5%) protocols
were positive for MYL7 expression (Figure 4-11A & B). There was no clear difference in the
MYL7 expression levels observed between the two conditions, except a slight shift of the
population toward higher expression by the atrial induction (Figure 4-11C). Similarly, the
mClover staining suggested no change in mClover expression level by the atrial induction,
except a slight shift of the population toward higher expression (Figure 4-12). Overall, the
expression of mClover was low and its pattern was not obviously separated into two distinct
groups of high/positive expression and low/negative expression. The expression of MYL7 and
mClover seemed to correlate with each other, highlighting mClover as being a marker for
MYLY. The double staining of ACTN2 and mClover (Figure 4-13) agreed with the pattern seen
in the mClover single staining. Almost all of the cells expressed ACTN2 either from the atrial
differentiation (99.5%) or ventricular differentiation (99.1%), indicating no adverse effect by
RA on differentiation potential. Within the ACTN2 positive population, there was no clear
difference in the mClover expression observed between the differentiation conditions, except
a slight shift of the population toward higher expression by the atrial induction. All in all, it is
likely that the atrial induction by RA had a small or no effect on MYL7 and mClover expression

in this fluorescent reporter line.
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Figure 4-11 FACS analysis for MYL7 expression of day 25 fixed MYL7-mClover iPSC-CMs differentiated c
by the atrial and ventricular protocols. The cells were fixed and stained for MYL7. A) Ventricular-like MYL7-
mClover iPSC-CMs. B) Atrial-like MYL7-mClover iPSC-CMs. C) Overlay of histogram from A (gray) and B (blue).
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Figure 4-12 FACS analysis for mClover expression of day 25 fixed MYL7-mClover iPSC-CMs differentiated by the atrial and ventricular
protocols. The cells were fixed and stained for mClover using anti-GFP antibodies. The first inputs were the gated single cells described in Figure
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Figure 4-13 FACS analysis for ACTN2 and mClover expression of day 25 fixed MYL7-mClover iPSC-CMs differentiated by the atrial and
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FACS analysis in the live ventricular-like cells showed a similar pattern of mClover expression
in day 20 MYL7-mClover iPSC-CMs (Figure 4-14) as compared to the fixed cells (Figure 4-
14). Overall, the fluorescence was not strong and there was a gradient of the fluorescent
intensity with no clear boundary between negative and positive fractions observed,
challenging the mClover gating. The density plot may suggest two distinct populations but they
cannot be simply gated using the parental KOLF2-C1 line as a negative control. However,
using this gating strategy approximately 11% can be determined as mClover positive

population.

It is worth nothing that the mClover fluorescent intensity of the live and fixed cells cannot be
directly compared due to several factors. In the fixed cells, the mClover expression was
measured indirectly using the GFP-specific antibodies and the signal was amplified by the
secondary antibodies. There were also differences in the FACS machines used for the two
experiments (Chapter 2) and voltage setting for each parameter measured. Further, only
approximately 3.63% (Figure 4-14) can be gated as CMs in the MYL7-mClover reporter line
based on size because there were many cell clumps (whose size was beyond the
measurement window), debris and dead cells. Therefore, single cell preparation and
maintenance prior to and during live cell sorting require a substantial optimisation by e.g. using
a cell strainer and a contraction inhibitor “blebbistatin”, which has been shown to improve

single iPSC-CM’s viability (Li et al., 2021), respectively.
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Figure 4-14 FACS analysis for mClover expression of day 20 live MYL7-mClover iPSC-CMs differentiated by the ventricular protocol. The mClover
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4.3 HCN4-mScarlet line

The heterozygous HCN4-mScarlet reporter iPSC line (clone 4F-2D) showed limited cardiac
differentiation potential. Approximately 50% of the cell culture area could not develop beating
sheets of CMs after being differentiated using the ventricular protocol. The spontaneous

contraction was normally visible approximately from day 8-9.

4.3.1 Correlation between mScarlet and HCN4 expression

RNA samples from cells differentiated for 0, 3, 5, 10, 15 and 30 days were harvested for gPCR
analysis. The expression pattern of mScarlet followed that of HCN4. It became detectable at
day 5 and continuously increased until day 10, after which both expression levels declined
(Figure 4-15A). The onset of the expression of pan-cardiac marker ACTN2 was approximately
day 5, after which a sigmoid-like growth was observed. The expression pattern of ACTN2 in
the HCN4-mScarlet reporter line was similar to those presented in the MYL7-mClover line.
However, the maximum ACTN2 expression level in the HCN4-mScarlet line was
approximately 10 times lower than the level seen in the MYL7-mClover line (Figure 4-6),
highlighting the low cardiac differentiation potential. The mScarlet and HCN4 expression
showed a positive correlation (r = 0.93) (Figure 4-15B), suggesting that mScarlet likely

reflected the HCN4 expression at the RNA level.
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Figure 4-15 Relationship between HCN4 and HCN4-driven mScarlet expression. A) Time course
expression of HCN4, mScarlet and ACTN2 between day 0 and day 30 of differentiation. n=3 for each
time point acquired from different wells using a single iPSC batch, mean = S.D. B) Correlation analysis
of the HCN4 and mScarlet expression. n=15, Pearson’s correlation coefficient (r). Each datum point
was collected from various time points from different wells of differentiation using a single iPSC batch.
All expression levels were made relative to the day 0 time point.
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4.3.2 Investigation of mScarlet fluorescence expression by microscopy

Live cell imaging of day 23 HCN4-mScarlet iPSC-CMs differentiated by the ventricular protocol
showed that the mScarlet fluorescence can be detected in most of the contracting area of CMs
with higher intensity in some specific area (Figure 4-16), likely suggesting that (HCN4-driven)

mScarlet (or the endogenous HCN4) was commonly expressed in iPSC-CMs.

Nuclei mScarlet

Merge Bright field

Figure 4-16 Live cell imaging of day 23 HCN4-mScarlet iPSC-CMs. Note: KOLF2-C1 iPSC-CMs
were used a negative control for mScarlet fluorescence (nhot shown). Scale bar 40 ym.
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4.3.3 Investigation of mScarlet fluorescence expression by FACS

Day 25 HCN4-mScarlet iPSC-CMs from a single well of ventricular differentiation were fixed,
stained for ACTN2 and analysed by FACS. Only 30.3% of the total differentiated cells were
gated as CMs based on size compared to 75.8% in the KOLF2-C1 iPSC-CMs. Within the
gated CMs population, only 78.5% of the cells were stained positive for ACTN2 compared to
98.9% in the KOLFC2-C1 iPSC-CMs (Figure 4-17A&B), underlining the aforementioned
differentiation defect. Within the ACTN2 positive population, there was a gradient of the
mScarlet fluorescent signal detected but there was no clear boundary between mScarlet
positive and mScarlet negative populations. Using the parental KOLF2-C1 as a negative
control, approximately 29% of the population (gated based on the density plot, Figure 4-16A
& B) or 40% (gated based on the histogram, Figure 4-17C) showed a positive expression for
mScarlet, which may indicate those cells expressing higher level of (HCN4-driven) mScarlet.
This mScarlet-high population may either represent nodal-like subtype population or generally

reflect the variation of mScarlet or HCN4 expression within iPSC-CMs.

FACS analysis in the live cells showed a similar pattern of mScarlet expression in day 20
HCN4-mScarlet iPSC-CMs (Figure 4-18) as compared to the fixed cells (Figure 4-17). No clear
boundary between mScarlet negative and positive fractions was observed, challenging the
mScarlet gating. However, using the parental KOLF2-C1 as a negative control, approximately
25% (based on the density plot) or 18% (based on the histogram) can be gated as mScarlet

positive population.

Notably, only approximately 12.5% can be gated as live CMs based on size in the HCN4-
mScarlet reporter line. Single cell preparation and maintenance prior to and during live cell
sorting need further optimisation to improve the yield of CMs, possibly by using a cell strainer

and blebbistatin treatment, respectively.
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Figure 4-18 FACS analysis for mScarlet expression of day 20 live HCN4-mScarlet iPSC-CMs differentiated by the ventricular protocol. The
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4.4 PITX2-mClover reporter line

Both homozygous PITX2-mClover line clones 3D-3H and 3D-6C were unable to differentiate

into CMs using the ventricular protocol. Hence, this project was terminated at this stage.

4.5 MYL2-mClover reporter line

As presented in Chapter 3, both the heterozygous MYL2-mClover line clones 6F and 11C
contained undesired deletions at the MYL2 C-terminus on the non-targeted alleles, posing a

concern over a loss of function.

Both clones were differentiated using the ventricular protocol. The clone 6F, with a minimal
CRISPR-related deletion, was well differentiated with an onset of spontaneous contraction at
~ day 8-9. gPCR analysis of day 25 cells showed the expression levels of MYL7, ACTN2 and
TNNT2 nearly comparable to those detected in the parental KOLF2-C1 line (Figure 4-19).
Despite the presence of the transcripts, both MYL2 and mClover proteins were not detected

by WB (Figure 4-20).
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Figure 4-19 RNA expression of day 25 MYL2-mClover iPSC-CMs differentiated by the ventricular
protocol. While the clone 6F had normal MYL2 and mClover expression (orange bar), the clone 11C
clearly lacked expression of such markers (grey bar with arrow). All expression levels were made
relative to KOLF2-C1 (blue bar), except that analysis of mClover was made relative to the reporter clone
6F. Each dataset was obtained from different wells of differentiation using a single iPSC batch. n=3,
mean = S.E.
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Figure 4-20 WB analysis of day 25 MYL2-mClover iPSC-CMs differentiated by the ventricular
protocol. Both engineered clones 6F and 11C did not express mClover and MYL2. MYL7-mClover
(+RA) was used as a positive control for mClover expression while KOLF2 C-1 was used as a positive
control for MYL2 expression. Each dataset was obtained from different wells of differentiation using a
single iPSC batch

The clone 11C, with a deletion of the whole exon 7, exhibited a severe defect in cardiac
differentiation potential with only a few numbers of cells displaying a late onset spontaneous
contraction (approximately day 11-13). qPCR analysis of day 25 cells, despite the normal
ACTN2, TNNT2 and MYL7 expression profile, clearly indicated abolished MYL2 and mClover

expression (Figure 4-19), in agreement with the WB result (Figure 4-20).

Since both clones lacked the fluorophore expression at the protein level, they were no longer
qualified as fluorescent reporter systems. Considering both the challenging targeting approach
discussed in Chapter 3 and the incorrectly engineered 6F and 11C clones presented in this

chapter, this fluorescent reporter iPSC-CM project was terminated at this stage.

4.6 Discussion

iPSC-CMs are increasingly exploited to model cardiac disease and hold promise in drug
development. Although it is commonly accepted that iPSC-CMs behave differently from the
adult CMs in certain aspects (including immaturity, high variability within the population and
spontaneous contraction), the ability to work with human cells bearing a disease causing
mutation on the correct genetic background, makes them a very attractive model. Still, their
population heterogeneity poses a challenge for their subtype-specific phenotypic study.
Fluorescent reporter lines are one of the tools that could be potentially used to address this

problem. Genetic markers which are uniquely expressed in a certain CM-subtype can be
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fluorescently labelled and hence, the fluorescent cells can be visibly distinguishable and
isolated by FACS technique. However, it is imperative to validate if the selected genetic marker
and the fluorescent reporter reliably allow identification of the desired subtype in the iPSC-CM

setting.

In this chapter, the atrial-specific MYL7-mClover and PITX2-mClover, ventricular-specific
MYL7-mClover and nodal-specific HCN4-mScarlet fluorescent reporter iPSC lines were
differentiated into CMs by the ventricular differentiation protocol (Lian et al., 2012). These CMs
were assayed by qPCR, WB, fluorescent microscopy and FACS to elucidate if each reporter
system represents phenotype(s) resembling the respective CM subtype. For the MYL7-
mClover line, an atrial differentiation protocol by RA induction was also established and used

to help characterise the atrial-related phenotypes.

1) Establishment of atrial differentiation protocol

RA supplementation during the day 3 to 9 of differentiation by the ventricular protocol in the
MYL7-mClover iPSC-CM was shown to suppress expression of the ventricular markers
(HEY2, IRX4 and MYL2) and promote expression of the atrial markers (MYL7, KCNJ3, MYHS6,
NR2F2 and PITX2). At the functional level, it induced abbreviated Ca?* transient kinetics,
sarcomere contraction kinetics and sarcomere relaxation kinetics. Morphometrically, it caused
a reduction in CM size. All of these changes represent atrial-like characteristics (Cyganek et

al., 2018, Bird et al., 2003, Lemme et al., 2018).

Il) Characterisation of MYL7-mClover line

The heterozygous MYL7-mClover line (clone 11B) displayed a normal CM differentiation
potential when the cells were differentiated by the ventricular protocol. Correlation analysis
suggested that the transcriptional expression of mClover mirrored the expression of MYL7.
MYL7 and mClover responded positively to the RA-induced atrial differentiation but the
changes were not robust, perhaps due to the iPSC-CM immaturity (Gunawan et al., 2021).

Despite the increase detected by WB, both the MYL7 and mClover protein expression profiles
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could not be distinguished by FACS analysis between the atrial and ventricular differentiation
conditions, questioning the reliability of MYL7 as an atrial-specific marker in iPSC-CMs. The
comparable mClover fluorescence between the two differentiation conditions in the
immunofluorescent images may be attributable to a loss of fluorescent signals because
paraformaldehyde disrupts the structure of green fluorescent protein (Park et al., 2019).
However, this does not explain the situation in the FACS analysis as the mClover expression
was measured indirectly using the specific antibodies. As illustrated by live cell imaging, the
atrial induction caused a well-to-well variation in the mClover fluorescence intensity even when
the cells were derived from the same batch of iPSC. The majority of the cells differentiated by
the atrial protocol displayed mClover fluorescence at the comparable level observed from the
cells differentiated by the ventricular protocol. It is likely that the expression of MYL7/MYL7 in
the cells acquired for the FACS analysis did not strongly respond to RA. It would be interesting
to investigate if the atrial differentiation conditions e.g. RA concentration (Devalla et al., 2015)
could be further tuned to enhance the MYL7/mClover expression. However, such an
experiment would be challenging as it may require numerous batches of differentiation. In
addition, the iPSC-CM variation in gene expression could be addressed by an automated
culture system (Denning et al.,, 2016). This platform may ensure the consistency of the
mClover fluorescence expression, facilitating population gating via the FACS assay. Lastly,
the FACS analysis in the live ventricular-like cells showed a similar pattern of the mClover
expression to the fixed cells and suggested a low fluorescent intensity which challenged the
population gating and cell sorting. It would be interesting to investigate if the mClover signal
could be enhanced by the future RA treatment optimisation. Comparison of the expression
profiles of atrial/ventricular genes between the sorted mClover positive population and pre-
sort sample using the KOLF2-C1 line as a negative control for fluorescence would clarify

whether the MYL7-mClover reporter is useful for atrial-like cell purification.
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I1l) Characterisation of HCN4-mScarlet line

The heterozygous HCN4-mScarlet line (clone 4F-2D) showed a compromised differentiation
potential with half of the cell population failing to develop beating clusters when differentiated
using the ventricular protocol. The differentiation defect was also confirmed by FACS, where
the ACTN2 positive cells was less abundant as compared to the data from the parental
KOLF2-C1 line. This abnormality may be explained by non-genetic factors. Albeit carefully
avoided, high iPSC colony density and passage number can cause a variation in iPSC
differentiation potential (Rivera et al., 2020, Volpato et al., 2018). Nevertheless, time course
RNA expression analysis suggested that the expression of mScarlet positively correlated with
HCNA4, highlighting a faithful fluorescent reporter system. Live cell imaging and FACS analysis
of the live and fixed cells indicated that the mScarlet fluorescence was expressed in the
majority of the iPSC-CMs with a variation in expression level, emphasising that HCN4 is a
common channel in immature iPSC-CMs (Yechikov et al., 2016). Mature iPSC-CMs tend to
have lower rate of spontaneous contraction, which corresponds to the downregulation of
HCN4 in the majority of the cells (Bosman et al., 2013). However, its expression is still
maintained in nodal-like cells (Bosman et al., 2013). Comparative FACS analysis of
expression of the nodal-specific proteins (e.g. SHOX2 and ISLET1 (Ichimura et al., 2020)) of
HCN4/mScarlet-positive population between iPSC-CMs differentiated conventionally and
iPSC-CMs differentiated with a maturation-promoting condition e.g. 3-dimensional culture
(Denning et al., 2016) would clarify whether HCN4/mScarlet expression from the HCN4-
mScarlet reporter system enables identification and purification of mature, nodal-like cells.
Alternatively, a further investigation of how the mScarlet expression responds to a nodal
differentiation protocol (Yechikov et al., 2020) will indicate if the HCN4-mScarlet reporter is
specific to nodal-like cells. Nevertheless, these studies will require new clonal HCN4-mScarlet
reporter lines, which fully retain the cardiac differentiation potential, possibly obtainable by

subcloning.
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IV) Characterisation of PITX2-mClover line

The homozygous PITX2-mClover reporter line project (both clone 3D-3H and 3D-6C) was
terminated due to failure in CM differentiation when using the ventricular protocol. This defect
may be explained by poor handling or prolonged culture of iPSCs, loss of PITX2 function or
CRISPR off-target effects. Firstly, as discussed in Chapter 3, the additional P2A sequence in
the fluorescent reporter construct introduces extra amino acid(s) either at the C-terminus of
the target gene or at the N-terminus of the fluorophore. The C-terminus remnant of the P2A
peptide may alter the configuration of PITX2 and lead to a non-functional allele. The influence
of additional sequences, either N- or C-terminus, acquired from P2A cleavage, has been
largely unexplored and may vary from gene to gene. (Reinhardt et al., 2020) found that the
remaining N-terminal proline from P2A destabilised krupple like factor 4, leading to protein
degradation and loss of iPSC reprogramming capacity. Constitutive Pitx2 KO caused
embryonic lethality and atrial isomerism in a murine model, signifying the important role of this
gene in cardiac development and morphogenesis (Tessari et al., 2008). In addition, CM-
specific Pitx2 KO delayed CM maturation in the ventricles as illustrated by peri-membranous
ACTN2 localisation in contrast to Z-disc localisation in the mature stage (Tessari et al., 2008).
Nevertheless, PITX2 KO iPSCs retained their cardiac differentiation potential (Marczenke et
al., 2017). Therefore, loss-of-function less likely supports the defect in the PITX2-mClover line.
Secondly, the PITX2 CRISPR may exert off-target effects on the essential regulators of
cardiac differentiation e.g. BMP4 and fibroblast growth factor (Clowes et al., 2014). However,
all CRISPRs in this thesis were carefully selected based on criteria: high specificity and low

off-target scores predicted by http://crispor.tefor.net/. Thirdly, as discussed eatrlier, poor iPSC

handling or non-specific accumulation of karyotype aberrations in culture, can alter the
differentiation potential. Those having a poor differentiation potential may predominate the

iPSC population, leading to the complete loss of differentiation potential.
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V) Characterisation of MYL2-mClover line

The heterozygous MYL2-mClover reporter line clones 6F and 11C showed loss of both MYL2
and mClover protein expression at day 25 when differentiated by the ventricular protocol.
Therefore, they were no longer qualified as a fluorescent reporter. The loss of the protein
expression in the clone 11C was supported by the loss of the transcripts. The absence of
MYL2 expression is associated with the delay in differentiation in the clone 11 as this marker
tends to predominate in mature iIPSC-CMs (Piccini et al., 2015). Both clones contained
CRISPR-induced deletions at the C-terminus of MYL2 on the non-targeted alleles. These
undesired mutations truncate the third domain of Ca?* binding EF hand (residues 130-165,
Uniprot #P10916). A HCM-associated frameshift variant within this domain (c.431_432delCT)
has been shown to destabilise the MYL2 structure, leading to protein degradation and
aggregate accumulation (Manivannan et al., 2020). Thus, protein instability likely explains the
loss of MYL2 protein expression from the non-targeted allele in the clone 6F where its
transcript was present. However, the situation for MYL2 and mClover on the targeted allele is
complicated. The loss of mClover expression is likely related to the “translation fall-off”
mechanism. The translation may continue from the MYL2 sequence until reaching the P2A
cleavage site (i.e. the last proline residue). Here, the ribosome subunits disintegrate and the
translation is halted (Liu et al., 2017), resulting in only the MYL2 peptide being produced.
Given that the C-terminus is essential for the protein stability (Manivannan et al., 2020), the

additional sequences acquired from P2A may also induce MYL2 protein degradation.
4.6.1 RA-induced atrial cell specification

RA signalling plays an essential role in cardiogenesis. RA receptors form complexes with
retinoid X receptors. These complexes, in the presence of RA, function as transcription factors
which activate the expression of genes featuring RA responsive elements (Figure 4-21). In the
absence of RA, the complexes recruit transcription corepressors, which promote histone
deacetylase and Polycomb repressive complex 2 interaction at the target genes to silence
their expression (Zhao et al., 2020). RA biosynthesis disruption caused abnormal second heart
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field development in a mouse model, leading to impaired heart formation lacking the atrial

chamber(s) (Ryckebusch et al., 2008, Kruse et al., 2008).

