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ABSTRACT

Human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) hold great potential for
drug testing, cell therapy, and as models of genetic aberrations such as mutations, polymorphisms
etc. However, current differentiation protocols do not produce cells which are as mature, both
structurally and functionally, as adult cardiomyocytes. In mature cells, B-adrenergic (BAR) pathway
regulates the rate and strength of myocyte contraction. This function is strictly regulated by locating
BAR in microdomains such as caveolae, and by regulating pools of second messenger cAMP
(particularly, via degradation by phosphodiesterases). Also, BAR activity depends on genetic variations
within the population. In our study, we assessed BAR signalling in iPSC-CMs, depending on their

genetic background and maturation state.

Changes in BAR-dependent cAMP production were assessed in cells with different polymorphic alleles
of BAR and at different states of maturation by FRET microscopy and myocyte contractility was

measured by the lonOptix technique.

We found that single nucleotide polymorphisms within the B,ARs influence receptor sensitivity and
desensitisation upon stimulation with isoprenaline, leading to differing myocyte beating rate and

cAMP responses.

Three methods of increasing iPSC-CM maturation were explored: peptidomimetic technology,

microcontact printing for making cell shape more adult-like and prolonged cell culture.

Treatment with a mimetic peptide of CavB2 (a subunit of L-type calcium channel) showed enhanced
development of T-tubules, though further investigation remains to be conducted. Microcontact
printing positively influenced hiPSC-CMs shape and structural protein alignment, although little
change in functional activity was noted. Prolonging time in culture led to an increase in the number of
membrane caveolae and increased B.AR compartmentation in these microdomains, restricting
cytoplasmic BoAR-dependent cAMP levels through localised phosphodiesterase activity. Interestingly,

limited change of B1AR-dependent cAMP activity was observed.

We conclude that B.AR signalling pathway compartmentation approaches the adult phenotype in

iPSC-CMs with increased time in culture.
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CHAPTER 1: GENERAL INTRODUCTION
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1.1 MYOCARDIAL FUNCTION

1.1.1 The myocardium

The myocardium is the thick middle layer of the heart and is surrounded by an outer layer called the
endocardium and a thinner inner layer called the epicardium. The myocardium tissue is highly
specialised and composed of striated muscle cells, fibroblasts and cardiac myocytes. Human
ventricular cardiomyocytes are tube-like structures measuring 10-15um in width and 50-100um in
length and are composed of rod-like units forming muscle fibres (myofibrils) (Goktepe et al., 2010;
Golob et al., 2014; Sanger et al., 2000) Each myofibril is composed of serially repeating structures,
sarcomeres, the fundamental contractile unit of the muscle cell. Each sarcomere is composed of
myofilaments, these are long proteins organised into thick filaments (A-band formed of myosin
proteins) and thin filaments (I band formed mainly of actin proteins). The overlapping thick and thin
myofilaments within the sarcomere of the cell give the characteristic striated appearance (Bray et al.,
2008; Golob et al., 2014; Sanger et al., 2000). The sarcomeres have a length ranging from 1.8-2.4um
depending of the degree of contraction and relaxation of the muscle. It’s the sliding of the actin and
myosin filaments past each other which leads to the formation of “cross-bridges”, causing contraction
of the heart and allowing force generation (Bray et al., 2008; Geisse et al., 2009; Goktepe et al., 2010)

(Fig 1.1).

The cardiomyocyte is surrounded by a plasma membrane called the sarcolemma and functions as a
barrier between the extracellular and intracellular contents. Invaginations of the plasma membrane
into the cytoplasm of the cardiomyocytes gives rise to structures called T-tubules (Geisse et al., 2009;
GOkepe et al., 2010; Scriven et al., 2000). Numerous proteins such as L-type calcium channels (LTCCs),
sodium-calcium exchanges, and beta adrenoceptors (BARs) are localised within T-tubules and allow
the exchange of various ions between the cardiomyocyte and the extracellular fluid (Scrive et al.,

2000).
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The contractile power of the myocardium is primarily dependent on cardiac myocytes which account
for 70% of the myocardium volume (Zhou & Po, 2016). Their contraction generates pressure to pump
blood through the circulatory system. The contraction allows the production of force to propel
deoxygenated blood from the body through the right atrium and ventricle to the lungs and oxygenated

blood through the left atrium and ventricle to the other organs of the body.
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Figure 1. 1 The cardiomyocyte

A) The structure of the cardiomyocyte illustrating the main structural components that are crucial for
the function of these cells. B) An illustration of the sarcomere. The main function of cardiomyocytes
concerns cardiac contraction. Cardiomyocytes are equipped with bundles of myofibrils that contain
myofilaments and represent 45 — 60% of the cell volume (Cardiomyocytes - The Cardio Research Web

Project, n.d.).

1.1.2 Excitation contraction coupling

Excitation-contraction coupling is the process by which an electrical stimulation of cardiomyocytes
triggers the release of calcium from the sarcoplasmic reticulum and leads to the activation of myocyte
contraction by sarcomere shortening. The myocardial action potential occurs in 5 phases and is driven
by a series of ion fluxes and molecular events. Pacemaker cardiomyocytes initiate a small

depolarisation in surrounding cells causing the fast sodium channels to open and a rapid influx of Na*

Page 23 of 295



which depolarises the cell membrane potential, phase 0. This influx of ions resulting in the opening of
inward chloride channels and a few potassium channels for potassium efflux, and the Na+ channels
are inactivated. This causes the membrane potential to begin becoming repolarised, but complete
repolarisation is prevented by voltage-gated calcium channels causing an influx of Ca?* into the cell.
The phenomenon of calcium-induced calcium release is triggered, during which a small increase in
Ca®* stimulates the opening of ryanodine channels situated within the sarcoplasmic reticulum
membrane. There is a further release of Ca®* store into the cardiomyocyte cytosol which binds to the
myofilament protein troponin-C. This causes cardiomyocyte contraction. In phase 2 the efflux of K+
and the influx of Ca+ are counterbalanced and a plateau phase is maintained. Relaxation occurs when
calcium dissociates from the myofilaments via a concentration gradient and the Ca% is removed from
the cytosol. During phase 3, repolarisation occurs as the efflux of K+ exceeds the influx of Ca+. The

final resting membrane potential of the cardiomyocyte is reached, phase 4 (Bers, 2002, 2008).

1.1.3 Modulation of contraction by sympathetic nervous system

The performance of the heart throughout its daily activities is controlled by the cardiac sympathetic
and parasympathetic neurons (SN and PSNs) of the nervous system (Bers & Despa, 2009). To perform
such function, the peripheral afferents inputs mechanical, metabolic and chemical information and
efferent from the central nervous system relay information regarding physiological state, behaviour
and emotions to the cervical and thoracic sympathetic ganglia and cardiac parasympathetic ganglia
(Armour et al., 1997; James & TN, 1982; Samuels, 2007; Taggart et al., 2006). The autonomic post-
ganglionic ‘motor’ neurons directly innervate the heart and are coupled to the SNs, PSNs and the
cardiomyocytes (Hoover et al., 2004). Therefore, these serve as end-effectors of the neuronal network
and form the integral brain-heart connections. The entire mammalian heart is innervated by SNs

through the epicardium into the myocardial interstitium (leda et al., 2007; Kimura et al., 2012).

Acute stresses activate the sympathetic nervous system leading to maximal chronotropic and

inotropic activation of the heart. This is an evolutionarily conserved, life-saving response occurring
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instantaneously, also known as the ‘fight-or-flight’ response. The inotropic response is mediated by
the B-adrenergic receptors (BARs). Stimulation of the BARs leads to an increased production of cCAMP
which activates protein kinase A (PKA), which phosphorylates various downstream effectors such as
the calcium handling proteins; therefore, increasing calcium availability for myocyte contraction (Bers,
2008). The chronotropic response is mediated by the pacemaking activity of the sino-atrial node cells
mainly through the action of B;AR-dependent cAMP activity and calcium signalling (Difrancesco,
2010). In such situations, the increase in chronotropic and inotropic activity occurs simultaneously in

order to maximise cardiac output.
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1.2 THE BETA-ADRENERGIC RECEPTORS IN THE MYOCARDIUM

1.2.1 Beta adrenergic receptors

GPCRs are specialised membrane proteins composed of a conserved core structure with an
extracellular amino terminus, seven transmembrane a-helices connected by three intracellular and
three extracellular loops, and an intracellular carboxyl terminus. These receptors are responsible for
the transduction of extracellular signals, such as from hormones and neurotransmitters, chemical
stimuli or therapeutic agents. Signalling through GPCRs is vital for regulation of a broad range of
physiological processes, such as cell growth, metabolism, sensory perception, and hormonal

homeostasis.

The binding of ligands, such as hormones and neurotransmitters, to GPCRs induces a conformational
change of the receptor and leads to the GPCR coupling with heterotrimeric G-proteins. This coupling
leads to the exchange of G-protein-bound GDP for GTP which induces the dissociation of the G-protein
into active G, and Gg subunits. G, consist of four subfamilies, G, Gui, Gag and Gqi2, Which
differentiation the cellular signal in order to modulate the activity of various effector molecules and
regulate the concentration of second messengers in the cell. For example, the activation of Gqs leads
to the activation of adenylyl cyclase (AC) leading to the increase in cAMP concentration. Whereas
activation of Gy inhibits AC activity, reducing cAMP concentration, as well as coupling the receptors
to Gi linked pathways and activating extracellular signal-regulated kinases ERK1/2 mitogen-activated
protein kinase (MAPK) and PI3K-PKB/AKT pathways. In this way, a variety of different downstream

signalling molecules can be activated (Rosenbaum et al., 2009).
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1.2.2 Differential roles of beta-adrenergic receptors in the myocardium

One type of specialised GPCRs in particular are the BARs. Binding of catecholamines to BARs influences
the inotropic, lusitropic and chronotropic activity of the heart. There are three types of BARs, B.AR,
B2AR, and BsAR. B1ARs and B,AR are highly homologous receptors expressed in the heart, and B3ARs
are mainly found in adipose with minimal expression in the heart. B1ARs comprise 75-80% of cardiac
BARs (Steinberg, 1999) and binds only to Gs (Fig 1.2). It has been shown that selective stimulation of
B1ARs leads to both positive inotropic and lusitropic effects on cardiac muscle contraction through
cAMP production and protein kinase A (PKA) activation (Bers, 2002). The increase in force and speed
of contraction is due to an increase in cytosolic Ca?* which occurs due to phosphorylation of L-Type
Ca? channels in the plasma membrane, ryanodine receptors and phospholamban in the sarcoplasmic
reticulum. Relaxation is based on an increase in the rate of Ca?* uptake by the SR and a decrease in

Ca? binding to the myofilaments due to phosphorylation of troponin-I proteins.
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Figure 1. 2 6AR-signalling compartmentation within caveolar microdomains

B1ARs and B8,ARs have distinct signalling pathways and cellular localisations. 8:ARs are located both in
and outside of caveolae, and induce chronotropic and inotropic effects upon stimulation via G;
coupling. 8,ARs are confined to caveolae and although they can mediate an increased contraction rate

via Gs coupling, they can also induce opposing effects by G; coupling, unlike 8:ARs.
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B2AR contribute 20-25% of the cardiac BARs and can couple to both Gs and G; proteins, thus the
functional responses of B,AR can vary quite significantly from those elicited by B1ARs. For example, it
has been reported that B,AR stimulation can lead to a positive inotropic effect, but doesn’t produce a
positive lusitropic effect observed by B:AR. This can be explained by the understanding that B.ARs
coupling to G proteins and can produce a localised cAMP response that is restricted to the regulation
of L-type Ca?* channel activity (Balijepalli et al., 2006; Ostrom et al., 2000; Rybin t al., 2000). Therefore,
with little or no PKA-dependant phosphorylation of phospholamban or troponin-I proteins, relaxation

rate is not increased (Kuschel et al., 1999; MacDougall et al., 2012; Xiao & Lakatta, 1993).

BsARs have been reported to couple to both Gs and G; proteins. In the human and rodent ventricular
myocardium, catecholamine-induced activation of Bs;AR elicits a negative inotropic and positive
lusitropic effect by signalling through G; and the second messenger 3’,5'-cyclic guanosine
monophosphate (cGMP) (Gauthier et al., 998; Mongillo et al., 2006). It has been suggested that Bs3AR-
cGMP signalling can attenuate prolonged, cardiotoxic BiAR-cAMP signalling and protects against
pathological hypertrophy and cardiac remodelling (Hammond & Balligand, 2012; Mongillo et al.,
2006). One study showed that overexpression of BsAR in transgenic mice led to protection of the heart
against catecholamine-induced hypertrophy and remodelling through endothelial nitric oxide
synthase (eNOS)-soluble guanylyl cyclase (sGC)-cGMP signalling pathway (Belge et al., 2014). This
thesis focuses on cAMP activity through B:AR and B,AR, and so discussion of B3AR-cGMP activity will

be limited.

B1AR and B2AR are found to be located in different membrane regions, which raises the question of
whether cAMP produced by stimulation of receptors located in different membrane domains play an
equal role in regulating the various downstream targets. B:AR have a widespread distribution and are
located in all fractions of the plasma membrane, including caveolar and non-caveolae lipid rafts, as
well as non-lipid raft fractions. Interestingly, Gs proteins, which couple with B1ARs to AC, are also found
to be distributed in a similar pattern. In addition, AC5 and AC6, the most common AC isoforms in
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cardiac tissue, are also found to be expressed in both caveolar and non-caveolar fractions (Nikolaev
et al., 2006, 2010). There is evidence suggesting that AC5/6 interacts directly with membrane Cav3,
thus explaining the localisation of AC5/6 to caveolar fractions (Harvey & Calaghan, 2012). On the other
hand, B.ARs are mainly found within the caveolin-enriched fractions of the plasma membrane,
together with G;, G; and AC5/6. FRET-based studies using a type Il PKA-based probe show that B,AR
activation not only elicits localised cAMP responses (MacDougall et al., 2012), but also produces a
response which can be detected globally using cytosolic sensors (MacDougall et al., 2012; Nikolaev et
al., 2006; Wright et al., 2014). This leads to the assumption that although B,AR-produced cAMP may
not be restricted, it doesn’t readily diffuse throughout the cell (Nikolaev et al., 2010; Wright et al.,

2014).

The effect caveolae and/or lipid rafts have on producing compartmentalised responses has been
investigated through treatment with MBCD to deplete membrane cholesterol from the membrane
bilayer. It has been shown that cholesterol depletion or Cav3 knockdown with siRNA doesn’t change
the effect maximal B1AR activation has on contraction or L-type Ca?* channels in adult ventricular
myocytes. Furthermore, treatment of adult cardiac myocytes with MBCD showed to enhance the
inotropic response to B1AR stimulation (Calaghan & White, 2006; Agarwal et al., 2011). Through the
use of either membrane-localised FRET biosensors targeting type Il PKA locations or cytoplasmic
sensors targeting type 2 exchange protein activated by cAMP (Epac2-cAMP) global and localised cAMP
changes have been measured. It revealed that treatment with MBCD increased local cAMP responses
within the PKA signalling domain, but not the global cAMP responses (MacDougall et al., 2012; Agarwal
etal., 2011). Interestingly, disrupting caveolar function with MBCD has shown to cause a redistribution

of B2ARs, resulting in a cAMP response that propagates throughout the cell (Nikolaev et al., 2006).
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1.2.3 Biased agonism of B2AR

There is increasing evidence for the ability of the B,AR to interact with a specific subset of G-protein
which attributes to the differing physiological properties of the B,AR from B:AR. In addition to
interacting with Gs proteins, B2AR can also couple with G; proteins, thus having a major influence of
cardiomyocyte contractility. The ability of B,AR to switch between coupling from G; to G; is a process
known as biased agonism (or stimulus trafficking). This has been shown to occur based on post-

transitional modifications which influence PKA-mediated B.AR phosphorylation (Daaka et al., 1997).

Agonist-mediated activation of the B,AR and its GPCR-subtype coupling is thought to occur in a dose-
dependent manner. For example, previous literature on transgenic mice over expression B2AR showed
to have a positive inotropic effect through B,AR-Gs upon receptor stimulation with low adrenaline
concentrations. However, with increasing adrenaline concentration, there was a switch of B,AR
coupling from G; to G, eliciting negative inotropic effects (Heubach et al., 2004). This suggests that
catecholaminergic stimulation at higher physiological levels activates an alternative signalling pathway
which triggers the switch of B,AR coupling from Gs to G;; and by doing so, further positive inotropy is
inhibited. Biased agonism can depress cardiac contractility and therefore would be favourable at
higher concentration. In this way, it proves an important method for preventing overstimulation of
the cells by the BAR and also protecting against BiAR-dependent catecholamine-induced

cardiotoxicity.

Previous work by Zhu et al. (2001) reported that stimulation of the B:AR in a B,AR-knock-out mouse
led to cardiomyocyte apoptosis. In addition, they reported that B,AR stimulation, on the other hand,
promoted anti-apoptotic effect to a certain extent (Zhu et al., 2001). Pertussis toxin (PTX) is commonly
used as a treatment for inhibition G; and has been reported to enhance cellular apoptosis upon BAR
stimulation (Communal et al., 1999). Foester et al. 2003 further investigated the pleiotropic property
of B2ARs by inactivating the cardiac Gi, subunit by gene deletions. They observed reduced survival of

homozygous knockout mice, and heterozygous mice were prone to heart failure and cardiac
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hypertrophy (Foerster et al., 2003). This highlights the essential role B;AR-G; interactions in cardiac
protection against chronic adrenergic receptor stimulation, and essentially working towards providing

prolonged survival and delaying cardiac pathology.

1.2.4 Biased agonism in the clinical setting

In response to external stimuli, the contractility of the heart can increase dramatically as and when
required. However, at times of physiological stress, levels of catecholamines can be significantly
elevated; and unlike the healthy myocardium, a chronically failing heart can become insensitive to
prolonged periods of receptor stimulation. This is a result of ;AR down regulation and, although

B2ARs level are maintained, there is B2AR-G;s uncoupling and increased B,AR-G; coupling.

Takotsubo cardiomyopathy is the apical ballooning an acute yet severe heart failure syndrome in
which this phenomenon of biased agonism is observed. It is shown to mimic the symptoms of acute
myocardial infarction and has been reported to occur shortly after periods of stress, hence also termed
“stress cardiomyopathy” (Sattler et al., 2018; Ghadri et al., 2018). Takotsubo cardiomyopathy was first
described in 1990 in Japan, where the shape of the left ventricle (LV), with an akinetic apex and
hyperkinetic basal segments, was compared to a Japanese Octopus pot, or takotsubo (Sato et al.,

1990).

The pathophysiological mechanism of Takotsubo syndrome are still unclear, but it has been proposed
that excessive levels of circulating adrenaline may be an important underlying factor (Wittstein et al.,
2005). In most cases Takotsubo patients make a full recovery, however, significant mortality has been
documented in the early stages of onset. The observed reversibility of Takotsubo has sparked interest
in understanding the potential protective, cardiodepressive mechanism which provides a beneficial

physiological function (Wittstein et al., 2005).
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Murine rat models have been created by adrenaline infusion to mimic this clinical syndrome and
examine the involvement of the BARs to show the reversible, negative inotropism in the apex. As
discussed earlier, the B1ARs only signal via the Gs pathway, whereas the pleiotropic B2ARs can signal
via Gs or G;j, thus limiting toxic Gs activity and reversing its contractile effect. This effect is observed to
a greater extent in the apex due to the increased sensitivity of the BARs and a greater ratio of B,AR to
B1AR (Paur et al., 2012). This in vivo model has proved to be a useful model to explore the role of B,AR-
Gi interaction and has been extensively been used to study the cardioprotective nature of Takotsubo
syndrome. It has also been previously demonstrated by Paur et al. that the cardiodepressive effects
are induced by high doses of adrenaline (Paur et al., 2012). Thus, with the activation of Gi-signalling in
the presence of PTX, this protective effect is abolished and there was a high level of arrhythmic
mortality observed. Therefore, the B,AR-stimulus trafficking towards G; is protective against

catecholamine-induced toxicity.

1.2.5 Localisation of B2AR in TT

The sympathetic control of the myocardial function is mainly driven by the B:AR and B,AR pathways.
However, there is accumulating evidence that signalling through these two receptors results in
differential physiological responses. This has been made possible through the use of scanning ion
conductance microscopy (SICM) in combination with FRET. SICM allows non-contact, live imaging of
cell membranes with high resolution and stability; moreover, it allows the application of molecules
and reagents to localised areas of the cell. SICM together with FRET microscopy, allowed real-time
measurements of cAMP activity upon stimulation of receptors in specific regions of the cell
membrane. With the use of FRET alone, it was found that whole cell B:AR activation leads to the
stimulation of cAMP-PKA mediated phosphorylation of phospholamban and other contractile proteins
(Chen-lzu et al., 2000). Excessive/prolonged BiAR stimulation can induce hypertrophy progressive

hypertrophy and heart failure in B;:AR transgenic mice and can promote cardiomyocyte apoptosis
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(Engelhardt et al., 1999). Nikolaev et al showed through the use of scanning ion conductance
microscopy (SICM) in combination with FRET that local stimulation of ;AR lead to whole-cell cAMP
propagation, whereas local stimulation of B2AR had only locally confined responses (Nikolaev et al.,
2010; Schobesberger et al., 2017). Further to this they show that although B,ARs are present on the
crest as well as in t-tubules, cAMP was only produced from B,AR when stimulated in the T-tubules
(Calaghan et al., 2008; Zakhary et al., 2000). The localised cAMP response of B,AR explains the limited
effect is has on myocyte contraction and relaxation. Stimulation of both BARs led to an increase in
LTCC and enhanced contractile strength, but only BiAR stimulation led to phosphorylation of
phospholamban, troponin-l and troponin-C proteins leading to enhanced muscle relaxation (Kaumann
et al., 1999). Using the cell-attached patch-clamp technique, Chen-lzu et al also show that when either
B1AR or B,AR are stimulated with agonist within the patch membrane, both activated LTCCs within the
patch (Chen-lzu et al., 2000). However, when agonist was applied outside the patch membrane, only
B1AR lead to channel activation; deducing that B1AR signalling is global and can diffuse to activate
channels throughout the cytosol, however, B,AR signalling is only local to the cell membrane (Gorelik
et al., 2006). In heart failure, as a result of changes in cardiomyocyte structure, B,AR redistribute to
the cell surface and responses were no longer exclusively detected in the t-tubules, but were also
detected in the crest region. This is due to the uncoupling of the B,ARs from localised PKA molecules,
thus the compartmentation of the B.AR-cAMP signalling is lost (Schobesberger et al., 2017; Gorelik et
al., 2013; Zaccolo, 2011). The delocalisation of B,AR in failing cells also leads to increased
phosphorylation activity upon receptor stimulation; which is potentially due t-tubule disorganisation

during heart failure (di Benedetto et al, 2008).
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1.2.6 Haplotypes of the B,AR

The human B;AR is located on chromosome 5(q31-32) and is an intronless gene. There are many single
nucleotide polymorphisms (SNPs) identified in the human population. They are randomly located
throughout the receptor gene and are suggested to influence receptor expression, agonist binding
properties and receptor desensitisation. With increasing evidence for the influence these genetic
variants have on the adrenergic response and the downstream signal transduction pathways (Evans &

McLeod, 2003), B2ARs are an interesting pharmacological target for modifying cardiovascular function.

Arg/Gly
at codon 16

GIn/Glu
at codon 27
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Figure 1. 3 Structure of the human 8,AR

The human B,AR is composed of 413 amino acids, 3 intracellular and extracellular loops, and 7
transmembrane domains. Shown in red are the locations of the two most common single nucleotide
polymorphisms (SNPs) in the human DNA sequence which result in altered amino acids at codon 16

and codon 27 of the receptor.

The most common polymorphisms of the human B,AR are situated at the amino acid position 16 and
27, this leads to an Arg-to-Gly and a GIn-to-Glu amino acid change respectively (Fig 1.3). These variants
in particular have been associated with influencing cardiac physiology. In addition, linkage
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disequilibrium of these alleles results in the frequency of these variants to differ between different
ethnic backgrounds. The reported allele frequencies for Gly-16 were 0.61, 0.50 and 0.40 and for GIn-

27 were 0.57, 0.73 and 0.80 in white, black and Asian populations respectively (Liggett, 2000).

In vivo experiments have previously been set up to study the functional effects of these genetic
variants. One study investigated B,AR-agonist-mediated vascular desensitisation by infusion of
isoprenaline in individuals with variable amino acids at position 26 and 27 of the B,AR. They showed
that patients homozygous for Argl6 had a higher rate of agonist-mediated desensitisation, indicating
that the reduced responsiveness may be involved in a cardioprotective process. Whereas those
patients homozygous for Glu27 showed enhanced agonist-mediated responsiveness (Dishy et al.,

2001).

The influence of these haplotypes on B.AR desensitisation was also investigated by Bruck et al. who
measured the change in heart rate and contractility after an intravenous treatment of terebualine in
vivo. Similarly, to the study conducted by Dishy et al.,, (2001), Bruck et al. observed slower
desensitisation in individuals who were homozygous for the Glu27 variant (Bruck et al.,2003). Thus,
supporting the hypothesis that the Glu27 variant is responsible for enhanced B,;AR-agonist-mediated

due to resistance to desensitisation.

Although SNPs within the B,AR have shown to alter phenotype and can greatly influence cardiac
health, studying only individual SNPs have a poor predictive power as pharmacogenetic loci. This is
mainly due to the theory that unique interactions which exist between the SNPs themselves can be

missed.

Most commonly in vivo experiments have been conducted to observe the properties of the B,AR
haplotypes. However, more recently, cardiomyocytes from human embryonic stem cells have been

developed to model an array of phenotypes which is also proving beneficial as they can more easily
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be genetically manipulated. The Denning group in Nottingham have genetically manipulated one such
hESC line, HUES7, using CRISPR/Cas9 technology to develop cell lines which stably express the B,AR
variants of amino acid 16 and 27 (where Argl6Gly is (R/G) and is Glu27GIn (E/Q)) resulting in the GE,
GQ, RE and RQ haplotypes (Kondrashov et al., 2020). This tool will allow further investigation into
understanding the influence of the B,AR haplotypes on receptor activity and cAMP handling

properties.
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1.3 cAMP SIGNALLING IN CARDIOMYOCYTES

1.3.1 cAMP synthesis and signalling pathway

Adenosine 3',5'-monophosphate (cAMP) is a small diffusible molecule which acts as an intracellular
messenger and regulates a wide range of cellular and biological functions, such as gene transcription,
cell metabolism and development, among other specialised functions depending on cell type. The
cAMP pathway is triggered by the binding of a hormone which activates GPCRs. This leads to adenylyl
cyclase (AC) activation which catalyses the conversion of ATP to cAMP. This cAMP then binds to and
activates specific intracellular effectors, such as protein kinase A (PKA) or cAMP-dependent exchange
proteins (Epac); which are the two main cAMP effectors which mediate downstream signalling. In
addition, cAMP can also activate cyclic nucleotide-gated ion channels (CNGC) and POPDC proteins

(Beavo and Brunton, 2002).

Most cells express various types of GPCRs which signal via cAMP, and each cell contains numerous
effectors which can be phosphorylated by PKA; thus, a great degree of sophistication in response to
extracellular stimuli is required to obtain coordinated behaviour for the desired cell output (Beavo et
al., 2006; Conti & Beavo, 2007). One such way of maintaining specificity is by having a multiplicity of
isoforms/variants for each of the molecular components involved in the signalling pathway. In this
way, isoforms can be unique to specific pathways. Alternatively, signalling components can be
spatially confined to subcellular locations, thus restricting regulatory mechanisms and raising the
concept of cellular compartmentation (Francis et al., 2001). This new perspective of locally regulated
signal propagation is beginning to unravel novel insights into pathophysiological mechanisms and
potential avenues for therapeutic interventions. In addition to the protein components of the
signalling pathway, spatial confinement also includes cAMP itself. This was initially demonstrated in

cardiomyocytes (Zacclo, 2006).
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In the heart, stimulation of both BARs and prostaglandin receptors with isoprenaline and prostacyclin
respectively results in a similar increase in cAMP through the G-stimulatory pathway. However, only
cAMP generated from BARs activation increases myocyte contraction but not by the activation of the
prostaglandin receptor. This was further studied using real-time cAMP analysis which showed that
both these receptors generate a spatially distinct pool of cCAMP which activate different subsets of PKA
enzymes, thus phosphorylating different downstream effectors. It is the influence of
catecholaminergic stimulation of the BARs which occurs specifically in pools of the membrane bound
PKA-regulatory domain Il (PKA-Il) which results in an increase in phosphorylation of contractile
proteins of the myocyte. Prostacyclin stimulation of prostaglandins stimulates the cytosolic PKA-RI
domain which exist in a different pool, thus effecting targets of a different signalling pathway

(Mongillo et al. 2004).

1.3.2 cAMP degradation and compartmentation by PDEs

The amplitude, duration and localisation of cyclic nucleotides relies on the fine balance between cyclic
nucleotide synthesis and, subsequently, its degradation by phosphodiesterases (PDEs). PDEs are a
highly diverse superfamily of enzymes that play a central role in lowering cyclic nucleotide levels; thus,
obtaining control of cAMP concentrations throughout the cell and is therefore has a major influence
on cAMP compartmentation. The PDE superfamily are composed of 11 families. PDE1, 2, 3, 10, 11
have dual specificity and can hydrolyse both cAMP and cGMP. PDE 4, 7, 8 families specifically target
cAMP and PDES5, 6, 9 hydrolyse cGMP. Different translational start sites and alternative mRNA splicing
gives rise to over 100 different PDE isoforms which vary in primary structure, catalytic properties and
affinities for cAMP and cGMP. These variable enzymatic properties and localisation can directly shape,
separate and modulated cyclic nucleotide to specific subcellular microdomains. PDEs have a
conserved catalytic domain with 25-52% amino acid sequence homology and the regulatory N-

terminal domain can be highly variable, and is used to characterise each family and isoform variant.
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The N-terminal is also responsible for regulating enzyme dimerization, binding of regulatory
molecules, phosphorylation sites targeted by protein kinases and membrane-associated domains for
localisation of PDEs to specific subcellular compartments (Conti et al., 2014). Furthermore, individual
cell types uniquely express different combinations of these PDE isoform variants and therefore have
different subcellular localisations and functional activity (Kim & Kass, 2017). This local degradation of
cAMP and cGMP by PDEs allows signalling to be compartmentalised within defined pools (Leroy et al.,
2008). Individual PDEs can also be functionally coupled to GPCRs and degrade cAMP selectively to a

given stimulus (Mongillo et al., 2004).

This specificity is critical to achieve specific physiological responses (Hambleton et al., 2005; Richter et
al., 2001) and their dysregulation, disrupted targeting or blunted responsiveness to stimulation can
contribute to pathological remodelling, muscle dysfunction, metabolic abnormalities and poor cell
survival (Beavo et al., 2006). Changes in the expression or activity of certain PDEs can lead to abnormal
cAMP handling and has been noted in various cardiovascular diseases; therefore, PDEs can be
important targets for pharmacological interventions, involving either the synthesis or suppression of

some PDE families or specific isoforms (Fig 1.4).
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Figure 1. 4 Phosphodiesterases compartmentalise cCAMP pools

Phosphodiesterase’s dynamically control cAMP molecules in various subcellular regions by functioning
as a barrier against cAMP diffusion, thus are capable to generation compartments of high and low
cAMP concentrations in different cellular domains, and ultimately control the activity of cAMP

effectors protein kinase A (PKA) and exchange protein activated by cAMP (EPAC).

PDE2, 3, and 4 are most commonly involved with cAMP degradation in the cardiomyocyte with some
variability between species. In mouse and rat, PDE4 is responsible for 60% of cAMP hydrolysis (Beavo
et al., 2006). PDE3 and PDE4 together contribute to 90% of cAMP degradation in rat cardiomyocytes
(Mongillo et al., 2006). Human cardiomyocytes show PDE3 plays an equal role in cAMP hydrolysis to

PDE4 (Beavo et al., 2006; Mongillo et al., 2004).

1.3.2.1 PDE2

PDE2 has dual specificity for both cAMP and cGMP and the splice variants produced from a single gene
gives rise to three gene products, PDE2A 1-3. These enzymes are assembled as homodimers where
each monomer possesses two regulatory GAF domains (GAF = cGMP-specific phosphodiesterases,
adenylyl cyclases and FhlA) to which cGMP binds, increasing its catalytic activity by to up 30-fold. They
are stimulated by the binding of cGMP to the GAF domain. PDE2 is found in the cytosol and is also

associated with functional membrane structures, such as the plasma membrane, sarcoplasmic
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reticulum and the nuclear envelope (Lugnier, 2006). The role of PDE2 at the plasma membrane is
shown to be essential to regulate cardiac LTCC activity when cGMP levels are elevated (Fichmeister et
al., 2005). In the heart, it is thought that PDE2 reduces cAMP levels in response to cGMP production.
Previous studies performed using FRET microscopy showed that in neonatal cardiomyocytes a
negative feedback mechanism involving BsAR and eNOS/sGC/cGMP signalling pathway led to PDE2
activation. This counteracted the increase in cAMP and the positive inotropic response after BAR
stimulation (Mongillo et al., 2006). It has previously been suggested that PDE2 accounts for only a
small fraction of total cAMP hydrolysing activity in the myocardium (Beavo et al., 2006; Mongillo et
al., 2004); however, in the presence of cGMP, PDE2 still plays a vital part in regulating specific pools

of cAMP.

1.3.2.2 PDE3

The PDE3 family also have dual-specificity for cAMP and cGMP; however, in contrast to PDE2, PDE3
activity is inhibited by the interaction with cGMP. Although it’'s a dual substrate PDE, it hydrolyses
cGMP with a lower Vmax than cAMP; therefore, in theory, cGMP acts as an inhibitor of cAMP hydrolysis
and so, localised production of cGMP leads to restricted increases in cAMP concentrations during fAR
stimulation and promotes increased cardiac function (Stangherlin et al., 2011). It has two isoforms,
PDE3A/B, where 3A is shown to be the predominant variant in mammalian hearts (Sun et al., 2007,
Kim et al.,, 2017). The alternative splice variants and post-translational modifications give rise to
isoforms with different N-terminal lengths with single association domains and also PKA and PKB
phosphorylation sites (Wechsler et al., 2002; Hambleton et al., 2005). The latter regions are essential
for regulating the feedback mechanisms to control cAMP levels in cardiomyocytes (Rochais et al.,
2004), thus allowing preferential targeting of PDE3 in specific cellular domains and ultimately
compartmentation of cAMP. In the human myocardium, PDE3 isoforms are found to localise in

cytosolic and membrane fractions. cAMP metabolism in these fractions is regulated in an independent
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manner and changes in cAMP content have been found to correlate with changes in different

physiological parameters, e.g. Ca** homeostasis and contractility (Rybin et al., 2000; El et al., 1980).

1.3.2.3 PDE4

Unlike PDE2 and PDE3, PDE4 is cAMP-specific and is not regulated by cGMP. It is encoded by four
genes: PDE4A/B/C/D with over 20 isoforms, although PDE4A/B/D are expressed in the myocardium
(Richter et al., 2011). Previous literature suggest PDE4 plays a significant role in cAMP hydrolysis. For
example, upon the use of 1m of cAMP on murine myocytes, PDE contributed up to 60% to total cCAMP-
hydrolysis (Molina et al., 2012). It has been shown that PDE4 has no effect on basal cAMP levels in
adult rat and mice ventricular myocytes but its activity becomes crucial to hydrolyse cAMP produced
upon BAR stimulation. PDE4 also shows to play in important role in controlling PKA phosphorylation
of key ECC proteins, such as LTCC, RyR2 and PLB. Hence, inhibition of PDE4 greatly enhances the
inotropic effects of BAR stimulation. When ventricular myocytes of mice lacking PDE4B were
challenged with isoprenaline, enhanced L-type channel activity was detected, leading to augmented
calcium transients and shortening, as well as increased calcium release events resulting in ventricular
arrhythmias under -AR stimulation (Leroy et al., 2011). The disruption to PDE4D activity in mice led
to delayed after depolarisation, exercise induced arrhythmias, late-onset cardiomyopathy and a
significantly increased mortality rate after myocardial infarction (Knight et al., 2012). These results
emphasize the importance of strategically located phosphodiesterase isoforms for adequate control

of cardiac ECC and arrhythmias.

Although there is a growing amount of experimental evidence supporting the critical role PDE4 plays
in rodent hearts, the physiological effect of PDE4 in the human heart may vary. It has been suggested
in one study that in human myocytes, PDE4 seems to have less of a role, contributing to <10% of

cAMP-hydrolysing activity (Richter et al., 2011). Another study reports that PDE4 represents a large
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proportion of cAMP hydrolysing activity, particularly in human atrial tissue, and is also essential for
the regulation of isoprenaline-induced cAMP production. Furthermore, it was detected that patients

with atrial fibrillation had reduced PDE4D functionality (Molina et al., 2012).

Although PDE4A/B isoform activity is minimally detected in rodents and human myocardium and little
is actually known about their roles in cAMP compartmentation, there is a growing body of literature

of PDE4D isoform. Nevertheless, the role of PDE4 in the human heart needs to be further investigated.

1.3.3 Caveolae compartments in cardiomyocytes

The originally proposed fluid mosaic model of the lipid bilayer indicated that membrane proteins are
freely diffusible through the cell membrane (Singer & Nicolson, 1972) therefore leading to the idea
that signal transduction occurs through a process of random collision of proteins involved (Tolkovsky
& Levitzki, 1978). However, the low density of proteins makes their theory unfeasible for obtaining
efficient and accurate responses. More recently, Bethani et al demonstrated that specific mechanisms
exist in favour of restricted movement of membrane proteins (Bethani et al., 2010). In this way the
plasma membrane can be separated into distinct microdomains so that signalling molecules can be

concentrated with limited diffusion (Fig 1.4).

Jacobson et al. described these specialised lipid rafts called caveolae as flask-shaped invaginations of
the plasma membrane, 50-100nm in diameter, concentrated with cholesterol, sphingolipids and
phospholipids (Jacobson et al., 2007) (Fig 1.5). Caveolae have been described to take on many roles:
as signalling platforms, in endocytosis, transcytosis, membrane lipid homeostasis and responsible for
buffering mechanical membrane stress (Balijepalli et al., 2006; Nichols et al., 2010; Rybin et al., 2000;

Xiang et al., 2002).
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Caveolae are also rich in cavin and caveolin proteins. Caveolins are 18-22kDal membrane scaffolding
proteins with a hairpin-like configuration. These are found at the intracellular face of the plasma
membrane and can assemble as oligomeric complexes, resulting in the formation of the characteristic
flask-shape. There are 3 caveolin isoforms, Cav1/2/3. Cav3 is muscle-specific (Patron & Way, 1995)
and is the predominant isoform found in cardiac myocytes, although the expression of all three types
has been previously reported (Head et al., 2015). Caveolae formation is initiated by the assembly of
caveolins into small oligomers in the endoplasmic reticulum (ER), which are then transported to the
Golgi apparatus where they are assembled with cholesterol and other oligomers. This complex is then
exported to the plasma membrane as an “intact protein coat”. Once at the plasma membrane, cavins,
50kDa adapter proteins, then oligomerise and assemble to form an outer coat complex. This leads to

remodelling of the membrane into caveolae (Busija et al., 2017).

Membrane fractionation studies have illustrated that certain proteins are concentrated in these lipid
rafts whereas others are specifically excluded (Gestel et al. 2005). The mechanism which regulates
protein targeting to or excluded from lipid raft domains of the plasma membrane are not fully
understood, but some proteins have a greater affinity for an ordered membrane environment (Lorent
et al., 2017). Interestingly, certain proteins, like GPCRs, are able to bind to the cholesterol and other
lipid components of rafts thus explaining their preference for these microdomains (Gahbauer et al.,
2016). The binding of agonists can also alter receptor affinity for cholesterol thus inducing the
translocation of receptors between these domains. In addition, post-translational modification,
acylation and protein-protein interactions (particularly with caveolins) also play important roles in

targeting proteins to lipid rafts (Lorent et al., 2017).
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Figure 1. 5 8,ARs are localised to membrane caveolae in healthy adult myocytes

Caveolae are specialised lipid rafts enriched with cholesterol, sphingolipids and a combination of
caveolin proteins. They are known to house B,AR, thus compartmentalising 6,AR-derived cAMP-

dependent signalling and dampening the contractile response of the cells (Xu et al., 2015).

1.3.4 BAR association with caveolae

In cardiomyocytes, Cav3 have been known to directly interact with BARs, Gs and G; - a subunits, AC5
and 6 and also the regulatory subunit of PKAIl (Prajapati et al., 2018). The interaction of these
signalling proteins with the scaffolding proteins of caveolae also play a regulating their intrinsic activity
(Snir et al., 2003). There has been evidence suggesting that cytoskeletal interactions play a role in
targeting and stabilising caveolar proteins as disruptions to microtubules and actin filaments lead to a
delocalisation of signalling proteins from the caveolar fractions (Shadrin et al., 2017). The localisation
of some signalling proteins to different membrane domains can be affected by receptor activation
which lead to dynamic changes in protein composition (Giacomelli et al., 2020). For example, B2ARs
are normally located in the caveolar membrane fractions. Upon agonist stimulation, the receptors
become phosphorylated by G-protein coupled receptor kinases (GRK) which leads to the binding of
the adapter protein B-arrestin triggering receptor internalisation (Ronaldson-Bouchard et al., 2019).
It has been previously been shown that receptor internalisation is necessary to activate the Gi-
signalling pathway (Mills et al., 2017). In addition, receptor internalisation also recruits binding of PDEs

(Prajapati et al., 2018).
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Although B:1ARs signalling has far reaching effects, they are found in all fractions of the plasma
membrane, caveolar and non-caveolar lipid raft fractions (Snir et al., 2003). Many of these studies
have also highlighted that G-stimulatory proteins, which couple to BARs and AC, display similar
distribution patterns. Evidence suggests that localisation of AC5/6 to caveolar fractions could be due
to direct interactions with Cav3 (Shadrin et al., 2017). It was uncertain whether cAMP produced by
B1ARs and B:ARs localised variably throughout the membrane domains plays an equal role in
regulating the various PKA targets or not. This was investigated by disrupting the caveolae
microdomains by depleting the membrane cholesterol with the treatment of MBCD or by knocking
down Cav3 expression with siRNA. It was shown that neither cholesterol depletion nor Cav3
knockdown effected beating rate upon maximal B1AR activation or LTCC function. There was also no
change in the maximal contraction or LTCC response detected in adult ventricular myocytes upon B1AR
stimulation. However, there are indications that at submaximal levels, cholesterol depletion can
enhance sensitivity of cardiomyocytes to BiAR stimulation, and of contraction and LTCC without
altering maximal response (Balijepalli et al., 2006). It has been proposed that this is because the loss
of cholesterol from caveolae disrupts the inhibitory effect that Cav3 would have on AC when it

interacts with it.

1.3.5 PDEs compartmentation

Several studies demonstrate that the inhibition of PDE activity effects intracellular cAMP gradients
(Mills et al., 2017). Electrophysiological and imaging approaches have provided critical insight into the
key role PDEs play in shaping intracellular gradients of cAMP (Prajapati et al., 2018). It is suggested
that the mechanisms through with PDEs regulate cAMP activity and its diffusion is based on the
localisation of PDEs to targeted subcellular compartments. This has been demonstrated previously by
Mongillo et al where they studied the activity of PDE3 and PDE4 in neonatal cardiomyocytes upon BAR

stimulation and found vast differences in their activity (Mongillo et al., 2006. They reported, that
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although PDE3 contributes to 30% of all PDE activity, yet its complete inhibition resulted in only a
marginal effect on cAMP. On the other hand, inhibition of only 10% of PDE4 activity resulted in a
substantial increase in cAMP. Immunofluorescence staining revealed that PDE3 and PDE4 are localised
to distinct cellular compartments of the adult myocyte, such as the microsomal fraction and the Z-
band respectively (Vandeout et al., 2007; Richter et al., 2011). Similarly, PDE2 was shown to be
localised to specific microdomains, and despite representing only about 1% of all PDE activity, it was
responsible for degrading large amounts of BAR-produced cAMP (Giacomelli et al., 2020). This
indicates that there may be functional coupling between localised PDEs and selected pools of AC, so
specific receptor activation leads to a targeted response of cAMP and its associated PDE. Terrin et al
further demonstrate that the specific arrangement of different PDEs results in spatially defined
patterns of local cAMP pools and therefore the production of cAMP gradients throughout the myocyte

(Terrin et al., 2006).

Localisation of PDEs to specific subcellular compartments is controlled by different mechanisms which
facilitate the direct binding of the PDE to the cell membrane lipids or to particular proteins (Terrin et
I., 2006). For example, previous literature suggests PDE4 isoforms are able to interact with AKAPs,
such as PDE4D3 can bind to mAKAP in muscles and also to AKAP 450 at the centrosomes (Baillie et al.,
2005) and so can regulate PKA activity. Upon BAR stimulation, cAMP levels in the cell rise and anchored
PKA molecules become activated. This leads to the phosphorylation of PDE4D3, resulting in cAMP
degradation, as well as enhancing PDE4D3’s affinity to mAKAP. Therefore, as PDE4D3 is drawn towards
mAKAP complexes with increased activity, cAMP levels return to basal levels (Dodge-Kafta et al., 2005,
Baillie et al., 2005). This negative feedback loop of locally fluctuating cAMP and PKA activity generates

the co-localisation between PKA and PDE, and has been confirmed by imaging studies in live cells.
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1.4 INDUCED PLURIPOTENT STEM CELL DERIVED CARDIOMYOCYTES

1.4.1 Generation of iPSC-CMs from iPSCs

Stem cells are a class of undifferentiated cells that self-renewing through mitotic cells divisions and
have the ability to differentiate into specialised cell types (Hochedlinger & Path, 2009; Sinnecker et
al., 2012). Embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSC) are both pluripotent
and can differentiated into a range of somatic cell types (Hochdlinger & Path, 2009). Human ESCs are
derived from the inner cell mass of human blastocysts and were first successfully established by
Thomas et al. (Thomas et al., 1998). hESCs can be differentiated into a range of cell types, including
cardiomyocytes (Laflamme et al., 2007). However, the therapeutic use of hESCs is not risk free.
Evidence of teratoma formation (Nussbaum et al., 2007) and immune rejection have been observed
which, along with the ethical concerns of destroying human embryos, raises concerns about the use

of hESCs which are yet to be resolved.

Subsequently, the reprogramming of somatic tissue to generate induced pluripotent stem cells (iPSCs)
is one of the greatest developments in biomedical science and has since propelled the field of
regenerative medicine. iPSCs provide an unlimited source of cells in a patient- and tissue-specific
manner with reduced risk of host immune rejection. In addition, it allows pharmacological testing for

patient-specific phenotypes and genotypes (Khan et al., 2013).

Over a decade ago by Yamanaka and colleagues succeeded in producing iPSC by the use of four
transcription factors, OCT4, SOX2, KLF4, and c-MYC. iPSCs displayed very similar characteristics to ESC
in their capacity to self-renew and the ability to differentiate into various cell types, and also showed
genome-wide similarities (Yu et al., 2007). For differentiating hPSCs into cardiomyocytes, two basic
approaches have been used; 1) embryoid body (EB) method (Kehat et al, 2001), and 2) 2D monolayer
differentiation on extracellular matrix (Zhang et al., 2009). Initial studies using the EB method aimed
to recapitulate the initial stages of embryogenesis. This method requires stem cells to be aggregated
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by suspension, which leads to the EBs containing differentiated cell types from all thee germ layers.
These are them dissociated and plated on culture dishes. They were cultured for around 10 days, when
spontaneous contracting developed in 5-15% of EBs (Kehat et al., 2001; Mumery et al., 2012; Zwi et
al., 2009). However, this method of cardiomyocyte development was very inefficient and had low
yields and poor cardiomyocyte quality due to the variability in size and density of EBs (Habib et al.,
2008; Vidarsson et al., 2010). Furthermore, due to the use of serum in the protocol, additional
heterogeneity was introduced, resulting in reduced efficiency (Xu et al 2002). This has led to the

development of monolayer-based 2D-culture methods.

1.4.2 Applications of iPSC-CMs

Myocardial infarction leads to a significant amount of cell loss, and with the heart having limited
regenerative potential, the contractile cardiomyocytes are replaced with scar tissue which reduces
myocardial function (Bergmann et al., 2009; Koudstaal et al., 2013). Currently, therapies for heart
failure focus on preventing the progression of disease and to relieve symptoms, with cardiac
transplantation being the only treatment option for end-stage heart failure (Gridelli & Remuzzi, 2000;

Trulock et al., 2007). Thus, there is an urgent need for the development of regenerative treatments.

A range of cell types to serve as sources of new cardiomyocytes have been explored, including skeletal
myoblasts, bone-marrow-derived mononuclear cells, mesenchymal stem cells and adult cardiac stem
cells to name a few (Gnecchi et al., 2008). Although the use of these cells to repair myocardial tissue
has been investigated in clinical trials, the efficacy with which they do so is marginal (Shintani et al.,
2009). More recent studies are investigating paracrine factors that can trigger proliferation and
differentiation of endogenous cardiac progenitors towards cardiomyocytes (Reinecke & Murry, 2000).

Also, the direct reprogramming of resident cardiac fibroblasts into cardiomyocytes also poses a
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potential therapeutic avenue as it would provide non-immunogenic, autologously derived

cardiomyocytes (leda et al., 2010).

The use of iPSC-CMs also provides great possibilities for a range of other therapeutic applications and
are invaluable tools for the investigation of development, disease processes and drug or toxicity
screening. The ability to generate large numbers of human cardiomyocytes allows the acceleration of
progress in numerous research areas. Some of the potential uses of iPSC-CMs are highlighted in Fig
1.6 below. Despite its many applications, the following sections will focus mainly on cell therapy,

disease modelling and drug discovery studies.
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Figure 1. 6 Potential applications of iPSC-CMs

A basic overview of potential applications of human iPSC-derived cardiomyocytes for precision
medicine. The differentiation of iPSCs into myocytes provides an effective platform for various disease
modelling, cell-based or cell-free therapies, drug testing, bioengineered tissue construction among

many other beneficial applications.
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1.4.2.1 Cell therapy and cardiac regeneration

The use of iPSC technology to efficiently and reproducibly generate cardiomyocytes is becoming an
attractive approach in cell therapy, particularly for the following reasons. Firstly, iPSCs have extensive
differentiation potential, therefore allowing large quantities of cardiomyocytes to be generated.
Secondly, they are self-renewing. This makes the induction of desired genetic modifications prior to
differentiation more feasible if needed (Burridge et al., 2012). iPSC-CMs are known to exhibit
contractile properties and have been shown to successfully engraft into the host myocardium with
efficient electromechanical coupling to host cardiomyocytes (Shiba et al., 2016). Furthermore, iPSC-
CMs can be derived from a patient’s own somatic cells, thus avoiding potential immunogenicity of

transplanted cells (de Almeida et al., 2013).

Many previous studies in animal models of cardiac disease have highlighted animprovement in cardiac
physiology upon cell therapy. Despite these positive results, the initially noted functional
improvement is usually seen to diminish with the progression of time (Alaiti et al., 2010; Reinecke &
Murry, 2000). More recently, it is believed that myogenesis occurs over a longer period of time,
however, the positive changes seen had occurred much earlier, therefore the detected improvements
in cardiac physiology could not be a result of myogenesis (Alaiti et al., 2010; Grimaldi et al., 2013).
Instead, its due to paracrine signalling where the implanted cardiomyocytes release soluble mediators
which are influencing cardiac response. However, there are further discrepancies in current literature
regarding the effect and mechanism behind paracrine signalling in the myocardium (Snir et al., 2003a;
Veerman et al., 2015; Zhang et al., 2009), and Reinecke et al point out the low retention and
substantial death of grafted cells, suggesting that these improvements in myocardial function cannot
be due to myogenesis alone. Therefore, other mechanisms need to be investigated (Reinecke et al.,

2002; Snir et al., 2003a; Veerman et al., 2015; Zhang et al., 2009).

Several other concerns with the use of iPSC-CMs for cell therapy have also risen, such as cell source,

dose, timing and delivery methods which also need to be addressed. In addition, cell engraftment and
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cell survival remain major problems, particularly for the treatment of large damaged areas. It is also
important to study the 3D reorganisation of cells when engrafted to ensure correct orientation for
effective contraction. Despite the major progress made in understanding iPSC-CMs and their
functional contribution to the damaged heart, there are many critical concerns which need to be
addressed for effective cell therapy in restoring cardiovascular function (Lundy et al., 2013a; Snir et
al.,, 2003a). A major concern is the level of cellular maturity of iPSC-CMs. They display limited
ultrastructural, electrophysiological, and metabolic features, and is described further in section 1.5

below.

1.4.2.2 Disease modelling

hiPSC lines have been developed from many individuals with various cardiac diseases, particularly with
ion channel gene or sarcomeric protein mutations (Brandao et al., 2017; Giacomelli et al., 2017). lon
channel mutations can lead to arrhythmias and occasionally sudden cardiac death. The use of hiPSC-
CMs in recapitulating the disease phenotypes have also allowed us to identify underlying disease
mechanisms as well as indicating treatment modalities. Studying ion channelopathies are of particular
interest as ion channels of smaller hearts, of rodents for example, are functionally different to human,
so relevant animal models are unavailable. Since ion channels are expressed within 2 weeks of
cardiomyocyte differentiation in hiPSC-CMs, cell immaturity has little impact on predictive outcomes
for adult humans, making iPSC-CMs a good model to study channelopathies. In addition, numerous
other diseases have been investigated in vitro through the use of patient-derived iPSC-CMs, such as
Leopard syndrome, Timothy syndrome, Long QT syndrome, familial hypertrophic and dilated
cardiomyopathy (Carvajal-Vergara et al., 2010; Lan et al., 2013; Moretti et al., 2010; Sun et al., 2012;
Yazawa et al., 2011). Despite their great potential in elucidating the underlying disease mechanism
and developing novel therapeutics, iPSC-CMs are still not a true representation of the in vivo

myocardium and some diseases require greater maturation stages of cardiomyocyte development.
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1.4.2.3 Screening for drug discovery

Human iPSC-CMs provide the ability to study cellular signalling, metabolism and a range of ion channel
functions in cardiomyocytes. Therefore, many hiPSC-CM disease models allow the development of
novel drugs or the discovery of potentially new therapeutic targets with the aim to improve cardiac
function. Estimates suggest that it costs roughly $1.24 billion to bring a new drug to the market,
including the cost of failures (Kaitin, 2010). Many drugs never make it to market or are withdrawn
after initial approval due to unforeseen cardiotoxicity as clinical trials relied on the use of non-human
cells, such as Chinese hamster ovary cells, or transgenically modified human cells lines, such as human
embryonic kidney cells. Human iPSCs can be used to for pharmacological testing for toxicity on almost
any human tissue or cell type. In addition, major differences between human and animal physiology,

such as drug metabolism or mechanism of action can be limited.
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1.5 COMPARISON OF iPSC AND ADULT CARDIOMYOCYTES

Despite vast developments in producing large numbers of iPSC-CMs efficiently, there are still some
problems which remain to be addressed. Over the years, we have significantly developed our
differentiation protocols, however the iPSC-CMs generated remain qualitatively and quantitively
immature (Goversen et al., 2018; Lundy et al., 2013; Snir et al., 2003). Previous literature show hiPSC-
CMs display underdeveloped ultrastructural, electrophysiological, and metabolic features. In some
cases, these differences between hiPSC-CMs and adult cardiomyocytes can lead to inaccurate disease
modelling or drug testing, making clinical translation difficult. For example, when studying the effect
of drugs on contractile function, the need for fully developed contractile characteristics is vital, and

immature iPSC-CMs may prove an inaccurate model.

1.5.1 A comparison of structural properties of adult- and iPSC- cardiomyocytes

The size and shape of iPCS-CMs is influenced by the environment in which they are cultured. Generally,
flat, round or irregular shapes and disorganised internal structure are observed (Lundy et al., 2013;
Mummery et al.,, 2003; Snir et al., 2003; Zhang et al., 2009), resembling more of a foetal-like
cardiomyocyte. There are significant structural developments cardiomyocytes undergo between the
neonatal to adult transition. To begin with, adult cardiomyocytes possess a high length-to-width ratio,
developing an elongated, rod-like shape. This allows for efficient electrical conduction and muscle
contraction (Bird et al., 2003; Peters et al.,, 1993). However, iPSC-CMs in culture do not undergo
physiological hypertrophy for increasing cell size in the same manner as human cardiomyocytes do in
vivo, therefore they remain much smaller than adult cardiomyocytes (Maillet et al., 2013; Smolich,

1995).
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Furthermore, adult cardiomyocytes display highly organised functional sarcomeric units: Z-disks, I-, H-
, A- and M-bands (Fig 1.1) (Gregorio & Antin, 2000). In addition, adult cardiomyocytes have sarcomeres
about 2.2um in length (Denning et al., 2016). Sarcomeres consist of thick and thin filaments of proteins
and are essential for the formation of contractile units, determining the force of cell contraction
(Hwang & Sykes, 2015). At the initial stages of development, foetal cardiomyocytes, have sparsely
distributed myofilaments in no regular orientation. The myofibrils sarcomeres begin to align, with the
thick and thin filaments becoming denser, though full maturity is not yet reached (Kim et al., 1992). In
contrast, iPSC-CMs display irregular morphology, and have sparsely distributed myofilaments in no
regular orientation, resembling the ultrastructural features of underdeveloped cardiomyocytes, such
as disorganised sarcomeres which are relatively short (1.6 um) in length (Bird et al., 2003; Feric &
Radisic, 2016; Kim et al., 1992). In addition, developing cardiomyocytes are generally 30-fold small
than adult cardiomyocytes, thus do not generate strong contractile force in the same way as adult

myocytes, leading to different electrical signalling characteristics (Scuderi & Butcher, 2017).

Due to nuclear division without cell division, approximately 25-30% of adult cells are bi-nuclear. Late
foetal, early postnatal myocytes and iPSC-CMs are usually mononucleated, and occasionally
binucleated with the nucleus occupying around 10-20% of the cell volume (Snir et al., 2003; Smolich

et al., 1995).

Mitochondria are the powerhouse of the cells, and their morphology and functional characteristics
are also considered markers for myocyte maturation (Dai et al.,, 2017; Yang et al., 2014). Adult
cardiomyocytes tend to possess a large number of mitochondria which are evenly distributed and
account for 20-40% of the cell size (Denning et al., 2016a; Kim et al., 1992; Olivetti et al., 1996).
Mitochondria in early cardiomyocytes tend to be smaller and rounder in shape dispersed throughout
the cell cytoplasm. Throughout development, they become cylindrical in shape and occupy 35% of the
cell volume (Kim et al., 1992; Smolich, 1995). The mitochondria are aligned along the sarcomeres and
become localised towards the pole of the nuclei, many are also found in the sub-sarcolemmal space.
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This is essential for myocytes in order to support the energy requirements during contraction. Like
foetal cardiomyocytes, iPSC-CMs have longer, elongated mitochondria which are diffused throughout
the cell and found to cluster to the periphery (Gherghiceanu et al., 2011). Adult cardiomyocytes rely
on fatty acid oxidation as the source of energy production. The switch from glycolysis to fatty acid
oxidation occurs as the foetal heart matures. However, iPSC-CMs rely on glycolysis as their main

source of energy (Lopaschuk & Jaswal, 2010).

Along with sarcomeric components, adult cardiomyocytes form other highly sophisticated internal
structures, such as T-tubules (Fig 1.7). These are membrane invaginations present at regular intervals
along the Z-lines of adult cardiomyocytes. They are essential components for regulating contraction
as they are involved in ECC for rapid electrical excitation, initiation and triggering of Ca®* release from
the SR (Ziman et al., 2010). As ventricular myocytes are large cells, the presence of T-tubules is
essential for myocyte function. The disruption of T-tubules has been implicated in animal models of
heart failure (Balijepalli et al., 2003). T-tubules are absent in early development and start to develop
around 32 weeks in foetal cardiomyocytes (Kim et al., 1992). Literature shows that in ventricular
cardiomyocytes, the development of these structures beings with the proliferation and merging of
caveolae, these then extend through the cell’s interior and couples with the SR (LeGrice et al., 1995).
Multiple studies show that iPSC-CMs lack T-tubules. The absence leads to unsynchronised Ca®*
transients due to inhomogeneous Ca?* release (Severs et al., 2008). Some studies have identified
mechanisms of enhancing T-tubule development through 3D culture (Shardin et al., 2017), tri-cultures
tissue incorporation (Giacomelli et al., 2020), and electromechanical manipulation (Ronald-Bouchard

et al., 2019). Maturations techniques are discussed further in section 1.6.
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Figure 1. 7 Ultrasuctural differences between adult ventricular myocytes and iPSC-CMs.

The lack of myofilament alignment and regularity, absence of T-tubules and disorganised sarcoplasmic
reticulum is depicted in iPSC-CMs, resulting in irregular receptor and channel localisation. Adapted

from: (Kane et al., 2015)

Intercalated discs are highly organised intracellular adhesion structures of the myocardium which
connect adjacent cardiomyocytes in order for them to function as a single syncytium, thus supporting
synchronized contraction of the cardiac tissue. They are composed of three specialised cell junctions:
Fascia adherens (adheren junctions), macula adherens (desmosomes) and gap junctions (Sheikh et al,
2009). Fascia adherens and macula adherens are required for mechanically coupling and reinforcing a
physical connection of neighbouring cardiomyocytes. The fascia adherens consist of a dense
filamentous network to which thin filaments from the terminal ends of myofibrils connect. They are
the primary anchoring sites to the actin cytoskeleton (Henderson et al., 2017). Desmosomes are
smaller, denser modifications of the sarcolemma and are essential for intercellular adhesions. They
are involved with force transmission between cardiomyocytes and play an important role in resisting
against shearing forces (Lehnert et al., 2004; Henderson et al., 2017). Gap junctions are essential for
electrical coupling between cardiomyocytes and allows rapid electrical transmission between cells

(Peters et al., 1994; Severs et al.,2008). They consist of six connexin molecules which form two half-
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channels into the intracellular space. Once they are connected to the connexin molecules of the
adjacent myocytes, they form functional gap junctions and allow the passage of ions and small
molecules between cells (Melax et al., 1969; Peters et al., 1994). In developing foetal cardiomyocytes,
the intercalated discs are oblique and not well aligned. They display limited area of close apposition
of neighbouring myocyte membranes. There is a gradual increase in the extent of intercalated discs
during the pre-natal period with the adult cell appearance being established soon after birth (Lieu et
al., 2009). iPSC-CMs however, are connected via primitive intercalated discs (Smolich, 1995). They
display gap junctional proteins around the whole circumference of the cell with no specific localisation
to the short axis. This results in an isotropic signal so conduction velocity and efficiency of signal

propagation is reduced, thus contributing to the immature electrical response of the cell (Bers, 2002).

1.5.2 A comparison of functional properties of adult- and iPSC- cardiomyocytes

The cardiac action potential (AP) determines the changes in transmembrane electrical activity of the
cell which occur during each cardiac cycle. An AP arises from the time- and voltage-dependant changes
in activity of ion transporters. APs can vary greatly between various cardiomyocyte subtypes (i.e.
atrial, ventricular or nodal cells), a feature known as electrical heterogeneity. Cardiomyocytes have a
selectively permeable membrane with a combination of ion channels, exchangers and pumps that
allow the cells to stably maintain a negative charge inside the cell. When the electrical and chemical
forces generated by the intracellular and extracellular are balanced and there is no net movement of
ions, and equilibrium potential is reached; known as the resting membrane potential. There is net
movement of K ions at the resting membrane potential (Ik1) (Amin et al., 2010; Bers, 2002; Liu et al.,
2016). The cardiomyocyte remains inactive until an action potential is initiated by a flow of ions
through transmembrane ion channels from adjacent cells. In atrial and ventricular myocytes, the AP

is divided into 5 phases (0-4): phase 0 is the depolarisation phase, phases 1-3 are the repolarisation
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and plateau phases, and phase 4 is the resting phase) (Fig 1.8) as described earlier. There are notable

differences between the action potential of adult cardiomyocytes and iPSC-CMs, shown below.

a hP5C-derived cardiomyocyte b Human primary adult cardiomyocyte
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Figure 1. 8 Action potential recordings from iPSC-CMs and adult myocytes

Comparison of action potential recordings from a) iPSC-myocytes and b) isolated human primary left
ventricular myocytes from phase 0 to 4 and the ion channels and genes with respective ion channel

trajectories (Karbassi et al., 2020).

Mature adult myocytes only beat when they are stimulated with a force around 40-80 mN/mm?,
conduction velocity around 60 cm/s and an upstroke velocity of 150-350 V/s. However, iPSC-CMs
these properties are 0.08-4 mN/mm?, 10-20 cm/s, and 10-50 V/s respectively (Denning et al., 2016).
Furthermore, iPSC-CMs can be of atrial, nodal or ventricular-like phenotype, therefore display mixed
action potential morphologies (Ma et al., 2011). iPSC-CMs are known to exhibit important sodium,
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potassium and calcium currents, however, they do not display inward rectifier current (IK;) and so do
not display stable a resting membrane potential (Dhamoon & Jalife, 2005; Hoekstra et al., 2012;
Knollmann, 2013). In addition, iPSC-CMs display spontaneous beating. It has been suggested that high
levels funny current (lf) generated by hyperpolarization-activated cyclic nucleotide-gated (HCN) is
responsible for the maintenance of this automaticity (Yanagi et al., 2007). Development from foetal
to adult myocytes the number of cells expression IK; increase (Huynh et al., 1992). (I5) in foetal cells is
high at early stages, but through the maturation process HCN expression is down regulated. This
decreases the funny current in ventricular myocytes as the adult stage of development is reached,
however, this process fails to occur in iPSC-CMs and so they display automaticity (Zorn-Pauly et al.,
2003). Therefore, developing an understanding of ion channels regulation can allow the generation of
biological pacemakers was required and eliminating this property in myocytes. Assessing
electrophysiological parameters during iPSC-CMs development is an important method of assessing

maturity, although it is technically challenging.

Mature adult myocytes display well-developed and highly structured T-tubules and sarcoplasmic
reticulum. These allow regulating of calcium-induced-calcium-release (CICR) and fast excitation
contraction coupling (ECC). Calcium flows into the cell via the LTCCs, which triggers the release of
calcium from the sarcoplasmic reticulum through the ryanodine receptors (Bers, 2002). During
relaxation, calcium returns back to the sarco/endoplasmic reticulum calcium ATPase (SERCA) and exits
the cell through the Na+—Ca2+ exchanger (NCX). The uniformity of this intricate process is essential
for the efficient, synchronized contraction of neighbouring sarcomeres (Scuderi & Butcher, 2017b;
Steinhoff et al., 2017). In comparison, iPSC-CMs do not have T-tubules and display significantly
underdeveloped sarcoplasmic reticulum as they do not possess the required regulatory proteins such
as calsequestrin or phospholamban (Binah et al., 2007; Dolnikov et al., 2006; Liu et al., 2007). They
also have low expression on SERCA and other key proteins such as calsequestrin, RyR2 and

phospholamban (Dolnikov et al., 2006; Itzhaki et al., 2011; Liu et al., 2007; Rao et al., 2013; Synnergren
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et al., 2012). Although foetal myocytes have similar expression levels of SERCA to adult myocytes,
there is a greater level of posttranslational modifications of the SERCA2a mRNA as the cells mature
(Qu & Boutjdir, 2001). iPSC-CMs display unsynchronised contraction, slow ECC and relay on LTCCs for
the increase of calcium rather than through the sarcoplasmic reticulum, which prolongs the transient

rise time (Pesl et al., 2017; Veerman et al., 2017).

The BAR signalling pathway is essential for mediating inotropic and chronotropic function for meeting
the increased demand during cardiac stress (Rockman et al., 2002; Xiang & Kobilka, 2003). Adult
myocytes co-express B:AR and B,AR at the ratio of 70-80%/30-20% in human ventricles (Brodde, 1991;
del Monte et al., 1993; Engelhardt et al., 1996). Some literature suggests that the activation of both
receptors leads to phosphorylation of phospholamban and cardiac troponin I, however, enhanced
contractile function is predominantly conducted via the B:AR (del Monte et al., 1993; Kaumann et al.,
1999). With consideration of the previously discussed immaturities of iPSC-CMs, it is understood that
iPSC-CMs will express and respond differently to pharmacological adrenergic stimulation. A study
conducted by Wu and colleagues further elaborated on BAR signalling pathway development in iPSC-
CMs upon receptor stimulation. They show that iPSC-CMs express both B:ARs and B,ARs, however,
B1AR displays a late onset expression pattern compared to B,AR (Wu et al., 2015). This differential
regulation of B1AR and B2AR signalling is consistent with rodent studies, where B:AR stimulation lead
to cAMP-mediated contraction in neonatal myocytes, whereas BiAR activity is more prominent in

healthy adult myocytes (Slotkin et al., 1994).