. ) Atrial chamber specification
Retinol Atrial cardiomyocyte differentiation

Paracrine Hydroxy-RA

/

Transcription

Figure 4-21 RA signalling and its regulatory role in atrial lineage specification. Circulating retinol
binds to retinol binding protein 4 (RBP4) and is transported into the target cell by stimulated by retinoic
acid gene 6 reporter (STRA4). Retinol dehydrogenase (RDH), with the cellular retinol bind protein
(CRBP) aid, converts retinol into retinaldehyde, which can be further oxidised into RA by retinaldehyde
dehydrogenase (RALDH). RA translocates into the nucleus, with the cellular retinoic acid binding protein
(CRAPB) assistance, and binds to retinoic acid receptor (RAR). RAR forms an active complex with
retinoid X receptor (RXR) and turns on expression of genes under the control of retinoic acid responsive
element (RARE), including chicken ovalbumin upstream promoter transcription factor 1l (COUP-TFII)
encoded by the NR2F2 gene. Activated COUP-TFII is believed to mediate the atrial chamber
morphogenesis and atrial CM differentiation and also potentially suppress the RXR-mediated RA
signalling pathway. The excessive RA can be either secreted as a paracrine signal or degraded by
cytochrome P450 family 26 (CYP26). Taken from (Zhao et al., 2020)

Studies have suggested that RA supplementation during the mesodermal stage enables atrial-
like cell differentiation in iPSC-CMs and ESC-CMs (Cyganek et al., 2018, Zhang et al., 2011,
Lee et al., 2017). The underlying RA-induced atrial cell commitment mechanism is not well
understood but it may be associated with the activated NR2F2 pathway (Wu et al., 2013). CM-
specific Nr2f2 KO mice developed ventricularised atria, ventricular-like action potential and
extensive T-tubules with downregulation in atrial markers (Wu et al., 2013). Similarly, NR2F2
knockdown ESC-CMs showed downregulation of atrial-specific voltage-gated K* channel 1.5,

inwardly rectifying K* channels 3.1 (encoded by KCNJ3) and inwardly rectifying K* channel

3.4 (Devalla et al., 2015)
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In this chapter, RA was used to produce a specific phenotype in the MYL7-mClover fluorescent
reporter iPSC-CM line. Treatment of RA between days 3-9 successfully steered the CM
differentiation toward the atrial pathway as confirmed by the molecular, morphometric and

functional characteristics.

Activation of the atrial gene programme, including KCNJ3, PITX2, NR2F2 and MYH6, and
inhibition of the ventricular gene programme, including MYL2, HEY2 and IRX4, suggested that
RA molecularly induced a fate change toward atrial-like iPSC-CMs, which was previously
reported in other ESC-CMs and iPSC-CMs (Lemme et al., 2018, Lee et al., 2017, Cyganek et

al., 2018, Gunawan et al., 2021, Devalla et al., 2015).

Both primary human and rodent ventricular CMs have a more rectangular shape whereas
atrial CMs are smaller in size with a more spindle-like morphology (Bird et al., 2003,
Blackwood et al., 2020, Placki¢ and Kockskamper, 2018, Bogeholz et al., 2018).The significant
cell area reduction by RA supplementation during the MYL7-mClover iPSC-CM differentiation

therefore confirmed the morphometric change toward the atrial pathway.

Lastly, the RA-treated iPSC-CMs exhibited accelerated calcium cycling and sarcomere
contraction and relaxation, resembling functional characteristics of atrial-like CMs (Cyganek
et al., 2018, Lemme et al., 2018). These phenotypes can be explained by the role of RA in
regulating the Ca?* handling mechanism. KO of RA receptor a has been shown to modulate
SERCA expression, PLN phosphorylation and Ca?*/calmodulin-dependent protein kinase Il &
phosphorylation in mice, leading to delayed Ca?* reuptake and sarcomere relaxation (Zhu et
al., 2016). Phosphorylation of Ca?*/calmodulin-dependent protein kinase Il & is important for
its functions in activating several proteins involving in the Ca?" homeostasis such as RYR,
SERCA and LTCC (Zhang, 2017). Thus, overall, RA increases both the Ca?* release and
reuptake activities, resulting in abbreviated Ca?* transient kinetics. The Ca?* transient kinetics
positively correlates with sarcomere contraction and relaxation kinetics as troponin-calcium
binding is a pre-requisite for actomyosin crossbridges and subsequent myosin power stroke
(England and Loughna, 2013).
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4.6.2 MYL7 expression during in vitro atrial differentiation

The expression of MYL7, encoding the myosin regulatory light chain atrial isoform, is enriched
in the adult atria (Guo and Pu, 2020). Many previous works conclusively agreed on the effect
of RA supplement in suppressing the myosin regulatory light chain ventricular isoform MYL2
in ESC-CMs and iPSC-CMs (Gunawan et al., 2021, Lemme et al., 2018, Devalla et al., 2015,
Laksman et al., 2017, Cyganek et al., 2018, Schwach et al., 2022, Miao et al., 2020). However,
the reverse effect is only reported to a limited number for MYL7 (Lemme et al., 2018, Miao et

al., 2020, Cyganek et al., 2018).

MYL?7 is the predominant myosin regulatory light chain isoform in iPSC-CMs (Kamakura et al.,
2013). In the MYL7-mClover line, there was a continuous increase of the expression till day
30 of differentiation by the ventricular protocol. The expression of MYL7 in general ESC-CM
and iPSC-CM populations, independent of atrial or ventricular subtype, is considered as an
indicator for immaturity (Burridge et al., 2014, Fukushima et al., 2020, Zhang et al., 2009, Kim
et al., 2017, Kamakura et al., 2013) and it is interesting to investigate further at which day its
expression starts to decline in non-atrial subtypes. This situation recapitulates the embryonic
cardiac development, where Myl7 is expressed throughout the primitive heart tube (Kubalak
et al.,, 1994, Franco et al.,, 1998) and uniformly expressed in all chambers of the early
embryonic heart (mouse embryonic day 10.5) (Zammit et al., 2000). Myl7 is downregulated in
the ventricular chambers at approximately mouse embryonic day 12.5 (Zammit et al., 2000,
Chen et al., 1998), after which it becomes confined to the atria into adulthood (Kubalak et al.,

1994).
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Based on the FACS analysis, there were no clear difference in MYL7 and mClover expression
observed in the MYL7-mClover reporter line between the RA-treated and non-treated
conditions. Similarly, (Gunawan et al., 2021) showed that RA supplementation drove the atrial
differentiation in iPSC-CMs at both molecular and functional levels despite unaffected MYL7
expression. It is believed that the differential MYL7 expression may require additional
maturation. In support, (Cyganek et al., 2018) reported that the expression of MYL7 protein
in RA-treated iPSC-CMs increased with time in culture. Comparing MYL7 expression levels
between the control and RA-treated iPSC-CMs may need an observation at the optimal time
point where its expression is downregulated in non-atrial subtypes while specifically elevated

in the atrial subtype (Figure 4-22).

Relative MYL7 expression
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Figure 4-22 Proposed time course MYL7 expression in iPSC-CMs differentiated with and without
RA.

However, it would be challenging if live KOLF2-C1-derived iPSC-CMs need to be FACS-sorted
at the late stage for further study of the utility of the MYL7-mClover reporter line for atrial-like
cell isolation as they tend to be less viable during cell dissociation and post sorting. Maturation
methods other than prolonged culture e.g. 3-dimentional culture (Lemme et al.,, 2018,

Goldfracht et al., 2020) may be strategies worth exploring.

4.6.3 HCN4 expression during iPSC-CM maturation

To my current knowledge, there is no single specific biomarker for nodal cells and fluorescent

reporters for nodal-specific iPSC-CMs have not been extensively engineered and studied
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compared to the contractile subtypes. Identification of nodal cells usually relies on a set of
molecular markers such as HCN4, SHOX2 and ISLET1 and T-box 1 (Ichimura et al., 2020)

(Goodyer et al., 2019).

HCN4 is responsible for the nodal cell’'s automaticity (Klabunde, 2011). Interestingly, the
fluorescent mScarlet signal observed by microscopy in the day 25 live HCN4-mScarlet iPSC-
CMs was detected in most of the spontaneously contractile cells, suggesting that HCN4 may
be abundantly expressed in iPSC-CMs irrespective of subtype. This agrees with the FACS
analysis which showed no distinct mScarlet positive population but rather a gradient
fluorescent pattern, where those cells displaying higher mScarlet intensity may represent a
nodal-like population. (Yechikov et al., 2016) illustrated that not only iPSC-CMs exhibiting the
nodal-type electrophysiology were positive for HCN4 expression, but also those identified with

the atrial-type and the ventricular-type electrophysiology.

HCN4 expression in ESC-CMs and iPSC-CMs tends to be downregulated with time in culture
(Ichimura et al., 2020, Bosman et al., 2013, Yechikov et al., 2016, Sartiani et al., 2007), which
is likely consistent with the time-course analysis in the HCN4-mScarlet reporter line. Reduction
of HCN4 expression at the late time point is likely associated with iPSC-CM maturation. It is
suggested that HCN4 is first expressed in the first heart field progenitor. Subsequently, its
expression is downregulated in their atrial and ventricular CM progenies and becomes
restricted to nodal CMs (Spater et al., 2013). Caveolin 3 is a membrane protein whose
interaction with ion channels influences the biophysical properties of the ion current. HCN4-
calveolin3 compartmentalisation is only present in human adult CMs, not in foetal CMs
(Bosman et al., 2013). In ESC-CMs, this molecular interaction progressively develops in aged
cells. Loss of ubiquitous HCN4 expression and increase of HCN4-caveolin 3 interaction
correlate with slowed diastolic depolarisation and slowed spontaneous action potential firing

(Sartiani et al., 2007, Bosman et al., 2013), resembling mature CM phenotypes.
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4.6.4 Purification of iPSC-derived nodal-like cells

Purification of nodal-like iPSC-CMs may require further both maturation and nodal
differentiation protocol. iPSC-CM maturation is likely to cause HCN4 expression to be more
restricted to the nodal-like cells (Sartiani et al., 2007, Bosman et al., 2013), thus allowing the

HCN4-derived mScarlet expression to be specific to nodal-like cells.

Nodal-like cells are the rarest subtype derived from the iPSC-CM differentiation by the
ventricular protocol (Churko et al.,, 2018), making their purification yield relatively low.
Development of selective differentiation approaches may be necessary to achieve a scalable
iPSC-derived nodal-like cell production required for cardiovascular research but to date, such
knowledge is still largely incomplete. For example, (Schweizer et al., 2017) illustrated that
switching from serum-free medium to serum-rich medium coupled with visceral endoderm-like
cell co-culture directed the iPSC-CM differentiation toward the nodal-cell lineage as confirmed
by the nodal-type electrophysiology. A recent study has shown that inhibition of the NODAL
signalling favoured the iPSC-CMs differentiation toward the nodal lineages by suppressing the
PITX2 pathway (Yechikov et al., 2020). PITX2 is known to mediate downregulation of an
essential nodal transcription factor SHOX2 and the development of sinoatrial node on the left
atrium. (Liu et al., 2020) suggested an alternative way to promote nodal-like cell differentiation
in iPSC-CMs by simultaneous modulating BMP4, fibroblast growth factor and RA signalling
pathways. Inhibition of fibroblast growth factor and RA signalling are believed to effectively
suppress ventricular and atrial specification, respectively (Liu et al., 2020). As presented in
Chapter 1, BMP4 is a known factor enabling cardiac mesoderm induction. Maintained low
concentration of BMP4 during the cardiac mesoderm stage was shown to be important for

nodal-like cell population enrichment (Liu et al., 2020).

Even though the mScarlet expression mirrored the HCN4 expression at the transcriptional
level, the defective differentiation in the HCN4-mScarlet reporter iPSC-CM limited the
downstream application(s). Since the defect was not found in the whole culture, it is likely that
there was a heterogeneity in the differentiation potential. Poor iPSC handling may have
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introduced such effect. The loss of differentiation potential decreased the yield of both iIPSC-
CMs in general and nodal-like cells, hindering the development of a viable nodal cell
purification approach. IPSC subcloning may help to obtain a better performing clonal

fluorescent reporter line.

To sum up, both CM maturation and nodal-selective differentiation methods may be useful for
further development of an efficient iPSC-derived nodal-like cell purification method based on
the fluorescent HCN4-mScarlet reporter line. While the former increases the yield qualitatively,
the latter increases the yield quantitatively. The combination of using a nodal-specific reporter
line and optimised nodal differentiation approach has been recently shown to enable a
purification of nodal-like ESC-CMs in a SHOX2-eGFP/MYH6-mCherry dual reporter line

(Ghazizadeh et al., 2022).
4.6.5 Summary

In this chapter, the engineered atrial-specific MYL7-mClover, atrial-specific PITX2-mClover,
nodal-specific HCN4-mScarlet and ventricular-specific MYL2-mClover iPSCs were
differentiated into CMs using the conventional (ventricular) protocol. The first question was
whether these lines retained their cardiac differentiation potential after the genetic
manipulation. If this was the case, they were further characterised by focusing on the question
of whether the fluorescent reporter systems would be useful for representing the expected CM
subtypes. To help characterise the atrial reporter lines, an atrial differentiation protocol was

established by RA supplementation using the MYL7-mClover line as a testing model.

I. 1 yM RA supplementation during the days 3-9 was shown to exert highest upregulation
effect on the atrial markers (MYL7, MYH6, KCNJ3, NR2F2 and PITX2) and downregulation
effect on the ventricular markers (MYL2, HEY2 and IRX4). It also induced significant CM size
reduction, accelerated Ca?* transient dynamic, shortened sarcomere contraction time and
shortened sarcomere relaxation time, recapitulating the atrial-like characteristics. Thus, this

condition was used as a standard for the atrial differentiation.
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Il. The heterozygous MYL7-mClover reporter line was successfully differentiated into CMs by
both the ventricular and RA-induced atrial protocols. Time course analysis confirmed that the
mClover expression faithfully mirrored the expression of MYL7 by the ventricular differentiation
protocol. Though the RA induction was shown to mildly upregulate MYL7 and mClover by
gPCR and Western blot analyses, it failed to clearly demonstrate the differential expression
when analysed by FACS. It remains to be elucidated whether both MYL7 and mClover
expression during atrial differentiation could be further enhanced by tuning RA conditions e.g.
concentration or by iPSC-CM maturation. If such optimisations are possible, the MYL7-
mClover reporter line would be a useful and powerful tool to identify atrial-like cells based on
the mClover fluorescent Intensity. Isolating those cells displaying high fluorescent intensity

would allow atrial-like cell enrichment.

lll. Using the ventricular protocol, the heterozygous HCN4-mScatrlet reporter line showed an
intermediate degree of cardiac differentiation defect, which could be related to poor iPSC
handling or non-specific karyotype aberrations caused by prolonged culture. Time course
analysis confirmed that the mScarlet expression faithfully mirrored the expression of HCN4.
Live cell imaging and FACS analysis suggested that the HCN4-driven mScarlet may be
ubiquitously expressed in iPSC-CMs. It remains to study if either HCN4 or HCN4-driven
mScarlet expression better represents the nodal phenotype when iPSC-CMs mature or when
using nodal differentiation protocols. If such optimisations are possible, the HCN4-mScarlet
reporter line would be a powerful system for FACS-aided nodal-like cell purification.
Nevertheless, these future experiments need alternative clones of the fluorescent reporter line

with a full cardiac differentiation potential, which may be obtainable by iPSC subcloning.

IV. The homozygous PITX2-mClover reporter line failed to differentiate into CMs. Several
factors could possibly lead to such defect e.g. PITX2 loss-of-function, CRISPR off-target
effects or poor iPSC handing. The targeting strategy may need a revision for generating a new
line with retained cardiac differentiation potential before a correlation between the PITX2 and

mClover expression could be determined.
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V. The heterozygous MYL2-mClover line was able to differentiate into contractile CMs using
the ventricular protocol. However, the resultant iPSC-CMs did not express both MYL2 and
mClover at the protein level, thus these engineered lines cannot serve as fluorescent reporter
systems. In one clone, loss of the expressions can be explained by a delay in differentiation
while the situation in the other clone is complex due to the presence of their transcripts. In
addition, both clones contained CRISPR-related deletion mutations on the non-targeted
alleles. | believe that the loss of MYL2 in the later clone is associated with protein instability
induced by P2A (for the targeted allele) and the deletion mutation (for the non-targeted allele)
while the loss mClover is mediated by the translation fall-off mechanism. Until the genome-
editing is repeated to generate the initially intended reporter line, no conclusions can be drawn

about the ability of mClover to track the MYL2 expression.

In summary, out of the 4 engineered lines, only the MYL7-mClover and HCN4-mScarlet lines
were able to differentiate into beating CMs where the fluorescence reporters seem to track
expression of the endogenous genes. However, challenges around expression of the gene of
interest in the target subtype of CMs require further optimisations before the reporter lines can

be used for downstream applications.
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Chapter 5

TTNtv modelling in KOLF2-C1 iPSC-CMs

5.1 Introduction

Titin is a gigantic protein which plays roles in CM contraction, mechanosensing and signal
transduction (Herzog, 2018). Mutations that truncate this protein, or TTNtv, especially those
affecting the A-band region, have been identified as a major genetic cause of DCM (Roberts
et al., 2015, Herman et al., 2012). However, how TTNtv mediates the DCM pathogenesis is
largely unknown. The titin’s size, titin’s multiple isoforms and incomplete knowledge of the
protein in cardiac biology all have challenged the traditional ways for dissecting how TTNtv
produce the clinical phenotype. This chapter aims to address this by using CRISPR/Cas9

technology to model TTNtv in the iPSC-CM system.

Two rare TTNtv identified in DCM patients were of interest in this study. Firstly, the TTN
c.11952 C>A mutation introduces a premature stop codon into exon 49 (I-band) (Figure 5-1)
(Ahlberg et al., 2018). All exon annotation throughout this study is according to the total exon
numbering. Secondly, the TTN ¢.59926+1 G>A (rs553526525 C>T) mutation is located at the
intron following TTN exon 303 (A-band) (Figure 5-1), where it is predicted to cause protein
truncation through altered mRNA splicing (Hoorntje et al., 2018). Both mutations are
associated with early onset atrial fibrillation and incorporated into both the TTN N2-B and N2-
BA isoforms. gRNAs were designed to target both regions of interest. Only the one that
targeted the A-band TTNtv showed a reasonable efficiency. Hence, iPSCs -carrying
heterozygous and homozygous TTN ¢.59926+1 G>A were generated and differentiated into

CMs using the ventricular protocol (Chapter 2).
This chapter specifically investigates the following:
I. Whether TTN ¢.59926+1 G>A impairs sarcomere formation.

II. How TTN ¢.59926+1 G>A truncates titin protein.
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ii.) Whether TTN ¢.59926+1 G>A is associated with foetal gene programme remodelling.

c.11952C>A €.59926+1 G>A

Exon 49 Exon 303

Figure 5-1 Schematic illustration of TTN ¢.11952 C>A and ¢.59926+1 G>A locations with respect
to the TTN locus. TTN ¢.11952 C>A is a stop-gain variant in exon 49, causing I-band truncation. TTN
€.59926+1 G>A is a splice variant identified within the intron immediately downstream of exon 303,
causing A-band truncation.