Due to the expression pattern of these receptors, the adrenergic regulation of calcium handling and
contraction force was initially dominated by the B,ARs, which then switched to B1AR with in vitro cell
development and the increase in receptor expression (Wu et al., 2015). B:1AR expression is shown to
be dominant in cardiac progenitor cells also, and upon cardiac commitment lead to increased BiAR

expression, indicating a similar pattern as detected in iPSC derived myocytes (Khan et al., 2013).
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In adult ventricular myocytes, BAR stimulation enhances systolic and diastolic function by PKA-
mediation activation of downstream effectors (Kaumann et al., 1999). It has been shown that BAR
stimulation in iPSC-CMs results in increased chronotropic and inotropic responses. iPSC-CMs, unlike
adult myocytes, do not display B2AR compartmentation and so its activation leads to a much greater
contractile function. As iPSC-CMs develop, Gs expression levels are decreased and coupling with B,AR

is also reduced. This led to a decreased regulatory role of B2AR as iPSC-CMs develop (Wu et al., 2015).

Another study conducted by Pillekamp and colleagues investigated the BAR and calcium handling
properties of iPSC-CMs. They showed that when ESC-CMs were co-cultured with non-contractile
neonatal mice ventricular slices, the removal of calcium or blocking the calcium channel stopped the
spontaneous beating, whereas increasing intracellular calcium concentrations accelerated beating
rate and isometric force. They also reported that BiAR stimulation resulted in a dose-dependent
increase in myocyte beating frequency without effecting isometric force (Pillekamp et al., 2012).
However, some studies report contradictory results. They detected an inotropic response to
norepinephrine in both iPSC-CMs and ESC-CMs (Brito-Martins et al., 2008; Germanguz et al., 2011; Liu
etal., 2012; Yokoo et al., 2009). In the foetal heart, expression of the BARs is relatively low and various
components of the BAR downstream signalling pathway are absent. This may explain the diminished

physiological function and reduced or uncoordinated response in early myocytes (Slotkin et al., 1994).

Another key difference observed is the lack of compartmentation of the B,ARs within caveolae or T-
tubules in iPSC-CMs. In adult myocytes, B,ARs are restricted to specialised microdomains of the cell
membrane which makes them unable to phosphorylate certain downstream mediators (Nikolaev et
al., 2006). The absence of T-tubules and caveolae in iPSC-CMs leads to persistent coupling of B,ARs to

downstream effectors resulting in immature signalling.
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In summary, the use of iPSC-CMs is a potentially viable alternative for the repair of the damaged
myocardium. However, there are several hurdles which need to be overcome for impactful translation
in the clinical setting. Despite various methods of iPSC differentiation into myocytes have been
investigated, iPSC-CMs are generally considered immature as they do not display the sub-cellular,
cellular and tissue-level organisation in the same way as adult myocytes. Therefore, the maturation of
iPSC-CMs is indispensable in order to fulfil the physiological functions required by the cell, such as
calcium handling, intracellular signalling and contractile properties. Changes of these properties in

health and disease are further summarised in figure 1.9.
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Figure 1. 9 Summary of the developmental progression of cardiomyocytes

The pyramid depicts the transition from primitive, underdeveloped myocytes to more mature, well-

developed myocytes and the recurrence of this developmental transition at the onset of disease.
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1.6 METHODS OF MATURATION OF CARDIOMYOCYTES

In order to overcome the cellular immaturity, many studies are investigating physical, chemical,
genetic and environmental methods of maturation in vitro to obtain a cellular phenotype which is
representative of the human adult myocardium (Figl.10). It has been observed through various
independent studies that myocyte morphology, sarcomeric protein content and organisation are
crucial for maturation. To achieve this, numerous methods have been employed. For example,
biophysical stimuli such as mechanical cues, topography, electrical stimulation and using optimal
substrate stiffness is important. In addition, the use of biochemical cues such as the use of soluble
substrate ligands is also thought to influence maturity. Numerous other techniques such as genetic
manipulation, modified culture conditions and physical and electrical stimuli have also been
investigated. Many existing reviews summaries these methods in greater detail (Denning et al., 2016;

Veerman et al., 2015; Yang, et al., 2014), with a few approaches being discusses below.
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Figure 1. 10 Mechanisms of iPSC-CMs maturation
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Process of iPSC-derived cardiomyocyte maturation in vitro, including biophysical, biochemical and
genetic manipulation strategies with the aim to induce improved morphology, organised myofibrils
alignment as well as functional properties for clinical application and disease modelling. Currently, iPSC
differentiation can lead to myocytes with variable phenotypes and cellular characteristics with
heterogenous levels of maturity. Differentiation can also lead to a non-cardiomyocyte population, such
as endothelial and vascular smooth muscle cells. Therefore, a more specific methods for cellular

differentiation and maturation are needed (Denning et al., 2016).

1.6.1 iPSC-CMs maturation by long term culture

Myocyte maturation is a gradual process and obtaining the developed adult phenotype in vivo can
take up to 10 years for human neonatal cardiomyocytes (Peters et al.,, 2014). However, in vitro
functional hPSC-CMs can be generated within 15 days of differentiation (Lian et al. 2012). As described
above, the structural phenotype is fundamental for mature cardiomyocytes and maturation of these
properties can significantly improve the potential for clinical applications. Many promising approaches
to produce more mature iPSC-CMs have been investigated and many indicate that the process of

maturation can be driven by mimicking in vivo microenvironments (Laflamme et al., 2011).

As described above, adult cardiomyocytes as large and cylindrical in shape, with dimension of 150 x
10um of ventricular myocytes (Lundy et al., 2013). Embryonic and fetal myocytes are much smaller
with variable dimensions (Kamakura et al., 2013). One study assessed how the length-to-width ratio
develops as iPSC-CMs are matured with prolonged time in culture. They observed that early iPSC-CMs
(initiation of contraction, <21 days) have a diameter of 5-10um (Lewandowski et al., 2018) and late
iPSC-CMs (>35 days) develop a more oblong morphology with dimension around 30 x 10um (Lundy et

al., 2013); although this is closer to an embryonic myocyte, it still remains smaller than adult myocytes.

Snir et al report that after 50 days of culture, hPSC-CMs undergo structural maturation and increase
in size and length, although they remain small than adult cardiomyocytes. Furthermore, they showed

that over this time, ESC-CMs begin to withdraw from the cell cycle, and also develop their cell length
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to width ratio, along with improved sarcomeric organisation (Cui et al., 2007; Snir et al., 2003). Another
study conducted by Lundy et al. showed that culturing hPSC-CMs up to 100 days significantly improves
morphological characteristics of the cell, such as multinucleation, an increase in sarcomere length, cell
size and an elongated shape (Cowan et al., 2004). Furthermore, a study investigating similar
maturation aspects showed that culturing hPSC-CMs for 30 days improves Z- and |-bands, up to 90
days of culture improves A- bands, and one year if culture led to well-developed M-bands (McDevitt
et al., 2005; Snir et al., 2003). In addition, Lewandowski et al also report that prolonged 40-day culture
results in cellular hypertrophy with expression of genetic markers to similar levels to human
myocardial ventricular cells; such as increased CX43 expression, MHC isoform switch and troponin |
isoform transition (Lewandowski et al., 2017). Other independent studies observed an increase in
multinucleation and upregulation of MYH7, MYH6, GJA1 and SERCA2 gene expression (Norstrom et

al., 2006; Porrello et al., 2011).

The proliferative activity of adult human cardiomyocytes is almost nil (Bergmann et al., 2009). Early
iPSC-CMs as well as foetal and embryonic cardiomyocytes can display proliferative potential (Brito-
Martins et al., 2008; Pillekamp et al., 2012). However, with prolonged culture time, the proliferative
capacity of iPSC-CMs had lowered from 24-48h doubling time, to only 10% of cells being BrdU+
(bromodeoxyuridine, used to detect proliferating cells) at 4 weeks (Brito-Martins et al., 2008;
Germanguz et al., 2011). This indicates that the proliferation rate of iPSC-CMs decreases as they age,

with late cells losing proliferative power.

Long term culture has also shown to affect several key inotropic and chronotropic responses in iPSC-
CMs. The BAR responses have been previously demonstrated in iPSC-CMs (Kehat et al., 2001; Xu et
al., 2002) by stimulation of the B1ARs and B,ARs with isoprenaline resulting in a positive response
(Kehat et al., 2001; Norstrom et al., 2006) regardless of cell line origin or differentiation method.
However, unlike adult myocytes, along with increased contraction rate, increased calcium transient
amplitude and decreased relaxation time, iPSC-CMs do not display an increase in contraction force
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(Burridge et al., 2011). Similar to foetal cardiomyocytes, the B,AR response in iPSC-CMs and ESC-CMs
accounts for 17-37% of the total response when simulated with isoprenaline (Brito-Martins et al.,
2008; Zwi et al., 2009). Evidence suggests, with increased time in culture, iPSC-CMs display an
amplified chronotropic BAR agonist response (Reppel et al., 2004; Zhang et al., 2009). In addition,
when the phosphodiesterase inhibitor was applied to iPSC-CMs, an increase in intracellular cAMP and
an increase in contraction rate was detected (Zhang et al., 2009), similarly with the application of the
adenylyl cyclase activator forskolin (Bray et al., 2008a; Guven et al.,, 2015; Radisic et al., 2003).

However, to date, it is unclear how maturation time influences the magnitude of these responses.

Time in culture has also shown to affect myocyte beating rate. At the initial stages of iPSC-CM
differentiation, spontaneous and synchronous contraction within the monolayer can be seen from day
5 (McDevitt et al., 2002). Typically, the basal rhythm has been reported to range from 21 to 52 beats
per minute (Bursac et al., 2002; Camelliti et al., 2006), with the majority reporting around 40 beats
per minute (Ribeiro et al., 2015). The rate of contraction is thought to be due to differences in cell
lines, culture conditions, time since differentiation or the onset of contraction. Various studies have
reported slight increases in contraction rate; ranging from 40-85 beats per minute at 60 days (Chopra

et al.,, 2011; Engler et al., 2008).

In summary, these studies suggest that prolonging culture time allows iPSC-CMs to naturally mature
both structurally and functionally. However, these reports indicate that an adult cardiomyocyte

phenotype is not completely achieved and suggests an additional method of manipulation is required.

1.6.2 iPSC-CMs maturation by micropatterning

In the native myocardial tissue, healthy adult cardiomyocytes have a very specific and organised

structural pattern. They are elongated, rod-shaped cells with a length-to-width ratio of 7:1 and are

Page 67 of 295



organised into parallel cardiac muscle fibres with intracellular contractile myofibrils, aligned along the
axis of stretch to produce an isotropic tissue sheet (Kaji, et al., 2003). This highly specified
cytoarchitecture allows electromechanical coupling of myocytes for directed contraction of the
myocardium. This shape and alignment are due to external stimuli, such as topographical cues and
signals from the extracellular matrix, to which the cardiomyocyte is exposed. Therefore, developing
potential mechanisms for mimicking the in vivo myocardial environment may allow the production of

a more mature phenotype in iPSC-CMs.

Previous studies have adopted various methods for producing aligned myocyte cultures. A study
conducted by McDevitt et al (2002) microcontact printed lanes of laminin ranging from 5um to 50um
in width on a non-adhesive surface. Neonatal rat ventricular myocytes adhered to the laminin lanes
and adopted an elongated, rod-shaped pattern. The patterned cells displayed bipolar localisation of
N-cadherins and connexin43 molecules, resembling intercalated disks (McDevitt et al., 2002; Feinberg
et al., 2012). This is in accordance with other studies demonstrating improved structural and

functional characteristics of neonatal myocytes after micropatterning (Ribeiro et al., 2015).

Another study explored the idea of micropatterning extracellular matrix components, such as
fibronectin or Matrigel, to assess the effect of cell shape and substrate stiffness on shortening and
movement of sarcomeres and its translation to mechanical output in live iPSC-CMs (Kim et al., 2010).
When single iPSC-CMs were cultured on polyacrylamide substrates with defined aspect ratio, it was
shown that cells adopted the shape of the micropattern (Fig 1.11). In addition, they detected improved
contractile activity, calcium flow, mitochondrial organisation and electrophysiology. Other studies
have also reported the positive influence of culturing cardiomyocytes on substrates with a
physiological stiffness on myofibril organisation and cell function (Wang et al., 2011). Similarly, Kaji et
al show that patterned myocytes are able to conjugate with each other, thus successfully forming gap
junctions for calcium propagation, which led to synchronised contraction (Kaji et al., 2003). Further to
this study and many others, the effect of enhance calcium handling by improve alignment of the

Page 68 of 295



cardiomyocytes has also been investigated. There is evidence to suggest that increasing sarcomeric

alignment increases force generation (Duval et al., 2017; Mirbagheri et al., 2019).
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Figure 1. 11 Using micropatterns for structural maturation of iPSC-CMs

Matrix micropatterns help constrain hPSC-CMs to specific cellular dimensions and can engineer their
mechanical output. Cells cultured on micropatterns possess desired aspect ratios for 1:1 to 7:1. Actin
staining of myofibrils in micropatterned iPSC-CMs have greater alignment than unpatterned cells

(Ribeiro et al., 2015).

Alternative to chemical patterning, the use of materials with ridges or nanogrooves for regulating
myocyte morphology and alignment have also been investigated. A polyethylene glycol (PEG)
construct with grooves of 150-800nm in width and 100nm in depth were produced. When NRVMs
were cultured on these substrates, they aligned along the grooves and displayed anisotropic action
potential propagation, contractility and conduction velocity similar to the native tissue, and increased
expression of cell-cell coupling proteins (Figtree et al., 2017; Kelm et al., 2004). Furthermore, a study
utilising nanogrooves of 450nm in width and 100-350nm highlighted that the nanogroove structures
influence morphology and orientation of the attached myocytes, whereas the surface topography and
the substrate stiffness regulated the organisation of the actin cytoskeleton and focal adhesion
complexes, thus, were responsible for the contractile function of the cells (Correia et al., 2018;
Huethorst et al., 2016; Lemoine et al., 2017; Ulmer et al., 2018). Shortly after, Rao et al also adopted

topographical patterning by seeding iPSC-CMs on fibronectin coated PDMS which had microgrooves
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of 10um in width and 4um in depth. They showed that after two weeks in culture, iPSC-CMs had
improved cellular alignment and organised sarcomeres. Furthermore, patterned iPSC-CMs had
improved calcium-handling properties, with a shorter time to peak and more organised calcium

release (Tulloch et al., 2011).

1.6.3 iPSC-CMs maturation by 3D cultures

The heart is a complex organ composed of different cell types embedded in extracellular matrix
proteins and are exposed to a vast range of biochemical, mechanical, electrical stimuli among others.
This allows myocyte responses to be fine-tuned and appropriate to the stimulus. The use of multi-well
plastic culture dishes is effect for expanding cell lines, cell differentiation and cell culture at defined
condition. However, 2D cultures are unable to recapitulate the complexity of the in vivo myocardial
condition such as cell cross-talk, tissue architecture and the extracellular micro environments,
therefore their signalling mechanisms and response to drugs and toxins can be inaccurate. Therefore,
many studies have investigated the development of 3D culture systems to better mimic the in vivo
myocardium conditions, its extracellular microenvironment and cell-cell interactions, to allow
biochemical and physical stimuli to distribute across the tissue evenly with the aim to promote
maturation (Silbernagel et al., 2020). Typically, current 3D culture models contain a scaffold matrix
such a hydrogel which is them populated with cells to from a strip of contracting micro-tissue creating
an engineered heart tissue (EHT) (Roshanbinfar et al., 2019; Tan et al., 2015). Alternatively, 3D cultures
of smaller cellular aggregates (spheroids) created without the use of a scaffold protein in hanging

drops have also been used for drug testing and toxicology studies (Richards et al., 2016).

Evidence from previous studies who that 3D cultures of iPSC-CMs encourage structural, functional and
metabolic maturation (Ronaldson-Bouchard et al., 2018). hESC-CMs and iPSC-CMs cultured in a 3D

matrix showed in uniaxial mechanical stretch increased myocyte alignment, myofibrillogenesis,
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sarcomeric banding, hypertropy and increased force production (Mills et al., 2017). As a result of
improved myofibril alignment and developed sarcomere, iPSC-CMs display better calcium handling

(Klein & Ojamaa, 2001; Kriger et al., 2008; Li et al., 2014).

Although 3D cultures have great potential to encourage maturation of iPSC-CMs, it may be insufficient
on its own, thus, several studies use a combination of 3D methods with other techniques, such as
electrical or physiological stimulation. One such example is when iPSC-CMs were embedded with
collagen into PDMS channel to form a wire-like structure which was then exposed to electrical
stimulation which encouraged functional maturation. Incorporating electrically conductive silicon
nanowires of carbon nanotubes into the channels formed an electrically conductive environment and
augmented electrical conduction (Rodriguez, et al., 2014). The cells in the microtissue were then
exposed to exogenous electrical stimulation to provide a biomimetic pace-maker-like stimuli to
enhance the electrical properties of the cardiac constructs (Lee et al., 2010); this improving calcium

handling and contraction force (Nakamura & Sadoshima, 2018).

In summary, 3D culture is positively influencing the maturation of iPSC-CMs. The advantage of
combing 3D culture with other techniques allows the development of a preferable culture
environment to promote the maturation of cells, however, these methods still need further

optimisation to reach the desired level of maturity.

1.6.4 iPSC-CMs maturation by biochemical cues

Metabolic and hormonal interventions have emerged over the past 5 years and are crucial regulators
of myocyte maturation in terms of gene expression patterns, hypertrophy and cell cycle exit (Troncoso
et al., 2014). Therefore, the treatment of iPSC-CMs with additional supplements to modulate

hormonal signalling during cell culture may encourage further progress in the field.
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Previous literature shows that metabolic hormone levels at birth rise simultaneously with the
maturation of cardiac properties. In particular, the rise of the thyroid hormone triiodothyronine (T3)
after birth has been noted and is understood to be essential for normal cardiac development and
function (Rupert & Coulombe, 2017). The treatment of iPSC-CMs with T3 has shown to increase cell
size, sarcomere length and contractile force along with reduced cell cycle activity. Furthermore, T3
treatment enhanced contractile kinetics and calcium propagation, resulting in increased force
generation (Yang et al., 2019). A study conducted on murine ESC-CMs showed that treatment with T3
hormone led to the upregulation of the cardiac pace maker genes Nkx2.5, myosin light chain-2v, a-
and B-myosin heavy chain as well as sarco(endo)plasmic reticulum calcium ATPase-2a and ryanodine
receptor-2 expression. Furthermore, electrophysiology data showed that T3-treated ESC-CMs
displayed a more adult-like calcium handling properties based on increased maximal upstroke and
decay velocity as well as larger peak amplitude of calcium transients in response to stimulation with

caffeine (Mills et al., 2017).

Additional factors such as insulin-like growth factor-1 (IGF-1) and neuregulin 18 (NRG1) are also known
to promote cardiomyocyte development (Correia et al., 2017) by regulating signalling pathways which
control hypertrophy, metabolism and contractility in the heart (Nakano et al., 2017). Treatment of
hESC-CMs with NRG1 strongly promotes cell growth and metabolic remodelling with improved force-

frequency relationship (Nakano et al., 2017).

The switch from glycolysis to fatty acid oxidation after birth is an important transition of myocyte
development and can be mimicked in iPSC-CMs culture by supplementation of fatty acids in the
culture medium. The treatment of iPSC-CMs with palmitate, oleate and linoleate as a cocktail of fatty
acids has shown to increase cell size, single-cell force production, calcium handling and action
potential upstroke velocity (Nakano et al., 2017). A study conducted by Mills et al. screened for an
optimal medium for myocyte maturation. Using an iPSC-CMs organoid model they reported that a
high palmitate content with low glucose induced a shift towards postnatal gene and protein
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expression patterns and increased oxidative phosphorylation and calcium handling properties, thus
was the most desirable medium for metabolic, functional and cell cycle maturation (Mills et al., 2017).
Fatty acid-rich media has shown to encourage denser cristae development in mitochondria, activate
oxidative phosphorylation, increase binucleation, promote sarcomeric maturation which improved
contractile force generation (Nakano et al., 2017). Similarly, depriving iPSC-CMs of glucose also

positively influences cardiac structural, metabolic and functional properties (Nakano et al., 2017).

To summarise, there are a number of distinct hallmarks of cardiomyocyte maturation, and even
though these are well described, there are still some barriers we need to overcome. For example, the
molecular mechanisms which mediate change from immature to mature are not fully understood.
One method which supports natural development and maturation of iPSC-CMs is through prolonged
culture time. Although there are numerous advantages of this method of promoting myocyte

maturation, further investigation remains to be conducted.
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1.7 HYPOTHESIS AND AIMS

Hypothesis:

| hypothesise that B.AR genetic variants play an important role in regulation of receptor-dependent
cAMP signalling due to their variable Gs/G; composition, thus, influencing cardiomyocyte physiology. |
hypothesise that iPSC-CMs possess limited and underdeveloped structural microdomains and hence
will display an immature and uncoordinated B,AR-derived cAMP signalling and PDE activity. |
hypothesise that employing a mechanism to encourage controlled, structured growth will enhance
the natural developmental process of cardiac microdomains development and alter B,AR-dependent

cAMP signalling and PDE activity.

Aims:

The principal aim of this project is to investigate how in vitro methods of caveolar maturation in iPSC-
CM may develop cAMP signalosomes, thus influencing temporal and spatial activity of f.AR-generated
cAMP and PDE activity. The three mechanisms of structural and functional maturation to be
investigated are: 1) CavBf2 mimetic peptide administration, 2) microcontact printing, and 3) time-

dependent maturation in culture

The aims of this project are broken down into the following objectives:

1. Investigate the role of the B,AR haplotypes on receptor activity
- Distinguish the influence of B,AR haplotypes on cAMP activity
- Identify the B,AR haplotypes influence on cardiomyocyte beating rate

- Investigate the role of B,AR-G; coupling properties during stress induction
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2. Investigate how maturation through Cavp2 mimetic peptide administration may influence T-
tubule domains development and LTCC localisation and functionality

- Assess the effect of peptide administration of T-tubule associated gene expression

- Investigate its influence on structural development through assessing surface topography

- Assess LTCC activity

3. Investigate how manipulation through micropatterning matures iPSC-CMs development
- Develop a protocol for micropatterning iPSC-CMs
- Assess the influence of micropatterning on myofibril development

- Assess the influence on functional development through BAR signalling and PDE activity

4. Identify the role of microdomains in regulating B.AR-cAMP signalling and PDE activity in iPSC-
CMs

- Depict B1AR and AR expression and cAMP signalling ratio

- Assess B1AR and B.AR-dependent cAMP signalling within caveolae

- Assess the role of caveolae on PDE2, 3, and 4 activity

5. Identify the effect of ageing iPSC-CMs as a method of maturation by investigating the influence
on B,AR-cAMP signalling and PDE activity in iPSC-CMs

- Quantify the effect of ageing on caveolae compartments

- Assess how BAR-dependent cAMP signalling and PDE2,3,4 activity within caveolae change over

time
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CHAPTER 2: METHODS AND MATERIALS
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2.1 CELL CULTURE

Three cell lines were used in this project. Firstly, an IMR-90 cell line of human induced pluripotent
stem cell (hiPSC) (WiCell Technologies). These were differentiated in-house into cardiomyocytes using
the protocol described below (Section 2.1.1). Secondly, the Cellular Dynamics International (CDI)
hiPSC-CMs cell line was used as an alternative iPSC-CMs line for comparison with IMR-90. The third
cell line, human embryonic stem cell-derived cardiomyocytes (HUES7 hESC-CMs) were a kind gift from
and made in Chris Denning’s lab, Nottingham University, and were transported to Imperial College
London. They were genetically manipulated using CRISPR/Cas9 conducted by Alexander Kondrashov

in Chris Denning’s lab, to produce isogenic cell lines of the B,AR haplotypes.

2.1.1 iPSC-CMs (IMR90) generation

The IMR-90 human iPSC cell line (WiCell Technologies) was derived from human Caucasian foetal lung
fibroblasts (J. Yu et al., 2007) from which cardiomyocytes were generated in-house by Thusharika
Kodagoda using small molecule activators and inhibitors of the Wnt signalling pathway (B. Li et al.,
2017; Lian et al., 2013). All products are from Life Technologies (UK) unless otherwise stated.
Generally, iPSCs were grown on 6-well, plastic-bottom plates which were coated with Matrigel (1:50)
for at least 1 hour at 37°C prior to cell plating. iPSCs were cultured in Essential-8 media (E8) until they
were approximately 80-90% confluent, media was refreshed every day. To begin differentiation (at
D0), 8uM Wnt-activator CHIR99021 in Roswell Park Memorial Institute medium (RMPI) (Gibco) + 1X
B27 minus insulin (RB-) was added to the cells for 48 hours. On D2, media was changed back to RB-.
On D3, media was aspirated and cells were then treated with RB- with C59. On D5, media was changed
back to RB-. On D7, metabolic selection was conducted by the depletion of glucose to remove non-
cardiomyocytes which provided an hiPSC-CM purity of >90%. Contracting cells would occur around
D7. On D15, cells were then returned to regular RPMI + 1X B27 for 1-2 days and were ready to be

dissociated and replated (fig 2.1).
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6-well plate Beating
of iPSC-CMs hESC-CMs
(IMR-90) observed
DO D2 D3 D5 D7 D15
RB RB- RB- RB- RB- RB+
+CHIR +C59 Without glucose With glucose

*RB- media was
refreshed every 48hrs

Figure 2. 1 lllustration of (IMR-90) iPSC differentiation protocol into iPSC-CMs

Differentiation was conducted over a period of 15 days with the respective media and used for

experimentation at either D30, D60 or D90 as required.

2.1.2 iPSC-CMs (IMR90) dissociation and maintenance

Cells were then dissociated and re-plated in the following way. Culture media was aspirated and iPSC-
CMs at D15-D16 were washed by incubating with 2-3mL phosphate buffered saline (PBS) for 4 mins at
room temperature (RT) before incubating in cell dissociation solution (CDS) (containing 40 % cell
dissociation buffer (Invitrogen), 40 % RPMI basal medium (Gibco), 20 % of 0.05 % Trypsin-EDTA
(Gibco). ImL CDS was added to each iPSC-CM well of the 6 well plate and incubated at 37 °C for 8
minutes. The solution was then pipetted up and down to dislodge the cells from the well and break
up any large cell clusters and transferred to a 15mL falcon. 1mL RPMI+B27+10% FBS was added to the
falcon to inactivate the enzymes, and again thoroughly pipetted. A further 2mL RPMI was used to
detach any remaining cells from the culture well and added to the falcon. The Falcon tube was spun
at 300g for 4 min. Supernatant was aspirated and the pellet resuspended in RPMI + B27 + 10% FBS,
and 1% Rho-associated protein kinase (ROCK) inhibitor. 1L of the cell suspension was stained with
acridine orange/ propidium iodide stain (Logos Biosystems) and counted on a Logos Luna dual
fluorescence cell counter. Cells were re-plated on Vitronectin-coated plastic-bottom 6-well plates at

the density of 1.2x10° cells per well and culture media changed after 24h to RPMI + B27 medium.

Page 78 of 295



Media was replaced every 2-3 days until they reached D30-D35. At day 30-35 cells were dissociated

again and plated as required for experimental use.

2.1.3 Caveolin-3 overexpression of IMR-90 cell line

The RFP-tagged caveolin-3 plasmid (pCav3) was used to overexpress the Cav3 protein in iPSC-CMs of
the IMR-90 cell line. Cells at D30 were transfected with pCav3 using Lipofectamine300 kit. The
manufacturer’s guidelines were followed with optimised incubation time. In brief, the Cav3 plasmid
DNA (500ng) and 1pl of Lipofectamine3000 Reagent were diluted in 25ul of OptiMEM in separate
1.5mL Eppendorf tubes and incubated at room temperature for 5mins; then were gently vortexed.
The plasmid mixture and Lipofectamine3000 mixture were then combined and vortexed gently and
incubated for 20 min at room temperature. This was then added into the cell culture dishes containing

1mL of culture media for 48h. Cells were then ready for experimentation.

2.1.4 iPSC-CMs (CDI) plating and maintenance

Human iPSC-CMs were obtained from Cellular Dynamics International (CDI). The 1.5mL cryopreserved
single-cell suspension vials were thawed, seeded and cultured following the User Guide protocols as

described below.

Culture dishes as required were coated with 0.1% gelatin for a minimum of 15min at 37°C. The gelatin
was removed immediately before the addition of cells. The 1.5mL cryovial of CDI’s was removed from
liquid nitrogen storage tank and thawed at 37°C in a water bath for 4min, ensuring the vial stayed as
stationary as possible. Once cells were thawed, they were gently transferred to a sterile 50mL flacon
tube in a drop-wise fashion to minimise shock to the cells. The vial was rinsed with 1mL of room

temperature iCell plating media to harvest any remaining cells and then also added to the falcon drop-
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wise over a 90-second period. The falcon was swirled gently at regular intervals. A further volume of
iCell plating medium was added according to the desired seeding density using the equation below
(generally, 2.5mL media for a 3x10* cells/well plating density). The falcon was mixed thoroughly before

plating the cells.

Viable cell density = viable cells per vial x plating efficiency x viability
Cell suspension volume

CDI’s were plated onto the centre of the pre-prepared, gelatin-coated culture dishes and incubated at
37°C, 5% CO2. After 48h, the debris and unadhered cells were washed and replaced by 2mL of
iMaintenance Medium to each dish (which was every 48h thereforth). As recommended by the

manufacturers, cells were cultured for 10 days before use in order to reach maximal stability (fig2.2).

Culture dish was coated in 0.1% gelatin for
>15min at 37°C

iCell cryovial was thawed in a water bath at
37°C for 4min

CDIs were pipetted dropwise in a 50mL falcon.
Cryovial was rinsed with 1mL iCell plating media
f\' : and remainder of cells were harvested gently.
Cells were topped up with iCell plating media as

required for seeding density

Falcon was swirled gently, and slowly inverted
to mix

Gelatin was removed and cells dispensed at the
required seeding density. iCell plating media was
changed to iMaintenance media after 48h.

Figure 2. 2 CDI (iPSC-CMs) plating and maintenance protocol
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2.1.5 hESC-CMs generation and maintenance

2.1.5.1 Development of genetically engineered hESC-CMs lines by CRISPR/Cas9

The development of the isogenic hESC-CMs lines for studying BAR haplotypes were produced by
Alexander Kondrashov in Chris Denning’s Lab at Nottingham University and were a kind gift for this
project. The 4 isogenic homozygous variants were created from the human embryonic stem cell line
(HUES7). A new method developed by Alexander Kondrashov combines the CRISPR/Cas9 and PiggyBac
approaches in a two-step strategy which shortened the editing duration by 2 weeks and only required
one round of clonal selection, thus making this method more efficient (Kondrashov et al., 2018). This

method is also footprint-free and so genome modifications post-editing can be prevented.

This method uses targeting vectors which contained the B,AR polymorphic variants of interest and a
positive-negative drug selection cassette flanked by the PiggyBac transposon recombination sites.
These components are flanked by regions homologous to the endogenous target locus of around 1kb
in length; this allows recombination between the template and the genome. After the transfection of
HUES7 hESCs with the ADRB2 targeting plasmid (the selection vector), Cas9 and gRNA, the cell culture
was treated with puromycin. Drug resistant clones were selected and a small sample genotyped. The
remainder were harvested and then transfected with transposase to excise the selection cassette by
the recombination of PiggyBac sequences which restructured the locus and cells were now insensitive
to ganciclovir. This allowed the successful production of an isogenic set of cell lines containing the four

B2AR variants (GE, GQ, RQ, RE) which were verified by PCR genotyping and sequencing.
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2.1.5.2 hESC differentiation into cardiomyocytes

Once the four B2AR variants of hESCs were developed, as described in section 2.1.6.1, they were
differentiated into cardiomyocytes in the following way. The differentiation was conducted by
Alexander Kondrashov at Nottingham University. The transgenic lines of hESCs were initially seeded
at 40,000 cells/cm? in a Matrigel-coated T25 flask. Cells were cultured in 10mL E8 media at 37°C for
approximately 3-5 days until confluency was reached, media was refreshed every day to prevent
accumulation of debris and prevent hESC dedifferentiation. The culture was then pre-conditioned with
StemPro34 media containing 1 ng/mL BMP4 and Matrigel (1:100) 24h before initiating differentiation.
Once 80-90% confluency was reached, DO, cells were treated with StemPro34 media containing
10ng/mL of BMP4 and 8ng/mL of Activin-A for 48h. On D2, media was aspirated and switched to RPMI
+ B27(minus insulin) with 10uM of KY02111 and XAV939 (KYX media). On D4, media was refreshed to
the same RPMI + B27 (minus insulin) and 10uM of KYX media. On D6, beating cells could be seen, and
the media was replaced with RB27 in which the cells continued to be maintained from this point
onwards, media was refreshed every 48h until D15. At D15, hESC-CMs were dissociated and re-plated

onto fibronectin-coated, plastic T25 flasks and cultured in RB+ medium (Fig 2.3).

= haring

Beating
T25 flask of hESC-CMs
hESC observed
D-3 DO D2 D4 D6 D15
StemPRO34 StemPRO34 RB- RB-
E8 +BMP4 +BMP4 + ActivinA +KYX +KYX ER
*RB+ media
refreshed every
48hrs

Figure 2. 3 lllustration of hESC differentiation protocol into hESC-CMs

Differentiation was conducted over a period of 15 days with the respective media and used for

experimentation around D30.
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2.1.5.3 Cell culture and dissociation

hESC-CM were plated on plastic-bottomed T25 culture flasks where obtained from Nottingham
around D15-D20 and maintained in RPMI + B27 medium at Imperial College London until D30. When
aged to Day 30-35, they were ready to be dissociated and replated as required for experimentation.
Firstly, the culture medium was aspirated, and cells were incubated in 5ml PBS for 4min at room
temperature (RT) before incubating in 3ml cell dissociation solution (CDS) (consisting of 40% cell
dissociation buffer, 40% RPMI basal media and 20% Tryple E select) for 8min at 37°C. 3ml
RPMI+B27+10% FBS was added to the flask to inactivate the enzymes, and thoroughly washed to
detach cells. Cells were collected, dispensed into a Falcon tube. A further 3mL RPMI+B27+10% FBS
was used to wash the flask again to collect any remaining cells. The falcon was spun at 300g for 4min.
Supernatant was aspirated and pellet resuspended in RPMI + B27 + 10% FBS. Cells were counted and
plated at the required density on Vitronectin-coated Glass-bottom MatTek dishes for experiments.

Cells were cultured in BR+ until D30-D35.
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2.2 MANIPULATION OF SC-CMS MATURATION

Three methods of maturation were explored in this project. The IMR90 iPSC-CMs cell lines were
used for all methods. For each method, the same differentiation and culture protocols were used as

described in sections 2.1.1 and 2.1.2.

2.2.1 Long term culture

For studies conducted in aged cells, iPSCs were differentiated into cardiomyocytes as usual (outlined
above) and iPSC-CMs at D30 were re-plated into 6-well plastic bottom culture dishes. Cells were
maintained in RPMI+B27 media at 37°C with 5% CO;, and media was changed every 3 days until they
reached 90410 days. These were then dissociated and replated as described in Section 2.1.2 into

MatTek dishes or coverslips as required.

2.2.2 Cell patterning and alighment

Poly-di-methyl-syloxane (PDMS) stamps were produced by Ravi Desai at Francis Crick Institute and
were a kind gift. They were designed to have groves of 20um in width and 20um in depth as shown
in Fig 2.4. Before each use, the PDMS stamps were cleaned by sonication in 100% ethanol for 10min,
then rinsed with 70% ethanol and finally rinsed in distilled water. The stamps were then dried with N,
from a compressed N; source fitted with a handgun. The stamps were placed patterned side up and
loaded with 200uL of 0.1% fibronectin (Sigma). These were carefully placed in 10x10cm dishes and
transferred into an incubator with particular care to ensure the bubble of matrix remains on the
stamp. These were incubated at 37°C overnight. The stamps were removed from the incubator and
gently rinsed with sterile H,O ensuring no direct pressure of water was applied to the face of the

stamp. Once gently rinsed, the stamps were dried with N2. Immediately after, stamps were inverted
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and pressed firmly onto a glass-bottom culture dish (lbidi) and left in contact for 30min at 37°C. After
incubation, the stamps were gently peeled away from the culture dish and 500uL of 0.5% Pluronic
F127 (w/v) (Sigma Aldrich) in H,O was added and again incubated for 30min 37°C. Pluronic was
aspirated and the dish was gently washed with PBS once before seeding the cells (fig 2.4) (Desi et al.,

2014).

Sisrereai Cells were placed patterned side up and loaded
with 0.1% fibronectin and incubated at 37°C
overnight

PDMS Stamp was rinsed with H,O and inverted

Inverted stamps were placed directly onto the
PDMS culture dish and pressed firmly, then incubated at
TR 37°C for 30min with the contact maintained

—— e— - — Stamp was gently removed, leaving behind the

pattern of fibronectin

Pluronic Culture dish was coated with 0.5% pluronic and

I-_-___-__1 incubated at 37°C for 30min

Pluronic was aspirated and dish gently washed

with H,0

Cells in suspension Cells were seeded onto the prepared culture

F-_-W dish as described in the cell culture section

Cells adhered to the fibronectin patterned lanes

Q&Qﬁé

Figure 2. 4 Protocol for preparing dishes for microcontact printing

Schematic depicting the process of producing culture dishes for patterning cells using PDMS stamps.

The PDMS stamps are 1 x 1 cm?.
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2.2.3 Transfection with Cay,f2 memetic peptide

To transfect cells with Scramble (SCR) and Mimetic peptide (MP), 1.3uM of the peptide was added to
the RPMI culture medium. The IMR cells were then incubated in this media for 4 days at 37°C. If
medium was changed, fresh peptide was added to the medium (fig 2.5). The peptides were a kind gift
from Professor Daniele Catalucci from Italy (Rusconi et al., 2016). The MP peptide was added at
specific time points throughout differentiation; at D5, D10, D20 and D30. The experiment was
designed to have a SCR control group for each MP treatment group. Unfortunately, due to the
departure of a collaborator, an SCR control was only obtained for the D5 group and the D10, D20 and

D30 could not be completed.

hiPSC hiPSC-CM
o 0 0 0 0 0 0 o
DO D5 D10 D15 D20 D30 D35
MP

MP treatment

MP treatment

MP treatment

SCR treatment

RNA extraction

Figure 2. 5 MP and SCR treatment ptotocol

Protocol depicting the time-points and the duration of MP and SCR treatment of iPSCs throughout
the differentiation period into iPSC-CMs. All cells were cultured until D35 at which point they were

harvest and prepared for RNA extraction.
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2.3 RT-QPCR

2.3.1 RNA Extraction

RNA was extracted using the RNeasy Mini kit (Qiagen, CA, USA) from cultured hiPSC-CMs according to
the manufacturer’s guidelines in the following way. The cell culture media was removed from the
culture dishes and the cells were washed with PBS. 700l of TRI-Reagent (Sigma-Aldrich) was added
and cell scraper was used to dislodge the cells. Cells were harvested and collected in a 2mL Eppendorf
to which 700uL of 70% ethanol was added. This was pipetted up and down to mix well and then
transferred to an RNeasy mini-spin column. The column was spun at 800g for 30 seconds, the flow-
through was discarded. A preparation of cold (maintained in ice) 10uL DNasel stock (Qiagen) in 70uL
RDD buffer was added to the mini-spin column membrane and incubated for 15min at room
temperature. 350uL RW1 buffer was added to the column and spun at 800g for 30 seconds and flow-
through discarded. 500uL of RPE buffer was added to the column and spun under the same conditions
and the flow-through discarded. The column was transferred to a new 2mL flow-through tube and
spun for a second time at max speed for 2min to dry the membrane of the column. 32uL of nuclease-
free water was added directly to the mini-spin column and incubated at room temperature for 10min.
The column was placed in a sterile Eppendorf and spun at 8000g for 2min. Total mRNA concentration

was measured using NanoDrop UV-Vis Spectrophotometer.

2.3.2 RT-QPCR protocol

Gene expression profiles were investigated in iPSC-CMs as described in each specific chapter. Firstly,
cells were harvested and RNA was extracted as described above. The Qiagen kit was used to perform
RT-QPCR. The RNA samples, primers and SYBR-Green were thawed in ice and slightly vortexed to
ensure the reagents and samples were mixed well. A mastermix containing 187.5ul SYBR green

fluorescence marker (Qiagen), 3.75ul forward primer, 3.75ul reverse primer (Sigma-Aldrich), 3.75ul of

Page 87 of 295



reverse transcriptase (Qiagen) and 30ul of nuclease-free water was added and gently but thoroughly
pipetted. 15.25ul of the mastermix was dispensed into each well of a 96-well plate. To each well 9.75ul
of 1ng/ul of each RNA sample or nuclease-free water (for negative controls) was added. The plate was
sealed, then gently vortexed for thorough mixing and centrifuged to remove any air bubbles. RT-QPCR
took place using the Eppendorf RealPlex MasterCycler (Thermo Fisher). All QPCR reactions were
carried out in triplicates. The data was normalised to the housekeeping gene GAPDH. The fold

differences were calculated through using the “222%” method.

Target Gene Forward sequence Reverse sequence
B1AR GACGCTCACCAACCTCTTCA CACAGCTCGCAGAAGAAGGA
B2AR TTGCCTCTTCCATCGTGTCC CCACCTGGCTAAGGTTCTGG
CAV3 GCGGAAGGAGGTCTAAAGC AGAGCGAAGGGCCATTGT
PDE2A CCTCCTGTGACCTCTCTGACC TGAACTTGTGGGACACCTTGG
PDE3A TCACAGGGCCTTAACTTACAC GGAGCAAGAATTGGTTTGTCC
PDE3B CCTCAGGCAGTTTTATACAATG TGCTTCTTCATCTCCCTGCTC
PDE4A GTGGAGAAGTCTCAGGTGGG TGGAACTTGTCAGGCAGGG
PDE4B TAGAAGATAACAGGAACTGG GCAATGTCTATGTCAGTCTC
PDEAC TGATCTGAGCAACCCCACCAAG GGTGAGGTCTGAGGGACTTCG
PDE4D GGATAATGGAGGAGTTCTTCC CGATTGTCCTCCAAAGTGTCC
BIN1 GCAGGCTCATCTCGTAGCTC AAACACCTTCTGGGCTTTGA
cTnT GGCAGCGGAAGAGGATGCTGAA | GAGGCACCAAGTTGGGCATGAACGA
a-ACTININ TCCCTGGAAAAGAGCTACGA TGCTGTTGTAGGTGGTCTCTCG
JPH2 GACATCGCGAGAGCTGTG TTCCTGAAATCTCTGTTTGACG
GAPDH AATCCCATCACCATCTTCCA TGGACTCCACGACGTACTCA

Table 2. 1 Table of forward and reverse primer sequences for the respective genes
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The program for PCR cycles program was as follows (fig 2.6): 95°C (2min) and then 40 cycles with 95°C

(15s), 55°C (1min) and 68°C (20s).

PCR Program <->
1 2 3 4

95.0°C 95.0°C
02:00 00:15

00:15

Figure 2. 6 RT-QPCR program

The RT-QPCR program used, where stages 2-4 were repeated for 40 cycles.
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2.4TEM

2.4.1 Reagents and protocols

Culture medium was removed from cell culture dishes; cells were rinsed with PBS to remove any
unadhered cells and debris then fixed in 2.5% gluteraldehyde in cacodylate buffer. Further preparation
was conducted by Ivan Diakonov in Professor Julia Gorelik’s group. In brief, the cells were scraped off
the culture dish and placed in a 2mL tube and centrifuged to form a pellet. Warm 2% agarose (w/v)
was added to the tube and allowed to for a gel around the cell pellet, then an additional 500uL of
gluteraldehyde was added and the sample was left overnight. The sample then was post-fixed with
osmium tetroxide, processed according a standard protocol and embedded in Araldite. Sections were
cut from the hardened sample and stained with Methylene blue then trimmed around the areas
containing the cells. Then 0.1um sections were obtained and stained with uranyl acetate and lead
citrate to be visualised with a transmission electron microscope. In the case of determining the effect
of depleting caveolae, cells were treated with 1-2mM MPBCD and incubated at 37°C for 1h before

fixation.

Caveolae were categorised as flask-shaped, inward curves of the plasma membrane of about 50nm.
Darker membrane invaginations were not counted as these are known to be clathrin-coated pits.
Analysis was conducted independently by 3 members of the lab on each set of images. Lab members

were blinded to the treatment groups in order to minimise bias.
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2.5 IMMUNOSTAINING

2.5.1 Reagents and protocols

Blocking Buffer (20 mL) Final Concentration Supplier
BSA 1lg 5% Fisher
Tween-20 50 uL 0.05% Sigma
Horse Serum 4 mL 20% Invitrogen
1x PBS 16L
Table 2. 2 Blocking Buffer recipe
10xPBS(1L)—-pH 7.4 Final Concentration Supplier
Sodium Chloride NaCl 136.9 mM 80¢g Sigma
Potassium Chloride KCl 26.8 mM 2g Sigma
Potassium Phosphate KH2POs—pH 7.2 17.63 mM 24¢g Sigma
Sodium Phosphate Na2HPOs—pH 7.2 10 mM 1l44¢g Sigma
ddH20 1L
Table 2. 3 PBS recipe
Name Species Final concentrations Supplier
a-Actinin Mouse 1:500 Sigma
cTnT Rabbit 1:500 Abcam
Caveolin3 Mouse 1:100 Sigma

Table 2. 4 Primary antibodies list
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Cells were prepared for immunostaining by seeding them on glass coverslips or MatTek dishes. They
were cultured for 3-4 days to allow recovery and then prepared for staining. Firstly, the media was
removed and the cells were washed with PBS 3 times for 5min each. They were then fixed with 3.7%
formaldehyde solution (F1635, Sigma Aldrich, Poole UK) for 15min at room temperature. The samples
were washed again with PBS 3 times for 5min. Cells were permeabilised with 0.5% Triton-X for 15min
and then washed and placed cell-side down on 100uL-droplets of blocking buffer (PBS+10% FBS) on
parafilm for 30min at room temperature. Following this incubation period, primary antibodies were
prepared according to Table 2.4. Coverslips were placed cell-side down on 100uL droplets of the
primary antibody preparation in a similar way to the blocking buffer for 2h at room temperature. In
the meantime, secondary antibodies (Alexa-Fluor antibodies obtained from Invitrogen) were prepared
at a 1:400 dilution together with DAPI (1:1000) in blocking buffer. Coverslips were then washed with
PBS 3 times for 10min each and then placed cell-side down in 100uL droplets of the secondary
antibody preparation at room temperature for 1-2h. Coverslips were then rinsed with PBS and
mounted on glass slides (Thermo-Fisher) using mounting solution (Vectashield) and were ready for

confocal microscopy.
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2.6 FRET MICROSCOPY

2.6.1 cAMP measurements using FRET microscopy

Forster resonance energy transfer (FRET) allows the real-time visualisation of molecular interactions.
The phenomenon FRET is based on the postulation that when two light-sensitive chemical compounds
(fluorophores) have partially overlapping excitation and transmission energies, they undergo a certain
degree of resonance based on their proximity. This is through the transfer of energy from the donor
fluorophore upon excitation to the acceptor fluorophore. Due to the sensitivity to proximity,
conformational shifts due to cAMP binding to PKA means that the change in fluorescence ratios would
semi-quantitatively indicate cAMP concentrations. This initiates the development of genetically-
encoded fusion peptides comprising of two fluorophores and a sensor domain. In such a way, upon
the binding of a cyclic nucleotide molecule to its respective binding site on the FRET sensor to study

cAMP activity has become a popular approach (Borner et al., 2011; Niino et al., 2009).

2.6.2 FRET biosensors

Many types of genetically encoded, FRET-based biosensors have been developed to image the
spatiotemporal dynamics of intracellular molecules. The general design of a FRET-based biosensor is
illustrated in Figure 2.7. Upon the binding of a small molecule to the “sensing domain”, the structural
change of the FRET sensor and hence the increased distance between the fluorophores results in a
decreased ratio of acceptor to donor intensity. This correlates with a lower FRET efficiency (Carlson &
Campbell, 2009). The FRET sensor, mTurquoise-Epacl-Venus-Venus (pTEPACVV; pTEV) (Klarenbeek et
al., 2011)was transfected into iPSC-CMs and hESC-CMs as described in section 2.6.5-2.6.7. Compared
to the traditional EPAC2-based sensors, pTEV has an improved cAMP-binding domain with more
sensitivity and selectivity; as well as improved fluorescent proteins as donor and acceptor

fluorophores (Fig 2.7).
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Figure 2. 7 lllustration of pTEV FRET sensor and transfection intensities

A) lllustration of the conformation change of the sensor induced by cAMP binding (adapted
from(Bérner et al., 2011) ). B) An example of a FRET response dfter the addition of a cAMP-increasing
drug. The FRET ratio corresponds to acceptor/donor. C) lllustration of cells expressing the respective
constructs throughout the cytosol 18h after transfection. With the same image acquisition properties,
it demonstrates greater intensity of fluorescence after the replacement of CFP with Turquoise protein

(Klarenbeek et al., 2011).

2.6.3 System setup — Quadview

FRET microscopy was performed as described in Wright et al. (2014). The FRET system consisted of an
ORCA-ER CCD (Hamamatsu Photonics) camera attached to an inverted Nikon TE2000 micro-scope,
which had a 100W halogen lamp illuminator and EX436/20 excitation filter. The fluorescent light
emitted from the object was split into YFP and CFP channels by Quad view beam splitter equipped
with a DM455 dichroic mirror and 535/40 and 480/30 emission filters. The recorded images were

analysed by quantifying the relative ratio of YFP to CFP using Micro-Manager1.4 software package.
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2.6.4 System setup — High throughput, MultiFRET

The FRET system was upgraded during this project and a new software for conducting FRET
microscopy was designed and set up by Masoud Ramuz, a PhD student in Professor Julia Gorelik’s
group. A few upgraded modifications were put in place. Firstly, MultiFRET used a motorised
microscope stage making localisation of cells much easier and faster when the acquisition was run.
Secondly, the location of individual cells positions (X, Y, Z co-ordinates) were recorded prior to the
start of an experiment which allowed each image to be in focus with the cell centred for each image
captured. Furthermore, multiple single-cell recordings to be conducted in one experimental setup
within the same dish allowing higher throughput. It used an updated Java Plugin within Micro-
Manager (lcy) which made real-time calculations of the ratio-metric signals as the acquisitions were
taken (fig 2.8) (Ramuz et al., 2019), unlike the previous system where ratio calculations were

performed manually.

A.

EAD: BH BEABNY

Figure 2. 8 MultiFRET system upgrade

A) High throughput multiFRET microscopy improves on the old method of single cell analysis, top, to
the new software, bottom. B) Multiple cells or regions of interest within the same dish/experiment can

be selected for analysis at one time (Ramuz et al., 2019).
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2.6.5 Transfection of iPSC-CMs (IMR-90) with pTEV FRET plasmid

After differentiation and culture of iPSC-CMs, cells were dissociated and plated into 7mm glass-bottom
MatTek dishes. If experiments were prepared for D30 cells, iPSC-CMs were dissociated around D28
and cultured for 2 days in MatTek dishes in RPMI+B27 media for recovery prior to transfection with
the FRET sensor. In a similar way, if experiments were prepared for D90 cells, iPSC-CMs were
dissociated around D88 and cultured for 2 days in MatTek dishes prior to transfection.
Lipofectamine3000 (ThermoFisher) was used to transfect iPSC-CMs (IMR-90 cell line) with the TEV
plasmid (pTEV). A mastermix was made based on the number of dishes being transfected where each
dish would receive 50uL Opti-MEM (Thermo Fisher), 1.5uL Lipofectamine, 1.5uL Reagent P3000 and
1lug plasmid DNA. To achieve this, two separate, sterile Eppendorfs were prepared. The first
Eppendorf contained 25uL Opti-MEM and P3000 Reagent, and the second Eppendorf contained 25uL
Opti-MEM with the plasmid DNA and Lipofectamine. The Eppendorfs were incubated for 5min at room
temperature before gently, yet thoroughly, combining and incubating at room temperature for 15min.
The total of 50l of the prepared Lipofectamine mastermix was added directly to the MatTek culture
dishes containing fresh culture media and were incubated at 37°C for 2-4 days before use for FRET

experiments (fig 2.9).

Page 96 of 295



1T 2

Dilute 1.5uL P3000 reagent in 50uL Opti-MEM in
’ ‘ Eppendorf 1, and dilute 1ug plasmid DNA and
/ Lipfectamine3000 in 50uL Opti-MEM in Eppendorf 2.
v v Mix thoroughly and incubate at room temp for 5min

Combine the DNA mixture with the P3000 reagent
mixture and gently vortex of pipette, then incubate
at room temp for 15min

N\
\ Dispense the total of 50puL of the transfection mixture
s =N\ to the culture dish and incubate at 37°C for 2-4 days.

Figure 2. 9 lllustration of the protocol used for the transfection of iPSC-CMs (IMRs)

2.6.6 Transfection of iPSC-CMs (CDI) transfection with pTEV FRET plasmid

The jetPRIME (Polyplus) transfection protocol was used to transfect CDI iPSC-CMs with the cAMP-
specific FRET sensor pTEV. To prepare the transfection mixture, in a 1.5mL Eppendorf tube, 2ug of
PTEV plasmid was diluted in 50uL of room temperature jetPRIME buffer per MatTek dish to be
transfected. This was then vortexed gently for 10sec. To this, 2uL of jetPRIME reagent was added then
vortexed gently for 15s before incubating at room temperature for 10min. The 50uL transfection
mixture was added to the centre of the MatTek culture dishes on top of the cells in and incubated for
4h at 37°C. The media in the dish was topped up with 1.5mL of CDI iMaintenance medium and

incubated for a further 24-72h before use (Fig 2.10).
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2.6.7 Transfection of hESC-CMs (HUES7) with pTEV FRET plasmid

For FRET experiments, hESC-CMs were plated on glass-bottomed MatTek dishes at D30-32 and
maintained in RB+ for a further 3-5 days to allow cell recovery. At around D35 cells were transfected
with the pTEV FRET sensor using JetPRIME (Polyplus) transfection kit following manufacturer’s
protocol. The pTEV plasmid was thawed at room temperature, and the jetPRIME buffer and jetPRIME
reagent were warmed at room temperature. Per dish to be transfected, 200ng of the pTEV plasmid
was diluted in 50pl of jetPRIME buffer and vortexed on a low speed for 10sec. To this 2ul of jetPRIME
reagent was added and gently vortexed for 15sec before incubating at RT for 10min. The 50puL of
transfection mixture was added to the cells in culture dishes containing 1.5ml culture media (RPMI +

B27) and incubated for 24-72h before using for FRET experiments (Fig 2.10).

= Combine pTEV DNA + 50uL
‘ JetPrime Buffer

Vortex on low speed for 10-15
seconds

= + 2ul JetPrime Reagent and
vortex for 15 seconds

- Incubate for 10 minutes at
room temperature

/ Add transfection mixture to cells
and incubate for 24-72 hours

Figure 2. 10 transfection protocol of iPSC-CMs (CDIs) and hESC-CMs (HUES7) with FRET sensor
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2.6.8 Reagents and protocols

For all FRET experiments, culture dishes with a maximum volume of 2.5mL were utilised so the
addition of succeeding solutions to the FRET buffer was possible. FRET solutions were applied directly
to the cells in the bath of the culture dish using a hand-held pipette. All stated drug solutions are

mentioned as the final drug concentration in the cell bath. All reagents were made in FRET buffer

(Table 2.5).
FRET buffer Final Concentration Supplier
2L-pH(7.4)
Sodium Chloride NaCL 16.83 g 144 mM Sigma
Potassium Chloride KCl 0.746 g 5mM Sigma
Magnesium Chloride MgCL2 2mL 1mM Sigma
2[4-(2-hydroxyethyl)-1-piperazinyl]- HEPES 476¢g 10 mM VWR
ethane sulphonic acid
dH20 2L upto2L

Table 2. 5 FRET buffer recipe
FRET buffer was freshly prepared every 3-4 weeks and was maintained at 4C. It was warmed to room

temperature when required for use.

In brief, the following experimental protocols were established to study BAR-dependent cAMP
responses to stimulation with isoprenaline (ISO). Detailed methods are described in individual

chapters.

2.6.8.1 Isoprenaline dose response curves

Dose responses for BAR stimulation with isoprenaline was conducted to assess the ECso of both ;AR
and B,AR subtypes. Concentrations ranging from 0.1nM to 100uM of ISO were prepared in FRET
buffer. CGP20712A (CGP) (Sigma Aldrich, Poole UK) (100nM) was used for blocking B1AR and ICI118551

(Tocris, UK) (50nM) was used for blocking B.AR prior to ISO stimulation. Upon reaching a plateau in
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the FRET response, cells were perfused with NKH477 (NKH) (Sigma Aldrich, Poole UK) (10uM) to fully

stimulate all AC activity and achieve maximal cAMP release.

Log KD pA2 ICso for Log KD pA2 ICso for B2AR Selectivity B2AR vs.
B1AR B1AR B:AR B2AR B2AR B:AR
CGP20712A -8.81 9.43- 0.7nM -6.11 - 6700nM 0.002
8.58
ICI 118551 -6.52 - 37.5nM -9.26 7.11- 1.2nM 549.5
6.16

Table 2. 6 Pharmacological properties of CGP and ICI

(Baker 2005; Baker 2010; Zwaveling et al., 1996, Horinouchi et al., 2003; Doolet et al., 1986)

2.6.8.2 PDE activity assessment

The activity of BAR-dependent cAMP-degrading PDEs in hiPSC-CMs were of interest throughout this
project. After B1AR or B2AR stimulation with ISO, PDE2, PDE3 or PDE4 were selective inhibited with
10uM EHNA, 10uM Cilostamide and 10uM Rolipram respectively. Once a plateau was obtained,
100uM IBMX was added to the bath for non-selective inhibition of PDEs, followed by 10uM NKH to

fully stimulate all AC activity and achieve maximal cAMP release.

2.6.8.3 Assessment of response after caveolae depletion by MBCD treatment

For the removal of caveolae, cells were treated with MBCD (methyl-B-cyclodextrin) prior to
experimentation. 1-2mM MBCD was dissolved in room temperature culture media by vortexing
thoroughly. The previous culture media was removed from the MatTek dishes and 1.5mL of the
MBCD media was added to each dish for 1 hour. Dishes were treated one at a time with careful
timing to ensure cells were not in the MBCD media for more than 1.5 hours as it is known to have a

negative influence on cell viability and cause non-specific disruption of B,AR and LTCC interaction.
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2.7 IONOPTIX- CONTRACTION RECORDINGS

2.7.1 Cellular contraction measurements

The lonOptix system works by imaging the movements of high contrast regions of the cell membranes.
Many previous studies have made use of this technology to study modulations of cardiomyocyte cell
dimensions during their contractility in response to cellular stimulation. This method tracks the
movement of high contrast regions at the edges of cardiomyocytes as they contract. As the cells
contract, there is a shortening of the cell compared to its length at baseline. This is referred to as
fractional shortening and is used as an indicator of the contractile state of the cell and its contractile
function. However, unlike adult myocytes, SC-CMs do not possess the typical rod shape and so the
parallel ends of the cell cannot be measured. Therefore, in this work, one of the two edges of the
tracker were deactivated. In this way, the movement of a single edge of the hESC-CMs membrane
allowed each contraction to be recorded and was depicted by a single peak. The fractional shortening
could not be measured, only relative changes in beating rate after a stimulus. In this work, the lonOptix
technique was employed to report the physiological effect of the B,AR signalling at the cellular level

through a mechanical response.

2.7.2 System Setup

Cell contractility was measured using an lonOptix system which consisted of a Nikon TE-200 inverted
microscope and a MyoCam CCD Digital Camera (lonOptix Corp) attached to a PC. MatTek dishes were
placed on the microscope stage. In the MatTek dish, Krebs solution was warmed and perfused using
a peristaltic pump. Through this, the behaviour of B,AR on cellular contractility upon stimulation with
a number of pharmacological agents was assessed as described below. Contractility recordings were

acquired and analysed using the lonWizard software package (2.11).
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Figure 2. 11 The lonOptix system setup for recording iPSC-CMs contraction

2.7.3 Reagents and protocols

KREBS (1L)—pH 7.4 Final Concentration Supplier

D-Glucose 11.5mM 2.08g Sigma
Magnesium Sulfate [Anhydrous] MgSO04 0.94 mM 0.232g | BDH-GPR
Potassium Phosphate Monobasic KH2PO4 1.2 mM 0.166 g Sigma
Potassium Chloride KCl 4.69 mM 0.35g Sigma

Sodium Chloride NaCl 119.1 mM 6.96 g BDH-AnalaR
Calcium Chloride CaClz 1mM ImL Sigma
Sodium Bicarbonate NaHCOs 25 mM 211g Sigma

ddH20 1L

Table 2. 7 Krebs buffer recipe

All reagents were prepared in Krebs solution (Table 2.7) at the following concentrations: CGP 300nM,
ISO 10nM, NHK 10uM, adrenaline 1uM, PTX 1.5ug/ml. Cells were perfused with the solutions at 37°C
at a rate of 2ml/min. Initial Krebs perfusion allowed a stable baseline beating rate to be obtained and
to which treatment responses were normalised to. Protocols established to assess the contractile

response of B,AR stimulation are further described in Section 3.2.5.1.
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2.8 SICM

2.8.1 System setup

Scanning ion conductance microscopy (SICM) is a non-contact method for cell topography imaging of
live cells. The basic set-up of SICM, as shown in Fig 2.12. consists of a scanning probe head, a
microscope interface (generally electronic hardware and computer) and a software control system to
store and analyse scanned images. This is a powerful technique which allows 3D images of the surface
of living cells to be produced and has a resolution capability of <20nm. In theory, it is based on the
principle of ions flowing through a glass pipette filled with electrolytes and an electrode connected to
a feedback mechanism which receives information from the ground electrode placed in the bath. The
flow of ions through the pipette decreases as the pipette approaches the surface of the sample

(Bhargava et al., 2013; Hansma et al., 1989; Korchev et al., 1997).

SICM relies on the increase of resistance due to the decrease of ionic flow in the electrolyte-containing
micropipette when it approaches the non-conductive surface of the cell. The ion current flowing
through the pipette is measured and fed back to the piezo-drive that moves the pipette upwards to
keep the pipette-surface distance constant. The use of an ion-current feedback mechanism ensures
that the distance between the pipette tip and the sample can be maintained, as there is a drop in
current when the pipette approaches the cell surface. At the same time the micropipette movement
is recorded while the pipette scans the surface of the cell, and that provides a topographical image of

the cell surface (Bhargava et al., 2013; Korchev et al., 1997).

The SICM system was composed of the conventional inverted microscope (Diaphot 200, Nikon
Corporation, Tokyo, Japan), a high-performance piezo actuator (Pl, Germany) and the IChano sample
scan system (lonscope Ltd, UK), controlled by software (ScanlIC 1.9.3.248 version). The scan head of
the ICnano system consisted of a three axis piezo-translation system (Physik Instrumente, UK) with a
100 x 100 um x—y piezo-stage for sample positioning and 38 um z-axis piezo-actuator for the vertical
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movement of the pipette, mounted on the microscope stage. The SICM components were placed on

an anti-vibration table shielded by a Faraday cage to protect it from electromagnetic fields (fig 2.12).
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Figure 2. 12 Diagram depicting the SICM system set-up

Its major components: an ion current sensitive glass micropipette probe, a piezoelectric translation
stage, the feedback generator and a computer interface to the microscope. The electric circuit of the
stage showing the sample holder filled with an electrolyte. The proximity of the micropipette strongly
influences the resistance and thus alters the ion current flowing through the pipette. This plays as a
feedback mechanism which controls the vertical position of the micropipette (Bhargava et al., 2013;

Korchev et al., 1997).

2.8.2 Reagents and protocols

hESC-CMs were plated at the centre of glass-bottom MatTek dishes at D30 of differentiation at low
density to achieve a single cell culture. They were incubated for 3-4 days to allow for recovery prior to
experimental use. At D33-34, the culture media was removed and replaced with bath/external
solution (Table 4.2) and then placed on the microscope stage. The nanopipettes were prepared by
pulling as described in Section 4.2, and were filled with the internal solution (Table 4.3) and then fixed
to the holder. The scanning parameters were input into the software, including the pre-scan hop
amplitude, fall rate, set point and resolution. Once this was set up, the initial, pre-scan was begun. The
pipette was initially lowered into the bath/dish manually and then automated as it approached the
sample, then the scanning process was begun.
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2.9 Super-Resolution Scanning Patch-Clamp

The patch clamp technique allows the study of ionic currents in living cells using the “voltage clamp”
technique. A glass pipette containing electrolyte solutions is tightly sealed onto the cell membrane
facilitated by slight suction, indicated by an increase in membrane resistance (referred to as 1GQ seal),
therefore electrically isolating a single patch of the cell membrane. Currents fluxing through any
channels in the isolated patch region flow through the glass pipette and are recorded by an electrode
connected to an amplifier. This is the cell-attached patch clamp recording method. The resulting
current which flows through the electrode is assumed to flow exclusively along the cell membrane.
The patch clamp technique allows single ion channels or receptor properties under physiological

conditions as well as under drug administration to be studied.

2.9.1 Super-resolution patch-clamp technique

Super-resolution patch-clamp technique is an advancement on the patch-clamp technique as it allows
the combination of scanning ion conductance microscopy (SICM) using enhanced nanoscale imaging
with the conventional cell-attached patch-clamp. This allows topographical images to be recorded and
then simultaneous recordings of ion channels to be made by selecting a defined region. Previous
attempts to combine both techniques faced some challenges. Firstly, they were limited by the need
for a fine-tipped pipette (<100nm internal diameter) for scanning at high spatial resolutions in order
to resolve nano-structures on the cell surface. Secondly, the same pipette used for scanning needed
to have a diameter large enough to increase the probability of capturing functional ion channels within
the patch region. The limitation here was that, a pipette with a large diameter for capturing embedded
ion channels could not reveal topographical structures with high enough resolution. Therefore, an

advancement to the original method was developed where computer-controlled piezo was used to
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progressively clip the tip of the pipette after the topography scan (~100nm internal diameter) to

obtain a wider, desired tip diameter for the patch (~300 nm internal diameter) (Bhargava et al., 2013).

2.9.2 Super-resolution scanning patch-clamp system set-up

The system setup was built with components of the SICM system and Axopatch 200A patch-clamp
amplifier (Molecular Devices, USA) and was used to record ion channel activity. The cell-attached
currents were digitized using Digidata 1200B and a pClamp 10 data acquisition system (Axon

Instruments; Molecular devices).

2.9.3 Pipette clipping method

After generating the SICM topographical image, the pipette was clipped for LTCC recordings in the
following way. The pipette was moved to a region of the cell culture dish away from any cells or debris.
The piezo-controlled clipping mode was selected, and a 10-fold increase in fall rate was applied (from
50-60 nm/ms to 300-700nm/ms) to dramatically drop the pipette towards the base of the culture dish.
This would cause the pipette to crash into the culture dish and slightly break the tip of the pipette,
thus increasing its diameter. This is observed as a drop in resistance (Salick et al., 2014). After clipping,
the fall rate was returned to 50-60nm/ms. Generally, iPSC-CMs have a flat, unstructured surface and
do not display T-tubular membrane domains, pipettes with a lower resistance of 16-20QM, hence
larger tip diameter, was sufficient. After clipping the tip, by clicking on the chosen area of the scanned
cell image, the pipette was moved back to the region of interest using the piezo and SICM software.

The “non-contact mode” of SICM was switched off and the pipette would be gently lowered towards
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the cell until it was close enough to touch the cells membrane. Upon reaching the membrane of the
cells, the electrode resistance would increase significantly by 10-15%, indicating the patch clamp was
ready to be performed. At this point, gentle negative pressure (suction) was applied through the
pipette using a syringe to form a tight seal between the pipette and the cell membrane. A successful
seal was indicated by a high resistance in the range of >1GQ. This configuration is referred to as cell-

attached. Activity of the LTCC within the patch region was recorded (fig 2.13).

A B Cc

|~ Imaging with C ippi Cell-attached recording
sharp pipette of the pipette tip with clipped pipette

Figure 2. 13 Nanopipette clipping procedure for patch-clamp

A) High resistance pipette is used to resolve the topological structure of the cardiomyocytes. B) The
pipetter is then moved to a region within the dish which is clear of cells and debris. The fall rate is
increased to clip the tip of the pipette. C) the pipette is moved back to the area of interest on the cell

and patch-clamp is performed (Bhargava et al., 2013).
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2.10 STATISTICAL ANALYSIS

Analysis of each technique used is described in each chapter with details of how all data was recorded
and analysed, as well as the statistical tests conducted to test for statistical significance. A brief

description is given below.

Statistical analysis for all data was performed on GraphPad Prism 5. The statistical significance was set
at p<0.05 and data has been reported with +SEM (standard error of the mean) unless otherwise
stated. The number of replicates, i.e. hPSC-CM differentiation batches are indicated by ‘n’ as described
in the figure legends and text. All data was tested for normality using Komogorov-Smirnov test. If the
data passed the normality test (i.e. the data has a Gaussian distribution) then parametric tests were
conducted. If the data did not have a Gaussian distribution, then non-parametric tests were

conducted. P-values of p<0.05 (*), p<0.01 (**) or p<0.001 (***) were considered significant.