5.2 CRISPR/Cas9-assisted generation of TTNtv iPSC line
5.2.1 CRISPR design

Each CRISPR was co-designed with Max Cumberland (University of Birmingham) to target
TTN ¢.11952 and ¢.59926+1 (Figure 5-2) and their respective gRNAs were synthesised by

IDT, with chemical modification to enhance their stability.

A CAGTGTTTATTACACTATCATTCATAACCCTAATGGCTCTGGAACTTTCATTGTCAAT

GTCACAAATAATGTGATAGTAAGTATTGGGATTACCGAGACCTTGAAAGTAACAGTTA

-

ENSTO00005631319.1

-

210 1 1 1 1 215 1 I. 1 1 220 1 1 1 1 225 1 1 1
Ser Val Tyr Tyr Thr Ile Ile His Asn Pro Asn Gly Ser Gly Thr Phe Ile wal Asn
A0

CRISPR
O
C.11952 C>A

B AATCAAGGCTTTGGATCCTCTCCGTAAGTTGCTTTCTCTGAATACAAAACTATTGT

TTAGTTCCGAAACCTAGGAGAGGCATTCAACGAAAGAGACTTATGTTTTGATAACSA

! L 95 L ! L !
Ile Lys Ala Leu Asp Pro Leu Arg Lys Leu Leu Ser Leu Asn Thr Lys Leu Leu |

[ -~~~ -~ - --------------- (in frame with exon) --
CRISPR |

m
C.59926+1 G>A
Figure 5-2 TTN CRISPR locations. A) TTN ¢.11952 CRISPR recognised the sequences within exon
49 and encompassed the target nucleotide. B) TTN ¢.59926+1 CRISPR recognised the sequences
within exon 303 and the intron lying immediately downstream of exon 303, covering the target
nucleotide.
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Each gRNA was reconstituted with either EnGen® Spy Cas9 NLS (NEB) or Alt-R® S.p. HiFi
Cas9 Nuclease (IDT) and electroporated into KOLF2-C1 cells. 48 hr post transfection, PCR
covering the CRISPR target regions using the primers hTTNF5/R5 (TTN ¢.11952) or
hTTNF6/R6 (TTN ¢.59926+1) were analysed for TIDE (Figure 5-3). The TTN ¢.59926+1
CRISPR had a higher efficiency than the TTN ¢.11952 CRISPR when using NEB Cas9 (15.2
vs. 1.7%) with enhanced performance when using IDT Cas9 (30.7%). Based on this, the TTN
€.59926+1 site was easier to target by CRISPR/Cas9 and thus was selected for modelling

TTNtv in iPSC-CMs using the tested gRNA and IDT Cas9.

A
c.11952 c.59926+1
NCT WT P NCT WT P
— NEB IDT NEB IDT
-—
— S am— 635 G s— e 637
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c.11952 c.59926+1
Total efficiency 1.7% N Total efficiency 15.2% | -
m £ e
Total efficiency 30.7%
- Poor trace S c
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Figure 5-3 TIDE analysis for gRNAs containing TTN ¢.11952 and ¢.59926+1 CRISPRs. A) PCR
products (635 bp for ¢.11952 CRISPR and 637 bp for ¢.59926+1 CRISPR) flanking the CRISPR target
regions 48 hr post RNP electroporation using EnGen® Spy Cas9 NLS (NEB) or Alt-R® S.p. HiFi Cas9
Nuclease (IDT). B) TIDE efficiency.

160



5.2.2 TTN ¢.59926+1 G>A donor design

200 nt of sequences flanking the CRISPR recognition site (sense strand) were chosen as a
ssODN donor for the targeted TTN ¢.59926+1 G>A change. A silent mutation (c.59910 G>A)
was additionally introduced into exon 303 to allow the recombinant mutant allele to be tagged
by a de novo Hindlll restriction site (Figure 5-4). The ssODN template was synthesised by

ThermoFisher.

BamHI MnlT

TGTTGAAACACCAAAACCAATCAAGGCTTTGGATCCTCTCCGTAAGTTGCTTTCTCTGAATACAAAAC
L 1 1 1 L 1 L 1 1 1 L 1 L 1

T T T T T T T i 1 t T t T
ACAACTTTGTGGTTTTGGTTAGTTCCGAAACCTAGGAGAGGCATTCAACGAAAGAGACTTATGTTTTG.

WT TTN locus

L L L 90 L L L L 95 L L L L
= Val Glu Thr Pro Lys Pro lle Lys Ala Leu Asp Pro Leu Arg Lys Leu Leu Ser Leu Asn Thr Lys L
os  rescoccoccccocococoosos (in frame with e:

CRISPR

HindIII  Alul BamHI MnlI

TGTTGAAACACCAAAACCAATCAAAGCTTTGGATCCT CTDI:i:ITAA GTTGCTTTCTCTGAATACAAAAC
: 1 : 1 ' 1 : 1 : 1 : 1 :

T T T T T T T T T T
ACAACTTTGTGGTTTTGGTTAGT‘I"IL}GF\F\P«CCTF\GGF\GAGG\I\QTTCAACGAHAGF\GACTTF\TGTTTTG.
SSODN L L L S0 L L L L 95 L L L L
2 Val Glu Thr Pro Lys Pro Ile Lys Ala Leu Asp Pro Leu His Lys Leu Leu Ser Leu Asn Thr Lys L
Js Pee—socccoscoosooooooos (in frame with e:

CRISPR

€.59910 G>A €.59926+1 G>A

Figure 5-4 TTN ¢.59926+1 G>A ssODN donor template design. The ssODN contained the TTN
€.59926+1 G>A mutation localised within the selected CRISPR recognition region and the additional
€.59910 G>A silent mutation within exon 303 for Hindlll digestion.

5.2.3 CRISPR/Cas9-assisted generation of TTNtv iPSC line

48 hr after RNP + ssODN electroporation, the pool of gDNA was amplified by PCR using the
primers hTTNF6/R6 and digested by Hindlll (Figure 5-5A). The two digested products (387
and 280 bp) directly indicated a successful ssODN incorporation and were indirectly
suggestive of a TTN ¢.59926+1 G>A change. Further analysis in isolated colonies found 15/89
(~17%) being positive for the integration, 14 (93.33%) of which showed incomplete digestion
(Figure 5-5B), indicative of heterozygous editing. A complete digestion was only observed in

the clone 1F, presumably indicative of homozygous editing (or heterozygous editing with a
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large deletion mutation on the non-targeted allele, which could not be detected by the
screening primers (Kosicki et al., 2018)).

A Il-|indIII

280bp | 357 bp
—» <« 637bp
| C.59926+1 G>A

Pooled screening for ssODN incorporation

Hindlll
637

357
280

ey

Figure 5-5 Genotypic screening for TTN ¢.59926+1 G>A change. A) Hindlll digestion screening on
PCR product encompassing the genomic TTNtv site in the pool of transfected iPSCs. Only PCR
products acquiring sSODN donor were cleavable by Hindlll. B) Hindlll digestion screening in isolated
iPSC colonies. NTC, no template control; P, pool of electroporated cells.

13 positive clones were expanded and genotypically confirmed by Hindlll digestion (Figure 5-
6A). Of these, 4 clones were sequenced to clarify the TTNtv zygosity (Figure 5-6B). Both
clones 10F and 11B displayed mixed nucleotides (C/T, anti-sense strand) at both TTN
€.59926+1 and ¢.59910, suggesting heterozygous clones. The clone 1F had a complete

162



change at both sites, thus considered as a homozygous clone. The clone 11A had an unusual
HDR outcome —the TTNtv site was biallelically incorporated yet the Hindlll site was likely only

present in one allele.

A
Hindlll
280bp | 357 bp
— > <«— 637hp
; cv59926+1 G>A
—
IF_1H 2F 9D 7G ¢ 9B 9C
637
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280
B TTNtv C>T Hindlll C>T

. AAA /\/\M\[\/\(\L\[\/\L\QM/\/\[\Z

T o1 AW I L
10F
AAN /\MAA/\[\AN\A/\/\/\/\A N\
T m o
11A
T 1 A|E m| -

RV /\{U\/\/\/\/\M\/\/\{w\/\/\/\/\ JAVAV,

Figure 5-6 Genotypic confirmation for TTN ¢.59926+1 G>A editing. A) Hindlll digestion on PCR
products encompassing the genomic TTNtv site i.e. spanning TTN exon 303-304 in isolated iPSC
colonies. Only PCR products acquiring ssODN donor were cleavable by Hindlll (357 and 280 bp). B)
Sequencing results of selected clones from A. 1F was homozygous for both the TTNtv and Hindlll sites
while 10F and 11B were heterozygous for both the TTNtv and Hindlll sites. 11A was homozygous for
the TTNtv site but heterozygous for the Hindlll site.
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5.2.4iPSC quality control

All clones (1F, 10F, 11A and 11B) passed iPSC quality checks. They had a normal karyotype
(Figure 5-7A) and retained expression of the pluripotency markers (OCT3/4, SOX2, SSEA4
and NANOG) (Figure 5-7B). It should be noted that the clone 11B had 1/25 cells with 47
chromosomes, but was considered karyotypically normal. The clone 1F, which was later called
the TTNtv homozygous line, and 11B, which was later called the TTNtv heterozygous line,
were selected for the subsequent experiments. The clone 11B was chosen rather than 10F

because 10F showed a slightly late onset of differentiation (11B ~ day 9-10 vs. 10F ~day 11-

12).
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Figure 5-7 TTN ¢.59926+1 G>A iPSC quality control. A) Distribution of chromosome count per cell.
B) Flow cytometry analysis of pluripotency marker expression. The smeary flow analysis plots were
considered as an antibody staining problem rather than a loss of expression as every clone shared the

same pattern.
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5.3 Characterisation of TTNtv iPSC line

5.3.1 Molecular characterisation of TTNtv

5.3.1.1 Effect of TTNtv on cardiac gene expression

Both heterozygous and homozygous TTNtv iPSCs were differentiated into CMs using the
ventricular protocol. RNA expression was quantified as compared to the WT background for
a number of cardiac genes at day 21 (Figure 5-8 & Figure 5-10) and day 31 (Figure 5-9 &

Figure 5-11) of differentiation.

Both time points showed no significant changes in the expression of pancardiac markers
(ACTN2, TNNT2 and NKX2.5) for both heterozygous and homozygous lines (Figure 5-8A &
Figure 5-9A), suggesting that TTNtv did not inherently silence genes involved in the CM

differentiation.

However, the homozygous line displayed changes in the expression of myofibrillar protein
isoforms. The early myosin heavy chain isoform MYH6 was found to be significantly
upregulated whilst the late isoform MYH7 was downregulated especially in day 21 (i.e.
reduced MYL7/MYHS ratio) (Figure 5-8B & Figure 5-9B), indicating delayed CM development.
The slight MYH7 upregulation in the day 21 samples and the slight MYH6 downregulation in
the day 31 samples of the heterozygous line were considered as a consequence of iPSC-CM

phenotypic variation.

Interestingly, the heart failure-associated foetal genes atrial natriuretic peptide (NPPA) and
brain natriuretic peptide (NPPB) (Chien et al., 1991, Rademaker and Richards, 2005) were
downregulated in the homozygous line at both time points (Figure 5-8C & Figure 5-9C). This
observed reduced expression may suggest that the TTNtv caused a delay in iPSC-CM
development. The heterozygous line showed a mild-but-significant NPPB upregulation (2-4
fold) in the day 31 samples which may be explained by variation within iPSC-CMs. With
regards to the lack of a support from NPPA, such change was not considered to reflect a

molecular remodelling associated with failing CMs.
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Figure 5-8 Transcriptional expression profile of day 21 TTN ¢.59926+1 G>A KOLF2-C1iPSC-CMs.
A) Pan-cardiac markers NKX2.5, ACTN2, and TNNT2. B) Heart failure markers NPPA and NPPB. C)
Myosin heavy chain isoforms: MYH6 and MYH7. All quantifications were made relative to the WT
control, except for the MYH7/MYH6 ratio. Each dataset was obtained from different wells of
differentiation using a single iPSC batch. n=3, mean = S.D., one-way ANOVA with Turkey’s post-hoc.
HET, heterozygous TTNtv; HOM, homozygous TTNtv.
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Figure 5-9 Transcriptional expression profile of day 31 TTN ¢.59926+1 G>A KOLF2-C1iPSC-CMs.
A) Pan-cardiac markers NKX2.5, ACTN2, and TNNT2. B) Heart failure markers NPPA and NPPB. C)
Myosin heavy chain isoforms: MYH6 and MYH7. All quantifications were made relative to the WT
control, except for the MYH7/MYH6 ratio. Each dataset was obtained from different wells of
differentiation using a single iPSC batch. n=3, mean + S.D., one-way ANOVA with Turkey’s post-hoc.
HET, heterozygous TTNtv; HOM, homozygous TTNtv.
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TTN can be expressed in many isoforms and it is interesting to study whether TTN ¢.59926+1
G>A has an effect on TTN isoform switching. To quantify TTN transcriptional levels, several
PCR probes were designed to target different constitutive exons (Figure 5-10 & 5-11). The Z-
disc probes (hTTN-qF1/R1) span exons 6-7, which were used to quantify all TTN isoforms
except the Cronos. The hTTN-gqF3/R3 probes which span exons 296-297 were used for
guantification of the A-band region upstream of the TTNtv site. The hTTN-qF4/R4 probes
which span exons 317-318 were used for quantification of the A-band region downstream of
the TTNtv site. The M-line probes (hTTN-qF6/R6) span exons 360-361. As there is no specific
exon for the Cronos isoform, the A-band probes and M-line probes were together used for
identification of alteration in the Cronos isoform expression. The hTTN-gF7/R7 probes
spanning exons 11-12 were used for quantification of the N2-BA isoform. The hTTN-qF9/R9
probes spanning exons 49-50 were used for quantification of overall cardiac-specific isoforms
(N2-B and N2-BA). Changes in N2-BA in combination with N2-BA/N2-B + N2-BA ratio were

used a determinant of changes in titin stiffness/compliance.

There was no dramatic change in TTN levels when observed using specific probes for the Z-
disc, A-band upstream of the TTNtv site, A-band downstream of the TTNtv site and M-line
regions in both the heterozygous and homozygous lines for both time points (Figure 5-10 & 5-
11), suggesting no alteration in the Cronos isoform expression or overall TTN expression. The
slightly increased Z-disc TTN expression in day 21 heterozygous samples and the slightly
decreased M-line TTN expression in day 31 homozygous samples were considered a
consequence of iPSC-CM phenotypic variation. There was an increase in TTN N2-BA level or
N2-BA/N2-B + N2-BA ratio in the homozygous line for both time points, which may reflect a

delay in CM development.
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Figure 5-10 TTN transcriptional levels of day 21 TTN ¢.59926+1 G>A KOLF2-C1 iPSC-CMs. PCR
probes were designed to be specifically spanning different pairs of exons responsible to the TTN
regions; Z-disc (exons 6-7), A-band upstream of the TTNtv site (exons 296-297), A-band downstream
of the TTNtv site (exons 317-318), and M-line (exons 360-361). The N2-BA probes (exons 11-12) were
localised within the Z-disc region. The probes spanning exons 49-50 were designed to target both the
cardiac specific N2-B and N2-BA isoforms. Each dataset was obtained from different wells of
differentiation using a single iPSC batch. All quantifications were made relative to the WT control, except
for the N2-BA/N2-B + N2-BA ratio. n=3, mean = S.D., one-way ANOVA with Turkey’s post-hoc. HET,
heterozygous TTNtv; HOM, homozygous TTNtv.
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Figure 5-11 TTN transcriptional levels of day 31 TTN ¢.59926+1 G>A KOLF2-C1 iPSC-CMs. PCR
probes were designed to be specifically spanning different pairs of exons responsible to the TTN
regions; Z-disc (exons 6-7), A-band upstream of the TTNtv site (exons 296-297), A-band downstream
of the TTNtv site (exons 317-318), and M-line (exons 360-361). The N2-BA probes (exons 11-12) were
localised within the Z-disc region. The probes spanning exons 49-50 were designed to target both
cardiac specific N2-B and N2-BA isoforms. Each dataset was obtained from different wells of
differentiation using a single iPSC batch. All quantifications were made relative to the WT control, except
for the N2-BA/N2-B + N2-BA ratio. n=3, mean * S.D., one-way ANOVA with Turkey’s post-hoc. HET,
heterozygous TTNtv; HOM, homozygous TTNtv.
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5.3.1.2 Effect of TTNtv on TTN exon splicing

Day 31 cDNAs were also used to investigate the consequence of TTN ¢.59926+1 G>A on
TTN exon 303-304 splicing. Reverse transcription PCR using the primers hTTNF6/F6
spanning exon 303-304 identified a different species of a TTN transcript from the cells that
harboured the TTNtv. This mutant TTN species was slightly higher in molecular weight as
compared to the WT TTN species (552 bp) (Figure 5-12A&B). The homozygous line
exclusively expressed the mutant TTN species while the heterozygous line expressed
approximately half WT and half mutant TTN species without affecting the overall TTN level
(Figure 5-12C). The equivalent expression of the two TTN species in the heterozygous line
indicated that there was no allelic imbalance observed and thus NMD may not play a role in

this titinopathy.

The PCR band of the mutant TTN transcript was also sequenced. The presence of TTN
€.59926+1 G>A retained the whole intron lying immediately downstream of exon 303 in the
transcript (Figure 5-13). The inclusion of the intron was predicted to introduce a premature

stop codon, thereby truncating the titin protein from the early A-band region.
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Figure 5-12 TTN ¢.59926+1 G>A caused changed TTN transcript species in KOLF2-C1iPSC-CMs.
A) Simplified genomic map over the TTNtv site illustrating PCR probes spanning exon 303-304. B)
Agarose gels showing amplified cDNA products of day 21 WT TTN, heterozygous TTNtv (HET) and
homozygous TTNtv (HOM) iPSC-CMs. The HOM line produced a higher molecular weight TTN
transcript (mutant, top band) than those of the WT TTN transcript (552 bp, lower band) whilst the HET
line expressed both the WT and the mutant TTN transcripts. C) Quantification of TTN transcriptional
levels from B as normalised to GAPDH. Total TTN was a summation of both the WT and mutant TTN
species. All quantifications were made relative to the WT control. Each dataset was obtained from
different wells of differentiation using a single iPSC batch. n=3, mean + S.D, one-way ANOVA with
Tukey’s post-hoc.
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Figure 5-13 TTN ¢.59926+1 G>A caused intronic retention in KOLF2-C1 iPSC-CMs. cDNA sequence from the mutant TTN transcript contained additional
85 nt downstream of exon 303, which was predicted to mediate A-band truncation by a premature stop codon following additional 15 amino acids (R-K-L-L-S-
L-N-T-K-L-L-F-D-C-L). The sequence was aligned against the WT TTN transcript and ssODN highlighting the additional G>A silent mutation for the Hindlll site.
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5.3.2 Functional and structural consequences of TTNtv

Both the heterozygous and homozygous lines were capable of being differentiated toward
CMs. However, no spontaneous contraction was observed in the homozygous line.
Meanwhile, the heterozygous line showed spontaneous contractile activity indistinguishable

from the WT control with the onset of contraction approximately at day 9-11.

Further Z-disc staining on day 31 samples using ACTN2 antibodies suggested no intact
sarcomere structure formed in the homozygous line (Figure 5-14A). Occasionally, there was
enriched staining detected at the sarcolemma. Meanwhile, there was no distinction in the Z-
disc striation between the heterozygous and the WT lines. Quantification of the cell size based
on this ACTNZ2 staining found a significant cell area reduction in the homozygous line but such
change was not detected in the heterozygous line (Figure 5-14B). The observed hypotrophy
may be associated with the lack of a proper myofibrillar alignment or immature phenotype of

iPSC-CMs (Jiang et al., 2018).
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Figure 5-14 TTN ¢.59926+1 G>A impaired sarcomere formation in KOLF2-C1 iPSC-CMs. A)
Representative sarcomeric ACTN2 IF images (green) of day 30 WT TTN, heterozygous TTNtv (HET),
and homozygous TTNtv (HOM) iPSC-CMs counter-stained with nuclear-specific DAPI (blue). Zoom are
digital zoom images from the square area destined in Merge. The HET line formed a relatively normal
sarcomere. The HOM line had no sarcomere but peri-membranous ACTN2 localisation (arrow). Scale
bar 10 pum. B) Quantification of cell area of ACTN2 immuno-positive iPSC-CMs. The HET line showed
a relatively normal cell size compared to WT control while the HOM line had a significantly reduced cell
area. Each dataset was obtained from different cells from a single batch of differentiation. n WT=80, n
HET=80, n HOM=80, mean  S.D., one-way ANOVA with Tukey’s post-hoc.
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5.4 Discussion

The study of titinopathy is challenging due to the gigantic size and isoform diversity of titin.
The conventional approaches to study TTNtv, the most common cause of DCM, have relied
on the availability of tissue biopsy, which is limited, or using animal models, which requires
ethical approval and may not faithfully recapitulate the human biology. Thanks to the advance
in iPSC technology, patient somatic cells can be reprogrammed into iPSCs from which CMs
bearing the disease causing mutation can be differentiated and studied. Alternatively,
pathogenic TTNtv mutations can be introduced into control iPSCs derived from healthy

individual(s) using genome engineering tools including CRISPR/Cas9.