The statistical tests conducted to analyse data obtained from experimental work were the Students
T-test or its equivalent Mann-Whitney U-test was conducted when comparing two categories. The
One-way Analysis Of Variance (ANOVA) with the Bonferonni correct post-hoc tests or its non-
parametric equivalent Kruskall-Wallis ANOVA with Dunns correction were conducted when comparing
more than 2 categories of data. The F-statistic was used on the dose response curves to find out if the

ECso between the two populations were significantly different.
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CHAPTER 3: INVESTIGATING THE ROLE OF 3,AR HAPLOTYPES ON
CONTRACTILE ACTIVITY IN IPSC-CMs
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3.1 INTRODUCTION

The activity and regulation of the BARs will be investigated in several ways throughout this thesis, with
a primary focus on the B,ARs. To begin with, the functional activity of the 4 common [,ARs haplotypes
will be explored in this chapter.

The BARs are the primary targets for the endogenous catecholamine hormone epinephrine and the
neurotransmitter norepinephrine, as well as exogenous agonists and antagonists. They are
responsible for mediating physiological responses to environmental cues and play a major role in the
pathophysiology of human heart disease (Wang et al., 2018). The activation of these receptors
promotes coupling to the G-stimulatory (G;) subunit of G-proteins which increases adenylyl cyclase
(AC) activity and elevates cAMP levels, leading to PKA activation (Gilman, 1984). Interestingly, unlike
B1ARs, B2ARs can also interact with G-inhibitory (Gj) subunits, thus activating an opposing signalling
pathway, dampening AC activity and decreasing intracellular cAMP (Pierce et al.,, 2002). This
alternative coupling is considered to be cardioprotective as it allows B,ARs to counteract the apoptotic
pathway mediated by B:ARs after prolonged stimulation, thus promoting cell survival (Johnson &

Terra, 2002).

There are multiple genetic variants of the B2ARs which exist in the population (Johnson & Terra, 2002).
The two most common functionally relevant single nucleotide polymorphisms (SNPs) are in codon 16
(Gly to Arg; G to R) and 27 (Glu to GlIn; E to Q) at the N-terminal of the receptor (Ahles & Engelhardt,
2009; Danielewicz, 2014; Ferreira-Santos et al., 2017). They have been associated with a complex array
of phenotypes as well as increasing susceptibility to various diseases, including hypertension, heart
failure, asthma and cystic fibrosis (lwamoto et al., 2011; Maxwell et al., 2005; Munakata et al., 2006).
Although these SNPs are not thought to directly cause disease, they are considered to be important

risk factors or modifiers of response to stress and drugs, thus influencing disease outcome.
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The way in which these polymorphisms modulate B,AR response is not fully understood, however,
there are indications of effecting agonist-mediated desensitisation and receptor down regulation
(Green et al., 1994), receptor trafficking and phosphorylation (Gough, 2011; Koryakina et al., 2012);
though the results are quite controversial. Currently, we are limited by the variability in the
background genotype of model systems available which is known to influence phenotype (Chruscinski
et al., 1999; Kondrashov et al., 2018). To overcome this, Alexander Kondrashov and colleagues in
Professor Chris Denning’s lab at Nottingham University, engineered an isogeneic set of hESC-CM cell
lines where only the specific SNPs of interest are changed to produce either of the 4 haplotypes and
the remainder of the genetic background remains unaltered. As described in Section 2.1.5.1, a two-
step approach combining CRISPR/Cas9 and the PiggyBac transposon technique was used. This allowed
the activity of the B,AR haplotypes with respect to the specific polymorphic modification to be studied,

without interference from the remainder of the genetic background.

In this chapter, we aimed to investigate the influence of the four B,AR haplotypes (GE, GQ, RE, RQ) on
the cAMP handling of the cell through measuring real-time changes to intracellular cAMP upon
stimulation of the B,AR with isoprenaline. Secondly, the functional activity of the receptor haplotypes
were assessed through measuring the chronotropic response of hESC-CMs upon B,AR stimulation.
B2AR interaction with G; was investigated to study the influence of the haplotypes on the level of
biased agonism. In order to investigate G; activity, hESC-CMs were treated with PTX as an inhibitor of
G; function and the change in beating rate in response to B,AR stimulation was measured. B,AR-G;
interaction was also investigated in response to chronic stress mediated by pre-treatment with

adrenaline as described in previous literature.
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3.2 METHODS

3.2.1 Cardiac differentiation of the genetically modified hESC

Human embryonic stem cells (hESCs) of the HUES7 cell line were used to produce genetically modified
cell lines which stably expressed one of the four B,AR haplotypes encoding the amino acid arginine or
glycine at position 16 and either glutamine or glutamic acid at the amino acid position 27. The
CRISPR/Cas9 system was utilised to produce these haplotypes by Alexander Kondrashov in Chris
Dennings lab, Nottingham University. These hESCs were then prepared for cardiac differentiation as

described in section 2.1.5.2 (Fig 3.1).

G e

125 o nesc o
observed
D-3 DO D2 D4 D6 D15
£8 StemPRO34 StemPRO34 RB- RB- RB+
+BMP4 +BMP4 + ActivinA +KYX +KYX

Figure 3. 1 hESC differentiation protocol

3.2.2 hESC-CMs maintenance and dissociation
hESC-CMS were cultured on plastic T25 culture flasks in RB+ medium. A D15 cells were dissociated and
re-plated as the differentiation process involves killing off non-myocytes, and this leaves gaps in the

culture. The dissociation was conducted as described in Section 2.1.5.3.

For FRET and contraction studies in this chapter, 70uL of the cell suspension were plated on the centre
of the pre-prepared, Vitronectin-coated (1h at 37°C) MatTek dishes and incubated at 37°C for at least
2 hours to allow cells to adhere to the dish. After these 2 hours, 1.5mL of RB+ was added to the culture
dishes for at least 3 days before any experiments were conducted in order to allow cells recovery.

Cells were used at D37 * 3 days post initiation of cardiac differentiation.
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For FRET studies, cells were prepared at low densities to obtain single-cell cultures. For contraction

studies, cells were prepared at high densities to obtain monolayers as this promotes cell contractility.

3.2.3 hESC-CMs transfection with FRET biosensor

For FRET experiments, hESC-CMs were plated on glass-bottomed MatTek dishes at D30-32 of
differentiation and maintained in RB+ for a further 3-5 days to allow cell recovery. Cells were seeded
at low densities to obtain single cell cultures. At around D35 cells were transfected with the pTEV FRET
sensor using JetPRIME (Polyplus) transfection kit following manufacturer’s protocol as described in
Section 2.7.7 (Fig 3.2). Generally, a 20-30% transfection efficiency was obtained. Cells expressing the
sensor evenly throughout the cytosol were selected for experimentation. No significant toxicity was

observed upon visualisation under a microscope.

Combine 200ng pTEV DNA +
50uL JetPrime Buffer

2. =
r'. Vortex on low speed for
i h-% " 10-15 seconds

+ 2ul JetPrime Reagent and

&@ vortex for 15 seconds

Incubate for 10 minutes at
room temperature

/ Add transfection mixture to cells
and incubate for 24-72 hours

Figure 3. 2 pTEV FRET sensor transfection protocol of hESC-CMs with jetPRIME
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3.2.4 B2AR-ISO dose response curves on hESC-CMs haplotypes by FRET

3.2.4.1 FRET reagents and protocols

Dose response of B,AR stimulation with ISO was conducted to assess the ECso levels of the four
receptor haplotypes. hESC-CMs MatTek dishes were firstly removed from the incubator and media
was aspirated. 0.5mL of warmed FRET buffer was used to wash the dish, then 500uL of CGP20712A
(CGP) (Sigma Aldrich, Poole UK) (100nM) prepared in FRET buffer was added. Cells were incubated in
CGP for 10 minutes before starting the FRET recording. After CGP incubation, B,AR was stimulated
with 500uL 0.1nM ISO. Once a plateau was obtained, 500uL of ISO was added for the final
concentration of 0.3nM. Again, when a plateau was obtained the next ISO solution was added. The
final ISO concentrations ranging from 0.1nM to 3nM or 3nM to 100nM were prepared in FRET buffer
and were added in order starting from the lowest concentration. At the end of each experiment, NKH
at the final concentration of 10uM was added to obtain a maximal cAMP output response to which

each ISO was normalised (Fig 3.3).

100 nM 0.1 nM 0.3 nM 1nM 3nM 10 uM
CGP ISO ISO ISO ISO NKH
10mins 5 mins 5 mins 5 mins 5 mins 5 mins
100 nM 3nM 10nM 30nM 100 nM 10 uM
CGP ISO ISO ISO ISO NKH
10mins 5 mins 5 mins 5 mins 5 mins 5 mins

Figure 3. 3 Protocol for dose responses of 6,AR to isoprenaline used for FRET stating final

concentrations of solutions in the bath

3.2.4.2 FRET analysis

Analysis of the FRET results were conducted in Microsoft Excel. The ratio between the fluorescence
recorded from the YFP channel and the CFP channel was calculated and plotted to obtain a regular

YFP/CFP FRET trace. These results are shown as line graphs with the “FRET ratio (Venus/Turquoise)”
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plotted (Fig 3.4). From this the percentage change in the ratio from baseline to the individual 1SO
treatment in question was calculated and normalised to the NKH response, and is shown as “% change
in FRET ratio”. The final dose response trace is presented as a normalised curve. From this curve, the

EC50 was reported. Statistical significance between the 4 haplotypes was tested using the F-statistic

in GraphPad Prism 5.

1.2

3nM
+ 10nM

. v . I\lKH

FRET ratio (venus/Turquoise)

0.6
0.4
0.2
0
0 50 100 150 200
Frame (5 sec)

Figure 3. 4 Example of FRET trace of dose response curve

The isoprenaline concentrations were added in sequential order starting with the lowest concentration.
The subsequent concentration was only added after a plateau was reached. Each experiment was

concluded by the addition of NKH to which each ISO response was normalised.

3.2.5 Contraction recordings of hESC-CMs by lonOptix

3.2.5.1 Contraction reagents and protocols

lonOptix experiments were conducted to study the differences in contractility of the hESC-CMs of the
four B2AR haplotypes under basal stimulation under basal stimulation and upon stress induction. The
hESC-CMs at D30-D35 were re-plated at high densities on glass-bottom MatTek dishes to obtain
monolayers, for a minimum of 48h prior to experimentation. At the start of each experiment, media

was removed and replaced by warmed Krebs solution. This was applied through a perfusion system
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which oxygenated and warmed to 37°C before application onto the cells. The flow was maintained at

2mL/min (Fig 3.5).

Hhuminant
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5435
)
1
v = 54.0-
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. )
/ 3.0
Myocam | 25 L I L L I 1 1 1 1
{lon optix) < |vle a5

Figure 3. 5 The lonOptix system setup for recording iPSC-CMs contraction and the data output.

Each peak represents one beat/contraction.

All reagents were prepared in KH solution (Table 2.6) at the following concentrations: CGP 300nM, ISO
10nM, NKH 10uM, adrenaline 1uM, PTX 1.5ug/ml. Cells were perfused with the solutions at 37°C at a
rate of 2ml/min. Initial Krebs perfusion a stable baseline beating rate to which treatment responses
have been normalised to. Protocols established to assess the contractile response of B,AR stimulation
are as follows (Fig 3.6):

A) Control: Standard B2AR response:
15min KH, 10min selective B1AR blocker CGP, followed by 20min ISO+CGP.

B) PTX: To assess the influence of G; proteins:

3h pre-treatment with PTX, 15min KH perfusion, 10min CGP and then 20 min ISO+CGP.
C) ADR: In vitro stress model by pre-treating cells with adrenaline (Protocol adapted from

(Kondrashov et al., 2018)):
15min KH, 20min adrenaline, then 10min CGP, then 20 min ISO+CGP.
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D) ADR+PTX: To assess the role of G; proteins on cellular contractility during induced
cardiomyocyte stress (protocol adapted from (Kondrashov et al., 2018)):

pre-treatment with PTX, 15min KH, 20min adrenaline, 10min CGP and then 20min ISO+CGP.

-3Ihrs 0 rlnins 1§ mins 2§ mins 45 mins
I 7/ T T 1 1
Control KH CGP ISO
[ ex | | px_ | kH |  cep | IS0 |
-3 hrs 0 mins 13 mins 32 mins 45 mins 65 mins
I 77 1 1 1 | 1
ADR | KH | ADR | cGp | IS0 |
. ADR+PTX | | PTX | kH | ADR | cep | IS0 |

Figure 3. 6 Drug administration protocol during lonOptix experiments

3.2.5.2 lonOptix Analysis

Analysis of contraction data from the lonOptix system were conducted manually. Contraction
recordings were taken during a stable period of the KH treatment, at each drug addition and also at
5-minute intervals during the ISO treatment (Fig 3.7). The experiment was concluded after a 20-
minute period of ISO treatment. From the data output, the number of peaks represent the number of
beats and were recorded manually by counting the number of peaks over a 60-second time period. In
all experiments, the baseline recordings were taken during a stable period of the recording during KH
perfusion. For each drug treatment, the response (measured by bpm) was taken during the last 60-
seconds of the drug treatment and regularly at 5-minute intervals over the course of the 20-minute
ISO stimulation. The bpm is shown as either “absolute bpm” values or as “% relative to baseline”

(normalised to KH). Statistical significance was tested through Student’s T-test and One-Way ANOVA.
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Figure 3. 7 Example of lonOptix recording

lllustration recording of an lonOptix recording example with the respective treatments highlighted
along with the duration of the treatment. Each peak is the result of movement of the tracked region of
the cell and represents a single contraction. After treatment with ISO, it was expected that the beating

rate would increase, which can be seen as an increase in the number of peaks/beats per minute.

3.2.6 Statistical analysis

The statistical tests conducted has been described in each experimental method section. Generally,
the statistical analysis used to analyse data obtained for experimental work was Students T-Test,
which were performed using GraphPad Prism 5. The statistical significance was set at p<0.05 and

data has been reported with £SEM (Standard error of the mean).
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3.3 RESULTS

3.3.1 Haplotype-dependent sensitivity of B2AR to isoprenaline on cAMP activity

Firstly, the sensitivity of the GE, GQ, RE, and RQ B,AR haplotypes was explored. B,ARs were stimulated
with isoprenaline concentrations ranging for 0.1-100nM and cAMP output was measured using FRET.
Concentration-response curves for each haplotype were produced based on the change in FRET ratio
detected at each concentration of isoprenaline in the presence of CGP for B,AR-specific stimulation.
The cAMP output was normalised to NKH, an AC activator for maximal cAMP release. The GQ and RQ
haplotypes showed relatively little response to receptor stimulation with 0.1nM to 3nM isoprenaline
concentrations in comparison to GE and RE variants which showed gradual increases in FRET response
with isoprenaline concentrations increments. The GE haplotype had obtained its maximal response by
3nM isoprenaline and RE haplotype achieved a maximal response by 30nM. Between 3nM and 100nM
isoprenaline concentrations, GQ, RE and RQ continued to increase gradually in cAMP output. The GQ
and RQ haplotypes continued to be responsive until 100nM isoprenaline. From these FRET
experiments, a concentration-response curve was generated and the half-maximal effective
concentration (ECso) was calculated. GE showed the greatest sensitivity to B2AR simulation with an
ECso of 1nM 95% CI [ 0.1, 12.3]. RE, RQ and GQ are significantly less sensitive from GE with an ECs of
4nM [1.8, 5.4], 48nM [ 6.4, 153.3] and 28nM [20.9, 38.9] respectively (p<0.05) (Fig 3.8). There was no

significant difference in maximum FRET response between haplotypes.
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Figure 3. 8 Representative FRET traces and concentration response curves of 6,AR haplotypes
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Concentration-response curves measuring 8,AR-cAMP production upon isoprenaline (1SO) stimulation in the presence of 8:AR-blocker CGP20172A by FRET in

hESC-CM for each haplotype. N values GE (4,2 cells,preparations); GQ (4,4); RQ (3,2); RE (9,4). Significantly different from GE, ***P<0.001, F-test.
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3.3.2 Haplotype-dependant sensitivity of B2AR to isoprenaline on cell contraction

Further to the FRET studies, the functional activity of B.AR was also measured through recording
contractile output. Cardiomyocyte beating rate at 5-minute intervals after B,AR stimulation with
300nM CGP + 10nM ISO over a 20-minute period was recorded from a region where a steady beating

rate was obtained. The absolute beating rate and the normalised beating rate are reported.

The beating rate in control experiments were conducted first in all four B,AR haplotypes; GE, GQ, RE
and RQ. The baseline contractility was significantly higher at the start of the experiment in the RE
haplotype with a 127 £ 5 bpm in comparison to the other three haplotypes which were between 50
to 60 bpm. Upon stimulation with ISO, all haplotypes showed an increase in beating rate after the
initial 2 minutes, with GE and GQ showing the greatest increase, 115 + 13 bpm and 93 + 12 bpm
respectively. Over the 20-minute period of stimulation with ISO, GE and GQ showed a significant drop
in beating rate after this maximum, to 81 + 8 bmp and 58 + 4 bpm respectively (p<0.05), and there
was a small decrease in RQ by 20 minutes, from 91 + 5 to 74 + 6 bpm. RE had the greatest initial beating
rate with a small increase to 143 + 5 bpm at 2 minutes of stimulation, and 137 + 8 bpm at 20 minutes

of stimulation (Fig 3.9).

To make an accurate comparison of how the beating rate changed upon stimulation with ISO the
normalised beating rate was calculated, allowing us to study the relative change in beating rate. GE
showed a significantly greater percentage increase at 2 minutes of stimulation (242 + 30%) in
comparison to GQ, RQ and RE (176 + 13%, 136 + 6% and 115 * 6% respectively) (p<0.05). After 20
minutes of I1SO stimulation a decrease in the beating rate was noted in all four haplotypes with the
beating rate change dropping to 160 + 9%, 113 + 13%, 110 + 6% and 109 + 4% over baseline for GE,
GQ, RQ and RE respectively, although the drop was only significant for the G variants (p<0.05). GQ, RQ
and RE haplotypes showed the beating rate return back to basal levels after 20 minutes of stimulation.

However, GE remained notably higher above baseline (Fig 3.10).
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Figure 3. 9 Beating rate in 8,AR haplotypes upon stimulation with ISO

A) Beating rate of heSC-CMs with GE (6/4), GQ (5/4), RQ (6/4) and RE (8/4) haplotype over 20 minutes
of B,AR stimulation with ISO in the presence of ICI. B) Bar graph showing the beating rate of heSC-CMs
with these 4 haplotypes at 2mins and 20mins through ISO stimulation. Data are presented as mean +
SEM. Significance was determined by One-Way ANOVA with Bonferroni post-hoc test. *p<0.05,
**p<0.01, ***p<0.001. T = Significant to GE at 2min, # = significant to GE at 20min.

(n/N)=cells/batches.

Page 123 of 295



A == Control

3007 GE 3007 - GQ
[ : o :
= £
© ©
2 2
8 2004 8 2004
2 )
w® 100+ ® 100+
) )
14 14
X X
0 L] L] L] L] L] c L] L] L] L] L]
0 2 5 10 15 20 0 2 5 10 15 20
Time (min) Time (min)
3004 - RQ 3004 - RE
g : 2 :
8 200 8 200 :
e 2
g 2 . R
'ﬁ E 100.;{::-_-:____?r _________ e S
2 g |
N R
0 T T T T T 0 T T T T T
0 2 5 10 15 20 0 2 5 10 15 20
Time (min) Time (min)
Control
B £ 2 min
300, 2 3 20 min
(] l *
E _
£ 3 200- T
1=}
- © TTT
)
g_é TIT
£ 2 1001 ‘ H
0 N
m
0
GQ RQ RE

GE

Figure 3. 10 Normalised beating rate in 8,AR haplotypes upon stimulation with ISO

A) Beating rate of heSC-CMs with GE (6/4), GQ (5/4), RQ (6/4) and RE (8/4) haplotype normalised to
basal contractility over 20 minutes of 8,AR stimulation with ISO in the presence of ICl. B) Bar graph
showing the beating rate of heSC-CMs with these 4 haplotypes at 2mins and 20mins through ISO
stimulation normalised to baseline. Data are presented as mean + SEM. Significance was determined
by One-Way ANOVA with Bonferroni post-hoc test. *p<0.05, **p<0.01, ***p<0.001. T = Significant to

GE at 2min, # = significant to GE at 20min. (n,N)=cells/batches.
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3.3.3 Investigating the influence of B2AR haplotype on G; effect
Next, we wanted to understand whether the desensitisation observed is due to an underlying
protective G; effect being activated with B,AR stimulation which is the cause for the progressive

decrease in beating rate. PTX was used to inhibit the role of G; throughout B2AR stimulation with 1SO.

In PTX treated cells, all four haplotypes showed an initial increase in beating rate at 2min of I1SO
stimulation. The RE haplotype, again, had the highest initial basal beating rate of 98 + 6 bpm in
comparison to GE, GQ and RQ which were 50 * 3, 44 + 4 and 82 + 4 bpm. The R haplotype seems to
display the higher initial/basal beating rates. At the 2-minute time point of ISO stimulation, the
absolute beating rate of all four haplotypes, GE, GQ, RQ and RE increased to 92 + 5,62+ 2,110+ 7
and 115 + 21 bpm respectively. GE showed the largest increase in beating rate from Time:0, whereas
the other haplotypes showed modest increases. Interestingly, over the 20 minutes of stimulation, the
beating rate did not return back to baseline in all four haplotypes as was seen in the control
experiment. In the RQ control experiment, there is a relative decrease in beating rate over the 20
minutes of ISO stimulation which would be due to receptor desensitisation. By blocking G; with PTX
treatment, this drop in beating rate seems to be prevented. With the GQ, GE and the RE haplotypes,
PTX treatment seems to prevent the increase in contraction altogether, preventing maximal

contraction rate being achieved (Fig 3.11).

After normalisation, PTX-treated GE had the highest beating rate of 187% + 13 bpm at 2 minutes of
ISO stimulation; statistically greater than GQ, RQ and RE; 144% + 12, 133% + 6 and 125% * 7
respectively. In comparison to control, inhibition of G; did not affect beating rate in any of the
haplotypes as significance was not observed. After 20 minutes of stimulation the GE haplotype shows
a slightly lowered beating rate of 167% + 16 bpm, whereas the others showed no change in beating
rate; 147% + 8, 130% + 3 and 128% + 8 bpm of GQ, RQ and RE respectively. In comparison to control,
there were no significant differences detected in contractility after G; inhibition (Fig 3.12); indicating

relatively little protective effect through B,AR-G; coupling upon receptor activation.
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Figure 3. 11 Beating rate in 8,AR haplotypes upon stimulation with ISO (orange) with PTX (purple).

A) Beating rate of hESC-CMs with GE (6/4), GQ (5/4), RQ (6/4) and RE (8/4) haplotype over 20 minutes
of B82AR stimulation with ISO in the presence of ICI (orange) with hESC-CMs GE (7/4), GQ (5/4), RQ (6/3)
and RE (7/3) haplotypes pre-treated with PTX (purple). B) Bar graph showing the beating rate of hESC-
CMs with these 4 haplotypes pre-treated with PTX at 2mins and 20mins through ISO stimulation. Data
are presented as mean * SEM. Significance was determined by One-Way ANOVA with Bonferroni post-
hoc test. *p<0.05, **p<0.01, ***p<0.001. T = Significant to GE at 2min, # = significant to GE at 20min.
(n,N)=cells/batches.
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Figure 3. 12 Normalised beating rate in 8,AR haplotypes upon stimulation with ISO (orange) and PTX
(purple)

A) Beating rate of hESC-CMs with GE (6/4), GQ (5/4), RQ (6/4) and RE (8/4) haplotype normalised to
basal contractility over 20 minutes of 8,AR stimulation with ISO in the presence of ICl (orange) with
hESC-CMs GE (7/4), GQ (5/4), RQ (6/3) and RE (7/3) haplotypes pre-treated with PTX (purple). B) Bar
graph showing the beating rate of hESC-CMs with these 4 haplotypes pre-treated with PTX at 2mins
and 20mins through ISO stimulation normalised to baseline. Data are presented as mean * SEM.
Significance was determined by One-Way ANOVA with Bonferroni post-hoc test. *p<0.05, **p<0.01,
***p<0.001. T = Significant to GE at 2min, # = significant to GE at 20min. (n,N)=cells/batches.
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3.3.4 The role of the B2AR haplotypes upon stress by adrenaline pre-treatment

To assess whether the protective G; effect can be made more prominent, we developed an in vitro
stress model to accelerate the Gs to G; switch by increasing phosphorylation of the B,AR (Paur et al.,
2012). For this, cells were pre-treated with adrenaline, which was then washed out and the cells were
allowed to recover baseline contraction rate prior to I1SO stimulation. The contractility of each

haplotype was then measured during 20 minutes of stimulation with 1SO.

All four haplotypes showed a similar initial beating rate in comparison to control experiments, where
the beating rate of GE, GQ, RQ and RE was 58 + 3 bpm, 57 + 2 bpm, 90 + 15 bpm and 118 + 18 bpm
respectively. GE and GQ have a relatively similar beating rate and RQ and RE had a slightly raised
beating rate. The initial rise at 2 minutes of stimulation which was seen in control cells was less
prominent in GE and GQ, and was not observed in RQ and RE haplotypes. Over the 20 minutes of ISO
stimulation, the absolute beating rate showed that all four haplotypes maintained a relatively
constant beating rate; 69 + 6 bpm, 61 £ 5 bpm, 94 + 11 bpm, 112 + 19 bpm for GE, GQ, RQ and RE

respectively (Fig 3.13).

When the beating response was normalised, only GE had a slightly elevated beating response with a
34% rise in beating rate which gradually reduced over the 20 minutes, whereas GQ, RG and RE
remained close to baseline. Overall, no significant changes in beating rate were observed in the four
haplotypes with the pre-treatment of cells with adrenaline. In comparison to control experiments, we

see desensitisation in all 4 haplotypes (Fig 3.14).

This may indicate underlying desensitising activity in the variants, which may explain reduced

responsiveness of the B,ARs to ISO stimulation.
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Figure 3. 13 Beating rate in 8,AR haplotypes upon stimulation with ISO (orange) and adrenaline (green)

A) Beating rate of hESC-CMs with GE (6/4), GQ (5/4), RQ (6/4) and RE (8/4) haplotype over 20 minutes
of B,AR stimulation with ISO in the presence of ICI (orange) with hESC-CMs GE (6/4), GQ (5/3), RQ (6/4)
and RE (7/4) haplotypes pre-treated with adrenaline (green). B) Bar graph showing the beating rate of
hESC-CMs with these 4 haplotypes pre-treated with adrenaline at 2mins and 20mins through I1SO
stimulation. Data are presented as mean * SEM. Significance was determined by One-Way ANOVA
with Bonferroni post-hoc test. *p<0.05, **p<0.01, ***p<0.001. T = Significant to GE at 2min, # =

significant to GE at 20min. (n,N)=cells/batches.
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Figure 3. 14 Normalised beating rate in 8,AR haplotypes upon stimulation with ISO and adrenaline

A) Beating rate of hESC-CMs with GE (6/4), GQ (5/4), RQ (6/4) and RE (8/4) haplotype normalised to
basal contractility over 20 minutes of B,AR stimulation with ISO in the presence of ICl (orange) with
hESC-CMis GE (6/4), GQ (5/3), RQ (6/4) and RE (7/4) haplotypes pre-treated with adrenaline (green).
B) Bar graph showing the beating rate of hESC-CMs with these 4 haplotypes pre-treated with
adrenaline at 2mins and 20mins through ISO stimulation normalised to baseline. Data are presented
as mean + SEM. Significance was determined by One-Way ANOVA with Bonferroni post-hoc test.
*p<0.05, **p<0.01, ***p<0.001. T = Significant to GE at 2min, # = significant to GE at 20min.
(n,N)=cells/batches.
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3.3.5 The influence of the B2AR haplotypes during stress with G inhibition

We saw a desensitisation-like effect when cells were pre-treated with adrenaline. To assess whether
this was a G; switch rather than desensitisation of the B.AR, we treated the cells with PTX prior to
adrenaline stimulation. The adrenaline was then washed out, the cells were allowed to recover, and
were then stimulated with 1SO. The contractility was measure during the 20 minutes of ISO

stimulation.

Upon assessing absolute beats per minute, GQ showed the lowest beating rate in both adrenaline
treatment and after PTX treatment with a beating rate of 52 bpm, statistically lower than GE, RQ and
RE at 2 minutes (89 + 8 bpm, 84 + 10 bpm, and 116 * 15 bpm respectively) and 20 minutes (104 + 6
bpm, 82 +12 bpm, and 112 + 12 bpm respectively) of ISO stimulation. None of the haplotypes showed
a change in beating rate over the 20 minutes of stimulation. Only a slight increase was seen at 2
minutes of ISO stimulation, though not significant (93 £ 5 bpm, 66 £ 3 bpm, 99 + 11 bpm, and 124+ 7

bpm for GE, GQ, RQ and RE respectively) (Fig 3.15).

When assessing the change in beating rate with PTX treatment by normalisation, no differences were
observed between the haplotypes. Despite treatment with PTX with adrenaline, no difference in

contraction rate or desensitisation was observed (Fig 3.16).

Page 131 of 295



- ADR
A GE GQ - PTX + ADR

1504 150+

£
100-/!——I\H_!

100+

. /\{‘i=£=¢

a
o
L

Absolute bp
}
2 ol
ne
Absolute bpm

0+—t— T r r 04—t— r r r
02 5 10 15 20 02 5 10 15 20
Time (min) Time (min)
R RE
1504 - Q 150~ -
£ S ) £
£ 1004 I §1007 : [ | i [
[ ¥ f) :
S : 5 :
©° : [}
2 50+ 2 504
< <
0 T T T T T 0 + T T T T
02 5 10 15 20 02 5 10 15 20
Time (min
ime (min) Time (min)
Adrenaline vs. Adrenaline + PTX
B .
*k = Adr-2min

150 Adr - 20 min
3 Adr+PTX - 2 min

Adr+PTX - 20 min

-
[=
o

Beats per minute
(Absolute)
8

Figure 3. 15 Beating rate in 8,AR haplotypes upon stimulation with adrenaline (green) and
adrenaline+PTX (blue)

A) Beating rate of hESC-CMs with GE (6/4), GQ (5/3), RQ (7/4) and RE (6/4) haplotype over 20 minutes
of B,AR stimulation with ISO in the presence of ICl when pre-treated with adrenaline (green), and when
hESC-CMs GE (6/4), GQ (5/3), RQ (7/3) and RE (6/3) haplotypes pre-treated with PTX with adrenaline
(blue). B) Bar graph showing the beating rate of hESC-CMs with these 4 haplotypes pre-treated with
PTX at 2mins and 20mins through ISO stimulation. Data are presented as mean + SEM. Significance
was determined by One-Way ANOVA with Bonferroni post-hoc test. *p<0.05, **p<0.01, ***p<0.001. T
= Significant to GE at 2min, # = significant to GE at 20min. (n,N)=cells/batches
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Figure 3. 16 Normalised beating rate in 8,AR haplotypes upon stimulation with adrenaline (green)
and adrenaline+PTX (blue)

A) Beating rate of hESC-CMs with GE (6/4), GQ (5/3), RQ (6/4) and RE (7/4) haplotype normalised to
basal contractility over 20 minutes of 82AR stimulation with ISO in the presence of ICl when pre-treated
with adrenaline (green), and when hESC-CMs GE (6/4), GQ (5/3), RQ (7/3) and RE (6/3) haplotypes pre-
treated with PTX with adrenaline (blue). B) Bar graph showing the beating rate of hESC-CMs with these
4 haplotypes pre-treated with PTX at 2mins and 20mins through ISO stimulation normalised to
baseline. Data are presented as mean + SEM. Significance was determined by One-Way ANOVA with
Bonferroni post-hoc test. *p<0.05, **p<0.01, ***p<0.001. T = Significant to GE at 2min, # = significant
to GE at 20min. (n,N)=cells/batches
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3.4 DISCUSSION

The B2 subtype of the adrenergic receptor is a type of membrane bound GPCR and has an important
role in cardiovascular health and disease. The B,AR is highly polymorphic where the exonic variants of
the N-terminus, Arg16Gly (R/G) and GIn27Glu (E/Q), are functionally relevant; and although B,AR is a
well-studied receptor, the influence of these polymorphisms on cardiac function is not fully
understood. The focus of this chapter was to investigate the influence of the four B,AR variants (GE,
GQ, RE, RQ) on cAMP signalling and the unique protective property of this subtype through receptor
interaction with G; proteins. This was investigated through assessing changes in contractile activity.
Here, the differential responses between the haplotypes have been observed in terms of sensitivity

to isoprenaline and receptor desensitisation.

CRISPR-Cas9 gene editing technique was used to develop isogenic hESC-CMs lines of the B,AR
haplotypes. This technique is a hugely powerful method of editing a target region within the genome;
however, it can be time consuming and can have off-target effects. In particular, as the ADRB2 gene
consists of a single exon, it was mandatory for the gene editing to be “foot-print free”. Therefore, a
recently developed 2-step editing approach involving CRISPR-Cas9 and PiggyBac was used
(Kondrashov et al., 2018). This was not only advantageous due to the efficiency of the gene editing
protocol as it reduced the number of editing steps, making the protocol was more time efficient, but
also is highly specific, ensuring no other modifications within the ADRB2 exon or its regulatory regions
occur. Another benefit of this methods was that 4 isogenic lines of hESCs could be developed, which
limited any potential interference from the remainder of the genomic background. As all the lines
were created from the same source and have the same genetic background, any differences in
responses from the variant in question are a result of the haplotype variants. Furthermore, the
developed stem cell lines could be differentiated into the target cell type of interest as a renewable

source and could be produced as and when required, although such culture and maintenance can
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prove costly. Finally, the use of hESCs provides a cell line of human origin, which although may have

some immature phenotypic properties in comparison to adult cells, is beneficial over animal cell lines.

This is the first study to investigate the response of the 4 B,AR haplotypes variants (Argl6Gly and
GIn27Glu) to isoprenaline by measuring cAMP output. Using FRET microscopy provided real-
time/short term responses, and can indicate differences in sensitivity of each variant to receptor
stimulation. Firstly, a significantly lower ECso value was recorded for the GE haplotype indicating
greater sensitivity to receptor stimulation, closely followed by RE, and the RQ haplotype having the
highest ECso value, thus being least sensitive (GE>RE>GQ>RQ). In support of these results, it has been
indicated by previous studies that human subjects who were homozygous for the GE haplotype
displayed enhanced desensitisation upon continuous infusion of isoprenaline for two hours (Dishy et
al., 2001). It may be that because the GE variant presents a greater sensitivity to stimulation that leads
to a more prominent decrease in beating rate, thus posing a protective mechanism against prolonged
stimulation. The FRET response in this study shows that the E amino acid is present in both the lower
ECso variants, so it could suggest that it is responsible for the increased responsiveness whereas the Q
amino acid may play a role in reducing responsiveness to isoprenaline stimulation. Which may explain
the finding from Dishy et al which shows that individuals who were homozygous for Q27 have less
desensitisation and down regulation (Dishy et al., 2001). In addition, the G16 variant may be
responsible for lowering the ECso further, regardless of the amino acid at position 27, therefore, this
indicates that the G16 variant may be an important player in increasing sensitivity to B,AR stimulation

and the R27 variant may play a role in reducing sensitivity.

The contractile response of each B,AR variant revealed further differences between the haplotypes.
lonOptix experiments were performed to record the beating rate of each haplotype variant upon B,AR
stimulation with isoprenaline. The initial beating rate for all haplotypes except RE was between 50-
60bpm; RE had the highest baseline beating rate around 120bpm. Dishy et al (2001) report individuals
of GQ, RE and GE to have a heart rate of 59, 61 and 67 bpm respectively (Dishy et al., 2001). The basal
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beating rate of RE in our study is exceptionally high. Due to the variation in baseline beating rate in
this study, the beating rate was normalised to allow a comparison in response to B,AR stimulation
between the haplotype variants to be made. Upon receptor activation, both the G16 haplotypes
showed the greatest increase in beating rate, around a doubling in beating rate. This coincides with
the cAMP FRET data as the G16 variant had increased sensitivity to B2AR stimulation. This indicates
that the amino acid glycine at position 16 may be responsible for increasing sensitivity to stimulation
and therefore displaying increased contractile activity. The study by Dishy et al in human subject of
these haplotype variants shows more modest increases in beating rate, GQ, RE and GE had a heart
rate of 61, 63 and 69 bpm respectively during isoprenaline infusion. This unfortunately highlights the

crucial drawbacks of in vitro versus in vivo studies.

Furthermore, in this study, the G16 variants showed significant decrease in beating rate from the 2-
to 20-minute period of isoprenaline stimulation with the beating rate returning to basal levels. A
slower rate of desensitisation was observed in the RQ haplotype and almost no desensitisation was in
the RE haplotype. This is consistent with previous knowledge where G16 shows faster desensitisation

and enhanced downregulation (Dishy et al., 2001; Green et al., 1994, 1995).

Inhibitory G-protein (Gj) activity mediates hormonal and neurotransmitter action on the adenylyl
cyclase signalling pathway, and so G; activity is known to influence signal transduction (Brown &
Harding, 1992). Previous literature shows that PTX successfully inactivates inhibitory G-proteins
(Sunyer et al., 1989). To investigate whether this desensitising response seen in the previous
experiment was due to B,AR interacting with G; proteins and therefore switching to a different
signalling pathway, the G; inhibitor PTX was used to treat hESC-CMs prior to B,AR stimulation with
isoprenaline. The initial increase after B,AR stimulation which was seen by 2 minutes of stimulation
was still present, but the previous desensitisation of G16 haplotypes was lost. Over the 20 minutes of
stimulation, the beating rate did not drop but remained constant, and so no change in beating rate at
2 mins vs 20 mins of stimulation was observed. Although the R16 variants did not achieve as much of
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an increase in beating rate as the G16 variants, there was a small yet similar trend seen. This suggests
that B2AR coupling to Gs does occur upon receptor stimulation, and when cells are treated with PTX,
B2AR coupling to G is inhibited, and so, desensitisation of the response is not achieved. However, the

response is very minimal and so an attempt to drive the G; response further was made.

A previous study has reported that biased agonism is most commonly observed at high catecholamine
concentrations, and B,AR switching its coupling specificity from G, proteins to G; (Heubach et al.,
2004)and mediates a B.AR-Gi-mediated depression of contraction. An adrenaline-shock protocol was
adopted to encourage greater G; activity in order to understand the possible influence of the
haplotype variants on B,AR-G; interaction during cardiac stress. Previously, it has been shown that
treatment of hiPSC-CMs with adrenaline increases beating rate and action potential duration
(Prajapati et al., 2018), however, any underlying protective mechanism through G; interaction had not
been studied. Here, the adrenaline shock model was applied to hESC-CMs by pre-treatment with
adrenaline using a protocol adapted from Paur and colleagues (Paur et al., 2012). Interestingly, when
cells were stress-induced prior to B,ARs stimulation, the haplotypes containing G16 displayed a
significantly reduced beating rate, with the GE variant displaying a significantly lower beating rate
after 20 minutes of receptor stimulation. However, the R16 haplotypes showed no significant changes
in contraction rate from the basal rate. This again indicates that the G16 haplotypes experience
greater desensitising properties under stress conditions. Furthermore, the G; activity during
adrenaline-induced stress surprisingly did not seem to influence contractile activity of any of the
haplotypes. This suggests that the G16 haplotype plays an important role in lowering contractile

activity during cardiac stress, although Gi may not be the reason for this protection.

Limitations and future work:

In this study, B.AR-G; activity was only identified through contractile properties. In future studies,

B2AR-G; signalling could also be assessed through measuring the change in cAMP output using FRET
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microscopy after incorporating PTX treatment into the FRET protocols would provide insight into the
influence of the switch from G; to G; binding on cAMP handling within the cell. p38 MAPK or plI3K

sensors may be also be beneficial to study the G; activity through other pathways.

In this study, the contractile characteristics of the 4 haplotypes were measured using the lonOptix
method. Upon investigating the basal contractile rates of the 4 haplotypes, the RE variant had a
beating rate more than twice as fast as the basal rate of other haplotypes. This high baseline rate is
not something discussed in previous literature and may be a characteristic of our cell lines in particular.
It is unknown why this may be, and requires further investigation in future studies. One major
limitation of using the lonOptix method for measuring SC-CMs contractility is that ESC-CMs do not
possess a regular myocyte structures, and so, other contractile properties such as cell shortening could
not be measured. It may also be beneficial to conduct calcium transient studies within the hESC-CMs
B2AR haplotype lines which may provide further insight into the effects of the treatments, such as

adrenaline shock or PTX.

It may be useful for future studies to investigate how these polymorphisms may determine B.AR
conformational changes upon agonist and antagonist binding as conducted previously (Ahles &
Engelhardt, 2009). Ahles et al investigated the importance of polymorphic sites within the B1AR using
the B1AR itself as a FRET sensor by the placement of YFP and CFP in the third intracellular loop at the
C-terminus of the B1AR. In this way, the direct activity of the receptor based on its conformational
change could be investigated. It would be of great use to extend this method towards understanding

the effect of B.AR polymorphism on receptor properties.

Furthermore, the drug concentrations used in this study were based on previous work within the
laboratory to maintain consistency for relevant comparison. However, maybe a concentration-
response curve for adrenaline should have been tested for the stress induction protocol. One previous
study reported that a statistically significant change in beating rate was only detected when hiPSC-
CMs were treated with adrenaline concentrations greater than 100nM (Calebiro et al., 2013;
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Schwenzer et al., 2018). In addition to receptor sensitivity, understanding desensitisation was an
important aspect of this chapter. It may have been beneficial to used SNAP-tagged B,ARs which would
provide visual confirmation of receptor activity upon stimulation and providing insight into receptor

downregulation, internalisation and di/oligomerization (Calebiro et al., 2013; Schwenzer et al., 2018).

Summary

In this chapter, we began to explore the properties of the B,ARs haplotypes on cAMP handling and
B2ARs-G; coupling based on contractile activity. The use of CRISPR/Cas9 proved to be an invaluable
method for genetically modifying hESC-CMs to express four of the most commonly found B,ARs in the
human population. Using these four isogenic cells lines means that any differences in response
observed were purely due to the haplotype in question. We see from these results that these four
haplotype variants are responsible to a certain degree for defining sensitivity to receptor
activation/stimulation, driving differentiation contractile properties. Furthermore, there are signs of
differences in B,ARs-G; complexes, influencing desensitisation, between the haplotypes; although
there is limited evidence to suggest that this pathway is activated during stress induction in hESC-CMs.
Therefore, this chapter accepts the hypothesis that B,AR genetic variants do play an important role in
regulation of receptor-dependent cAMP signalling and that cardiomyocyte physiology is influenced by
the variable Gs/G; composition. However, additional work is required to investigate other potential
mechanisms, such as downregulation, internalisation and di/oligomerization which may be involved.
Furthermore, genome wide association studies may prove beneficial for identifying other SNPs which
may be in linkage disequilibrium with these variants, thus highlighting other potentials SNPs which
should be focused on in the future. In the next chapter, we begin to shed light on some of the

structural features of hiPSC-CMs, and understand how they may influence their functional properties.
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CHAPTER 4: ASSESSMENT OF STRUCTURAL MATURATION OF
IPSC-CMs
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4.1 INTRODUCTION

In this chapter, development of some of the structural features of iPSC-CMs will be explored. One
mechanism described Rusconi et al is through the treatment of cells with a Cavpf2 mimetic peptide
(MP) that modulate LTCC trafficking and internalisation, thereby controlling the level of LTCC at the
plasma membrane of T-tubules. The phosphorylation status of Cavp2 can affect protein levels of
Caval.2 (Rusconi et al., 2016). How the Cavpf2 MP may be involved in the regulation of a family of
genes encoding several other structural and function proteins, particularly of the membrane

structures or of sarcomeric assembly, was in question.

CAV2 and CAV3 are essential components of caveolae membrane and may act as scaffolding proteins
to organise other molecules involved in cell signalling and maintenance of cell structure. CAV3 is also
thought to help regulate calcium levels in muscle cells to control muscle contraction and relaxation
(CAV3 Gene - Genetics Home Reference - NIH, n.d.). TNNT genes encode Troponin-T (TnT) which is a
central player in calcium regulation of the actin thin filament and is essential for cell contraction.
Alternative splicing and posttranslational modifications lead to additional structural and functional
variations of TnT proteins in order to modulate muscle contraction and relaxation. TnT interacts with
other key regulatory proteins of the thin filament (Wei & Jin, 2016). Bridging integrator 1 (BIN1)
proteins in the cardiomyocyte membrane functions as a scaffolding protein and has emerged as a
critical multifunctional regulator of transverse-tubule (t-tubule) function and calcium signalling in
cardiomyocytes. Levels of BIN1 protein will be investigated. Lastly, the adrenoceptor gene expression

will also be investigated.

The second method of structural maturation of iPSC-CMs will be through microcontact printing. This
method has been described numerous times for controlled geometry for cell growth and have shown
that myocytes remodel their myofilament structure in response to the feature geometries (Salick et

al., 2014). It has been previous suggested that features with lane widths between 30um and 80um
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promoted highly aligned myocytes with significantly increased sarcomeric alignment, cytoskeletal
structure, nuclear shape and functionality (Kaji, Takii, et al., 2003; Kijlstra et al., 2017; Lehnert et al.,

2004; McBeath et al., 2004; Salick et al., 2014; Thomas et al., 2002).

The shape of adult human myocytes is closely associated with their contractile function. Previously,
when NRVMs were plated on patterned substrates to manipulate their length:width ratio, those which
had ratios similar to adult myocytes had the best contractile function, and those with ratios of
myocytes in failing hearts, had poor contractile performance (Kuo et al., 2012). Furthermore, the
myocytes are highly differentiated cells and have unique structural features which are essential in
mediating adrenergic signalling transduction (Ravi C. Balijepalli et al., 2006b; Patel et al., 2008).
Despite the importance of myocyte structure on cardiac function, the influence of manipulating iPSC-
CM structure on caveolae components as well as B,AR signalling and its associated PDE activity has

not fully been understood.

This chapter aims to investigate the influence of MP treatment on gene expression of structural
components of iPSC-CMs. The functional influence on LTCC channels will be observed. The structural
influence of micropatterning iPSC-CMs will be assessed along with the functional influence through

BAR signalling and PDE activity.
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4.2 Methods

4.2.1 Cell culture

hiPSC-CMs were produced and cultured in the Sian Harding lab by Thusharika Kodagoda from hiPSCs
(IMR-90) cell line as described in Chapter Two, Section 2.1.1. In this chapter, cells were used at D30-

D35 from differentiation (Fig 4.1).

i e

6-well plate Beating
of iPSC-CMs hESC-CMs
(IMR-90) observed
DO D2 D3 D5 D7 D15
RB- RB- _ RB+
RB- R- RB .
+CHIR +C59 Withoutglucose = With glucose

*RB- media was
refreshed every 48hrs

Figure 4. 1 iPSC-CMs (IMR90 cell line) differentiation protocol

Page 143 of 295



4.2.2 Mimetic peptide treatment

The Mimetic peptide (MP) and Scramble (SCR) peptides were a kind gift from Daniele Catalucci from
Italy (Rusconi et al., 2016). The protocol of treatment (Fig 4.2) was developed together with Professor
Daniele Catalucci. Transfection of iPSC-CMs with SCR or MP was conducted as described in section
2.2.3. The experiment was designed to have a SCR control group for each MP treatment group.
Unfortunately, due to the departure of a collaborator, an SCR control was only obtained for the D5

group and the D10, D20 and D30 could not be completed.

hiPSC hiPSC-CM
[ 0} 0} 0} 0} 0} 0} o>
DO D5 D10 D15 D20 D30 D35
MP

MP treatment

MP treatment

MP treatment

SCR treatment

RNA extraction

Figure 4. 2 Protocol for MP and SCR drug admininstration

Protocol depicting the time-points and the duration of MP and SCR treatment of iPSCs throughout
the differentiation period into iPSC-CMs. All cells were cultured until D35 at which point they were

harvest and prepared for RNA extraction.
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4.2.3 Micropatterning of hiPSC-CMs

Poly-di-methyl-syloxane (PDMS) stamps were produced by Ravi Desai and Claire Poulet in A. Oates lab
(Desai et al., 2014). They were designed to have 20um groves which had a depth of 10um; the detailed

methodology is as described in section 2.2.2.

4.2.4 Immunostaining

D30-D35 iPSC-CMs were seeded on glass-bottom 7mm MatTek dishes at low density for
immunostaining. They were cultured for 3-4 days to allow recovery and then prepared for staining as

described in Section 2.5.1.

4.2.5 Myofibril alignment analysis

Orientation) software tool is a series of ImagelJ plugins which was used to analyse directionality in the
immunofluorescence images. This software characterises the orientation properties of a defined
region of interest (ROI) in an image. It computes a histogram indicating the orientation of each
structure within the image. For example, an image with an isotropic content will give a flat histogram,
whereas an image in which there is a preferred orientation the histogram will display a peak at that

orientation.

4.2.6 Transmission Electron Microscopy

4.2.6.1 Reagents and protocol

iPSC-CMs at D30-D35 were prepared for TEM in a confluent monolayer on plastic-bottom, 12-well

culture dishes. Culture medium was removed from cell culture dishes; cells were rinsed with PBS then
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fixed in 2.5% gluteraldehyde in cacodylate buffer. Further preparation was conducted by Ivan

Diakonov as described in Section 2.4.1.

4.2.6.2 TEM Analysis

Analysis of caveolae invaginations was conducted manually. For each treatment, between 11 and 15
cells from 3 to 4 sample preparations were produced. From each cell, and average of 7 frames were
taken. The number of caveolae was counted for each frame and then an average for the cell was

calculated. This was then used to calculate the average number of caveolae per um of membrane.

4.2.7 FRET

4.2.7.1 Transfection of iPSC-CMs with pTEV FRET sensor

For the cAMP-specific FRET studies conducted in this chapter, cells were transfected with the FRET
sensor plasmid Turquoise-Epacl-Venusvenus (pTEV). The Lipofectamine3000 kit was used. The
manufacturer’s guidelines were followed with a few modifications to the incubation times as

described in section 2.6.5.

4.2.7.2 FRET protocol for assessing B2AR activity

The activity of B,AR-dependent cAMP-degrading PDEs in hiPSC-CMs were of interest throughout this
chapter. Unpatterned control and micropatterned cells were transfected with pTEV as described
above and were all around D35 * 3 days at the time of the FRET experiment. After removing cells from
the incubator, the culture media was removed and the cells washed gently with room temperature

FRET buffer. 500uL of CGP was added and treated for 10 minutes before FRET recordings were
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initiated. The recording was then started and when a stable baseline was obtained, 500uL of 30uM

ISO was added to the bath of the dish, then 500uL of IBMX for a final concentration of 100uM. Finally,

500uL of NKH was added to the bath for a final concentration of 10uM. Drugs were only added to the

bath once a plateau had been obtained from the previous drug during the experiment. After the final

plateau was obtained by NKH, the FRET recording was ended.

CGP

ISO

IBMX

NKH

10 min

10 min

10 min

Figure 4. 3FRET protocol for assessing B2AR activity

10 min

4.2.7.3 FRET protocol for assessing phosphodiesterase activity

After B1AR inhibition with CGP, B,AR was stimulated with ISO 10uM. Then EHNA, 10uM Cilostamide

or 10uM Rolipram were added to selectively block PDE2, PDE3 and PDE4. 100uM IBMX was added to

the bath for non-selective inhibition of PDEs, followed by 10uM NKH for AC activation to obtain

maximal cAMP production in the cell. All drugs were prepared in FRET buffer (Fig 4.4).

10 min 10 min 10 min 10 min 10 min
100nM CGP 30nM ISO 10uM EHNA 100uM IBMX 10uM NKH
10uM CILO
10uM ROLI

Figure 4. 4 FRET protocol for assessing 8,AR-dependent PDE activity with the respective drug

treatments at the stated final concentrations
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4.2.7.4 FRET analysis

Analysis of the FRET results were conducted in Microsoft Excel. The ratio between the fluorescence
recorded from the YFP channel and the CFP channel was calculated and plotted to obtain a regular
YFP/CFP FRET trace. These results are shown as line graphs with the “FRET ratio (Venus/Turquoise)”
plotted. From this the percentage change in the ratio from baseline to the drug treatment in question
was calculated. The FRET response from ISO or the PDE inhibitor were normalised to the maximal drop
recorded when the cells were treated with NKH. These results are shown as bar graphs plotted as “%

FRET change Venus/Turquoise normalised to NKH”.

4.2.8 RT-QPCR
The RNA extraction and QPCR were conducted by Maria Barandalla Sobrados in Daniele Catalucci’s

lab at the Humanitas Research Hospital, Italy.

4.2.8.1 RNA extraction

iPSC-CMs were cultured to D30 in a confluent monolayer on glass-bottomed culture dishes. RNA was
extracted using the RNeasy Mini kit (Qiagen, CA, USA) from cultured hiPSC-CMs according to the

manufacturer’s guidelines as described in section 2.3.1.

4.2.8.2 RT-QPCR pPrOTOCOL

The RNA extraction and RT-QPCR was kindly run by Maria Barandalla Sobrados at the Human Institute
of Research in Professor Danielle Catalucci’s lab in Italy. Gene expression profiles were investigated in
iPSC-CMs at D35 of culture. iPSCs were plated and differentiated into cardiomyocytes as outline above
and were either untreated or MP/SCR treated as described above. They were then harvested and RNA
was extracted as described above. The Qiagen kit was used to perform RT-QPCR as described in section

2.3.2. The experiment was designed to also investigate the expression of Cavl and TNNT2, however,
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due to the departure of a collaborator, this could not be conducted and should be considered for

future studies.

Target Gene Forward sequence Reverse sequence
Caveolin 1 TCCCTTCTGGTTCTGCAATC CGAGAAGCAAGTGTACGACG
Caveolin 3 GCGGAAGGAGGTCTAAAGC AGAGCGAAGGGCCATTGT

TNNT1 GACTACATGGGGGAGGAACA ACAGCTCCTGGGCTTTCTC
TNNT3 AAGAAGACACCGCAGAGGAG | AGGTCTTTGTTCTGACGCTTCT
Binl GCAGGCTCATCTCGTAGCTC AAACACCTTCTGGGCTTTGA
azs-Adrenoceptor ACATCCCCAGTTGTTGGTTT GGGTGGCCCACTAGGAAG
B2-Adrenoceptor TCCTGGATCACATGCACAAT GAGCACAAAGCCCTCAAGAC
Bs-Adrenoceptor GACTTTCGCAGCGCCTT CAAGAAGCCCCGTCGAG
GAPDH AATCCCATCACCATCTTCCA TGGACTCCACGACGTACTCA

Table 4. 1 Forward and reverse primer sequences used for RT-gPCR

4.2.8.3 Analysis

Prior to using the QPCR data, the melting curves were checked for the presence of a single peak
through the cycle which rose above the threshold. This indicated that the amplified products were of
a single species and off-targets products or contamination was not occurring. As these did not occur,
the data was used for analysis. The data was normalised to the housekeeping gene GAPDH. The fold
differences were calculated through using the “222%” method. Statistical significance was tested

through the Students T-test.

4.2.9 Scanning ion conductance microscopy

iPSC-CMs topography images were obtained by scanning the surface of the cells using a borosilicate
glass nanopipette with an internal diameter of 100nm, which is mounted onto a three-axis piezo-
actuator which can move in the x-y-z direction. It is controlled by a piezo-actuator (Novak et al., 2009).

The pipette is mounted into its holder in the vertical direction and hops along the surface of the cell
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membrane without touching the cell surface. The vertical and lateral displacements are recorded to

build a reconstructed 3D image of the cell surface.

The nanopipette is filled with electrolyte and has an electrode connected to a feedback mechanism
which receives information from the ground electrode placed in the bath. SICM relies on the increase
of resistance in an electrolyte-containing micropipette when it approaches the non-conductive surface
of the cell. The ion current flowing through the pipette is measured and fed back to the piezo-drive
that moves the pipette upwards to keep the pipette-surface distance constant. The use of an ion-
current feedback mechanism ensures that the distance between the pipette tip and the sample can
be maintained, as there is a drop in current when the pipette approaches the cell surface. At the same
time the micropipette movement is recorded while the pipette scans the surface of the cell via a
serpentine path, and that provides a topographical image of the cell surface (Bhargava et al., 2013;

Korchev et al., 1997).

The glass nano pipettes used for scanning mode SICM had a tip diameter of ~100nm. The pipettes
were fabricated by mounting on a CO, laser-based micropipette puller system with the following

parameters: heat (305 and 300), filament (2), velocity (27), delay (180 and 160) and pull (180).

4.2.9.1 SICM analysis

The topographical images obtained from SICM were analysed in two ways. Firstly, the scans were used
to calculate the number of membrane invaginations of iPSC-CMs which were counted manually from
each image. Secondly, profiles of the invaginations in the surface topography were created to assess

the depth and width of the opening of the invagination (Fig 4.5).
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Figure 4. 5 SICM profiles for calculating membrane invagination depth and width

4.2.10 Super-resolution patch-clamp technique

The patch clamp technique was used to study of ionic currents in iPSC-CMs using the “voltage clamp”
technique. Once the topographical image was obtained from the SICM, the cell-attached patch-clamp
recording technique was used to study L-type calcium channels (LTCC). The computer-controlled piezo
was used to progressively clip the tip of the pipette after the topography scan (~100nm internal
diameter) to obtain a wider, desired tip diameter for the patch (~*300 nm internal diameter) (Bhargava
et al., 2013). After clipping the pipette, it could be moved back to a precise coordinate of the known
topology. A glass pipette containing electrolyte solutions is tightly sealed onto the cell membrane
facilitated by slight suction, indicated by an increase in membrane resistance (referred to as 1GQ seal),
therefore electrically isolating a single patch of the cell membrane. Currents fluxing through the LTCC
inthe isolated patch region flow through the glass pipette and are recorded by an electrode connected
to an amplifier. The resulting current which flows through the electrode is assumed to flow exclusive
along the cell membrane. The patch clamp technique allows single L-type calcium channels properties

were recorded.
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4.2.10.1 L-Type Calcium Channel recordings

L-Type Calcium Channel (LTCC) recordings were conducted using the super-resolution scanning patch
clamp with the pipette clipping modification technique. The cell-attached patch clamp recordings
were performed at room temperature, with the pipette filled with the internal pipette solution (Table

4.3) and the media of the iPSC-CMs in MatTek dishes was replaced with the external bath solution

(Table 4.2).
Compound mM FW g/1000 ml g/500 ml
K-gluconate 120 234.25 28.11 14.055
KCl 25 74.55 1.86375 0.931875
MgCl, 2 203.31 0.40662 0.20331
CaCl 1 147.00 0.147 0.0735
EGTA 2 380.40 0.7608 0.3804
Glucose 10 180.16 1.8016 0.9008
HEPES 10 238.30 2.383 1.1915
Table 4. 2 External solution for single L-type calcium channels recording.
Compound mM FW g/1000 ml | g/500 ml g/50 mi g/25 mi
BaCl, 90 244.28 21.9852 10.9926 1.09926 0.54963
Sucrose 10 342.3 3.423 1.7115 0.17115 0.085575
HEPES 10 238.30 2.383 1.1915 0.11915 0.059575

Table 4. 3 Internal (pipette) solution for single L-type calcium channels recording.

4.2.10.2 Data analysis

The occurrence is described as the probability to detect channel activity in every patch-clamp
recording. This is calculated as a ratio of the number of channel activities observed in each patch. This

characterises the distribution of channels long the cell membrane. In comparison to adult myocytes,
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which possess T-tubules and crest regions, this separation cannot be made in iPSC-CMs as they do not

possess these separate features. Therefore, a single LTCC occurrence value is reported.

4.2.11 Statistical analysis

The statistical tests conducted has been described in each experimental method section. Generally,
the statistical analysis used to analyse data obtained for experimental work was Students T-Test,
which were performed using GraphPad Prism 5. The statistical significance was set at p<0.05 and

data has been reported with +SEM (Standard error of the mean).
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4.3 RESULTS

4.3.1 CAV2 and CAV3 gene expression through differentiation with MP treatment

RT-QPCR analysis was conducted to investigate whether treatment with MP influenced gene
expression of various proteins involved in structural or functional activity of iPSC-CMs as they develop.
Initially, CAV2 and CAV3 gene expression was assessed. Overall, both CAV2 and CAV3 showed a
gradual increase in the level of gene expression over the 35 days of differentiation in control cells. At
D5 of differentiation, there was an undetectable level of CAV2 expression. By D10 CAV2 became
detectable and the expression level continued to increase until D35 of differentiation. From D10 to
D35, there was almost a four-fold increase in CAV2 expression. The treatment with MP showed a small
increase in gene expression in CAV2 at D15, although this returned to basal levels at D25. There were

no significant differences detected in comparison to the SCR peptide or the untreated cells (Fig 4.6a).

CAV3 expression also continuously increased over the differentiation period. The expression level at
D5 was 14, which rose to 368 by D35. The increase was consistent over the 35-day differentiation
period, and seemed to level off between D30 and D35. CAV3 had a much greater increase in the level
of expression than CAV2. With respect to CAV3 expression, the treatment with MP in the last 5 days
of the differentiation period showed the greatest increase in gene expression with more than a 2-fold
increase in expression. When cells were treated with MP at earlier time frames, there was a smaller
effect on CAV3 gene expression observed. Similarly, there were no differences in expression levels

with SCR treatment at the early stage (Fig 4.6b).
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Figure 4. 6QPCR analysis of caveolin2 (CAV2) and caveolin3 (CAV3)

The gene expression of A) CAV2 and B) CAV3 was assessed in iPSC-CMs through the first 35 days of
differentiation in control (untreated) cells (left panel) and in those treated with MP or SCR relative to

untreated control samples (right panel) (n=1-3).
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4.3.2 TNNT1, TNNT3 and Binl gene expression through differentiation and MP

treatment

The expression level of a few selected structural genes, slow skeletal muscle Troponin T (TNNT1), fast
skeletal muscle Troponin T (TNNT3) and BIN1, were also assessed. In control cells, TNNT1 was most
greatly expressed at D10 of cell differentiation but decreased throughout the subsequent 10 days of
differentiation. At D20 TNNT1 expression was the lowest and remained low at D30. Interestingly, its
expression levels increased again by D35. The fluctuation of expression maybe due to the low n-
numbers, which may become stabilised as the sample size is increased. When cells were treated with
MP, those that received the treatment at D20 of differentiation showed an increase in TNNT1
expression levels, however, the large error bar is somewhat concerning. The other treatment stages

did not show any changes in expression, as is seen in SCR and untreated cells (Fig 4.7a).

Interestingly, TNNT3 followed the opposite pattern of expression to TNNT1. Its expression levels
dropped dramatically in the first 15 days, although expression levels gradually increased and returned
to similar levels at the start of differentiation by D35. When cells were treated with MP, TNNT3
expression was greatest in cells that received the treatment at the end stages of differentiation;
though statistical significance was not obtained. Overall, treatment with MP did not alter TNNT3
expression throughout differentiation, and similar expression levels to untreated and control cells are

reported (Fig 4.7b).

BIN1 expression was slightly increased at D10 of differentiation with a gradual reduction in expression
level over the 35-day differentiation period. Treatment with MP, had a similar effect on Binl
expression as it did on TNNT1 expression. An increase in expression was detected when cells were
treated at D20 of differentiation, although statistical significance was not obtained. In addition,
expression levels were lower when cells were treated at earlier stages. Once again, no overall

difference was detected in expression levels from untreated or control cells (Fig 4.7c).
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Figure 4. 7QPCR analysis of TNNT1 and TNNT3 and Bin1

The gene expression was assessed in iPSC-CMs through the first 35 days of differentiation in control

(untreated) cells (left panel) (n=1) and in those treated with MP or SCR relative to untreated control

samples (right panel) (n=3).
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4.3.3 Adrenoceptor gene expression through differentiation and MP treatment

The influence of MP on the expression levels of the adrenoceptors were also investigated. Under
control conditions, a,AR (ADRA2A) expression levels varied slightly over the 35 days of differentiation.
Its highest expression levels were around D10 and D15 of differentiation. Although this decreased by
D30, expression level was raised again by D35. However, there was no overall statistically significant
change in gene expression. When cells were treated with MP, those treated later in the differentiation
procedure, had slightly greater expression levels. SCR treatment also showed an increase in gene
expression level. However, no statistically significant differences in expression levels were observed

(Fig 4.8a).

Similarly, the relative gene expression of the B,AR showed small fluctuations over the differentiation
period with no overall statistically significant changes observed. No changes upon MP treatment were

observed and expression levels stayed relatively stable throughout MP treatment (Fig 4.8b).

BsAR gene expression under control conditions shows a 100-fold increase by day 20 which remains
elevated at D30 and D35. BsAR expression levels peaked when treated with MP at the late stage of
differentiation, showing a 3-folder greater gene expression than untreated cells. However, this is
greatly reduced when cells are MP-treated at the other time points. However, n-numbers need to be

increased to make firm conclusions (Fig 4.8c).
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Figure 4. 8QPCR analysis of ADRA2A, ADRB2 and ADRB3

The gene expression was assessed in iPSC-CMs through the first 35 days of differentiation in control

(untreated) cells (left panel) (n=1) and in those treated with MP and SCR relative to untreated control
samples (right panel) (n=1-3).
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4.3.4 Assessment of iPSC-CMs topography upon peptide treatment

It has been suggested that the administration of MP peptide encourages T-tubular microdomain
development. To understand the extent of possible T-tubule “invaginations” in iPSC-CMs, cells were
treated with either the MP or SCR peptides. Cells were then prepared for SICM imaging. 10 x 10um
scans of the cell surface were taken from which cell profiles were produced, indicated by the line (Fig

4.9).

SCR treated cells:

Lerute
.
Profile Profile
e 006
bt o ~
e poes 1
Fan T 0 }
L S I
£ il ll i
2 12 3 n; B
i o :
il au S
ar el aee
Width (pm) o 3 1 5 10.0 ymo,0
s L0 pm
10.0 pm 0.0 pm Width (um)
s ]
Profile -
EN Profile
[ \ a1
1 0.64 ;
e A ’
/
0.00 4 . \ y
| Oopm
5 " 7.5 um ‘E:m W f
i z
7 ) 3
‘Width (um) o I
10.0 pm0.0 pm
T s 1 s
WAty 10.0 prr0.0 pm
© Unaiie ==
© Loebraie == |
Profil Profile
rofile B = ;
a1 /! 0.80 pm ,,‘ A
T i 0.00 pm — |l v
Ew it ] =i \
2 W \
- | | o i )
= i £ s
Fox| ‘ B ‘,‘;
2. ‘ | o Lol
0% \ \ |
W 0.0 pm = =
= T s 10.00um N S 10.0 ym 0,0 ym
Width (pm) =B g Width (um)
o mate = | Lnepaie
Profile Profile ‘
;: : A 01|
23 ol {4 oo
Bo» 1 = S 1.32 £ o
H W y 1 JE N e 00 E
aali ¥ fomcee SR
I 1V el f - /
z . N L \ £ 7.5 pm T 0.63 pm
o E {etpd a2 § 0.00 pm
o 1 bt s i
0 1 H 4 5 O 7 [ 9 0 H
Width (um) 10,0 pr0-0 pm 2 Width (um) R 10.0 1m0 ym

Figure 4. 9Representative SICM images and profile analysis of SCR or MP treated iPSC-CMs

Representative 10um x 10um SICM images to depict membrane topography of scramble- (SCR) and
mimetic peptide- (MP) treated iPSC-CMs. The blue lines indicate where the respective profiles were

produced from. The profiles indicate the depth/invaginations of the membrane along the drawn line.
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4.3.5 Assessment of MP administration to iPSC-CMs properties

To assess the effect of MP administration for 4 days on the structural maturation of iPSC-CMs, the
density and depth of any membrane invaginations was investigated using the SICM images. Firstly, the
number of invaginations on the cell surface was calculated. SCR treated cells had an average of 4 + 0.8
invaginations per cell, and when treated with MP, cells displayed an average of 3.2 + 0.6 invaginations
per cell. On average, 30% of SCR-treated cell scans and 39% of MP-treated cell scans showed the
presence of membrane invaginations. This indicates that iPSC-CMs of the IMR cells line more likely
than not, do not display membrane invaginations and generally have a relatively flat cell surface.
Furthermore, MP treatment is not influencing the number of invaginations of the iPSC-CMs as there

was no statistical difference found between MP and the control peptide SCR (Fig 4.10).

The impact of MP treatment on the cell volume was also assessed. Cells treated with SCR had an
average volume of 3.8 + 0.8 um?, and those treated with MP had a slightly lower average volume of
2.7 £ 0.6 um3. No statistically significant difference was observed between these. This indicates that
MP treatment does not influence the overall size of the cells, as in increase in membrane fold may

correlate with reduced cell volume.