In this chapter, heterozygous and homozygous TTN ¢.59926+1 G>A KOLFC2-C1 iPSC lines
were engineered using CRISPR/Cas9. Notably, the homozygous status described here was
based on genotyping using probes amplifying ~500 bp over the CRISPR target site, which
may not able to detect a CRISPR-related large deletion event (Kosicki et al., 2018). Thus, the
homozygous line could have either two targeted alleles or one targeted allele with a large
deletion on the non-targeted allele. Genotyping by a long range PCR, as described in Chapter
3, would further clarify the zygosity (Kosicki et al., 2018). Nevertheless, the TTNtv mutation
prevented RNA splicing between exons 303 and 304 and caused intronic retention, generating
a premature stop in the TTN transcript. This mutant transcript was predicted to bring about an
A-band titin truncation. The mutation did not absolutely abolish CM differentiation even in the
homozygous line but rather disrupted sarcomerogenesis, contributing to the lack of
spontaneous contraction. In addition, the homozygous TTNtv mutation appeared to be
associated with retained CM immaturity as suggested by the upregulation of foetal isoforms

MYH6 and TTN N2-BA and the downregulation of NPPA and NPPB.

There were no prominent phenotypes observed in the heterozygous line. Both the WT and the
mutant TTN transcripts were equally expressed without changing the total TTN transcription
levels. Haploinsufficiency by NMD mechanism thus may not be the main pathomechanism of
this specific titinopathy. There were no obvious alterations in sarcomere structure,
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spontaneous contraction capability and molecular remodelling. Since iPSC-CMs behave more
like immature CMs, it is possibly that the observations in this chapter may not completely
represent the phenotype in the patient’s adult cells. Modelling at a more mature stage may
enable better understanding of this disease-causing mutation. Moreover, the WT allele may
be capable of fully rescuing the functional performance in the optimal culture condition. There
may be (unexplored) hidden phenotypes which become explicit only upon pharmacological or

electromechanical challenges.

5.4.1 TTNtv pathogenesis

Although TTNtv, especially A-band truncation, have been identified as the major genetic
causes of DCM (Roberts et al., 2015, Herman et al., 2012), the mechanisms by which they
modulate DCM phenotype are debatable. The previous failures to detect truncated titin
proteins in affected DCM hearts had suggested titin haploinsufficiency as the disease
mechanism. However, quantification of titin protein has been proven challenging due to its
gigantic size and susceptibility to degradation. In addition, titin electrophoresis needs to be
performed in a specialised low percent acrylamide gel or agarose gel at low voltage for several
hours (Jiang et al., 2021, Vikhorev et al., 2017, Schafer et al., 2017). An investigation of itin
protein in isolated human heart tissues using gel electrophoresis by (Vikhorev et al., 2017) did
not show evidence of haploinsufficiency. In this work, there was no significant titin reduction
(normalised to MYBPC3) in TTNtv-positive DCM samples as compared to TTNtv-negative
DCM samples or healthy donor samples in both isolated myofibrillar fraction and whole tissue.
This was in agreement with titin protein gel quantification normalised to myosin heavy chain
by (Schafer et al., 2017) in a rat model. However, (Schafer et al., 2017) believed that titin
haploinsufficiency happened in the modelled animal but the protein deficit was beyond the
detection limit. This notion was based on the findings of the absence of truncated proteins
coupled with a significant reduction in ribosomal occupancy on the WT allele. Nevertheless,
(Fomin et al., 2021) illustrated a significantly decreased titin content quantified from a protein

gel in TTNtv-positive DCM samples as compared to TTNtv-negative DCM samples or healthy
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donor samples but this was made relative to a summation of proteins other than titin,
suggesting overall reduction in sarcomere proteins. The ability to detect titin haploinsufficiency
in this work suggests that improved titin gel electrophoresis and protein quantification methods
would be advantageous. Due to time constraints, | was unable to apply the technique for titin
electrophoresis so, intriguingly, it remains to be to elucidated if TTN ¢.59926+1 G>A also leads

to loss of titin protein in iPSC-CMs.

One of the explanations for titin haploinsufficiency is NMD. It is postulated that the truncated
titin provides a substrate for the NMD machinery which targets the mutant titin transcripts for
degradation. In this chapter, the heterozygous TTNtv iPSC-CMs expressed a comparable
level of the WT and mutant TTN species, confounding NMD. This finding was based on a
conventional semi-quantitative PCR and hence, a more sensitive method e.g. RNA-
sequencing could be employed to confirm this. There is a bias on quantification of PCR band
from an agarose gel as the smaller product (the WT TTN allele) tends to be more amplified by
PCR compared to the bigger product (the mutant TTN allele). Nevertheless, similar to the
finding from this chapter, most of the previous RNA-sequencing results agreed on allelic
balance (or a mild imbalance) in both human tissue (Fomin et al., 2021, Roberts et al., 2015,
McAfee et al., 2021) and iPSC-CMs carrying heterozygous TTNtv (Hinson et al., 2015) except
the study in a rat model by (Schafer et al., 2017). This may emphasise the differences in

disease phenotypes between human and animal models.

The second proposed mechanism states that a truncated titin protein is stably expressed and
exerts negative effects on the CM function. A recent success in identifying truncated titin
proteins in patient’s cardiac tissues (McAfee et al., 2021), with the content increasing with
disease severity (Fomin et al., 2021), supports this argument. The actual functional
consequences of this mutant protein have not been determined, but it was shown to be
associated with deregulated PQC, especially UPS impairment and aggregate formation
(Fomin et al., 2021). This aspect of TTN ¢.59926+1 G>A phenotyping will be discussed further

in Chapter 6.
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5.4.2 Titin isoforms and diseases

Upregulation of the titin N2-BA isoform at the expense of the N2-B isoform has been found in
patients with cardiac diseases (Nagueh et al., 2004, LeWinter and Granzier, 2013), including
heart failure with preserved ejection fraction and DCM. N2-BA confers less passive tension
thanks to additional extensible I-band exon incorporation. The switching towards the compliant
titin isoform represents a compensatory adaptation to cope with the increased stiffness of the

extracellular matrix (Nagueh et al., 2004).

Nevertheless, there is no concrete supporting evidence for the association of TTNtv with titin
isoform switching. Investigations using titin gels or WB in both patient-derived cardiac tissue
(Vikhorev et al., 2017, Roberts et al., 2015) and iPSC-CMs (Hinson et al., 2015) showed no
significant increase in titin N2-BA. This is consistent with the observed phenotype in the
heterozygous model in this chapter although it was analysed by a different technique (qPCR
using primers spanning the N2-BA isoform-specific exons 11-12). However, work by (Schafer
et al., 2017) has contradicted this notion by illustrating an increased I-band exon usage in a
rat model and human cardiac tissue by RNA-sequencing and ribosome profiling. The

difference may be explained by the different sensitivity of each analysis tool.

5.4.3 TTNtv and CM development

N2-BA is the major titin isoform in foetal CMs and immature iPSC-CMs/ESC-CMs (Hinson et
al., 2015, Lahmers et al., 2004).The slight upregulation of TTN N2-BA in the homozygous TTN
€.59926+1 G>A iPSC-CMs may be indicative of restricted early CM development, supported
by the upregulation of MYH6 and downregulation of MYH7 together with the downregulation

of NPPA and NPPB. However, there were no such changes in the heterozygous model.

MYHG6 is the predominant myosin heavy chain isoform expressed during early development of
the human heart (Gacita et al., 2021). In the late developmental stage, there is an isoform
switching mechanism which leads to an increased expression of MYH7 in the adult heart.

Thus, the low MYH7/MYH®6 ratio in the homozygous TTN ¢.59926+1 G>A iPSC-CMs may
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reflect a delayed myosin heavy chain switching, which resembles an embryonic-like, immature
state (Guo and Pu, 2020). In iPSC-CMs, an increased MYH7/MYH6 ratio is linked with HCM

but such an association was not found in DCM models (Eschenhagen and Carrier, 2019)

NPPA and NPPB have roles on both cardiac development and diseases. They are expressed
highly during early development in both atrial and ventricular CMs. NPPA, however, is strongly
downregulated in the ventricles after birth and the expression becomes confined to the atria
(Christoffels et al., 2000, Bloch et al., 1986). Reactivation of both genes in ventricular CMs is
associated with hypertrophic and failing hearts and is thus considered as pathological and

prognostic biomarkers (Chien et al., 1991, Rademaker and Richards, 2005)

Similar to the TTNtv model in this chapter, a downregulation of NPPA and NPPB expression
and an increase in the MYH7/MYH®6 ratio were observed in heterozygous and homozygous
TTN P22582fs iPSC-CMs in a dose dependent manner (Hinson et al., 2015). This report
highlighted that the TTNtv was associated with diminished activation of growth factors (e.g.
transforming growth factor 1 and vascular endothelial growth factor) and mitogen-activated
protein kinases, as well as force production deficits, impaired mechanical load and -
adrenergic stimulation. Notably, the TTNtv P22582fs models were studied as an engineered
heart tissue (3-dimentional format) which promotes iPSC-CM maturation. In contrast, the TTN
€.59926+1 G>A IPSC-CMs in this study were cultured as a monolayer (2-dimentional format).
It would be interesting to further investigate whether the heterozygous TTN ¢.59926+1 G>A
phenotype(s) were hidden by the maturity status, which could be unmasked by CM maturation

methods including 3-dimensional culture.

5.4.4 TTNtv disrupts sarcomerogenesis

The mechanism of sarcomerogenesis is very complex and incompletely understood. It is
proposed that CMs begin myofibrillar assembly at the cell periphery (Figure 5-15). Here,
premyofibrils containing non-muscle myosin Il and ACTN2 provide templates for actin filament

growth and recruitment of other sarcomeric proteins. Subsequently, the premyofibrils develop
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into nascent myofibrils, which replace non-muscle myosin Il with muscle-specific myosin Il. At
this stage, titin molecules are also inserted to form the Z-discs and stabilise the sarcomere
structure. Finally, the individual myofibrils coalesce into organised sarcomere with the

prominent Z-disc, I-band, A-band and M-line regions.
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Figure 5-15 Simplified illustration of sarcomerogenesis in CMs. Premyofibrils, which consist of
ACTNZ2 and actin filament intercalated with non-muscle myosin heavy chain (NMHC), assemble along
the cell periphery. Subsequently, other sarcomere proteins including titin are recruited to the
premyofibrils to form nascent myofribrils. At this stage, muscle-specific myosin heavy chain (MHC)
substitutes NMHC. Finally, the individual nascent myobrifrils fuse and mature. Here, the 4 regions of
the sarcomere structure (Z-disc, I-band, A-band and M-line) become distinguishable. Modified from
(England and Loughna, 2013).

The complete disruption of sarcomere formation and loss of contractile activity in the
homozygous TTN ¢.59926+1 G>A iPSC-CMs indicated an essential role of titin in
sarcomerogenesis, though the presence of the truncated titin protein remains to be proven.
(Chopra et al., 2018) suggested that titin coupled tension generated by MYH7 to
protocostameres. Protocostameres are sites for cell-extracellular matrix adhesion which are
required for initiation of the fusion of Z-disc precursors. The titin/MYH7 interaction induced
sarcomerogenesis, which progressed from the cell periphery towards the cell interior (Chopra
et al., 2018). The lack of the A-band and M-line regions of titin associated with the homozygous
TTN ¢.59926+1 G>A mutation thus can remove the mechanical link required for initiating the

sarcomere formation. The peri-membranous ACTN2 localisation in some cells likely indicated

the remnant centripetal assembly of ACTN2-containing fibres which could not undergo
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myofibrillogenesis because of the absence of the full-length titin. However, this does not
explain the normal sarcomere structure observed in the heterozygous line. It is interesting,
albeit challenging, to further investigate whether truncated titin proteins in the heterozygous
model are stably expressed and interfere with the sarcomere assembly. The disorganised
sarcomere structure with reduced sarcomere content seen in the heterozygous TTN P22582fs
iPSC-CMs (Hinson et al., 2015, Chopra et al., 2018) was derived from patient-reprogrammed
cells, which may have a different genetic and/or epigenetic background exacerbating

sarcomere impairment.

5.4.5 Concluding remarks

TTN ¢.59926+1 G>A mutation was successfully integrated into KOLF2-C1 iPSCs. This
mutation inhibited the normal exon 303-304 splicing, leading to intronic retention and A-band
titin truncation. The heterozygous TTN ¢.59926+1 G>A iPSC-CMs showed no changes in
sarcomere organisation and foetal gene expression (NPPA, NPPB, TTN N2-BA and MYH®6)
compared to the WT control. Meanwhile, investigations in the homozygous TTN ¢.59926+1
G>A iPSC-CMs suggested an embryonic/immature restriction (downregulation of
MYH7/MYH6, NPPA, NPPB, upregulation of TTN N2-BA and CM hypotrophy) with completely

disrupted sarcomerogenesis.
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Chapter 6

Subtype-specific characterisation of TTNtv in MYL7-mClover iPSC-CMs

6.1 Introduction

TTNtv is associated with arrhythmic risks including familial atrial fibrillation (Ahlberg et al.,
2018, KM et al., 2022, Haggerty et al., 2019, Andreasen et al., 2020, Olesen et al., 2018) and
ventricular arrhythmias in DCM (Corden et al., 2019, Tayal et al., 2017). In Chapter 5, TTN
€.59926+1 G>A was introduced into the parental KOLF2-C1 iPSCs and partly characterised
in differentiated ventricular-like iPSC-CMs. In Chapter 4, an RA-induced atrial differentiation
protocol was established in the MYL7-mClover reporter iPSC-CMs, which was engineered in
Chapter 3. Since DCM patients carrying the heterozygous TTN ¢.59926+1 G>A mutation
developed either atrial fibrillation or ventricular tachycardia (Hoorntje et al., 2018), it is
intriguing to further investigate the TTNtv phenotypes in atrial like cells, which could provide
new insight(s) into the arrhythmic aspect of titinopathy with respect to the CM subtype.
Subtype-specific CM characterisation of TTNtv would exemplify how subtype-specific

fluorescent reporter system(s) could be applied in the study of cardiac disease.

This chapter focuses primarily on exploring the utility of the atrial-specific MYL7-mClover
reporter iPSC line in disease study. TTN ¢.59926+1 G>A was introduced into this reporter line
and the resultant cell lines were differentiated via both ventricular and atrial pathways.
Because the characterisation of the MYL7-mClover reporter line was not complete, where the
guestion of whether the fluorescent reporter allows atrial-like cell isolation remains to be
addressed (Chapter 4), the ventricular and atrial differentiation protocols were used as a
means for sub-subtype study of TTN ¢.59926+1 G>A instead of relying the fluorescent

reporter.
Specifically, this chapter aims to achieve the following:

I. Using CRISPR/Cas9 technology to incorporate TTN ¢.59926+1 G>A into the MYL7-mClover

iPSC line.
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II. To characterise the TTN ¢.59926+1 G>A phenotype in ventricular-like MYL7-mClover iPSC-
CMs. This includes a study of molecular remodelling (changes in expression of sarcomeric
genes and heart failure markers), a CM structural investigation (sarcomere formation and
sarcomeric protein localisation) and functional characterisations (measurement of Ca?*

transient and sarcomere contraction).

lll. To characterise TTN ¢.59926+1 G>A phenotype in atrial-like MYL7-mClover iPSC-CMs. It

includes the same investigations as for ventricular-like cells (see II)
6.2 CRISPR/Cas9-assisted generation of TTNtv in MYL7-mClover iPSC line
6.2.1 CRISPR and TTN ¢.59926+1 G>A donor designh

TTN ¢.59926+1 CRISPR and TTN ¢.59926+1 G>A ssODN designs were as described in

Chapter 5.
6.2.2 CRISPR/Cas9-assisted generation of TTNtv iPSC line

The CRISPR/Cas9 RNP targeting TTN ¢.59926+1 and the ¢.59926+1 G>A ssODN were
transfected into the MYL7-mClover iPSCs by electroporation. 48 hr after transfection, the pool
of gDNA was analysed for genomic incorporation of the ssODN by PCR using the primers
hTTNF6/R3 followed by Hindlll digestion (Figure 6-1A). Subsequent genotyping of isolated
colonies found 33/91 (~34%)) to be positive for the integration event, 31 (94%) of which showed
incomplete digestion (Figure 6-1B), indicative of heterozygous editing. Only two clones (4B
and 12E) were completely digested by the restriction enzyme, indicative of homozygous
targeting (or heterozygous editing with a large deletion event on the non-targeted allele (see

Discussion, Chapter 5)).

16 promising clones were clonally expanded and genotypically confirmed by Hindlll digestion
(Figure 6-2A). The clone 1C, 4B and 12E were further analysed by DNA sequencing (Figure

6-2B). It suggested that the clone 1C was heterozygous for both the TTN ¢.59926+1 G>A
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(TTNtv) and ¢.59910 G>A (Hindlll) sites while the other two clones were homozygous for the

both sites.
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Figure 6-1 Genotypic screening for TTN ¢.59926+1 G>A in Y7—EICVI6VVe-r iPéCs. A) Hindlll
digestion screening of PCR products encompassing the genomic TTNtv site i.e. spanning TTN exons
303-304 in the pool of transfected iPSCs. Only PCR products acquiring the inserted ssODN donor were

cleavable by Hindlll (357 and 280 bp). B) Hindlll digestion screening in isolated iPSC colonies. NTC,
no template control; P, pool of electroporated cells.
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Figure 6-2 Genotypic confirmation for TTN ¢.59926+1 G>A in MYL7-mClover iPSCs. A) Hindlll
digestion on PCR products encompassing the genomic TTNtv site i.e. spanning TTN exon 303-304 in
isolated iPSC colonies. Only PCR products acquiring the ssODN donor were cleavable by Hindlll (357
and 280 bp). B) Sequencing results of selected clones from A. The clones 4B and 12E were
homozygous for both the targeted Hindlll and TTNtv sites whilst the clone 1C was heterozygous for
both the Hindlll and TTNtv sites.
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6.2.3 iPSC quality checks

The clones 1C and 4B had a normal karyotype (Figure 6-3A) and showed retained expression
of the pluripotency markers (NANOG, OCT3/4, SOX2 and SSEA4) (Figure 6-3B). Meanwhile
the clone 12E had an aneuploid subpopulation with 49 chromosome (1/25) despite showing
good expression of the pluripotency markers; hence, this clone was disqualified from being a
normal iPSC line. The clones 1C, which was later called the heterozygous TTNtv line, and 4B,

which was later called the homozygous TTNtv line, were selected and characterised in the

subsequent experiments.
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Figure 6-3 MYL7-mClover, TTN ¢.59926+1 G>A iPSC line’s quality control. A) Distribution of
chromosome count per cell. B) Flow cytometry analysis of pluripotency marker expression.
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6.3 Characterisation of TTNtv in ventricular-like MYL7-mClover iPSC-CMs

Both the heterozygous and homozygous TTNtv lines were differentiated into CMs using the

conventional (ventricular) protocol as described in Chapter 2.

6.3.1 Molecular analysis

6.3.1.1 Effect of TTNtv on transcriptional expression of cardiac genes

RNA expression level was calculated relative to the WT line for a number of genes including
TTN, other sarcomeric markers and heart failure markers at day 31 of differentiation. (Figure

6-4 and Figure 6-5).