Lastly, the depth of plasma membrane invaginations was assessed. Cells treated with SCR displayed a
depth of 2.1 £+ 0.2 um of membrane invaginations, and a depth of 3.2 + 0.2 um of membrane
invaginations of cells treated with MP. Interestingly, a significant increase in the depth of the
invaginations from SCR to MP treated cells was detected (p<0.05). This suggests, that although MP
treatment is not influencing the number of invaginations that exist on iPSC-CMs, the peptide

treatment is playing a significant role in enhancing the depth of pre-existing invaginations (Fig 4.10).
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Figure 4. 10 Profile analysis of SCR or MP treated iPSC-CMs

Assessment of the cell volume, no of surface invaginations and depth of invaginations in D30 iPSC-CMs

treated with SCR and MP for 4 days. **p<0.01, ns= not significant. Data are presented as mean + SEM.
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4.3.6 Assessment of LTCC activity in iPSC-CMs

After generating a topographical image of the cell surface by SICM, the pipette tip diameter was
increased by using the clipping technique. The pipette was then used for the assessment of single LTCC
recordings. The properties of the LTCC was then explored through assessing channel occurrence and
density. In adult myocytes, LTCCs were predominantly recorded in T-tubules (30% of successful
patches). In the crest region, LTCC activity was recorded at a much lower level (20% of successful
patches showed channel activity) (Fig 4.11b). In comparison to adult myocytes, iPSC-CMs showed a
much greater occurrence rate (56% of the time, channels were found from successful patches). As
described above, previous studies report that iPSC-CMs did not display T-tubule or crest regions;
therefore, patches in this study were made on the general membrane region. The density of LTCC was
also calculated in the adult myocytes and iPSC-CMs. Channel density in iPSC-CMs was similar to the
density observed in the T-tubule region of adult myocytes. LTCC density was much lower in the adult
crest region. This indicates that LTCCs cluster in the T-tubules of mature adult myocytes (Fig 4.11c).
Due to limited time for this project, the effect of MP treatment on LTCC could not be investigated, and

would be an exciting avenue to explore in future studies.
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Figure 4. 11LTCC activity and density in iPSC-CMs vs. adult left ventricular myocytes
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A) Representative single channel trace showing LTCC activity in left ventricular adult myocytes and
iPSC-CMs. B) The chance of obtaining an LTCC current (% occurrence) in iPSC-CMs and human left

ventricle T-tubule and crest regions. C) LTCC density in iPSC-CMs and adult myocytes.

4.3.7 Micropatterning iPSC-CMs using PDMS stamps

The second method of structural maturation assessed in this chapter was by microcontact printing.
1cm x 1cm PDMS stamps which had a micropattern width of 20um were developed and were a gift
from as Ravi Desai at the Francis Crick Institute. D30 iPSC-CMs were plated and cultured for 4 days
before imaging to allow for enough time for cells to attach to the fibronectin coated lanes. Most
unattached cells were washed away with other debris at on the second day after plating when media
was refreshed. A further 2 days were given for adhered cells to take their full shape by filling in any
gaps, similar to what has been shown before (Koivumaki et al., 2018). Imaging analysis was conducted

by taking 2D brightfield images and 3D SICM images of control (unpatterned) and patterned cells.

Unpatterned cells were seen to grow/spread in all orientations with no specific alignment and based
on seeding density, sometimes forming aggregates or compact monolayers. Individual cells and
monolayers experienced spontaneous contractions. They consisted of cells of all shapes, sizes and

orientations. Patterned cells were aligned along the 20um pattern lane (Fig 4.12a).

The patterned cells grew within the restricted region with more uniformity, elongated alignment and
directionality. When cells were plated at higher densities and cell plating was slightly more compact,
they occasionally bridged across to adjacent lanes and some overlapping was observed (Fig 4.12a).
Contractions were also observed in patterned cells in single cells which were more synchronous when
cells were in contact with adjacent cells. Similarly, SICM revealed that unpatterned cells had
disorganised/random cell shape and structure, unlike patterned cells. Furthermore, unpatterned cells

tended to be flatter than patterned cells (Fig 4.12b).
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Figure 4. 12 Representative brightfield and SICM images of unpatterned and patterned iPSC-CMs.

Unpatterned cells have no specific alignment or structure, whereas patterned cells follow closely to the
printed geometries and a more regular aspect ratio. A) Phase images of unpatterned and patterned
iPSC-CMs on fibronectin-coated glass bottom dishes. B) SICM images of unpatterned and patterned

cells.
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4.3.8 Assessment of sarcomeric organisation in unpatterned and patterned cells

The phase and SICM images show improved cellular geometry of patterned iPSC-CMs. The influence
of patterning iPSC-CMs was then assessed through studying the structural components of the
sarcomere by immunostaining and confocal imaging of the a-actinin and cardiac troponin-T proteins.
Patterned cardiomyocytes displayed improved sarcomeric alignment and regularity through greater
organisation of the a-actinin and cardiac troponin-T proteins compared to unpatterned cells.
Sarcomeric structures within individual cells are seen to align with each other. There is also an

indication that the myofilament orientation exists in parallel striations after patterning (Fig 4.13).

Brightfield

A-actinin

Cardiac Troponin - T

Figure 4. 13 Assessment of sarcomeric development of patterned cells

Micropatterning of iPSC-CMs encourages structural development and myofilament alignment.
Brightfield and confocal images of unpatterned and patterned cells stained with a-actinin (red) and

cardiac troponin T (green).
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4.3.9 Assessment of myofibril alignment in unpatterned and patterned cells

Unpatterned and patterned cells which were stained with a-actinin were then analysed further to
assess the degree of myofibril alignment using Orientation). As described above, a colour wheel where
each angle is represented by a colour is used to colour the protein stained in the cell to indicate the
orientation of the myofibril. This is used to produce a histogram of directionality. This process was

conducted on unpatterned and patterned cells previously stained with a-actinin.

The pseudo-coloured images, based on orientation of the myofibril, show a greater range and mixed-
colouring pattern of the unpatterned cells, with no specific colours being dominant over another.
However, the patterned cells clearly show specific regions of organised a-actinin orientation (Fig
4.14b). This was further assessed through the development of a histograms to display the degrees of
orientations which could be depicted. It shows that a greater range of colours and a wider distribution
of the histogram with multiple peaks for unpatterned cells. On the other hand, patterned cells display

a single peak, indicating greater alignment of a-actinin protein in patterned cells (Fig 4.14 c, d).
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Figure 4. 14 Assessment of myofibril directionality of unpatterned and patterned cells.

Unpatterned cells display a large range of orientations and patterned cells show a single, most
frequent orientation of myofibrils, indicating a more uniform alignment. A) Circular colour map coding
where each angle is represented by a single colour. B) Grey scale and coloured image panels as a visual
representation of myofibril alignment. C) A histogram showing the distribution of orientations in the
(B) images. D) Assessment of the orientation of the myofibrils (a-actinin) showing increased alignment

in patterned cells represented by a single peak.
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4.3.10 Influence of patterning iPSC-CMs on membrane caveolae structures

To further understand the effect of pattering iPSC-CMs on structural development, caveolae
components were also assessed as they are crucial components of myocyte structure. Unpatterned
and patterned cells in the presence or absence of MBCD were stained for CAV3 and imaged with

confocal microscopy. Images were used for calculating protein density.

Analysis revealed that CAV3 protein density was 29.26 + 2.3 cm? in unpatterned cells and 32.66 +
4.2cm?in patterned cells, between no significant difference was observed. This shows that patterning
iPSC-CMs has no effect on the density of the CAV3 protein of the cell. However, changes in membrane-
bound or cytosolic CAV3 was not assessed which could be important in understanding protein
localisation in future studies. Furthermore, treatment with MBCD led to the CAV3 density in
unpatterned cells to be 22.2 + 2.2cm? and 33.72 + 4.2cm? in unpatterned and patterned cells

respectively; again, no significant difference was observed in comparison to control/untreated cells.

Although there was no significant difference observed in CAV3 density in unpatterned and patterned
cells, interestingly, there were differences observed in the caveolae components present on the iPSC-
CMs membrane themselves. Under control conditions, unpatterned cells had around 0.2 + 0.04
caveolae/um and patterned cells had 0.27 + 0.04 caveolae/um. Although there was a small increase,
patterned iPSC-CMs showed no significant difference in caveolae number from unpatterned cells.
After the treatment with MBCD, caveolae complexes were significantly reduced to 0.11 + 0.02
caveolae/um and 0.09 + 0.03 caveolae/um in unpatterned and patterned cells respectively (p<0.05).
This indicates that the MBCD is in fact having in effect on iPSC-CMs membrane caveolae density,

without affecting the CAV3 protein itself (Fig 4.15).
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Figure 4. 15 Assessment of patterning on CAV3 protein and caveolae components

The number of caveolar compartments decrease significantly when iPSC-CMs are treated with MBCD.
Patterning of iPSC-CMs does not influence CAV3 protein density or the number of surface caveolae. A)
Immunofluorescence staining for Caveolin-3 (red) in unpatterned and patterned iPSC-CMs. B)
Quantification of CAV3 protein density in unpatterned control (n=18/3) and MBCD treated (n=18/3),
patterned control (n=13/3) and MEBCD treated (n=6/3). C) TEM images showing surface caveolae
(indicated with arrows) in unpatterned and patterned iPSC-CMs. D) Quantification of caveolae per uM
of cell membrane in unpatterned control (n=45/3) and MBCD-treated (n=37/3), patterned control
(n=15/2) and MEBCD-treated (n=9/2) cells. *p<0.05, **p<0.01. Data are presented as mean + SEM.
(n,N)=cells/batches
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4.3.11 Analysis of cAMP activity after patterning of iPSC-CMs

Patterning iPSC-CMs has shown to improve structural development through myofibril alignment,
though no significant changes were observed in CAV3 protein density or caveolae components. To
identify any underlying functional changes of patterning iPSC-CMs with respect to BAR signalling,
cAMP activity was measured using FRET microscopy. B.AR activity was assessed by stimulation of the
receptor with 30nM ISO in the presence of the B1AR blocker CGP, with subsequent PDE inhibition with

IBMX, then AC activation with NKH.

Unpatterned cells displayed a release of around 45 + 4.2% of total cAMP output upon ISO stimulation
and 88 * 6.2% after PDE inhibition with IBMX. In comparison, patterned cells had a 64 + 7.8% cAMP
release of total cAMP output and 92 + 6.1 % after PDE inhibition. Although B,AR-cAMP output was
higher after receptor stimulation in patterned cells, statistical significance was not obtained, indicating
that patterning iPSC-CMs does not influence B,AR activity. IBMX significantly increased cAMP output
in both unpatterned and patterned cells, suggesting there are functional PDEs in iPSC-CMs actively

degrading cAMP (p<0.05) (Fig 4.16).
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Figure 4. 16 8,AR dependent cAMP activity in micropatterned iPSC-CMs

The effect of micropatterning iPSC-CMs on 8,AR-cAMP activity in control (n=36/6) and patterned (8/3)
cells. Cells were stimulated with 30nM isoprenaline in the presence of CGP, with subsequent inhibition
of PDEs with IBMX and then AC activation with NKH. The percentage change in FRET ratio was
normalised to maximal cAMP produced upon AC activation with NKH. A) Representative FRET trace of
unpatterned cell. B) Representative FRET trace of patterned cell. C) % change in FRET ratio normalised
to maximal cAMP output by NKH treatments. Data are presented as mean *+ SEM. Significance was

determined by One-Way ANOVA with Bonferroni post-hoc test. *p<0.05, ***p<0.001. n=cells/batches
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4.3.12 The effect of patterning on B2AR-cAMP dependent PDE2, 3 and 4 activity

As previous results showed significant increases in cAMP output after IBMX treatment, indicating
underlying PDE activity, the activity of the major cAMP-degrading PDEs (PDE2, 3 and 4) was assessed
using the selective inhibitors EHNA, Cilostamide and Rolipram respectively after ISO stimulation. In
control, unpatterned conditions variable responses on PDE2, 3 and 4 inhibition were obtained. There
was a 50.96 + 5.1%, 30.43 £ 5.2% and 69.33 * 4.2% cAMP output recorded upon EHNA, Cilostamide
and Rolipram inhibition respectively. PDE3 seemed to have the lowest influence on cAMP degradation,
whereas PDE4 shows to have the greatest activity. However, possibly due to low n-numbers, statistical
significance was not achieved. In patterned cells, cAMP output increased to 62.36 +5.6%, 71.08 + 7.6%
and 90.76 + 4.7% respectively after the addition of EHNA, Cilostamide, and Rolipram. Though this was
not a significant increase for PDE2 and PDE4 activity, there was a 2-fold increase in PDE3-dependent

cAMP output produced by patterning (P<0.05) (Fig 4.17).
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Figure 4. 17 8,AR dependent PDE2, 3 and 4 activity in micropatterned iPSC-CMs

The effect of micropatterning iPSC-CMs on B,AR-cAMP and its associated PDE activity. Cells were
stimulated with isoprenaline in the presence of CGP, with subsequent inhibition of PDE2, PDE3 or PDE4
with EHNA, cilostamide or rolipram. Unpatterned: ISO (n = 36), EHNA (n = 7), CILO (n = 20), ROLI (n =
28). Patterned: ISO (n = 20), EHNA (n = 5), CILO (n = 7), ROLI (n = 8). The percentage change in FRET
ratio was normalised to maximal cAMP produced upon AC activation with NKH. Data are presented as

mean * SEM. Significance was determined by One-Way ANOVA with Bonferroni post-hoc test. *p<0.05
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4.4 DISCUSSION

This chapter explored two methods of iPSC-CMs maturation which have previously been indicated to

improve cell morphology and structural features.

Firstly, the use of MP throughout iPSC-CMs differentiation was investigated to identify any
involvement in the regulation of a family of genes encoding several other structural and function
proteins. There was some variability detected in the expression levels of the genes tested, however,
due to low n-numbers firm conclusions cannot be made. At this initial stage, it seems that MP
treatment may not directly be involved in regulating the expression levels of these genes, however,
this still remains to be investigated in depth. Furthermore, we observed that treatment with MP
interestingly enhances the depth of any existing invaginations along the iPSC-CMs membrane.
However, depicting the exact depth of the invaginations by SICM is limited by the diameter of the
pipette as it will not be able to resolve invaginations narrower than its tip. Therefore, to further clarify
the depth enhancement, membrane staining and imaging should be utilised. There is previous
evidence of invaginations of the sarcolemma of the surface membrane of early-stage iPSC-CMs
(Maxwell & Xu, 2018; Ronaldson-Bouchard et al., 2018b). They suggest that with intensity-based
training (i.e. constant electrical simulation for several weeks in culture) can enhance the development
of these surface invaginations. This was depicted through the use of wheat germ agglutinin (WGA)
staining. Further clarification on how MP effects the depth of these membrane invaginations should

also be investigated using such staining methods.

Investigation of changes in structural protein expression during iPSC-CM differentiation were also
assessed. We find that caveolin2, caveolin3, ADRB1 and ADBR2 increase throughout the 35 days of
differentiation. This is in accordance with previous literature (Jung et al., 2016; Haodi Wu et al., 2015).
RNAseq data also shed light on the expression levels of various structural proteins as well as numerous

ion channels (Karakikes et al., 2015a; Z. Zhao et al., 2018). Zhao et al show that ADBR1 RNA is present
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in iPSC-CMs at lower levels that ADBR2. Upon investigation of TNNT1 and TNNT3, changes in
expression levels were not conclusive. Future studies should also consider investigating TNNT2 gene
expression levels as the protein encoded by this gene is located on the thin filament of striated muscles
and regulates muscle contraction in response to changes in intracellular calcium ion concentration.
Furthermore, in this thesis we find that BIN1 is expressed at its greatest at D10 of differentiation,
however, this tends to decrease over the 35-day differentiation period. It has been shown in previous
literature that BIN1 overexpression during hESC-CM differentiation promotes T-tubule development
from D10 to D30, and encourages Cav1.2 channel clustering and coupling with BIN1 (de La Mata et al.,
2019). Expression levels of Cav1.2 proteins in iPSC-CMs has also been highlighted to be within a similar

range to human ventricular myocytes (Lam et al., 2019).

This study preliminarily explores LTCC functionality in iPSC-CMs. We find that iPSC-CMs have similar
density of channels in comparison to adult myocytes. Previously, it has been depicted that LTCC
density decreases in failing hearts (Shaw & Colecraft, 2013). One other study also reports that iPSC-
CMs from monolayer cultures and those of EHTs displayed similar L-type calcium currents and

densities to human adult myocytes (Uzun et al., 2016). This supports the findings in the present study.

The environment in which all the functional components of mature adult myocytes operate, such as
excitation-contraction coupling, membrane voltage regulation, signalling cascades, maintenance of
ion currents of the membrane and action potential waveforms, differs substantially from that of naive
or immature myocytes. hESC-CMs and iPSC-CMs are reported to be much smaller than adult myocytes
and generally have a round or polygonal shape, and also lack a regular ultrastructure and T-tubule
network (Karakikes et al., 2015b). This prevents development of mature functional characteristics and
so, iPSC-CMs are recorded to have spontaneous beating, depolarised diastolic membrane potential,
flat action potential duration and slow Ca?* signalling (Kaji, Takii, et al., 2003; Kijlstra et al., 2017;

Lehnert et al., 2004; McBeath et al., 2004; Salick et al., 2014; Thomas et al., 2002).
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In this study, the second method of structural maturation which was explored was microcontact
printing to pattern iPSC-CMs with the aim to physically manipulate their structural features and to
investigate the effect on their functional properties of the B,AR signalling system. iPSC-CMs were
patterned on lanes of 20um in width. Although it had been suggested that lane widths between 30um
and 80um promoted structural and functional characteristics (Atmanli & Domian, 2013; Kijlstra et al.,
2017; Kuo et al., 2012b; Leu et al., 2001; Snir et al., 2003b), several studies have reported that smaller
lane sizes are more effective for single cell alignment of less developed myocytes, such as those of
neonatal or SC-CMs (Bedada et al., 2016; Kuo et al., 2012b; Salick et al., 2014). Therefore, due to the

small size of iPSC-CMs, narrower lanes of 20um were selected.

Upon assessment of structural maturation of iPSC-CMs based on sarcomeric alignment and
organisation, this study shows significant improvements of patterned cells. a-actinin staining
displayed clearer and more parallel sarcomeric features than non-patterned cells. These results are in
accordance with previously published literature, showing that iPSC-CMs and rodent myocytes cultured
in similar ways display improved a-actinin proteins alignment along the Z-line, thus had improved

sarcomeric organisation (Koga et al., 2003).

On many occasions, the improvements to the internal structure of iPSC-CMs have been reported, the
influence of membrane structure has not been explored, and so investigation into membrane caveolae
compartments was conducted. Previous studies show that CAV3 protein is an important scaffolding
protein and is located throughout the sarcolemma, and particularly within caveolae plasma
membranes (Cohen et al., 2004). In this study, upon staining patterned iPSC-CMs for CAV3, no
differences in protein density or membrane distribution were detected. Furthermore, TEM analysis
also did not reveal any significant alterations in caveolae components after patterning iPSC-CMs. Using
MPBCD to deplete membrane caveolae, reduced caveolae number significantly as expected. This shows
that CAV3 protein is forming functional complexes with cholesterol in iPSC-MCs and can successfully
form caveolae compartments, and sequestering membrane cholesterol destroy caveolae
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compartments. However, the uniform alignment of CAV3 observed in adult myocytes is not observed
from this study. This indicates, that despite the positive influence patterning iPSC-CMs has on internal

structural maturation, not all structural properties can be enhanced in this way.

The influence of patterning iPSC-CMs on BAR activity was then assessed. Since no changes in caveolae
properties were observed, one would expect that major differences in signalling properties would not
exist, as was the case. A trend of increased B,AR-cAMP output was observed, although statistical
significance was not obtained. There was a significant influence of PDE activity observed in iPSC-CMs.
Upon assessment of downstream PDE activity, PDE2 and PDE4 were responsible for regulating 50-70%
of cytosolic cAMP activity. There were no differences in PDE2 and PDE4 activity detected in patterned
cells. Interestingly, PDE3 was responsible for around 30% of all cAMP activity. This was significantly
increased in cells which were patterned. The reason for this change in PDE3 activity is not fully

elucidated in this study and needs to be further explored.

Limitation and future work

Although treatment with MP offers some interesting preliminary insights, a low n-number prevents
firm conclusions from being made. It would be important to repeat these experiments to ensure the
conclusions hold correct. In particular, gene expression data tends to be very variable, thus having a

larger data set is essential.

Despite there being a greater T-tubule depth in MP treated iPSC-CMs, the exact increase in depth
cannot be fully characterised by SICM alone. This is because the depth analysis from SICM profiles is
limited to the diameter of the pipette tip, therefore, potentially deeper invaginations would not be

detected. To overcome this, membrane staining and confocal microscopy (or TEM) should be utilised.
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This would provide a more detailed understanding of how far the membrane invaginations penetrate

into the cell.

Patch clamp studies had briefly highlighted LTCC properties in iPSC-CMs. Future work should
investigate whether these properties remain similar within the membrane invaginations, and whether
MP promotes their clustering as is described in adult myocytes. Furthermore, as BIN1 and JPH2
proteins are essential proteins of T-tubules, overexpression of such proteins may facilitate
invagination development and LTCC localisation. This would be an interesting aspect to explore in

iPSC-CMs.

Patterning iPSC-CMs showed some promising improvements in structural development. However,
patterned cells were only present at low densities, i.e. in single-cell populations with gaps within them.
Functional properties of myocytes may vary dramatically from single cell cultures to those grown in a
monolayer. Future patterning protocols should be developed to potentially allow patterned cells to
be grown in monolayer cultures, as functional output can differ upon interactions with neighbouring

cells.

iPSC-CMs grown on patterned cells showed greatly elongated cell structure and enhanced contractile
apparatus. One important feature of patterned iPSC-CMs to be studied is their ability to contract along
the long axis, similar to adult myocytes. This would improve our understanding of myocyte shortening.
Furthermore, along with contraction studies, calcium handling properties should also be considered

as they are a major contributor of myocyte function and indicator of myocyte health.
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Summary

In summary, this chapter highlights how the expression of a few crucial structural proteins of myocytes
vary throughout iPSC cardiac differentiation. Two methods of proposed maturation techniques were
explored. However, despite some positive influences observed, these methods may still require
further optimisation as maturation still remains incomplete in some factors. This chapter accepts the
hypothesis that iPSC-CMs possess limited and underdeveloped structural properties and hence display
an immature B,AR-derived cAMP signalling. However, it rejects the hypothesis that the
encouragement of controlled, structured growth through micropatterning will positively effect B,AR-
derived cAMP signalling. The progression of this study will be into the functional caveolar
microdomains of iPSC-CMs as these are another crucial component which play a role in determining

B2AR signalling functionality.
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CHAPTER 5: ROLE OF CAVEOLAE ON [(3,AR-CAMP
COMPARTMENTATION IN IPSC-CMSs
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5.1 INTRODUCTION

In the previous chapter, attempts of iPSC-CMs structural maturation through physical manipulation
by Ca,f2 mimetic peptide treatment showed little change on the expression level of various crucial
structural proteins which have previously been identified as hallmarks of iPSC-CMs maturation.
Despite this, there was an indication ofenhanced membrane invagination depth, which needs to be
further explored. Upon physically manipulating the iPSC-CMs by applying a method of patterning to
the cells, structural maturation through enhance cellular alignment and intracellular organisation of
structural proteins was observed. However, little changes were observed upon investigating B2AR-
dependent cAMP signalling and PDE2, 3, and 4 activity. This chapter will focus in greater depth on
caveolae as structural microdomains of cAMP signalling in iPSC-CMs, both in the IMR and CDI cell lines,

as it is an invaluable structural and functional feature of mature myocytes.

Caveolae are flask-shaped lipid rafts rich in caveolin (CAV) proteins, cholesterol and a variety of
signalling molecules and receptors, including B2ARs in healthy cardiomyocytes. Clustering of these
essential protein complexes within a defined domain increases efficiency of signal transduction; thus,
caveolae are crucial structural and functional compartments. MBCD disrupts caveolae compartments
of the membrane and has been shown to delocalise B,ARs (Nikolaev et al., 2006). Stimulation of B,AR
after caveolae disruption leads to a change in the spatial characteristics of the downstream signalling
patheay (Calaghan et al., 2008). In particular, cAMP no longer remains confined to the sarcolemma,
but can be found diffused throughout the cytosol and is capable of targeting proteins of the SR and
myofilaments. This consequently enhances the magnitude of B,AR-dependent response (Calaghan &
White, 2006). It has been previously shown (and we have confirmed in the previous chapter) that iPSC-
CMs do express both B:ARs and B,ARs, and their expression levels increase significantly during
differentiation (Wu et al., 2015). Despite knowledge of CAV3 gene and protein expression in iPSC-CMs
and hESC-CMs (Bosman et al., 2013; Jung et al., 2016; Haodi Wu et al., 2015), the presence of caveolae

as functional components and their role in compartmentalising B2AR signalling is not fully understood.
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Furthermore, an essential feature of the B,AR signal transduction system is the compartmentation of
the cAMP molecules by phosphodiesterase (PDE) enzymes involved in the BAR signalling pathway..
PDEs are highly regulated enzymes which degrade cyclic nucleotides, thus can effectively and
efficiently localise its activity; thus allowing specificity of response to a given stimulus (Epstein, 2017).
Not only are they crucial for the general reduction of intracellular cAMP concentrations, they are
responsible for creating and regulating cAMP gradients within the cell. This is thought to be achieved
through the spatial confinement of PDEs as well as the functional coupling to individual receptors
(Richter et al., 2008). In this way, local cAMP concentrations can be controlled in a stimulus-specific

manner.

There are indications from previous studies that it is the cellular compartmentation of individual PDEs
which determines their effect on intracellular cAMP rather than their expression levels. It has been
reported that PDE2 and PDE4 modulate cAMP responses to BAR stimulation and PDE3 has a limited
effect in rat ventricular myocytes (Mongillo et al., 2004, 2006). In addition, evidence suggests that in
rat neonatal myocytes, PDE2 and PDE4 are functionally coupled to a pool of AC which is activated in
response to BAR stimulation, thus regulating cAMP in defined cellular domains, whereas PDE3 may
function outside of these domains (Zaccolo, 2006). In human hearts, PDE4 is an important contributor
to BAR-dependent cAMP degradation activity, although it only contributes to 8% of all PDE expression
(Richter et al., 2011). This may indicate, that despite its low expression level, it has a strong functional
effect of contraction. Furthermore, PDE3 has been identified to be the dominantly expressed isoform

in human cardiac tissue (Eschenhagen, 2013).

The differential subcellular localisations of the BAR subtypes may play a role in mediating differential
responses in PDE activity; however, no such distinction between the two BAR subtypes with PDE
activity has yet been investigated in iPSC-CMs. Investigation of PDE activity in response to BAR
stimulation is of particular importance in iPSC-CMs, especially as it may provide an indication of
cellular maturation or development. Previously is has been reported that iPSC-CMs do express BARs,
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although expression levels vary, and are also responsive to BAR agonist stimulation (Jung et al., 2016).
Furthermore, PDE2, 3 and 4 gene expression can also be detected in iPSC-CMs. Gene expression
evidence suggests that PDE2 levels are decreased throughout iPSC-CMs maturation, and PDE3 and
PDE4 expression levels are gradually yet significantly increased (Wu et al., 2015). However, the
functional activity of PDEs within caveolar membrane domains or their functional association to

specific BAR subtype stimulation has yet to be investigated.

This chapter aims to understand the extent of caveolar microdomains in iPSC-CMs and its role in
compartmentation of B1ARs or B,ARs and their associated cAMP signalling. Furthermore, this chapter
will also focus on understanding whether PDE2, 3 or 4 are specifically associated with ;AR- or B,AR-
dependent cAMP activity. Finally, this chapter will focus on identifying the association of the BAR-

cAMP pools and PDE activity to caveolar microdomains.
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5.2 METHODS

5.2.1 Cell culture

5.2.1.1 iPSC-CMs (CDI) plating and maintenance

One of the human iPSC-CMs lines used in this project were obtained from Cellular Dynamics
International (CDIs). The 1.5mL cyropreserved single-cell suspension vials were thawed, seeded and
cultured following the User Guide protocols as described in section 2.1.4. Cells were cultured for 10
days before experimental use in order to reach maximal stability. Results from the CDI cell line (D35)

are presented in results sections 1-3.

5.2.1.2 iPSC-CMs (IMR) plating and maintenance

iPSCs of the IMR-90 cell line were differentiated until D15 and cultured to D30-D35 using the protocol
described in Section 2.1.1. At D30-D35 cells were dissociated using the CDS method described

previously. Results from the IMR cell line (D35) are presented in results sections 1-2 and 4-8.

5.2.2 Cell transfection for CAV3 overexpression

iPSC-CMs (IMR-90 cell line) were transfected at D30 with the CAV3-RFP plasmid in a similar way to
the pTEV FRET sensor. Refer to section 5.2.6.2. CAV3-OX experiments were only conducted in the

IMR cell line of iPSC-CMs (D35).

5.2.3 Removal of caveolae microdomains

Surface caveolae were removed from the cell membrane of both IMR and CDI iPSC-CMS cell lines by
treating the cells with 1-2mM MBCD for 1h at 37°C. MBCD was prepared by dissolving it in either RB+

media for IMRs or Maintenance media for CDIs. After the cells were plated into MatTek dishes and
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cultured to day 30 + 5 days there were used to the FRET experiments. The previous media was
removed and 1.5mL of the MBCD media was added. After exposure the MBCD media for one hour,

cells were ready for experimentation.

5.2.4 Transmission Electron Microscopy

5.2.4.1 TEM protocol

For TEM preparations, 200k CDIs or IMRs iPSC-CMs were plated on 12-well plastic bottomed culture
dishes, in a volume of 100ul of either iMaintenance media or RB+ respectively. This was topped up

after 2h once the cells had adhered to the dish.

Culture medium was removed from cell culture dishes; cells were rinsed with PBS to remove any
unadhered cells and debris, then fixed in 2.5% gluteraldehyde in cacodylate buffer. Further

preparation was conducted by lvan Diakonov as described in section 2.4.1

5.2.4.2 TEM analysis

From each TEM sample preparation, an “n” number of cells were processed. From each cell, 5-10
sections/frames were prepared. The total number of caveolae per frame were manually counted
and used to calculate an average number of caveolae per cell. This was divided by the size of the
frame to give the total number of caveolae per um. To test for statistical significance, a students T-

test was conducted.
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5.2.5 RT-QPCR

5.2.5.1 RNA extraction

CDIs’ and IMRs were plated on gelatin-coated, plastic-bottom 6- or 12-well dishes and cultured until
D35, and then prepared for RT-QPCR. RNA was extracted using the RNeasy Mini kit (Qiagen, CA, USA)
from cultured hiPSC-CMs according to the manufacturer’s guidelines as described in Section 2.3.1. The

primer used are as follows:

Target Gene Forward sequence Reverse sequence
B1-Adrenoceptor GACGCTCACCAACCTCTTCA CACAGCTCGCAGAAGAAGGA
B.-Adrenoceptor TTGCCTCTTCCATCGTGTCC CCACCTGGCTAAGGTTCTGG

Caveolin 3 GCGGAAGGAGGTCTAAAGC AGAGCGAAGGGCCATTGT
GAPDH AATCCCATCACCATCTTCCA TGGACTCCACGACGTACTCA

Table 5. 1 Forward and reverse primer sequences used for RT-qPCR

5.2.5.2 RT-QPCR protocol

Gene expression profiles were investigated in CDI and IMR lines of iPSC-CMs at D30 of culture. iPSCs
were plated and differentiated into cardiomyocytes as previously described. Once cells reached the
age of 30 or 90 days, they were harvested and RNA was extracted as highlighted above. The Qiagen
kit was used to perform RT-QPCR as described in section 2.3.2. All QPCR reactions were carried out in

triplicates (Fig 5.1).
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Figure 5. 1 The RT-QPCR program used, where stages 2-4 were repeated for 40 cycles.

5.2.5.3 RT-QPCR analysis

Prior to using the QPCR data, the melting curves were checked for the presence of a single peak
through the cycle which rose above the threshold. This indicated that the amplified products were of
a single species and off-targets products or contamination wasn’t occurring. As these didn’t occur, the
data was used for analysis. The data was normalised to the housekeeping gene GAPDH. The fold
differences were calculated through using the “222%” method. Statistical significance was tested

through the Students T-test.

5.2.6 FRET

5.2.6.1 iPSC-CMs (CDI) transfection with pTEV FRET sensor

The jetPRIME (Polyplus) transfection protocol was used to transfect CDI iPSC-CMs with the cAMP-

specific FRET sensor pTEV. To prepare the transfection mixture, in a 1.5mL Eppendorf tube, 2ug of
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pTEV plasmid was diluted in 50uL of room temperature jetPRIME buffer per MatTek dish to be
transfected. This was then vortexed gently for 10sec. To this, 2L of jetPRIME reagent was added then
vortexed gently for 15s before incubating at room temperature for 10min. The 50uL transfection
mixture was added to the centre of the MatTek culture dishes on top of the cells in and incubated for
4h at 37°C. The media in the dish was topped up with 1.5mL of CDI iMaintenance medium and

incubated for a further 24-72h before use (Fig 5.2).

Combine pTEV DNA + 50uL

- JetPrime Buffer

2. ﬁ Vortex on low speed for
;) ‘é" 10-15 seconds

+ 2l JetPrime Reagent and
: vortex for 15 seconds

5. S Incubate for 10 minutes at
room temperature

4. /
;/ Add transfection mixture to cells

and incubate for 24-72 hours

Figure 5. 2 Transfection of iPSC-CMs (CDIs) for FRET experiments
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5.2.6.2 iPSC-CMs (IMR) transfection with pTEV FRET sensor

iPSC-CMs were transfected with the cAMP-specific FRET sensor plasmid Turquoise-Epacl-Venusvenus
(pTEV), and/or CAV3 plasmid using Lipofectamine3000 kit. The manufacturer’s guidelines were
followed with optimization to incubation times. In brief, a mastermix was made based on the number
of dishes being transfected where each dish would receive 50uL Opti-MEM (Thermo Fisher), 1.5uL
Lipofectamine, 1.5uL Reagent P3000 and 1ug plasmid DNA. The plasmid DNA + Lipofectamine and
Reagent P3000 were diluted in 25ul OptiMEM media in separate Eppendorf tubes. This was incubated
for 5min at room temperature before combining the DNA and Lipofectamine reagents, making a total
volume of 50ul. This was vortexted very gently for a few seconds to allow through mixing of the two
reagents. This was then incubated at room temperature for 15min. The previous culture media was
replaced with 1ml of fresh media before adding the transfection reagent. Cells were incubated at 37°C

in the transfection reagent for 2-4 days and then used for experiments (Fig 5.3).