No obvious TTN transcriptional changes were observed in both the TTNtv heterozygous and
homozygous lines (Figure 6-4). The unaltered TTN Z-disc expression indicated that the
expression of all TTN isoforms except the Cronaos, were not influenced by TTN ¢.59926+1
G>A. The Cronos TTN expression was also likely unaffected as highlighted by the unaltered
TTN A-band upstream and downstream of the TTNtv site and the unaltered TTN M-band
expression. The slightly decreased expression of the TTN A-band upstream of the TTNtv site
and the TTN M-line in the heterozygous line and the slightly decreased expression of the TTN
M-band in the homozygous line likely reflected the primer binding efficiency (not quantified)
rather than an indication of downregulation of the Cronos isoform since there was no support
from changes in expression of the TTN A-band downstream of the TTNtv site. The TTN long
isoform N2-BA expression (or N2-BA/N2-B + N2-BA ratio) was also relatively normal in both

the heterozygous and homozygous lines
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Figure 6-4 TTN transcriptional levels of day 31 ventricular-like MYL7-mClover iPSC-CMs carrying
TTN ¢.59926+1 G>A. PCR probes were designed to be specifically spanning different pairs of exons
responsible to the TTN regions; Z-disc (exons 6-7), A-band upstream of the TTNtv site (exons 296-
297), A-band downstream of the TTNtv site (exons 317-318), and M-line (exons 360-361). The N2-BA
probes (exons 11-12) were localised within the Z-disc region. The probes spanning exons 49-50 were
designed to target both cardiac specific N2-B and N2-BA isoforms. Each dataset was obtained from
different wells of differentiation using a single iPSC batch. All quantifications were made relative to the
WT control, except for the N2-BA/N-2B + N2-BA ratio. n=3, mean + S.D., one-way ANOVA with Turkey’s
post-hoc. HET, heterozygous TTNtv; HOM, homozygous TTNtv.
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No significant changes in expression of pancardiac markers (ACTN2 and TNNT2) were
detected in both the heterozygous and homozygous lines, suggesting retained cardiac
differentiation potential (Figure 6-5A). Also, there were no obvious signs of molecular
remodelling with respect to heart failure-associated foetal genes (NPPA and NPPB) revealed
in both the heterozygous and homozygous lines (Figure 6-5B). The observed upregulation in
MYH7 (or MYH7/MYHEG ratio) in the heterozygous line and the observed upregulation in NPPA
in the homozygous line were interpreted as a consequence of the variation of gene expression
in iPSC-CMs. In the homozygous line, there were a significant upregulation of MYH6 (Figure
6-5C) and a significant downregulation of MYL2 (or MYL2/MYL7 ratio), indicative of impaired
CM development. The expression of mClover was slightly upregulated in the heterozygous

line (Figure 6-5D).
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Figure 6-5 Transcriptional expression profile of day 31 ventricular-like MYL7-mClover iPSC-CMs
carrying TTN ¢.59926+1 G>A. A) Pan-cardiac markers: ACTN2 and TNNT2. B) Heart failure markers
NPPA and NPPB. C) Myosin heavy chain (MYH6 and MYH7) and light chain (MYL2 and MYL7)
isoforms. D) mClover. Each dataset was obtained from different wells of differentiation using a single
iPSC batch. All quantifications were made relative to the WT control, except for the MYH6/MYH7 and
MYL2/MYLY7 ratios. n=3, mean + S.D., one-way ANOVA with Turkey’s post-hoc. HET, heterozygous
TTNtv; HOM, homozygous TTNtv.
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6.3.1.2 Effect of TTNtv on TTN splicing

To establish whether the effect of TTN ¢.59926+1 G>A on TTN splicing observed in the
parental KOLF2-C1 line (Chapter 5) was preserved in the MYL7-mClover line, day 31 cDNAs
were analysed by PCR using the primers hTTNF6/R6 (Figure 6-6A). As expected, the
heterozygous line produced two PCR products, one with a correct size corresponding to the
WT species (552 bp) and one with a slightly higher molecular weight (Figure 6-6B). Meanwhile,
the mutant TTN species was exclusively present in the homozygous line. Quantification of the
PCR products suggested that there was no change in overall TTN expression at the RNA level
between the TTNtv genotypes. Also, the WT TTN species was expressed at approximately
50% of total TTN level in the heterozygous line (Figure 6-6C), suggesting that NMD is not a

molecular mechanism underlying this titinopathy.

The PCR product of the mutant TTN transcript from the homozygous line was also clarified by
DNA sequencing (Figure 6-7). TTN ¢.59926+1 G>A retained the addition 85 bp intronic region
immediately downstream of exon 303 and as previously discussed Chapter 5, was predicted

to be causative of A-band truncation.

Overall, the TTN ¢.59926+1 G>A effect on TTN splicing was consistent between the MYL7-
mClover reporter and parental iPSC-CM lines. Thus, as expected, the integration of the
fluorophore at the MYL7 locus may not inherently hinder TTNtv ¢.59926+1 G>A phenotyping

with respect to TTN expression/splicing.
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Figure 6-6 TTN ¢.59926+1 G>A caused changed TTN transcript species in ventricular-like MYL7-
mClover iPSC-CMs. A) Simplified genomic map over the TTNtv site and PCR probes spanning exon
303-304. B) Agarose gels showing PCR products of day 31 iPSC-CMs. The homozygous TTNtv (HOM)
line produced a higher molecular weight TTN transcript (mutant, top band) than those of the WT species
(552 bp, lower band) whilst the heterozygous TTNtv (HET) line expressed both the WT and the mutant
TTN transcripts. C) Quantification of TTN transcriptional levels based on B as normalised to GAPDH
and as relative to the WT control. Total TTN was a summation of both the WT and the mutant species.
Each dataset was obtained from different wells of differentiation using a single iPSC batch. n=3, mean
+ S.D., one-way ANOVA with Tukey’s post-hoc.
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Figure 6-7 TTN ¢.59926+1 G>A caused intronic retention in ventricular-like MYL7-mClover iPSC-CMs. cDNA sequence from the mutant titin transcript
contained additional 85 nt immediately downstream of exon 303, which was predicted to mediate A-band titin truncation by a premature stop codon following
additional 15 amino acids (R-K-L-L-S-L-N-T-K-L-L-F-D-C-L). The sequence was aligned against the WT TTN transcript and ssODN highlighting the additional
G>A silent mutation creating the Hindlll site.
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6.3.2 Functional analysis

6.3.2.1 Effect of TTNtv on spontaneous contraction

The TTNtv heterozygous line retained normal contractile activity comparable to the WT control
line, showing an onset of spontaneous contraction at approximately day 9-11 (Figure 6-8).
However, the homozygous line displayed no visible spontaneous contraction. These
observations repeated the findings in the parental KOLF2-C1 line (Chapter 5), thus indicating
no inhibitory effect of the MYL7-mClover fluorescent reporter on TTNtv phenotyping with

respect to the spontaneous contraction.

On day 30 of differentiation, no difference in live cells’ mClover fluorescence was apparent
between the TTNtv genotypes (Figure 6-8), suggesting that the (MYL7-driven) mClover

expression was not influenced by the presence of the TTNtv.
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Figure 6-8 Live cell imaging of day 30 ventricular-like MYL7- mCIover iPSC- CMs bearing TTN
€.59926+1 G>A. KOLF2-C1 iPSC-CMs were used as a negative control for the mClover fluorescence.
No difference in the mClover fluorescence detected between the TTNtv genotypes. WT, WT TTN; HET,
heterozygous TTNtv; HOM, homozygous TTNtv. Scale bar 10 um.
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6.3.2.2 Effect of TTNtv on contractility

In order to elucidate whether sarcomere contractility is affected by TTN ¢.59926+1 G>A, day
33 ventricular-like iPSC-CMs were transduced with adenoviral viruses carrying mScarlet-
ACTN2 and subsequently analysed for sarcomere contractility by SarcTrack at day 35. Since
the TTNtv homozygous line displayed no sarcomere structure, it was excluded from SarcTrak

analysis (Figure 6-9A).
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Figure 6-9 Contractility analysis of day 35 ventricular-like MYL7-mClover iPSC-CMs carrying
TTN ¢.59926+1 G>A. A) Representative live cell images with fluorescently-labelled ACTN2. Scale bar
=10 um. B) Minimum sarcomere length (SL) at contraction state. C) Maximum SL at relaxation state.
D-E) S.D. of SL at D) contraction state and E) relaxation state. F) Contraction time. G) Relaxation time.
H) Fractional shortening (contractility). Each dataset was obtained from different cells from a single
batch of differentiation. Comparative analysis was made relative to the WT TTN control line. HET,
homozygous TTNtv; HOM, homozygous TTNtv. Mean + S.D.; n WT = 26, n HET = 30; Student t-test
(B, C, F and H) or U-test (D, E and G).
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Compared to the WT line, the TTNtv heterozygous line presented a slightly shorter sarcomere
length at both the contracted state (Figure 6-9B) and the relaxed state (Figure 6-9C) coupled
with an increased variation in the sarcomere length at both the contracted state (Figure 6-9D)
and the relaxed state (Figure 6-9E), indicating a delay in sarcomere maturation. The
heterozygous line also showed faster contraction kinetics (Figure 6-9F) without a change in
the fraction shortening (Figure 6-9H). There may be a trend of faster sarcomere relaxation

kinetics, but it was not statistically significant (Figure 6-9G).
6.3.2.3 Effect of TTNtv on Ca?* transient dynamics

Analysis of Ca?* transients can provide further insights into functional consequences of TTN
€.59926+1 G>A, which may correspond to the observed shortened sarcomere length (section

6.3.2.2).

Day 33 ventricular-like iPSC-CMs were transduced with adenoviruses harbouring RGECO
and analysed by CalTrack algorithm for Ca?" transients 2 days post transfection. The
heterozygous line showed no deviation of any Ca?* transient parameters from the WT control
(Figure 6-10A & B). It is intriguing to highlight that the homozygous line maintained rhythmic,
pace-able Ca?" transients (Figure 6-10A) even though the cells lacked sarcomere
organisation. The homozygous line developed a lengthened Ca?* transient phenotype (Figure
6-10A & B) with a longer CD, especially CDs at 90% and 50% of the Ca?* decay (Figure 6-
10C), and lengthened time to Ca?* peak, especially times to 90% and 50% of the Ca?" peak
(Figure 6-D). Even though the calculated time to Ca?" decay was slightly shorter in the
homozygous line (Figure 6-10E), it was not supported by the other parameters e.g. times to
90% and 50% of the Ca?" decay. Overall, the observed Ca?" transient dynamics in the
homozygous line resembled the characteristics of immature, embryonic-like CMs (Funakoshi

et al., 2021, Koivuméki et al., 2018, Pioner et al., 2019).
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Figure 6-10 Ca?* transient analysis of day 35 ventricular-like MYL7-mClover iPSC-CMs carrying
TTN ¢.59926+1 G>A. A) Representative kymograph and intracellular, raw fluorescent Ca?* traces. B)
Normalised Ca?* traces. C) Ca?* transient duration (CD), CD at 10% decay (CD10), CD at 50% decay
(CDso0) and CD at 90% decay (CDgo). D) Time to Ca?* peak (Ton), time to 10% Ca?* peak (T1o0n), time to
50% Ca?* peak (Tsoon) and time to 90% Ca?* peak (Tsoon). E) Time to Ca?* decay (Tor), time to 10% Ca?*
decay (Twooff), time to 50% Ca?* decay (Tsooff) and time to 90% Ca?* decay (Teootr). Each dataset was
obtained from different cells from a single batch of differentiation. Comparative analysis was made
relative to the WT TTN control line. HET, homozygous TTNtv; HOM, homozygous TTNtv. Mean + S.D.;
nWT =30, n HET = 27, n HOM = 24; one-way ANOVA with Tukey’s post hoc (CDso, Tooon and Tsoofr OF
Kruskal-Wallis with Dunn correction post-hoc (CD, CD1o, CDgo, Ton, T10on, Tsoon, Toff, T10off @nd Toooff).

6.3.3 Effect of TTNtv on sarcomeric protein localisation

The shortened sarcomere length observed in section 6.3.2.2 suggested that there may be a
modification of sarcomere component(s) related to sarcomere maturation. To clarify this
notion, day 31 ventricular-like IPSC-CMs were fixed and immuno-stained for several

sarcomeric proteins.

In order to observe sarcomere formation, the cells were stained for Z-disc-localising ACTN2
(Figure 6-11A). Similar to the observations in the live cell imaging experiment (Figure 6-9A), it
appeared that the heterozygous line formed an organised sarcomere structure comparable to
the WT line whereas the homozygous line apparently lacked a sarcomere structure. The
homozygous line also displayed hypotrophy when compared to the WT control while the
heterozygous line maintained a normal cell size (Figure 6-11B). These findings confirmed the
functional consequence of TTN ¢.59926+1 G>A in disrupting sarcomerogenesis previously
presented in the parental iPSC-CM line (Chapter 5). There was no difference in the mClover
fluorescence between the TTNtv genotypes (Figure 6-11A). As discussed in Chapter 4, the

mClover fluorescence in fixed cells could not be used for a comparative analysis as the fixative
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potentially disrupts the fluorophore’s structure. Also presented in Chapter 4, the mClover
protein localised mainly on the sarcomere structure and within the nucleus. In the absence of
the sarcomere, the mClover fluorescence was primarily detected within the nuclei of the

homozygous TTNtv iPSC-CMs.

To clarify whether TTN ¢.59926+1 G>A generated truncated titin proteins lacking the majority
of the C-terminus, the cells were stained for titin epitopes at two different ends. Using T12
antibodies, which targets the early region of the titin’s I-band, it was shown that the titin N-
terminus was stably expressed at the sarcomere in the heterozygous line (Figure 6-12); in the
homozygous line, there was distinct punctate staining (Figure 6-12), suggesting the
expression of the truncated protein, possibly present as aggregates with ACTN2 (Figure 6-
15). However, the titin C-terminus’ epitope was exclusively absent in the homozygous line as
shown by immunofluorescence using M8 antibodies recognising the M-line region of titin
(Figure 6-13). Together, it could be concluded that truncated titin was produced and stably

maintained in the homozygous setting.

To investigate changes within cardiac thin filaments and in myofribrillogenesis progress, the
cells were probed for TNNT2 and F-actin. The heterozygous line showed a normal pattern of
TNNT2/F-actin striation similar to the WT line (Figure 6-14). Meanwhile, fragments of

TNNT2/F-actin positive components were abundantly observed in the homozygous line.

Delay in sarcomere maturation may reflect particular proteins missing from either the Z-disc
or the M-line structures. Nevertheless, the M-line protein MYOM1 and the Z-disc protein T-
CAP were normally detected in the heterozygous line (Figure 6-16). It is noteworthy that
interpretation of T-CAP expression and its Z-disc deposition in the heterozygous setting is
challenging because the T-CAP striation was occasionally undetectable even in the WT line.
Since the homozygous line failed to establish sarcomeres, it is not surprising that both proteins

were not detectable.
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Figure 6-11 TTN ¢.59926+1 G>A impaired sarcomere formation in ventricular-like MYL7-mClover |PSC CMs. A) Representative ACTN2 IF images of day
31 KOLF2-C1 and MYL7-mClover iPSC-CMs harbouring WT TTN, heterozygous TTNtv (HET) and homozygous TTNtv (HOM) counter-stained with nuclear-
specific DAPI dye. mClover fluorescence was acquired via a fluorescein-specific filter set. Merge is an overlay of ACTN2, mClover and nuclei images. Zoom
images are digital zoom images from the square area destined in Merge. Scale bar 10 ym. B) Quantification of cell area of ACTN2-positive iPSC-CMs. Each
dataset was obtained from different cells from a single batch of differentiation. Mean + S.D., n WT=80, n HET=80, n HOM=80, Kruskal-Wallis with Dunn
correction post-hoc.

MYL7-mClover reporter
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(recognising the early I-band region) and nuclei (DAPI) of day 31 iPSC-CMs. Zoom images are digital zoom images from the square area destined in Merge.
Scale bar 10 ym.
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Figure 6-13 TTN ¢.59926+1 G>A generated truncated titins lacking the M-line region in ventricular- Ilke MYL? mClover iPSC-CMs. IF stalnlng for TTN
M8 (recognising the M-band titin), ACTN2 and nuclei (DAPI) of day 31 iPSC-CMs. Merge is an overlay of M8 and ACTN2 images. Zoom images are digital
zoom images from the square area destined in Merge. Scale bar 10 ym.
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Figure 6-14 TTN ¢.59926+1 G>A impeded myofibrillogenesis in ventricular-like MYL7-mClover iPSC-CMs. IF staining for TNNT2, F-actin and nuclei
(DAPI) of day 31 iPSC-CMs. Merge is an overlay of TNNT2 and F-actin images. Zoom images are digital zoom images from the square area destined in Merge.

Scale bar 10 pm.
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Figure 6-15 Truncated titin may interact with ACTN2 in ventricular-like MYL7 mCIover |PSC CMs carrying hmozygous TTN €.59926+1 G>A. IF
staining for ACTN2, N-terminus titin T12 epitope and nuclei (DAPI) of day 31 iPSC-CMs. Merge is an overlay between ACTN2 and T12 images. Zoom images
are digital zoom images from the square area destined in Merge. Scale bar 10 ym
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Figure 6-16 Normal Z-disc and M-line protein localisation in ventricular-like MYL7-mClover iPSC-CMs harbouring heterozygous TTN ¢.59926+1 G>A.
IF staining for T-CAP, MYOM1 and nuclei (DAPI) of day 31 iPSC-CMs. Merge is an overlay between T-CAP and MYOML1 images. Zoom images are digital
zoom images from the square area destined in Merge. Scale bar 10 ym.
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6.4 Characterisation of TTNtv in atrial-like MYL7-mClover iPSC- CMs

6.4.1 Molecular analysis

Both the heterozygous and homozygous TTNtv lines were differentiated using the RA-induced

atrial differentiation protocol described in Chapter 3.

6.4.1.1 Effect of TTNtv on transcriptional expression of cardiac genes

RNA expression was calculated relative to the WT line for a number of genes including TTN,

other cardiac markers and heart failure markers at day 31 of differentiation.

Overall, there were no apparent changes in TTN transcriptional levels for any isoform between
the TTNtv genotypes when probing different constitutive exons (Figure 6-17). The slight
decrease in expression of the A-band TTN upstream or downstream of the TTNtv site in the
heterozygous or homozygous line was not considered as an indicator of an alteration of the
Cronos titin expression because there was no supporting evidence from either the A-band
TTN upstream of the TTNtv or the M-line TTN. TTN N2-BA along with N2-BA/ N2-B + N2-BA
ratio were not different between the TTNtv genotypes. Meanwhile, the negligible upregulation
of N2-BA/ N2-B + N2-BA ratio in the heterozygous line was a result of a summation of the
slight increase in N2-BA and the slight decrease in N2-B + N2-BA, which may not significantly

influence the titin compliance.
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Figure 6-17 TTN transcriptional levels of day 31 atrial-like MYL7-mClover iPSC-CMs carrying TTN
€.59926+1 G>A. PCR probes were designed to be specifically spanning different pairs of exons
responsible to the TTN regions; Z-disc (exons 6-7), A-band upstream of the TTNtv site (exons 296-
297), A-band downstream of the TTNtv site (exons 317-318), and M-line (exons 360-361). The N2-BA
probes (exons 11-12) were localised within the Z-disc region. The probes spanning exons 49-50 were
designed to target both the cardiac specific N2-B and N2-BA isoforms. Each dataset was obtained from
different wells of differentiation using a single iPSC batch. All quantifications were made relative to the
WT control, except for the N2-BA/N-2B + N2-BA ratio. n=3, one-way ANOVA with Turkey’s post-hoc.
HET, heterozygous TTNtv; HOM, homozygous TTNtv.
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There were no dramatic changes in expression of pan-cardiac markers (ACTN2 and TNNT2)
between the TTNtv genotypes (Figure 6-18A), suggesting that the cardiac differentiation
potential was fully retained. The ACTN2 downregulation in the homozygous line was not
considered as a marker for defective cardiac differentiation because it was not complimented

by theTNNT2 expression level.

The heterozygous line did not show an increase in expression of heart failure markers (NPPA,
NPPB; Figure 6-18B). The modest NPPA downregulation in the heterozygous line (Figure 6-
18B) was considered to be a result of iPSC-CM phenotypic variability and immaturity. The
homozygous line showed an obvious decrease in NPPA and NPPB, suggesting an

underdeveloped CM phenotype.

There was no modification of expression of myofibrillar protein isoforms observed in the
heterozygous line as shown by the normal expression of MYH6, MYH7, MYL7 and MYL2
(Figure 6-18C). In contrast, the homozygous line showed a downregulation of expression of
MYL2, a downregulation of expression of MYH7 and an upregulation of expression of MYH6,
indicating a delay in CM development. The absence of the statistical significance in MYL2
expression in the homozygous line should be explained by the limit of one-way ANOVA

analysis power.

Similar to MYL7, there was no dramatic change in the mClover expression between the TTNtv
genotypes (Figure 6-18D), highlighting that the mClover expression mirrored the MYL7

expression and TTN ¢.59926+1 G>A had no effect on mClover expression.

Lastly, T-CAP expression was normal in both the heterozygous and homozygous lines (Figure
6-18E). There may be a reduction in T-CAP expression in the homozygous line, but there was

no statistical significance suggested by one-way ANOVA.
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Figure 6-18 Transcriptional expression profile of day 31 atrial-like MYL7-mClover iPSC-CMs
carrying TTN ¢.59926+1 G>A. A) Pan-cardiac markers: ACTN2 and TNNT2. B) Heart failure markers
NPPA and NPPB. C) Myosin heavy chain (MYH6 and MYH7) and light chain (MYL2 and MYL7)
isoforms. D) mClover. Each dataset was obtained from different wells of differentiation using a single
iPSC batch. All quantifications were made relative to the WT control, except for the MYH6/MYH7 and
MYL2/MYL7 ratios. n=3, mean + S.D., one-way ANOVA with Turkey’s post-hoc. HET, heterozygous
TTNtv; HOM, homozygous TTNtv.

6.4.1.2 Effect of TTNtv on TTN splicing

In agreement with the observation in the ventricular-like iPSC-CMs, TTN ¢.59926+1 G>A
caused aborted TTN splicing between exon 303 and 304 (Figure 6-19A & B) in the atrial-like
iPSC-CMs. There was no change in total TTN expression between the TTNtv genotypes
(Figure 6-19C). Only the mutant TTN species (>552 bp) was detected in the homozygous line
while the heterozygous line expressed an equivalent level of the WT TTN (552 bp) and the
mutant TTN species. Taken together, there was no difference in TTN transcriptional
expression between ventricular and atrial-like iPSC-CMs with respect to TTNtv ¢.59926+1

G>A.

In addition, cDNA sequencing revealed that the mutant TTN transcript contained the additional
85 bp immediately downstream of exon 303 (Figure 6-20), again repeating the finding in the

ventricular-like iPSC-CMs.
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Figure 6-19 TTN ¢.59926+1 G>A caused changed TTN transcript species in atrial-like MYL7-
mClover iPSC-CMs. A) Simplified genomic map over the introduced TTNtv site and PCR probes
spanning exon 303-304. B) Agarose gels showing PCR products of day 31 iPSC-CMs. The
homozygous TTNtv (HOM) line produced a higher molecular weight TTN transcript (mutant, top band)
than those of the WT species (552 bp, lower band) whilst the heterozygous TTNtv (HET) line expressed
both the WT and the mutant TTN transcripts. C) Quantification of TTN transcriptional levels based on
B as normalised to GAPDH and as relative to the WT control. Total TTN was a summation of both the
WT and the mutant species. Each dataset was obtained from different wells of differentiation using a
single iPSC batch. n=3, mean + S.D., one-way ANOVA with Tukey’s post-hoc.
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Figure 6-20 TTN ¢.59926+1 G>A caused intronic retention in atrial-like MYL7-mClover iPSC-CMs. cDNA sequence from the mutant titin transcript
contained additional 85 nt immediately downstream of exon 303, which was predicted to cause titin A-band truncation via a premature stop codon following
additional 15 amino acids (R-K-L-L-S-L-N-T-K-L-L-F-D-C-L). The sequence was aligned against the WT TTN transcript and ssODN highlighting the additional
G>A silent mutation creating the Hindlll site.
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6.4.2 Functional analysis
6.4.2.1 Effect of TTNtv on spontaneous contraction

The TTNtv heterozygous line developed a normal spontaneous contraction resembling to the
beating characteristics of the WT line. However, it is worth noting that the heterozygous line
was found to occasionally spontaneously beat faster than the WT line. Both the WT and
heterozygous lines had an onset of spontaneous contraction at approximately day 9-11.

Meanwhile, the spontaneous contraction was not detected in the homozygous line.
6.4.2.2 Effect of TTNtv on Ca?* transient dynamics

Day 33 atrial-like iPSC-CMs were transduced with adenoviruses harbouring RGECO and their

Ca?* transient dynamics was analysed by CalTrack 2 days post transfection.

Interestingly, the heterozygous line exhibited a shortened Ca?" transient morphology
compared to the WT control (Figure 6-21A & B) accompanied by the computed reduced CD
(Figure 6-21C), which was further supported by the decrease in both time to the Ca?" peak
(Figure 6-21D) and time to the Ca?* decay (Figure 6-21E). In contrast, a slightly lengthened
Ca?* transient was observed in the homozygous line as illustrated by the extended CD, devoid

of prominent changes in the computed time to the Ca?* peak and time to the Ca?* decay.
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Figure 6-21 Ca?* transient analysis of day 35 atrial-like MYL7-mClover iPSC-CMs carrying TTN
€.59926+1 G>A. A) Representative kymograph and intracellular, raw fluorescent Ca?* traces. B)
Normalised Ca?* traces. C) Ca?* transient duration (CD), CD at 10% decay (CD1o), CD at 50% decay
(CDso) and CD at 90% decay (CDoo). D) Time to Ca?* peak (Ton), time to 10% Ca?* peak (T1o0n), time to
50% Ca?* peak (Tsoon) and time to 90% Ca?* peak (Tsoon). E) Time to Ca?* decay (Tor), time to 10% Ca?*
decay (Tuooff), time to 50% Ca?* decay (Tsooff) and time to 90% Ca?* decay (Tooof). Each dataset was
obtained from different cells from a single batch of differentiation. Comparative analysis was made
relative to the TTN WT control line. HET, homozygous TTNtv; HOM, homozygous TTNtv. Mean + S.D.;
nWT = 30, HET = 27, HOM = 24; one-way ANOVA with Tukey’s post hoc (CD, CDso, CDgo, T10on, T100ff
and Tsoor) or Kruskal-Wallis with Dunn correction post-hoc (CD1o, Ton, Tso0on, Tooon, Toff and Taoofr).

219



6.4.3 Effect of TTNtv on sarcomeric protein localisation

There was no difference in ACTN2-marking Z-disc striation detected between the day 31 atrial-
like TTNtv heterozygous and WT lines (Figure 6-22A), indicating relatively normal sarcomere
formation. Only the TTNtv homozygous line displayed no development of sarcomere structure.
In addition, there was no change in mClover expression between the TTNtv genotypes.
Morphometric-wise, the homozygous line had a decreased cell area while the heterozygous

line maintained a normal cell size (Figure 6-22B).

Further titin staining revealed that the homozygous line stably produced exclusively truncated
titin proteins devoid of the M-line region i.e. undetectable M8 epitope (Figure 6-23).
Meanwhile, the heterozygous line showed a relatively normal striation of T12 and M8

alternating pattern.

TNNT2 and F-actin double staining confirmed a normal thin filament organisation in the
heterozygous line (Figure 6-24). In contrast, the investigation in the homozygous line
suggested disrupted myofibrillogenesis as shown by the fragmented TNNT2/F-actin positive

elements.

As confirmed by the MYOML1 and T-CAP staining (Figure 6-25), no sarcomere structure
formed in the homozygous line. In the heterozygous line, both T-CAP and MYOML1 were

normally detected in the heterozygous line.
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Figure 6-22 TTN ¢.59926+1 G>A abolished sarcomerogeneis in atrial- Ilke MYL7- mClover iPSC- CMs A) Representative ACTN2 IF images of day 31
MYL7-mClover iPSC-CMs harbouring WT TTN, heterozygous TTNtv (HET) and homozygous TTNtv (HOM) counter-stained with nuclear-specific DAPI. mClover
fluorescence was acquired via a fluorescein-specific filter set. Merge is an overlay of ACTN2, mClover and nucleiimages. Zoom images are digital zoom images
from the square area destined in Merge. Scale bar 10 ym. B) Quantification of cell area of ACTN2-positive iPSC-CMs. Each dataset was obtained from different
cells from a single batch of differentiation. Mean = S.D., n WT=80, n HET=80, n HOM=80, Kruskal-Wallis with Dunn correction post-hoc.
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Figure 6-23 TTN ¢.59926+1 G>A truncated titin in atrial- Ilke MYL7- mCIover iPSC-CMs. IF staining for TTN T12 (recognlsmg the early I-band region), TTN
M8 (recognising the M-band titin) and nuclei (DAPI) of day 31 iPSC-CMs. Merge is an overlay of T12 and M8 images. Zoom images are digital zoom images
from the square area destined in Merge. Scale bar 10 ym.
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Figure 6-24 TTN ¢.59926+1 G>A impeded myofibrillogenesis in atrial-like MYL7 mClover |PSC CMs carrying TTNtv C. 59926+1 G>A IF stalmng for
TNNTZ2, F-actin and nuclei (DAPI) of day 31 iPSC-CMs. Merge is an overlay between TNNT2 and F-actin images. Zoom images are digital zoom images from
the square area destined in Merge. Scale bar 10 ym.
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TTNtv

Figure 6-25 Normal Z-disc and M-line protein localisation in atrial-like MYL7-mClover iPSC-CMs harbouring TTN ¢.59926+1 G>. IF staining for T-CAP,
MYOM1 and nuclei (DAPI) of day 31 iPSC-CMs. Merge is an overlay between T-CAP and MYOM1 images. Zoom images are digital zoom images from the
square area destined in Merge. Scale bar 10 ym.
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6.5 Discussion

The MYL7-mClover line was initially designed as an atrial-specific fluorescent reporter line
which was intended to be used in atrial-specific studies. The potential applications of the
MYL7-mClover reporter systems include isolation of atrial-like cells for use in modelling atrial
diseases; this is especially relevant as TTNtv has been associated with lone atrial fibrillation
(Ahlberg et al., 2018, Andreasen et al., 2020, Olesen et al., 2018) and ventricular arrhythmia
in DCM patients (Ahlberg et al., 2018, Corden et al., 2019, Tayal et al., 2017). Therefore,
TTNtv is a potential candidate for exploring the utility of subtype-specific fluorescent reporter
iPSC-CMs. This chapter specifically focused on characterisation of TTN ¢.59926+1 G>A
consequence(s) with regards to atrial-like and ventricular-like MYL7-mClover iPSC-CMs.
However, the characterisation of the MYL7-mClover line was incomplete, where the ability of
this system to facilitate atrial-like iPSC-CM purification remains to be investigated (Chapter 4).
Thus, the subtype-specific TTN ¢.59926+1 G>A characterisation relied on using the atrial

(Chapter 4) and ventricular (Chapter 2) differentiation protocols.

I) Generation of TTNtv iPSC line

Using CRISPR/Cas9, TTN ¢.59926+1 G>A was successfully integrated into the MYL7-
mClover iPSCs. Both TTNtv heterozygous and homozygous lines were produced. The
presence of this TTNtv inhibited the normal RNA splicing event between exon 303 and 304,
thereby contributing to the intron retention and A-band titin truncation. This was in agreement

with the observations in the KOLF2-C1 line (Chapter 5).

II) Characterisation of homozygous TTNtv

To further investigate TTN ¢.59926+1 G>A consequences with regards to CM subtype, both
the TTNtv heterozygous and homozygous lines were differentiated towards the atrial or
ventricular phenotype. At certain levels, it appeared that the phenotypes in the homozygous

line resembled immature CMs with low MYH7/MYH6 and MYL2/MYLY ratios and prolonged
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Ca?* transient characteristic in both the atrial and ventricular-like settings (Karbassi et al.,

2020).

However, at the structural level, homozygous TTN ¢.59926+1 G>A inhibited
sarcomerogenesis, even though the truncated titin lacking the M-line was likely able to form a
complex with presumed nascent myofibrils containing ACTN2, F-actin and TNNT2. The M-line
region of titin contains a kinase domain, phosphorylation sites and various binding sites for its
partner proteins e.g. MYOM1 and MURF1 (Weinert et al.,, 2006, Mayans et al., 1998).
Consistent with the observation in this chapter, targeted biallelic deletion of the whole titin M-
line domain was showed to arrest myofibrillogenesis at the early stage in a mouse ESC-CM
model (Musa et al., 2006). Nevertheless, the observation in the homozygous setting alone

does not directly give a clinical insight as the patients present heterozygous TTNtv mutations.
lIl) Characterisation of heterozygous TTNtv in ventricular-like iPSC-CMs

The ventricular-like, heterozygous TTNtv iPSC-CMs presented no obvious molecular
remodelling (no indication of upregulation of heart failure marker expression, myofibrillar
isoform switching and changes in TTN expression) and Ca®* transient alteration. Interestingly,
the sarcomere contractility analysis suggested a delay in sarcomere maturation according to
the shortened sarcomere length and the increased sarcomere length variation. However, there
were no changes in sarcomere fractional shortening and Ca?* transient kinetics at optimal

culture conditions.

At the structural level, T-CAP and MYOM-1 were normally detected in the ventricular-like cells.
However, the T-CAP immunofluorescence study in iPSC-CMs may need a -careful
interpretation as this protein is poorly expressed in immature CMs (Di Baldassarre et al.,
2018). Investigation in mature iPSC-CMs will confirm this finding. With regards to the truncated
titin stability, there were no myofibrillar fragments (or aggregates) similar to those found in the
homozygous line identified in the heterozygous line, likely suggesting that they may be

effectively removed by the PQC system. However, the possibility that the truncated titin inserts
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itself into the sarcomere in the heterozygous line is not totally excluded as such investigations
were not initiated. Further protein quantification assays e.g. WB for titin in the myofibrillar
fraction versus the cytoplasmic fraction would allow clarification of truncated titin’s ability to

incorporate into the sarcomere.
IV) Characterisation of heterozygous TTNtv in atrial-like iPSC-CMs

In agreement with the observation in the ventricular-like iPSC-CMs, there was no evidence of
molecular remodelling (regarding induction of heart failure marker expression, myofibrillar
isoform switching and TTN expression) and sarcomere structure alteration in the atrial-like

iPSC-CMs containing the heterozygous TTNtv.

However, the Ca?* transient kinetics appeared to be faster as compared to the WT control,
suggesting changes in either sarcomeric Ca?* sensitivity or Ca?* handling. Notably, more
biological replicates for this measurement will be required to confirm this finding as the data
presented in this thesis was from only one batch of iPSC-CMs. It is important to note that the
Ca?* transient analysis in this study relied on a cytoplasmic Ca?* indicator RGECO. Using e.g.
troponin I/ troponin T-conjugated RGECO (Sparrow et al., 2019) would provide a more detailed
insight into the involvement of myofilament in Ca?" sensitivity, which could better elucidate
whether TTN ¢.59926+1 G>A mediates changes in the myofilament Ca?" sensitivity. The
observed acceleration in the Ca?" transient dynamics may be alternatively explained by
increased Ca?* uptake and release activity. This notion needs a further molecular confirmation,
especially protein quantification for Ca* regulatory proteins e.g. RYR, SERCA, PLN and SLN.
Noteworthy, SLN is specifically expressed in atrial CMs (Ng et al., 2010) and any increased
SLN activity would explain the observed change in the Ca?* decay kinetics specific to the atrial-

like cells.

Whether the altered Ca?* transient dynamics could impair sarcomere contractility also needs
further investigations. However, following a couple of attempts, the atrial-like cells, both those

carrying WT TTN and TTNtv, failed to be absolutely paced at 2 Hz after a few minutes, making
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SarcTrack analysis impossible. This anomalous behaviour may be associated with the intrinsic
arrhythmogenicity of atrial-like iPSC-CMs (Goldfracht et al., 2020). It is uncertain whether
€.59926+1 G>A increases the arrhythmogenic risk in the atrial-like iPSC-CMs since there was
occasionally a faster spontaneous contraction rate observed. A detailed electrophysiological

characterisation would clarify the association of the TTNtv and arrhythmia in iPSC-CMs.
V) Potential application of MYL7-mClover reporter line in disease studies

Although the alteration of TTNtv-associated Ca?* transient dynamics in the atrial-like cells
needs further validation e.g. by investigating their electrophysiology and biomechanical stress
response, it highlights that atrial-specific fluorescent reporter systems such as the MYL7-
mClover line may be useful for a selective disease study. Notably, the presence of the TTNtv
did not interfere with the MYL7/mClover expression; nor did the presence of the fluorescent
reporter alter the TTNtv-associated phenotype. Once the MYL7-mClover reporter line is
confirmed as a reliable atrial reporter system, the mClover fluorescence would allow FACS-
assisted atrial-like cell purification. The “purer” atrial-like iPSC-CMs would provide more
accurate insights into an association between the TTNtv and atrial diseases e.g. atrial

fibrillation.
6.5.1 TTNtv delays sarcomere maturation

Though it was suggested by semi-quantitative PCR that there was no allelic imbalance of TTN
transcriptional expression in the atrial-like and ventricular-like, heterozygous TTNtv models,
the situation at the protein level is unexplored. As discussed in Chapter 4, titin protein gel
electrophoresis is technically challenging due to the gigantic protein size. Nevertheless,
guantification of the titin protein expression would allow an understanding of the stability of the

truncated titin in the heterozygous setting.

The co-localisation of ACTN2 and the truncated titin protein observed in the homozygous TTN
€.59926+1 G>A line suggested that the truncated titin may be able to bind to ACTN2. This

situation may also present in the heterozygous line although no direct protein-protein
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interaction studies e.g. co-immunoprecipitation were initiated. At the early stage of
myofibrillogenesis, both the WT and the truncated titin may form a complex with nascent
myofibrils; while only those myofibrils with the full-length titin could initiate sarcomerogenesis
(Chopra et al., 2018), the presence of the unusual nascent myofibrils with the truncated titin
may hinder such a process, causing a delay in sarcomere maturation as depicted by the
observed shortened sarcomere length accompanied by the increased variance of the

sarcomere length.

6.5.2 TTNtv and dysregulated protein quality control (PQC)

The sarcomere is a dynamic structure where its protein components undergo constant
turnover. Maintenance of this contractile unit relies on the balance between sarcomere protein
synthesis and degradation. Impaired PQC has been implicated in common cardiac diseases

including DCM, HCM and heart failure (Willis et al., 2014).

UPS and autophagy function as the interconnected central PQC pathways in eukaryotes,
where a downregulation of one system activates the other (Willis et al., 2014). While the
autophagy (macroautophagy in this context) catalytically hydrolyses long-lived proteins,
insoluble protein aggregates and unused organelles encapsulated in a double-membrane
structure called the autophagosome, the UPS targets ubiquitinated short-lived proteins and

misfolded protein for degradation at the so-called proteasome organelle.

Several myofibrillar proteins were shown to be targeted redundantly by E3-ubiquitin ligases
called “MURF1/2” (Figure 2-26) for degradation by the UPS e.g. troponin I, troponin T, titin
and T-CAP (Witt et al., 2005). It was highlighted by (Fomin et al., 2021) that MUFR1 protein
expression was depleted in TTNtv-containing, end-stage DCM myocardial tissues as
compared to either idiopathic DCM or healthy indivi.l,dual samples. This study also illustrated

an impairment in ubiquitination of the truncated titin, which likely supported the increased titin-
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positive aggregate formation, whereas hyper-ubiquitination was presented in the WT titin,

which may explain titin haploinsufficiency and compromised contractility.
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Figure 6-26 UPS mechanism. UPS relies on an ubiquitin signal attached to a target protein by a
process known as ubiquitination, which is reversible by deubiquitination enzymes (DUBS).
Ubiquitination involves 3 cascade steps catalysed by E1 (ubiquitin activating), E2 (ubiquitin-conjugating)
and E3 (ubiquitin ligase) enzymes. Ubiquitin is firstly activated via ATP hydrolysis and covalently bound
to E1. The active ubiquitin molecule is then transferred to E2. Finally, the ubiquitin is attached to specific
target proteins. The ubiquitin on the target protein itself also serves as a substrate for ubiquitination,
making the targeted protein become polyubiquitinated. Lysine 48-linked ubiquitin chain is important for
targeting the protein for proteasomal degradation whereas monoubiquitination involves in other
functions e.g. protein transport, DNA repair and histone regulation. The 26S proteasome is an ATP-
dependent protease comprising of the 20S and 19S components. The 19S cap involves recognising
and unfolding of misfolded substrate before passing it into the 20S protease catalytic core formed by a
and 8 subunits. Modified from (Kocaturk and Gozuacik, 2018) and (Adhikari and Chen, 2009).

MURF1 has been implicated in both skeletal and cardiac diseases. MURF1 mediated skeletal
muscle atrophy where KO of the gene encoding MURF1 protected rat and mouse models
against atrophy (Bodine et al., 2001, Labeit et al., 2010). In the human heart, loss of function
mutations (p.A48V, p.I130M and p.Q247*) in MURF1 are associated with HCM, where an
apparent impairment in myofibrillar protein ubiquitination and UPS-mediated degradation were
shown in mice bearing the mutations (Chen et al., 2012). Meanwhile, overexpression of the
gene encoding MURF1 destabilised the sarcomeric M-line structure in chick CMs (McElhinny

et al., 2002) and caused left ventricular wall thinning and increased susceptibility to heart

failure upon pressure overload in mice (Willis et al., 2009).
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6.5.3 Length-dependent Ca?* sensitivity of tension/activation

The Frank-Starling mechanism (Frank, 1895, Knowlton and Starling, 1912) describes the
situation where cardiac force of contraction and stroke volume (the amount of blood ejected
during each contractile cycle) increase in response to increased ventricular volume during
diastole. The elevated ventricular filling augments preload, the initial CM stretching before
contraction. Here, myofilament Ca?" sensitivity is enhanced at a longer sarcomere length,
possibly through modified myofilament lattice spacing and phosphorylation status of e.g.
troponin | and MYBPC3, thereby improving force development — this is known as length

dependent Ca?* sensitivity of tension/activation (Chung et al., 2016).

Titin is another protein that plays a role in length-dependent activation. A DCM rat model
carrying a homozygous Rbm20 mutation (loss-of-function) presented impaired cardiac TTN
splicing with exclusive expression of an unusually large N2-BA isoform, depressed passive
tension, abolished Frank-Starling response and reduced length dependent activation (Ait-Mou
etal., 2016). (Ait-Mou et al., 2016) reasoned that the titin strain mediated the length dependent
activation via stretch-induced structural rearrangement of thick and thin filaments which

promoted actomyosin interaction and hence, force production at the greater sarcomere length.

It is intriguing to study whether TTN ¢.59926+1 G>A can also modify length dependence of
activation which might subsequently trigger DCM. Analysis of isolated cardiac myofibrils from
end stage DCM patients carrying A-band TTNtv (c.70387_70394 del(GAAA)2insGAAA and
€.56769 T>A) showed no alterations in sarcomere length, sarcomere relaxation kinetics and
length dependence of maximal force development as compared to DCM samples without
TTNtv or heathy donors (Vikhorev et al., 2017). However, relying on the same samples,
(Vikhorev et al., 2022) identified enhanced Ca?* sensitivity of force and loss of the length
dependence of Ca?* sensitivity attributable to depleted phosphorylation of troponin | and

MYBPC3.
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In this chapter, the sarcomere length appeared to be slightly shorter in the ventricular-like
iPSC-CMs carrying heterozygous TTN ¢.59926+1 G>A without a prominent contribution to the
sarcomere relaxation and the Ca?* transient kinetics, likely suggesting unaltered myofilament
Ca?* sensitivity. It was unfortunate that the contractility data of the atrial-like iPSC-CMs was
unavailable. Assuming a similar sarcomere length decrease in the atrial-like iPSC-CMs, this
may suggest an implication of the TTNtv in reduced Ca?* sensitivity, which translates into the

observed acceleration of the Ca?* decay kinetics.
6.5.4 Arrhythmogenic potential of RA-induced atrial-like iPSC-CMs

Atrial-like iPSC-CMs generated by RA induction were shown to be highly susceptible to
spontaneous arrhythmia though reversible by electrical field potential stimulation or using
antiarrhythmic drugs (Goldfracht et al., 2020). This presents a challenge for studies of atrial
fibrillation associated with genetic mutations; whether the mutations directly initiate
arrhythmogenesis or whether they are secondary factors that exacerbate the intrinsic

phenotype of the atrial-like cells is uncertain.

The observed faster Ca?* transient kinetics may be indicative of increased arrhythmogenic
potential in the atrial-like cells carrying heterozygous ¢.59926+1 G>A although
electrophysiological studies would be required for validation. The fact that the altered Ca?*
transient phenotype was absent in the ventricular-like cells may suggest that the Ca?* handling

aberration was caused by an altered activity of atrial-specific component(s).

Both PLN and SLN function as negative regulators of the SERCA activity via modulating the
apparent Ca?* affinity and Ca?" transport velocity (Asahi et al., 2002). While PLN is highly
expressed in ventricular CMs, SLN is specifically expressed in atrial CMs throughout
development (Ng et al., 2010), which makes it a potential candidate for developing a future
atrial-specific fluorescent reporter (Chen et al., 2016, Josowitz et al., 2014, Chirikian et al.,
2021). A reduction in the SLN activity increases Ca?* reuptake from the cytosol into the SR

and hence accelerates the Ca?* decay kinetics. Therefore, the shortened time to Ca?* decay
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detected in the atrial-like cells carrying heterozygous TTN ¢.59926+1 G>A may be attributable

to reduced SLN expression, which remains to be confirmed by e.g. WB.

Enhanced Ca?* cycling can drive atrial fibrillation development (Yeh et al., 2008). SIn-KO mice
showed enhancement in SERCA Ca?* pump activity, Ca?* transient amplitude and contractility
complemented with blunt B-adrenergic response in the atria but not in the ventricles (Babu et
al., 2007). SIn null mice were also susceptible to atrial fibrillation when aged, accompanied by
increased spontaneous Ca?* oscillation incidents, triggered activity frequency and tissue
fibrosis in the atria (Xie et al., 2012). In human, SLN deficiency in the atria was identified in
patients suffering from atrial fibrillation and heart failure independent from changes in

expression of other Ca?* handling proteins (Uemura et al., 2004, Shanmugam et al., 2011).
6.5.5 Concluding remarks

TTN ¢.59926+1 G>A was successfully engineered in the MYL7-mClover reporter iPSC. This
TTNtv caused retention of the intron immediately downstream of exon 303 and generated a

premature stop codon, leading to truncation of titin from the early A-band region.

The homozygous TTNtv arrested myofibrillogenesis resulted in immature CM phenotypes with
reduced MYH7/MYH6 and MYL2/MYL7 expression ratios and lengthened Ca?* transient

duration in both the ventricular-like and atrial-like iPSC-CMs.

The heterozygous TTNtv induced no apparent molecular remodelling (overall TTN expression,
heart failure marker expression and myofibrillar isoform switching) and sarcomere

disorganisation in both the ventricular-like and atrial-like iPSC-CMs.

The ventricular-like cells carrying the heterozygous TTNtv showed a modest reduction of
sarcomere length and increased variation in the sarcomere length, suggesting delayed
sarcomere maturation. Although the cells showed slightly faster contraction kinetics, there was
no change in the relaxation kinetics or the fractional shortening. In addition, no aberrant Ca%
transient dynamics were observed in these cells. Thus, overall, no obvious effect of the

heterozygous TTNtv on functional behaviour was detected in the ventricular-like iPSC-CMs.
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However, an acceleration of Ca?* transient was present in the atrial-like cells carrying the
heterozygous TTNtv, likely suggesting changes in atrial-specific Ca?" handling and/or

myofibrillar Ca?* sensitivity.

In summary, TTN ¢.59926+1 G>A was characterised in a subtype-specific manner in the
MYL7-mClover iPSC-CMs by relying on the atrial and ventricular differentiation protocols. The
presence of the TTNtv did not interfere with the MYL7/mClover expression. As the aberrant
Ca?* transient kinetics were observed only in the atrial-like cells carrying the heterozygous
TTNtv, the atrial-specific MYL7-mClover reporter could be used in future to generate purer

atrial-like cell populations, allowing a detailed characterisation of this TTNtv.
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Chapter 7

Discussion

7.1 Generation of subtype-specific fluorescent reporter lines

Advances in iPSC-CM differentiation have provided an infinite source of cells for
cardiovascular research. However, the iPSC-CM population’s heterogeneity challenges
selective studies. This thesis aims at addressing this issue by designing fluorescent reporter
systems that rely on the endogenous promoter activity present in the different parts of the
adult heart — MYL7 and PITX2 in the atria, MYL2 in the ventricles and HCN4 in the nodal
structures (Ng et al.,, 2010). The fluorescent expression from these systems could allow

identification and isolation of the respective CM subtypes for subsequent uses.

The complementarity between gRNA and target sequences, together with the homology
between the fluorophore donor template and sequences surrounding the target site allows
CRISPR/Cas9-assisted generation of fluorescent reporter lines. The MYL7-mClover, PITX2-
mClover and HCN4-mSarlet reporter lines were successfully generated by relying on the
targeting plasmids carrying ~1000-bp HAs. The high HDR efficiency (>60%) of these 3
targeting projects were explained by using the most efficient CRISPR/Cas9 delivery method
“RNP electroporation” (Burger et al., 2016) and antibiotic selection. However, repetitive motifs
within the homology region may introduce errors during homologous recombination and
reduce the targeting efficiency (Pascarella et al., 2020, George and Alani, 2012). Due to this
concern, an IssDNA with relatively short HAs (~50-nt) was used as a donor template for the
MYL2-mClover line. The complication of using the IssDNA is its incompatibility with RNP
electroporation, as electroporation has proven an inefficient method of delivery of these
IssDNA molecules. Chemical transfection of RNP was also not particularly efficient in our
experience. Therefore, the IssDNA was chemically transfected into iPSCs together with a
CRISPR/Cas9 expression plasmid. However, this method resulted in a poor HDR efficiency

(~0.004%).
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ssDNAs are advantageous in terms of HDR efficiency, cellular toxicity and off-target event
when compared to dsDNA donors (Ranawakage et al., 2021, Canaj et al., 2019). However,
this likely applies only to short sSDNAs e.g. sSODN. Recent work has shown that dsDNA
(plasmid) presented a more efficient template for insertion of a large fluorophore construct in
iPSCs (~700 bp, close to the size of mClover and mScarlet) compared to its equivalent IsSDNA
(~10% versus ~50% HDR) while the opposite outcome was reported for a relatively small
construct (~90 bp) (~85% versus ~25% HDR) (Canaj et al., 2019). In addition, the longer life
time of the CRISPR/Cas9 plasmid relative to RNP preparations of CRISPR/Cas9 also results
in a prolonged expression, allowing continue cleaving within the MYL2 locus, and thus

potentially introducing deletion mutations at the non-targeted allele.

An alternative to IssDNA, targeting plasmids with short HAs allowing targeted insertion of
fluorophores at the MYL2 locus have been published recently using plasmid donors with ~500-
bp HAs (Chirikian et al., 2021, Galdos et al., 2021, Luo et al., 2021). These works relied on a
similar targeting strategy described in this thesis — using CRISPR/Cas9 to replace the original
stop codon with a P2A-fluorophore construct. Hence, this method could be used to improve

the efficiency for generation of the MYL2-mClover reporter line.

For all reporter lines, the editing efficiency may be further enhanced by using chemically
modified gRNAs (Riesenberg et al., 2022). The chemical modification ensures gRNA stability,
allowing more time for CRISPR/Cas9 to access its target sequences and generate DSBs, a
prerequisite for HDR-mediated insertion. Increased cutting efficiency may also eliminate the
necessity of including a selection cassette in a targeting vector (and antibiotic use), avoiding

a need of subsequent excision of the cassette.

7.2 Faithful reporter systems: do they enable specific iPSC-CM subtype identification?

All of the reporter lines were differentiated into CMs by WNT signalling modulation. The PITX2-
mClover line lost the cardiac differentiation possibly due to poor iPSC handling. Two clones

of the MYL2-mClover line contained deletion mutations on the non-targeted alleles and did
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not express both MYL2 and mClover proteins. One clone displayed a delay in the
differentiation, resulting in no transcriptional expression of MYL2 and mClover. The other clone
showed normal differentiation and transcriptional expression of MYL2 and mClover; therefore,
the loss of MYL2 may be explained by protein instability associated with the P2A sequence
and the deletion mutation (Manivannan et al., 2020), while the loss of mClover may be

associated with the translational fall-off mechanism (Liu et al., 2017).

Time course analysis in both the MYL7-mClover and HCN4-Scarlet lines suggested that the
fluorophores recapitulated the MYL7 and HCN4 expression, respectively. Therefore, the
fluorescence signals could be used to track expression of MYL7 or HCN4 in individual cells.
RA was shown to promote an atrial differentiation with atrial-type Ca?* transient, contractility
and molecular features in the MYLY reporter line. Though RA is known to upregulate MYL7
expression (Lemme et al., 2018, Miao et al., 2020, Cyganek et al., 2018), this effect was not
clearly observed in the MYL7 reporter iPSC-CMs, possibly indicating that the cells had an
immature phenotype (Gunawan et al., 2021). Maturation of iPSC-CMs by 3-dimentional
culture was previously illustrated to drive differential MYL7 expression between RA-treated
and non-treated condition (Goldfracht et al., 2020). Fine tuning the RA concentration (Devalla
et al., 2015) may allow further development of the atrial differentiation protocol. In future work,
(MYL7-driven) mClover fluorescence quantification e.g. by a simple plate reader or flow
analysis could guide which conditions better promote the atrial pathway. Further enrichment
of atrial-like population could be accomplished by FACS-sorting for cells which highly express
the mClover marker. The mClover expression also showed a well-to-well variation when
induced by RA even though the cells were differentiated from a single batch of iPSCs, which
can hinder a reproducibility of iPSC-CM phenotype. To overcome this issue, iPSC-CM
differentiation and phenotyping would need to be performed using an automated platform

(Paull et al., 2015) or by several experimental replicates.

Despite being a specific marker for adult nodal CMs, HCN4 is generally expressed in iPSC-

CMs irrespective of subtype (Yechikov et al., 2016). The expression of HCN4 partly explains
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automaticity though the majority of iPSC-CMs are ventricular-like populations, where adult
ventricular cells do not express this gene and do not beat spontaneously. | therefore believe
that the HCN4-driven mScarlet expression may not faithfully indicate nodal-like population in
immature iPSC-CMs. Previous studies have shown that upon iPSC-CM maturation, HCN4
expression was downregulated and became more restricted to nodal-like CMs, corresponding
to a reduction in spontaneous contractile activity (Ichimura et al., 2020, Bosman et al., 2013,
Yechikov et al., 2016). Further FACS analysis of expression of nodal markers e.g. ISLET1
SHOX2 (Ichimura et al., 2020) in HCN4/HCN4-driven mScarlet positive populations between
cells differentiated by the conventional method and cells differentiated by a maturation-
promoting protocol e.g. 3-dimentional culture would clarify whether HCN4 is a specific nodal
marker in mature iPSC-CMs. Alternatively, investigating how the HCN4/HCNA4-driven
mScarlet expression responds to a nodal differentiation protocol e.g. by modulating NODAL
signalling (Yechikov et al., 2020) would confirm if the HCN4-mScarlet reporter allows nodal-
like cell identification. Nevertheless, these future experiments may require a new clonal
reporter line because the clone analysed in this thesis showed a defect in cardiac
differentiation potential, which is likely associated with poor handling or prolongued culture of
the iPSCs. Since the differentiation potential was retained in some cells, subcloning might be

a way forward to acquire a better performing clone.

7.3 Subtype-specific TTNtv modelling

TTNtv is the most common genetic cause of atrial fibrillation (Choi et al., 2018) and DCM
(Roberts et al., 2015). However, their underlying mechanism are poorly understood. iPSC-
CMs have been increasingly used to study the disease mechanisms of TTNtv in DCM (Schick
et al., 2018, Chopra et al., 2018, Fomin et al., 2021, Gramlich et al., 2015, Hinson et al., 2015)
but to my current knowledge, no mutations have been reported for atrial fibrillation, possibly
due to the lack of an atrial-like cell model. Due to its contribution in both atrial and ventricular

CMs, this thesis characterised TTNtv in a subtype-specific manner.
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TTN ¢.59926+1 G>A, a splice variant located in the A-band, is associated with atrial fibrillation
and ventricular tachycardia in DCM patients (Hoorntje et al., 2018). This mutation was
introduced into the parental KOLF2-C1 iPSCs for baseline characterisation before being
incorporated into the MYL7-mClover iPSCs. Since the question of whether the MYL7-mClover
reporter allows atrial-like cell purification was not sufficiently addressed, a subtype-specific
TTNtv characterisation had to rely on using the ventricular and RA-induced atrial differentiation

protocols.

The mutation caused titin A-band truncation, though a clear phenotype was only detected in
the homozygous model. Homozygous TTNtv completely disrupted sarcomerogenesis and
restricted differentiation to more embryonic-like stages. However, such phenotypes were
absent in the heterozygous model. This contradicts previous studies which described
heterozygous A-band TTNtv-associated sarcomere disorganisation in iPSC-CMs (Chopra et
al., 2018, Hinson et al., 2015). However, my model supports previous investigations in human
biopsies (McAfee et al., 2021, Fomin et al., 2021, Vikhorev et al., 2017) and a zebrafish model
(Huttner et al., 2018), which showed normal sarcomere alignment/striation in the heterozygous
state. The difference may arise from different sites of the TTNtv mutation or differences in

experimental approaches.

In addition, the heterozygous TTN ¢.59926+1 G>A mutation did not result in transcriptional
changes in both the atrial-like and ventricular-like iPSC-CMs with regard to myofilament
isoforms, TTN expression levels and markers for heart failure. In the ventricular-like model,
the mutation led to a decrease in sarcomere length and an increase in variation of this
parameter, suggesting delayed sarcomere maturation. | believe that truncated titin may trigger
protein degradation as the mutant protein impeded sarcomerogenesis. At early stages,
truncated titin proteins may be efficiently removed by protein degradation pathways as
suggested by the fact that there were no myofibrillar aggregates detected. It is worth reiterating
that iPSC-CMs displayed immature phenotypes, thus better recapitulating early development

and pathogenesis. Meanwhile, continuous expression of truncated titin proteins may

239



aggravate PQC function, leading to accumulation of such mutant proteins, increased
myofibrillar protein degradation (i.e. sarcomere loss) and impaired myocardial function as
seen in end stage DCM (Fomin et al., 2021). Time course characterisation of TTNtv-carrying
iPSC-CMs would clarify this notion, considering that prolonged culture promotes CM

maturation (Ahmed et al., 2020).

The only different feature between the atrial-like and ventricular-like iPSC-CMs with respect
to heterozygous TTN ¢.59926+1 G>A consequence was the Ca?* signalling. While normal
Ca?* transient dynamics were observed in the ventricular-like model, it appeared that the atrial-
like cells displayed acceleration in both Ca?" upstroke and decay velocity, representing
increased Ca?" release and reuptake. Increase Ca?* transport activity, both by SERCA and
RYR, leads to delay after depolarisation i.e. spontaneous depolarisation following a complete
cycle of action potential (Landstrom et al., 2017). If this unusual phenomenon brings the
membrane potential beyond the threshold, it can result in so-called triggered activity,

generating abnormal, fast atrial rhythm, a characteristic of atrial fibrillation.
7.4 Future directions
7.4.1 Validation of subtype-specific fluorescent reporter lines

To validate the subtype-specific property, the MYL7-mClover and HCN4-mScarlet iPSC-CMs
will need to undergo cell isolation by FACS. Electrophysiological study of the mClover and
mScarlet positive fractions will indicate whether they represent atrial-like and nodal-like
populations, respectively. Further, comparative expression profiling for the sorted fractions
and pre-sorting sample would help to indicate whether the fluorescent reporter systems are
useful tools for enrichment of their respective CM subtype. They could then be applied to

disease modelling questions, such as the role of TTNtv in atrial cells.
7.4.2 Dissecting TTNtv pathogenesis

The atrial-specific TTNtv phenotype presents an opportunity for use of the MYL7-mClover

reporter line. Though atrial-like iPSC-CMs can be obtained by RA induction, isolation of these
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subtypes from pools of cells may further enrich the atrial-specific phenotype. This could be

achieved by FACS-aided purification of cells expressing high levels of mClover.

Work being carried out by Max Cumberland (University of Birmingham) is focussing on the
electrophysiology of TTN ¢.59926+1 G>A bearing atrial-like and ventricular iPSC-CMs. This
will clarify the consequence of the altered atrial-selective Ca?* signalling in action potential
generation. A combination of the Ca?* data and electrophysiology will lead to confirmation of

the intrinsic arrhythmogenic potential of the TTNtv.

To further understand the molecular pathway(s) underlying the Ca?* transient changes, key
Ca?" handling proteins need to be analysed, both quantitatively (levels of expression and post-
translational modification) and functionally. With respect to the atrial-selective phenotype, SLN
is a top candidate, in that reduction in SLN expression enhances SERCA activity (Babu et al.,

2007) and predisposes to atrial fibrillation (Xie et al., 2012).

As titin protein turnover is regulated by the UPS (Witt et al., 2005), quantification of titin protein
level, titin ubiquitination and ubiquitin ligase MURF1/2 level is required to determine if TTNtv
alters the UPS activity and mediates sarcomere insufficiency, thereby disrupting CM’s

function. All together, these studies would benefit our understanding of TTNtv pathogenesis.
7.5 Concluding remarks

This thesis explored the application of a fluorescent reporter in discriminating iPSC-CM
subtypes. MYL7-mClover, HCN4-mScarlet, PITX2-Clover and MYL2-mClover reporter lines
were established using CRISPR/Cas9. Unfortunately, the PITX2-mClover line lost its
differentiation potential and the MYL2-mClover line did not express MYL2 and mClover
proteins. The MYL7-mClover and HCN4-mScarlet lines, however, constitute faithful reporter
systems where the expression of the fluorophores correlate with the expression pattern of their
target markers. Whether the MYL7 and HCN4 reporters could enable FACS-assisted

purification of atrial-like and nodal-like cells, respectively, remains to be confirmed.
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This thesis also sought to identify the subtype-specific contribution to the TTNtv disease
mechanism. Heterozygous TTN ¢.59926+1 G>A did not induce myofibrillar protein isoform
switching, expression of heart failure markers and overall TTN transcriptional changes in both
atrial-like and ventricular-like iPSC-CMs. In the homozygous model, the truncated titin
arrested myofribrillogenesis, leading to accumulation of myofibril aggregates. However,
normal sarcomere structure was preserved in the heterozygous model irrespective of the CM
subtype, likely suggesting effective removal of the truncated titin proteins. The TTNtv-
associated increased protein degradation activity may also increase myofilament turnover and
sarcomere insufficiency, which could underlie the myocardial dysfunction in DCM. The only
atrial-specific phenotype observed was an abbreviated Ca?* transient. Though awaiting

electrophysiology confirmation, this aberration could influence the risk of atrial fibrillation.

Further exploration of the phenotype and the utility of the engineered MYL7-mClover line for
atrial CM purification may present an opportunity to study atrial-specific diseases such as atrial
fibrillation caused by TTNtv or other mutations. It could also be used to study the effects of

pharmacological interventions in enriched atrial-like cell populations.
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Appendix

Table S1 Recipes for buffers and solutions

Buffer Composition

2X Binding buffer for 10 mM Tris pH8, 1mM EDTA, 2M NaCl

IssDNA purification

Cell lysis buffer for gDNA | 0.1% SDS, 400 pg/ml proteinase K and 40 pg/ml RNAse A

extraction

Hybridisation Buffer for 1x CutSmart buffer and 20 uM hybridisation primer (Table

IssDNA purification S4)

Neutralising Solution for 40 mM HCl and 0.1 M Tris pH 8, 0.02 M EDTA, 0.2% wi/v

IssDNA purification

Orange-G DNA loading 50% v/v glycerol, 0.1 M Tris-HCI pH 8, 0.2% w/v Orange G

buffer

Tween buffer for IssSDNA 5 mM Tris pH8, 0.5 mM EDTA, 1 M NacCl, 0.05% Tween

purification

Tyrode’s-HEPES solution | 141.4 mM NacCl, 5 mM HEPES, 1 mM MgCl;, 1.8 mM KCl,
0.35 mM NaH2POQO4, 420 uM CacCl;, and 5.56 mM glucose pH

7.4

Table S2 List of commercial kits and other commercial products

Kits/products

Company and catalogue number

10X TGS running buffer

Biorad #1610732

4X Laemmli Sample Buffer

Biorad #1610747

SO0X TAE

Severn Biotech #20-60001-50

Agarose

Sigma #A9539-500G

All-trans-retinoic acid

Sigma #R2625-50MG

Alt-R® S.p. HiFi Cas9 Nuclease V3

IDT #1081060

AnykD™ Mini-PROTEAN®-TGX™ Stain-
free Precast Protein Gel

Biorad #456-8129

ATP-dependent Plasmid Safe Nuclease,
including 25 mM ATP

Epicentre #£3101K

B27™ Supplement

Gibco #17504-044

B27™ Supplement, minus insulin

Gibco #A18956-01

BD Stemflow™ Human and Mouse
Pluripotent Stem Cell Analysis Kit

BD Biosciences #560477

CHIR-99021

Selleck #52924

CloneJET PCR Cloning Kit ThermoFisher #D1232
CloneR™ STEMCELL #05888
cOmplete™, EDTA-free Protease Inhibitor Roche #4693132001
Cocktail

CutSmart buffer NEB # B7204

DNAse | NEB #M0303S
Dulbecco’s Modified Eagle Medium/F12 Gibco #11320033
Dynabeads™ M280 Streptavidin ThermoFisher #11205D
ElectroSHOX competent cells Bioline #B10-85038
EnGen® sgRNA Synthesis Kit, S. pyogenes NEB #E3322

EnGen® Spy Cas9 NLS

NEB# M0O646T

Essential 8™ medium

Gibco #A1517001

Fish gelatin

Sigma #G7041-100G

Fluoroshield™ with DAPI

Sigma #F6057-20ML

Foetal bovine serum

Gibco #A4766801
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FUGENEG6® Promega #E2691

GeneJet Gel Extraction Kit ThermoFisher #K0692
GeneJET Plasmid Midiprep Kit ThermoFisher #K0482
GeneJET Plasmid Miniprep Kit ThermoFisher #K0503

IWR1

Selleck #S7086

KnockOut™ Serum Replacement

Gibco #10828010

Monarch® DNA Elution Buffer NEB # T1016L
Monarch® PCR & DNA Cleanup Kit NEB #T1030S
NEBuilder® HiFi DNA Assembly Cloning Kit | NEB #E5520S
containing NEB® 5-alpha Competent E. coli

Neon ™ Transfection System 10 pl kit Invitrogen #MPK1096

Opti-MEM™ | Reduced Serum Medium

Gibco #31985062

PBS, pH7.4

Gibco #10010023

Pierce™ BCA Protein Assay Kit

ThermoFisher #23227

PowerUp™ SYBR™ Green Master Mix

Applied Biosystems #A25742

gPCRBIO cDNA Synthesis Kit

PCRBiosystems #PB30.11-10

Quick Calf Intestinal Alkaline Phosphatase

NEB #M0525S

Reduced Growth Factor, Phenol Red-free Corning #356231

Matrigel

ReLeaSR™ STEMCELL #05872

RevitaCell™ Gibco #A2644501

RIPA Lysis and Extraction Buffer ThermoFisher #89900
RPMI-1640 Gibco #11875-093

RPMI-1640, no glucose Gibco #11879020

SiR-DNA Universal Biologicals #CY-SC007
T4 DNA ligase NEB #M0202S

TagMan™ Fast Advanced Master Mix, no
UNG

Applied Biosystems #AA359

Thiazovivin

Selleck #51456

Trans-Blot Turbo Mini 0.2 um PVDF
Transfer Packs

Biorad #1704156

Tris-EDTA

Invitrogen #12090015

TRIzol™

Invitrogen #15596026

TrypLE™ Select Enzyme (1X), no phenol
red

Gibco #12563011

Trypsin-EDTA (0.25%), phenol red

Gibco #25200056

Tween-20 (Polyoxyethylene-20-Sorbitan
Monolaurate)

VWR #9005-64-5

Vitronectin (VTN-N) Recombinant Human
Protein, Truncated

Gibco #A14700

Y-27632 (Dihydrochloride)

STEMCELL #72302

Table S3 List of instruments

Equipment/instrument Company
CFX96 Touch Real-Time PCR Detection System Biorad
ChemiDoc™ MP Imaging System Biorad

FX500 cell sorter Sony

Gene Pulser Xcell Biorad

IX81 microscope Olympus
LSRFORTESSA™ X20 CELL ANALYZER BD Biosciences
Neon™ Transfection System Invitrogen
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SP8 lightning confocal microscope Leica
T100™ Thermal Cycler Biorad
Trans-Blot Turbo transfer system Biorad

Table S4 List of primers and DNA oligos

DNA oligo | Sequence (5’ to 3’)

bGH-F2 CAGCCTCGACTGTGCCTTCTAG

Exneo2 GTTGTGCCCAGTCATAGCCGAATAG

HCN4- CTGTACAAGTAGGCTGGGCCCTTCCTTCCC
3HR-F2

HCN4- CCCCGGGTCTAGGGTACCTCTAGGAAGCTTTCACCTCCCACTGTACAG
3HR-R2 ATGG

HCN4- GGAATTCTCTAGGAGATCTTCTAGCTCGAGCCTTTATGCCTAAGCCAG
5HR-F2

HCN4- TGGCTCCGCTTCCTAGATTGGATGGCAGTTTG
5HR-R2

HCNA4-F TCCTCAGGTTCTTTGCCACCC

HCN4-F2 AGGAGTACCCCATGATGCGA

HCN4-F3 GACACCTACTGCCGCCTCTA

HCN4-R4 | GCGTGGACTCGAACCTCAAA

HCN4- CCATCCAATCTAGGAAGCGGAGCCACGAAC
mScarlet-

F2

HCN4- GGAAGGGCCCAGCCTACTTGTACAGCTCGTCCATG
mScarlet-

R2

HCN4-R CCATCTGCCTTTCTCTGGCT

hTTN-F5 GCTTTGCAGGGGGTATCAGT

hTTN-F6 AACCTGGGCCACCTAGAGAT

hTTN-gF1 | GTCCCCATCGCCCATAAGAC

hTTN-gR1 | GAGGCACTTCAGGACCTGTG

hTTN-qgF3 | TGCTACTGTCCAGGGTCTCA

hTTN-gR3 | CTTCCAGGTCTTCAGGACGC

hTTN-qgF4 | ACCCGCTTTGAGGTTACTGG

hTTN-gR4 | CCGCATCAAGTTCTCCCTCA

hTTN-gF6 | GGATCTGTGTCCTCTAGCTGC

hTTN-qR6 | GAAGCTTCCTCTTTGAGGGCT

hTTN-gF7 | CCCGGGAGCTCAAGAAGAAA

hTTN-qR7 | TGACTTTGGGTGTGGCAACT

hTTN-gF9 | TGAGGCCTTGAATGACAGCG

hTTN-gR9 | GATCACTGGGGCAGCTCTTT

mClover5'- | TTCAGGGTCAGCTTGCCGTT

R

mClover-F | TCTTTCAAGGACGACGGGAC

mClover- CACAACGTTGAGGACGGCAG

F2

mClover- GACGACGGGACCTACAAGAC

gF*

mClover- GATGTTGCCGTCCTCCTTGA

qR*

mClover-R | CGCTGAACTTGTGGCCGT

mScarlet-F | TACAAGGCCAAGAAGCCCGT
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mScarlet- CGCGTGATGAACTTCGAGGA

qF*

mScarlet- GCGGAGCTTCACCTTGTAGA

qrR*

mScarlet-R | ACCTTCAGCTTGGCGGTCTG

MYL2-Al CACCGCATCACCCACGGAGAAGAGA

MYL2-A2 AAACTCTCTTCTCCGTGGGTGATGC

MYL2-F CTGCAAGGCTGTCACTAGCT

MYL2-F4 TACCCAGGGAGGGAGCTTAT

MYL2-F5 TGGACCCTGTGGTCACTTCAT

MYL2-R CCTCGTCCTTAGCACGTGTT

MYL2-R3 CTACCATGTGTCAGTCCGCT

MYL2-R5 GCACGTGTTGCTGGCTCATT

MYL7- CCTGCATGATAAGGGGCAGGGCCAGGCcccA

3HR-F

MYL7- CCCCGGGTCTAGGGTACCTCTAGGACACTGTTCCAGCATGGTC
3HR-R2

MYL7- GGAATTCTCTAGGAGATCTTCTAGCTTCCCAGCCCCACTGATC
5HR-F

MYL7- GGCCCCGCTTCCTTCCTCTTTCTCGTCTCCATGAGTAATAATA
5HR-R

MYL7-F2 CAGACAGAAAGGCCACAGGA

MYL7-F3 CACTGGGGTCCCTACTCTGA

MYL7- CGAGAAAGAGGAAGGAAGCGGGGCCACGAAC
mClover-F

MYL7- CTGGCCCTGCCCCTTATCATGCAGGTGCTACCTGAGAC
mClover-R

MYL7-R2 CCAGCTCCCAGGAGGTAGAT

MYL7-R3 CAAAAGGTTCAGACACCCCATCAA

NS-TV- GATCCATTGTACAGGGCCCCTCGAGA

link1

NS-TV- GATCTCTCGAGGGGCCCTGTACAATG

link2

NS-TV- GTACAAGTAGCAATTGTTACTAGTGGGCCCA

link3

NS-TV- AGCTTGGGCCCACTAGTAACAATTGCTACTT

link4

PITX2- CCTGCATGATAAGCCGCAACCACAGCGCCG

3HR-F

PITX2- CCCCGGGTCTAGGGTACCTCTAGGAGGTGTAGGTTTCCCCGTAAAGGA
3HR-R2 GT

PITX2- GGAATTCTCTAGGAGATCTTCTAGCCAGGGAAGGAAGGGAGGAATTGC
5HR-F2 GT

PITX2- GGCCCCGCTTCCCACGGGCCGGTCCACTGC

5HR-R

PITX2-F CGCCGACTCCTCCGTATGTT

PITX2-F2 ATCCTTCGAAAACGCCCTCC

PITX2- GGACCGGCCCGTGGGAAGCGGGGCCACGAAC
mClover-F

PITX2- CTGTGGTTGCGGCTTATCATGCAGGTGCTACCTGAGAC
mClover-R

PITX2-R TGTCAGACACTGAGGACATCCC

PITX2-R2 | GGGAGCATGACCTTTGCCTC
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pJET1.2-F | CGACTCACTATAGGGAGAGCGGC (ThermoFisher #D1232)

pJET1.2-R | AAGAACATCGATTTTCCATGGCAG (ThermoFisher #D1232)

pJET-Btn- | CGACTCACTATAGGGAGAGCGGC

F

pJET- GATATCTTGCTGAAAAACTCGAGCCATCCG

Hybridizati

on

T7-HCN4- | TTCTAATACGACTCACTATAGGAAGGGCCCAGCTCATAGATGTTTTAGA
A GCTAGA

T7-HCN4- | TTCTAATACGACTCACTATAGGCTGCCATCCAATCTATGAGCGTTTTAG
B AGCTAGA

T7-MYL2- | TTCTAATACGACTCACTATAGGCCACGGAGAAGAGAAGGACTGTTTTA
A GAGCTAGA

T7-MYL2- | TTCTAATACGACTCACTATAGGCATCACCCACGGAGAAGAGAGTTTTA
B GAGCTAGA

T7-MYL7- | TTCTAATACGACTCACTATAGGCACCCATGGAGACGAGAAAGGTTTTA
A GAGCTAGA

T7-MYL7- | TTCTAATACGACTCACTATAGGATTCCTCTTTCTCGTCTCCAGTTTTAGA
B GCTAGA

T7-MYL7- | TTCTAATACGACTCACTATAGGCTGTGCTACATCATCACCCAGTTTTAG
C AGCTAGA

T7-PITX2- | TTCTAATACGACTCACTATAGGTCCTAGGATCCCGGCGCTGTGTTTTAG
A AGCTAGA

T7-PITX2- | TTCTAATACGACTCACTATAGGTGGGTGCGGCTCACACGGGCGTTTTA
B GAGCTAGA

Bold, 20-nt CRISPR sequences; *, used in SYBR green assay.
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V924-neo 5'-3' DTA
4773 bo

M13-20 F‘rimeﬂ

—— XhoI (1255)

Reverse Primer]

{2913) HindIII

A
#

Figure S1 Plasmid map for V294-neo-dTA. This vector was used as a backbone for
generating the targeting vectors described in Chapter 3
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(T7 promoter| (M13 fwd)

(4580) BamHI
loxP!

AmpR promoter|

PL452 (1003)
4823 bp

EM7]

(2669) Sall
(T3 promoter]

(lac promoter! (CAP binding site!

Figure S2 Plasmid map for PL452. This plasmid was used to obtain the Neo cassette
fragment in Chapter 3.
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_Hpal 3

(2741) Pvul

(2710) FvuIl\ /

/

(2603) AfILI \ |

(2601) Stul \ A\ f

(2588) Kpn N\ | \\ /
\ N\

(2561) SacI. \ \ | \

(2562) Xbal _

(2556) Agel )

(2554) AatIl

(2543) NcoI —

(2536) HindIII —

(2527) BamH1

_Scal (449)
-

(2508) EcoRI
(2505) BsmBI _
(2502) Xhol

(2487) BssHI -
(2484) Nsil "~

(2476) BstBI -~
_~Pwvul (561)

(2470) BgIIL -~ -~
(2460) Spel - vall (568)
- —— AV
lac operator|
(2309) AfIIII
Litmus28
2823 bp
T Aser (755)

T Avall (788)

Figure S3 Plasmid map for Litmus28. This plasmid was used for cloning the PCR products
in Chapter 3 at the multiple cloning site (LacZa).
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(245) Bbsl BbsI (267)

chicken B-actin promoter

0,000

A
77 onan —> »
o2 U6 promoter |

gRNA scaffoly

pX330-puro
10,243 bp

Figure S4 Plasmid map for pX330-puro. This plasmid was used for Golden Gate cloning of

gRNA sequence at the Bbsl sites in Chapter 3.
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5000

ampR promoter

18ACH20P_2368293
5089 bp

Figure S5 Plasmid map for 18ACH20P_2368293. This plasmid contains a mSarlet open
reading frame required for generation of the fluorescent reporter in Chapter 3.
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(2612) PstI

/BbsI (2654)

/ DralIl (2728)

_BfuAl - BspMI (2813)
/
/ pJET1.2 forward sequencing primer (2913
Eagl - NotI (2932)
// _BspEI (2946)

Aval - BsoBI - PaeR7I - PspXI - XhoI (2955)
—— <EcoRV> (2974)

2935)
(2223) Xmnl

 <EcoRV> (0)
/_Xbal (6)

BtglI - NcoI - StyI (37)
~_BspDI - ClaI (47)

" pJET1.2 reverse sequencing primer (34 ..

(1846) Fspl—

pJET1.2/blunt
2974 bp

~ HindIII (253)

(1772) NmeAIIL —
(1744) Bgll —
(1704) BsrFI —

— BbvCI - BpulOI (347)
(1694) BpmI

BsmI (351)
BsmBI - Esp3I (374)
“Pmel (393)
(1685) Bsal -
(1664) BmrI

(1624) AhdI

T Mfer (s21)

BspQI - Sapl (615)

\ DrdI (839)
(1147) AlwNI \

(1039) PspFI BseYI (1035)

Figure S6 Plasmid map for pJET1.2/blunt. This plasmid was used for cloning the blunt
end PCR products in Chapter 3.
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Figure S7 MYL2-P2A-mClover gBlock template.
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