‘ Dilute 1.5uL P3000 reagent in 50uL Opti-MEM in
| 4 Eppendorf 1, and dilute 1ug plasmid DNA and
' v Lipfectamine3000 in 50uL Opti-MEM in Eppendorf 2. Mix
thoroughly and incubate at room temp for 5mins

Combine the DNA mixture with the P3000 reagent
mixture and gently vortex of pipette, then incubate at
room temp for 15min

.
k\ Dispense the total of 50uL of the transfection mixture to

the culture dish and incubate at 37°C for 2-4 days.
e

Figure 5. 3 Transfection of iPSC-CMs (IMRs) with CAV3 and pTEV FRET plasmid
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5.2.6.3 Isoprenaline dose-response curves

Dose responses of both IMR and CDI iPSC-CMs cell lines for BAR stimulation with isoprenaline was
conducted to assess the ECso of both receptors. Concentrations of ISO were prepared in FRET buffer
such that the final concentrations in the bath during the experiments were ranging from 0.1nM to
100nM. CGP20712A (CGP) (Sigma Aldrich, Poole UK) (100nM) was used for blocking B1AR and ICI
(Tocris, UK) (50nM) was used for blocking B.AR prior to ISO stimulation. Upon reaching a plateau in
the FRET response, cells were perfused with NKH477 (NKH) (Sigma Aldrich, Poole UK) (10uM) to fully

stimulate all AC activity and achieve maximal cAMP release (Fig 5.4).

50/100 nM 0.1 nM 0.3 nM 1nM 3nM 10 pM
cl/ccp ISO ISO ISO ISO NKH
10mins 5 mins 5 mins 5 mins 5 mins 5 mins
50/100 nM 3nM 10 nM 30 nM 100 nM 10 uM
Icl/cGp ISO ISO ISO ISO NKH
10mins 5 mins 5 mins 5 mins 5 mins 5 mins

Figure 5. 4 Protocol for dose responses of 81AR and B8,AR to isoprenaline used for FRET

Two protocols were used, the first where the final ISO concentrations ranged from 0.1nM to 3nM, the
second where the final ISO concentrations were 3nM to 100nM. Both protocols were concluded with

the final concentration of 10uM NKH.

5.2.6.4 Phosphodiesterase inhibition

The activity of BAR-dependent cAMP-degrading PDEs in hiPSC-CMs from IMR cell lines were conducted
in this chapter. In these experiments, a single concentration of 30nM ISO was used. After B1AR or B,AR
stimulation with 30nM 1SO, PDE2, PDE3 and PDE4 were selective inhibited with 10uM EHNA, 10uM

Cilostamide and 10uM Rolipram respectively which was prepared in FRET buffer. Once a plateau was
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obtained during the FRET experiment, 100uM IBMX was added to the bath for non-selective inhibition

of PDEs, followed by 10uM NKH for AC activation (Fig 5.5).

10 min 10 min 10 min 10 min 10 min
50nM ICl 30nM ISO 10puM EHNA 100pM IBMX 10puM NKH
10uM CILO
10puM ROLI
10 min 10 min 10 min 10 min 10 min
100nM CGP 30nM ISO 10puM EHNA 100pM IBMX 10puM NKH
10uM CILO
10uM ROLI

Figure 5. 5 8:AR or B,AR protocol for PDE activity assessment with the respective drug treatments of

the stated final concentrations

5.2.6.5 FRET analysis

Analysis of the FRET results were conducted in Microsoft Excel. The ratio between the fluorescence
recorded from the YFP channel and the CFP channel was calculated and plotted to obtain a regular
YFP/CFP FRET trace. These results are shown as line graphs with the “FRET ratio (Venus/Turquoise)”
plotted. From this the percentage change in the ratio from baseline to the drug treatment in question
was calculated. The FRET response from ISO or the PDE inhibitor were normalised to the maximal drop
recorded when the cells were treated with NKH. These results are shown as bar graphs plotted as “%
FRET change Venus/Turquoise normalised to NKH”. In addition, the basal tone of the PDE is also
reported. This was measured by calculating the change in FRET ratio from BAR stimulation with ISO to

PDE drug treatment and is normalised to the maximal cAMP response from NKH treatment (Fig 5.6).
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Change in FRET

(1S0)
Change in FRET Maximal change
(PDE) . in FRET

Change in FRET
(IBMX)

FRET ratio (Venus/Turq)

Time

% FRET change (normalised to NKH) = % Change in FRET (ISO)

Maximal change in FRET

% FRET change (Basal tone) = % Change in FRET (PDEi)

Maximal change in FRET

Figure 5. 6 Diagram depicting calculations from the FRET traces

5.2.7 Statistical analysis
The statistical tests conducted has been described in each experimental method section. Generally,
the statistical analysis used to analyse data obtained for experimental work was Students T-Test,

which were performed using GraphPad Prism 5. The statistical significance was set at p<0.05 and data

has been reported with £SEM (Standard error of the mean).
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5.3 RESULTS

5.3.1 Analysis of caveolar compartments in two iPSC-CMs lines

To investigate caveolae compartments of the IMR and CDI human iPSC-CM cell lines, transmission
electron microscopy was conducted on both the IMR and CDI iPSC-CMs cell lines. Analysis revealed
differences in the number of surface membrane caveolae present in CDI versus IMR. CDI had
approximately 0.37 + 0.06 caveolae per um membrane, however, IMR had a lower number of surface
caveolae, 0.21 + 0.04 caveolae per um membrane (p<0.05). In both CDI and IMR cell lines, treatment
with MBCD significantly depleted caveolae content leading to only 0.05 £ 0.02 and 0.11 £ 0.02 caveolae
per um of membrane respectively (p<0.05) (Fig 5.7 a-d). Upon assessment of gene expression levels
of caveolin-3, both cell lines had similar levels of gene expression with no significant differences

observed; 1.02 and 1.01 relative expression levels in CDI and IMR respectively (Fig 5.7e).
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Figure 5. 7 Quantification of caveolae compartments and CAV3 gene expression in CDI and IMR

A) Representative TEM images showing surface caveolae (indicated with arrows) in control (n=26/2)
and MBCD-treated (n=10/2) in CDI and B) its relative quantification. C) Representative TEM images
showing surface caveolae (indicated with arrows) in control (n=45/2) and MBCD-treated (n=37/2) in
IMR and D) its relative quantification. E) Quantification of the relative gene expression level of CAV3 in
CDI and IMR. Scale bar represents 0.5uM. Data are presented as mean + SEM, *p<0.05, **p<0.01.

n=cells/batches
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5.3.2 BAR gene expression in two hiPSC-CMs lines and their relative cAMP activity

To understand the influence of caveolae compartments on B:AR and B.AR activity, firstly BAR

expression and signalling properties were depicted in both the IMR and CDI iPSC-CMs cell lines.

To begin with, relative gene expression levels of BiAR and B,AR in CDI and IMR were calculated
through RT-QPCR. CDI had a relative mRNA expression of 0.90 and 1.15 of B:AR and B.AR respectively;
in comparison to IMR which had a relative expression of 1.01 and 1.05 of B:AR and B2AR. No significant
differences in B1AR vs. B2AR in CDI or IMR were detected, nor were there any significant differences

in CDI vs. IMR in B1AR or B,AR gene expression levels (Fig 5.8a).

B.AR-dependent cAMP activity was assessed in both CDI and IMR by investigating isoprenaline
concentration-dependent responses by FRET microscopy. Both lines showed relatively small changes
in FRET ratio for ISO concentrations of 0.1-1nM. The ECsq values of IMR and CDI were 3.3nM and 0.6nM
respectively (p<0.0001) (Fig 5.8b, c). These two iPSC-CMs cell lines show a significantly different ECsp
values, where the CDI cell line shows significantly greater sensitivity to B.AR stimulation with
isoprenaline than the IMR line (p<0.05). There is no statistically significant difference in the maximal

output of the B,AR response to ISO of the CDI and IMR cell lines (p=0.06).
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Figure 5. 8 8:AR and B8,AR response to stimulation with ISO in CDI’s in control and MBCD treated cells

A) Gene expression of 8:AR and B8,AR in IMR (n=9) and CDI (n=4). B) Representative FRET traces and
concentration-response curve of CDI in response to 8,AR stimulation with ISO concentrations ranging
from 0.1nM to 100nM in the presence of CGP (n=9/3). C) Representative FRET traces and dose response
curve of IMR in response to 8,AR stimulation with ISO concentrations ranging from 0.1nM to 100nM

in the presence of CGP (n=7/5). Data are presented as mean *+ SEM. n= cells/batches
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5.3.3 Caveolar compartmentation of BAR-dependent cAMP activity in CDIs

The CDI cell line shows a greater number of caveolae microdomains and displays greater sensitivity to
B2AR stimulation with isoprenaline. The role of caveolae in compartmentation of the B,AR signalling
was explored next. FRET microscopy was employed to investigating f1AR and B2AR cAMP output upon
receptor stimulation with 1SO in the presence or absence of caveolae. Cells were treated with MBCD

for the depletion of caveolae.

Upon stimulation of B1AR, a 2.4 £ 1.1% change in FRET ratio was detected, and a significantly greater
change of 39.3 + 2.6% after AC stimulation with NKH (p<0.05). Removal of caveolae with MBCD
resulted in a 9.0 + 2.5% change in FRET ratio upon B:AR stimulation and 31.2 + 6.8% after NKH
treatment. There were no significant differences found in Bi;AR-dependent cAMP activity after

caveolae depletion.

B2AR-dependent cAMP activity was then assessed. B,AR stimulation led to a 3.9 £ 2.2% change in FRET
ratio and a 31.3 + 4.5% change upon AC activation with NKH. After the depletion of caveolae with
MBCD, there was a 29.3 + 4.5% change in FRET with I1SO and a 36.2 + 3.2% change in FRET with NKH
treatment. There was a significantly greater amount of cAMP activity after B,AR, but not B.AR,

stimulation after the depletion of caveolae (p<0.05) (Fig 5.9).
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Figure 5. 9 8:AR and B,AR response to stimulation with I1SO in CDI’s in control and MBCD treated cells

The association of 8:AR- (n=19/3) and 8,AR-cAMP (n=18/5) activity with caveolae was assessed in CDI’s
with isoprenaline in the presence of ICl or CGP respectively, with subsequent activation of AC with NKH
to achieve maximal cAMP production. MBCD was used to deplete caveolae in order to depict the role
of caveolae in compartmentalising the 8:AR (n=6/2) and B,AR (n=9/3) response. Data are presented

as mean * SEM. *p<0.05, **p<0.01, ***p<0.001. n=cells/batches

5.3.4 Caveolar compartmentation of BAR-dependent cAMP activity in IMRs

Similar to the previous experiment, the influence of caveolae on the compartmentation of the B1 and
B2 adrenergic receptors and their associated cAMP pools was investigated. FRET microscopy was used
to record cAMP output upon receptor stimulation with ISO was assessed in the presence or absence
of caveolae MBCD. B,AR stimulation lead to a 21.6 + 1.8% change in FRET ratio, and a 15.2 + 2.0%
change in FRET after caveolae depletion (Fig 5.10 a, e). Upon B,AR stimulation, there wasa47.7 £+ 4.5%
change in FRET, and a 63.14 * 7.7% change after caveolae depletion (Fig 5.10 b, e). Firstly, a
significantly greater amount of B,AR-cAMP activity than B:AR-cAMP activity was observed in the IMR
cell line (p<0.05). This is unlike the CDI line, where the B1AR- and B,AR-cAMP responses were similar.
Removal of caveolae with MBCD had no effect on B:AR-cAMP output, and a small, but not statistically
significant, increase in B2AR-cAMP output, although statistical significance was not obtained. When
CAV3 was overexpressed, there was a significantly decreased amount of cytosolic cAMP upon B,AR
stimulation detected, 13.3 + 5.5% FRET change (p<0.05), but no difference was detected for B1AR

stimulation, 13.0 + 2.1% FRET change (Fig 5.10).
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Figure 5. 10 8,AR compartmentalise within caveolae microdomains which localise cAMP

A) Representative FRET traces in control, MBCD-treated and CAV3-OX cells. 8:AR stimulation with
isoprenaline in the presence of 8,AR blocker and subsequent AC stimulation with NKH477. B)
Representative FRET traces in control, MBCD-treated and CAV3-0OX iPSC-CMs upon 8,AR stimulation
with isoprenaline in the presence of 6:AR blocker and subsequent adenyl cyclase stimulation with
NKH477. C) 8:AR and B2AR response to stimulation with I1SO in IMR’s in control and MBCD treated cells
D) The percentage change in FRET ratio upon 8:AR stimulation in control (n=97/11), +MBCD (n=62/11)
and CAV3-0OX (n=6/2); and B8,AR stimulation in control (n=38/4), +MBCD (n=28/3) and CAV3-OX
(n=9/2). Percentage change was calculated and normalised to maximal cAMP released by NKH
stimulation. Data are presented as mean * SEM. Significance was determined by One-Way ANOVA

with Bonferroni post-hoc test. *p<0.05, ***p<0.001. n=cells/batches
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5.3.5 B1AR and B2AR-cAMP dependent PDE2 activity in iPSC-CMs (IMR line)

In the following sections and in the next chapter, the activity of PDEs 2, 3 and 4 will be assessed and
their functional association to either of the BAR subtype-specific cAMP pools or to caveolae itself in
the IMR cell line of iPSC-CMs as the CDI cell line shows greater caveolar development and a relatively
small B,AR activity. Hence, to assess maturation in the next chapter, the IMR cell line was more
suitable. Secondly, as they are produced in-house, they can be produced in large batches, making

experiments cost-effective.

To characterise the role of PDE2 in IMR, its specific inhibitor EHNA was used to block enzyme activity,
which selectively blocks PDE2 at micromolar concentrations, and only partially inhibits other PDEs at
concentrations greater than 100uM. To discover the role of PDE2 in cAMP degradation, its FRET

response was calculated relative to total cCAMP activity, using NKH for maximal cAMP output.

When the response to drug treatment respective to total cAMP by treatment with NKH was analysed,
a 21.6 £ 1.8% of total B1AR-dependent cAMP output was observed from isoprenaline treatment and
26.9 £ % after PDE2 inhibition, and a significant increase from 16.1 £ 2.1% to 37.0 + 8.5% upon
isoprenaline and EHNA treatment respectively after caveolae depletion (p<0.05). A B.AR-dependent
response to isoprenaline and EHNA was 46.3 £4.4% to 51.0 £ 5.0% cAMP output in control conditions.
After the removal of caveolae, a significant increase was noted, from 63.1 + 7.7% to 96.4 £ 2.2% upon

isoprenaline and EHNA treatment respectively (p<0.05) (Fig 5.11c).

The basal tone of PDE2 was extracted from this experiment to focus on PDE2 activity alone. PDE2
activity on B1AR-dependent cAMP was only 7.1 + 1.6% of the total FRET change. Upon depletion of
caveolae, there was a slightly reduced influence of PDE2 of 3.7 + 3.0%, although this was not
significantly different. The effect of PDE2 on B,AR-dependent cAMP was 16.8 + 4.4% of total activity.
After the removal of caveolae, this response was almost undetectable, unfortunately due to the high

response to isoprenaline stimulation (Fig 5.11d).
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Figure 5. 11 8:AR and 8,AR dependent PDE2 activity in D30 iPSC-CMs (IMR cell line)

The association of 6:AR- and 8,AR-cAMP degrading PDE activity with caveolae was assessed in iPSC-
CMs at D30 with isoprenaline in the presence of ICl or CGP respectively, with subsequent inhibition of
PDE2 with EHNA. The percentage change in FRET ratio was normalised to maximal cAMP produced
upon AC activation with NKH. A) Representative FRET trace upon 8:AR stimulation and quantified
percentage FRET change in control (n=26/5) and MBCD (n=15/3). B) Representative FRET trace upon
B,AR stimulation and quantified percentage FRET change in control (n=7/2) and MBCD (n=4/2). C)
Comparison of 6:AR- and B,AR response to PDE2 inhibition in control and MBCD treated cells where
the response is normalised to the effect of IBMX or NKH. D) The percentage change in FRET ratio
resented to show the basal tone of the PDE effect in control and MBCD treated cells. Data are presented
as mean + SEM. Significance was determined by One-Way ANOVA with Bonferroni post-hoc test.
*p<0.05, **p<0.01, ***p<0.001. n=cells/batches
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5.3.6 B1AR and B2AR-cAMP dependent PDE3 activity in iPSC-CMs (IMR line)

Next, PDE3 activity was assessed in the IMR cell line of iPSC-CMs. The role of PDE3 was also
characterised using its specific inhibitor Cilostamide to block enzyme activity. Unexpectedly, unlike
the response for EHNA, when Cilostamide was applied for PDE3 inhibition, FRET ratio increased,
indicating a reduction in cytosolic cAMP. This was seen in both ;AR and B,AR experiments. When

IBMX and NKH were applied, the FRET ratio decreased indicating an increase in cAMP.

PDE3 inhibition after B1AR stimulation with isoprenaline led to a significant decrease in cAMP output
from 21.6 + 1.8% with isoprenaline to 2.1 +3.2% (p<0.05). Similarly, after the removal of caveolae by
treating with MBCD, a change from 16.1 £ 2.1% to 10.0 +5.6% was observed with isoprenaline and
cilostamide respectively. A similar decreasing trend in FRET was observed upon PDE3 inhibition after
B2AR stimulation. A significant decrease from 46.3 + 4.4% upon isoprenaline stimulation t0 32.0 +5.3%
after cilostamide administration was observed (p<0.05). Similarly, after MBCD treatment, a drop from

63.1+7.7% to 49.1 £ 2.7% was observed respectively (Fig 5.12c).

Upon assessment of the tone of PDE3 itself, interestingly its inhibition had an opposing response and
led to a decrease in cytosolic cAMP. PDE3 activity on B1AR-dependent cAMP led toa-13.1 +5.0% FRET
change, and removal of caveolae resulted in a -33.4 + 6.3% FRET change. PDE3 activity on B,AR-
dependent cAMP led to a -14.5 £ 8.0% FRET change with a similar response after the removal of

caveolae (Fig 5.12d).
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Representative FRET trace - PDE3 B1AR-cAMP activity after PDE3i at D30
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Figure 5. 12 8:AR and 8,AR dependent PDE3 activity in D30 iPSC-CMs (IMR cell line)

The association of 6:AR- and 8,AR-cAMP degrading PDE activity with caveolae was assessed in iPSC-
CMs at D30 with isoprenaline in the presence of ICl or CGP respectively, with subsequent inhibition of
PDE3 with Cilostamide. The percentage change in FRET ratio was normalised to maximal cAMP
produced upon AC activation with NKH. A) Representative FRET trace upon 8:AR stimulation and
quantified percentage FRET change in control (n=33/2) and MBCD (n=25/2). B) Representative FRET
trace upon B8,AR stimulation and quantified percentage FRET change in control (n=22/7) and MBCD
(n=12/3). C) Comparison of 8:AR- and B,AR response to PDE3 inhibition in control and MBCD treated
cells where the response is normalised to the effect of IBMX or NKH. D) The percentage change in FRET
ratio resented to show the basal tone of the PDE effect in control and MBCD treated cells. Data are
presented as mean + SEM. Significance was determined by One-Way ANOVA with Bonferroni post-hoc

test. *p<0.05, **p<0.01, ***p<0.001. n=cells/batches
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5.3.7 B1AR and B2AR-cAMP dependent PDE4 activity in iPSC-CMs (IMR line)

Lastly, the role of PDE4 in IMR cell line of iPSC-CMs was then assessed. Rolipram was used as a PDE4-
specific inhibitor to block its enzymatic activity. To understand the role PDE4 plays in cAMP
degradation relative to total cAMP using NKH for AC activation to obtain maximal cAMP output from

the cell. The response relative to total cAMP by NKH treatment was analysed.

Under control conditions, a significant increase in BiAR-dependent cAMP output after rolipram
treatment was observed, from 21.5 + 1.8% to 74.7 + 3.5% (p<0.05). Similarly, after MBCD treatment,
change from 16.1 + 2.1% to 62.4 + 6.2% was observed respectively. A B.AR-dependent response in
control conditions also showed a significant increase in FRET change from 46.3 + 4.4% after
isoprenaline addition to 71.1 + 4.3% after rolipram addition, and after caveolae removal with MBCD
anincrease from 63.1 + 7.7% to 90.0 + 8.0% FRET ratio was observed after caveolae removal (p<0.05)

(Fig 5.13c).

When assessing the basal tone of PDE4, it was found that PDE4 activity on B1AR-dependent cAMP was
30.0 £ 5.1% of total cAMP output. Upon depletion of caveolae, there was a slightly higher influence of
PDE4, although this was not significantly different. The effect of PDE4 on B,AR-dependent cAMP was
17.1 £ 5.2% of total activity and again, the removal of caveolae did not significantly alter the response

(Fig 5.13d).
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A Representative FRET trace - PDE4 B+AR-cAMP activity after PDE4i at D30
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Figure 5. 13 8;AR and 8,AR dependent PDE4 activity in D30 iPSC-CMs (IMR cell line)

The association of 6:AR- and 8,AR-cAMP degrading PDE activity with caveolae was assessed in iPSC-
CMs at D30 with isoprenaline in the presence of ICl or CGP respectively, with subsequent inhibition of
PDE4 with Rolipram. The percentage change in FRET ratio was normalised to maximal cAMP produced
upon AC activation with NKH. A) Representative FRET trace upon B8:AR stimulation and quantified
percentage FRET change in control (n=38/6) and MBCD (n=28/4). B) Representative FRET trace upon
B.AR stimulation and quantified percentage FRET change in control (n=29/3) and MBCD (n=17/3). C)
Comparison of 6:AR- and B,AR response to PDE4 inhibition in control and MBCD treated cells where
the response is normalised to the effect of IBMX or NKH. D) The percentage change in FRET ratio
resented to show the basal tone of the PDE effect in control and MBCD treated cells. Data are presented
as mean + SEM. Significance was determined by One-Way ANOVA with Bonferroni post-hoc test.

*p<0.05, **p<0.01, ***p<0.001. n=cells/batches
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5.3.8 Comparing BAR-cAMP dependent PDE2, PDE3 and PDE4 activity in iPSC-CMs

An overall comparison of PDE2, PDE3, and PDE4 activity against BiAR-and B.AR-dependent cAMP in
the IMR cell line of iPSC-CMs at D30 of differentiation is summarised in the graphs below. In
comparison to the amount of cAMP produced by B1AR stimulation by isoprenaline in control, there
was no significant difference with EHNA to inhibit PDE2. Inhibition of PDE3 significantly decreased
cAMP output (p<0.05), while PDE4 inhibition significantly increase in cAMP output (p<0.05). The
removal of caveolae significantly increased cAMP output in the absence of PDE inhibitors (p<0.05),
but no significant influence of PDE2, 3, or 4 activity was detected on B;AR-dependent cAMP when

caveolae components were removed (Fig 5.14).

When investigating B.AR-cAMP dependent PDE activity, no statistically significant difference in cAMP
output was observed. Interestingly, the removal of caveolae significantly augmented PDE2 and PDE4

activity resulting in a near maximal response being obtained (p<0.05).
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Figure 5. 14 BAR-dependent PDE activity in D30 iPSC-CMs (IMR) in control and MBCD treated cells

A) The association of 8:AR- and B) 8,AR-cAMP-degrading PDE activity with caveolae was assessed in
iPSC-CMs at D30 with isoprenaline in the presence of ICl or CGP respectively, with subsequent inhibition
of PDE2, 3 or 4 with EHNA, Cilostamide or Rolipram. The percentage change in FRET ratio was
normalised to IBMX, or maximal cAMP release upon AC activation by NKH. Data are presented as mean

+ SEM. Significance was determined by One-Way ANOVA with Bonferroni post-hoc test. *p<0.05,
**p<0.01, ***p<0.001
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5.4 DISCUSSION

This chapter aimed to understand the influence of caveolar compartmentation on B:AR- and B,AR-
cAMP signalling, which was tested in two iPSC-CMs lines, and also to depict whether PDEs 2, 3, and 4

are associated with specific BAR-cAMP pools of iPSC-CMs.

Although both the IMR and CDI iPSC-CMs cell lines show similar levels of CAV3 gene expression, the
CDI cell line possesses a greater density of caveolae. While a comparison with human adult myocytes
has not been conducted in this study, previous reports indicate that CAV3 expression and caveolae
structures in iPSC-CMs are relatively lower than that of mature adult cardiomyocytes where adult
myocytes have a density of around 3 caveoale/um (Bosman et al., 2013; Egorov et al., 2019). Bosman
and colleges show that CAV3 is present over the whole surface of human adult atrial and ventricular
myocytes, and although human foetal myocytes do display CAV3 protein to a certain extent, it is
dispersed throughout the cell (Bosman et al., 2013; Jung et al., 2016). This may explain the findings of
this study, although expression of CAV3 is detected in IMR and CDI cell lines, the localisation of CAV3
protein within the cell should be investigated, which may explain the differences in caveolae
complexes seen. Interestingly, CAV3 increases dramatically with increasing cell culture time in hESC-
CMs as well as iPSC-CMs (Bosman et al., 2013; Jung et al., 2016). Furthermore, this study confirms that

treating iPSC-CMs with MBCD successfully removes a significant proportion of caveolae structures.

The BAR system is a crucial signalling pathway for cardiomyocytes to conduct various physiological
and pathophysiological outputs in response to stimulation by the autonomic nervous system
hormones. Interest in this signalling pathway is increasing in hPSC-CMs. In this report, the expression
of the BAR receptor subtypes is evident in both iPSC-CM cell lines which displayed similar levels of
B1AR and B:AR gene expression at Day 30 of differentiation. This is supported by previous literature
which also demonstrate the expression of these receptors in iPSC-CMs and hESC-CMs (H Wu et al.,

2014; Yan et al.,, 2011). In addition, they show that the expression of AR and B,AR in iPSC-CMs
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increases throughout differentiation. They show that B,AR is expressed at maximal levels by day 12 of
differentiation and expression remains constant until day 60; however, BiAR expression is only

significantly increased at D30 of culture and continues to increase until day 60 (H Wu et al., 2014).

The responsiveness of the two iPSC-CM cell lines to B,AR stimulation was essential to understand the
functional dynamics of the cells. Previously, studies have investigated BAR activity through measuring
chronotropic responses and report functionally active BARs with marked concentration-dependent
positive inotropic and chronotropic effects (Germanguz et al., 2011; Haodi Wu et al., 2015). Other
studies depicted that B,AR mediate the vast majority of the B,AR activity at D30 (Jung et al., 2016) ; or
that iPSC-CMs at D30 only respond to B,AR activation (Haodi Wu et al., 2015). Therefore, in this study,
the functional activity of B.AR was initially assessed as this is known to be the dominant receptor
subtype. cAMP signalling was measured in real-time using FRET microscopy upon receptor stimulation
with isoprenaline in a dose-dependent manner. Both iPSC-CM lines showed an increased response
upon increasing isoprenaline concentration, although they displayed variable sensitivities. This may

indicate differences in the signal transduction pathway or receptor compartmentation.

A characteristic of mature healthy myocytes is the compartmentalisation of the ,AR-cAMP signalling
which is mediated by the physical restriction of the receptor to caveolae. Previously, one study
reported that compartmentation of BAR signalling occurs in iPSC-CMs post-D60 in culture as
treatment with MBCD scattered clustered CAV3 structures and increased ISO-induced phospho-PLM
and phosphor-Tnl compared to ISO without MBCD (Jung et al., 2016). To study the compartmentation
of B2ARs to caveolar microdomains in this report, the effect of removing caveolae by treatment with
MPBCD on cAMP output was assessed using FRET microscopy. Results showed increased ;AR signalling
after MBCD treatment but not B:AR signalling in both iPSC-CMs lines, indicating compartmentation of
the B2ARs within the caveolae microdomains. This is supported further by the reduction in f,AR-cAMP
activity in cells where the CAV3 gene was over expressed, indicating that B,AR compartmentalise to
caveolae microdomains, hence cAMP signalling is restricted.
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PDEs are essential components of the B,AR signalling pathway as they hydrolyse the phosphodiester
bond of cyclic nucleotides and contribute to the distribution, duration and amplitude of signalling;
therefore, the downstream PDE activity in iPSC-CMs is an important aspect to assess. Previously the
function of PDE2 and PDE3 has been assessed in iPSC-CMs using ELISA-based cAMP assay assessments
and have both been associated with regulating BAR dependent cAMP activity (Jung et al., 2016).
However, previous studies do not address BAR subtype-specific PDE activity, nor was PDE4 (a major

contributor to cAMP handling in adult myocytes) assessed.

In this study the real-time activity of PDE2, 3 and 4 on BAR subtype-specific cAMP pools were assessed
using FRET microscopy. As discussed earlier, PDE2 is a dual-substrate enzyme with hydrolyses both
cAMP and cGMP, and is stimulated by cGMP; therefore, making PDE2 an important negative feedback
regulator of cAMP with cGMP increases. Previous literature suggests that PDE2A subtypes are located
within the cell cytosol and cellular membranes (Guellich et al., 2014). PDE2 activity has been
demonstrated to be relatively low in comparison to other cardiac PDEs in humans (Fischmeister et al.,
2005), which supports the findings from this study as PDE2 inhibition did not result in any significant
differences in cAMP output and non-selective inhibition of all other PDEs dramatically increased cAMP
output, suggesting that other PDEs may be playing a greater role. Furthermore, it has been
demonstrated that PDE2 gene expression levels are significantly reduced in iPSC when differentiated

into iPSC-CMs, and become significantly elevated in disease conditions (Haodi Wu et al., 2015).

Furthermore, this study highlights that iPSC-CMs do not display any such specificity towards B1AR or
B2AR cAMP pools as PDE2 inhibition did not augment either of these cAMP pools upon receptor
stimulation. A previous study indicates that the BiAR microdomain is controlled by PDE2, and in
disease PDE2 are redistributed from B1AR to B,AR membrane domains and so there is an increase in
global B1AR-associated cAMP pool and a decrease in B,AR-CAMP (Perera et al., 2015). Another recent
study demonstrates using FRET-based imaging that cAMP levels in neonatal rat cardiomyocytes are
regulated by PDE2 activity downstream of BsAR (Stangherlin et al., 2011). Although BsAR expression
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in iPSC-CMs is low (Jung et al., 2016) , and BsAR studies are beyond the scope of this study, there may

be a raise in interest in future studies.

Interestingly, the disruption of caveolae compartments, enhanced PDE2 activity irrespective of BAR
subtype. This may indicate that PDE2 functions not in the caveolar domains but in the cell periphery
because significant PDE2 activity was only detected once the physical compartmentation of the cell
membrane was disrupted and cAMP pools were dispersed throughout the cell. Moreover, when cells
were treated with the non-selective PDE inhibitor, there was greater cAMP output, again indicating

that PDEs other than PDE2 are majorly accountable for cAMP degradation in iPSC-CMs.

PDES3 is also an important regulator of cAMP in myocytes, therefore its activity was assessed in this
study in iPSC-CM:s. Like PDE2, PDE3 hydrolyses both cAMP and cGMP, but is inhibited by cGMP (Shakur
et al., 2000). PDE3A and PDE3B subtypes are both expressed in the cardiomyocyte and their isoforms
are found in both the particulate and cytosolic fractions (J Beavo & Houslay, 1990; Hambleton et al.,
2005b; Wechsler et al., 2002b). PDE3 has been identified as a major cardiac PDE in adult myocytes,
and the PDE3B subtype is shown to be expressed at higher levels than PDE3A (C Lugnier et al., 1993).
PDE3 inhibition in adult myocytes leads to direct positive inotropic effects (C Lugnier et al., 1993).
Upon assessment of PDE3 activity in iPSC-CMs, it was found that inhibition of PDE3 actively reduced
cytosolic cAMP. This response was observed upon both :AR and B,AR stimulation, and also upon the
disruption of membrane microdomains, and the basal tone of PDE3 remained relatively similar
between these different conditions. The reasons for this are not fully conclusive from this study.
However, the answer may lie in the cyclic nucleotide cross-talk. The incorporation of different
subtypes of PDEs, possessing distinct characteristics and regulatory properties, contribute to cyclic
nucleotide signalling compartmentation within signalosomes in specific fashions. Therefore, this
allows integration and crosstalk between the cyclic nucleotide signalling networks (Dodge-Kafka et al.,
2010; Pavlaki & Nikolaev, 2018; Stangherlin et al., 2011). Many studies have highlighted the role that
PDEs play in the crosstalk between the cAMP/cGMP signalling pathway (Ahmad et al., 2015; C. Y. Zhao,
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2017). There is previous indication that different sensitivities to cGMP of cAMP-hydrolysing PDEs,
cGMP (at concentrations less than 50nM) exclusively inhibits PDE. However, at greater cGMP
concentrations, PDE2 and PDE1 become activated (Zaccolo & Movsesian, 2007). Although the
concentration of cGMP was not identified, it would be an important factor for considering the

decrease in cAMP observed upon PDE3 inhibition.

PDEA4 is the largest family of PDEs and a major cAMP-hydrolysing enzyme. PDE4D subtypes are found
to be localised in the perinuclear region, sarcomeric region and have also shown to associate directly
with BARs (Dodge-Kafka et al., 2005; Richter et al., 2008a, 2013). Catecholamine-induced activation
of B1ARs and B,ARs activates different signalling pathways, for example B1AR activation results in a
greater increase in heart rate and contractility than B,AR activation. PDE4 isoforms regulate BAR
signalling via direct interaction with the receptors themselves (Richter et al., 2008a, 2013). In this
study we find that PDE4 has the greatest role in cAMP degradation in iPSC-CMs as its inactivation led
to the greatest cAMP output in comparison to PDE2 or PDE3. The role of caveolae microdomains in
compartmentalising PDE4 activity was also assessed in this study. Upon caveolae depletion, similar
increases in cytosolic cAMP were detected from control. This may suggest that PDE4 are not localised
to membrane domains. Furthermore, it showed no bias towards PBiAR- or B,AR-dependent
stimulation. This could be explained by the understanding that different PDE4 subtypes are found with
in discrete subcellular domains. For example, one study shows that PDE4B is localized in the plasma
membrane, whereas PDE4D is mainly distributed in the cytosol (Blackman et al., 2011). Therefore,
further studies are required to develop a deeper understanding of the various PDE4 subtypes within

iPSC-CMs.
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Limitations and future work

In this study a cytosolic FRET sensor was utilised. The pTEV sensor made use of optimised
fluorophores, turquoise and venus, rather than the traditional CFP and YFP. This improved the
sensitivity of the sensor making it a very powerful tool for FRET microscopy. However, for the purpose
of studying microdomains, membrane specific sensors would be more beneficial. For example, Surdo
and colleagues have developed FRET sensors, CUTie, which can be targeted to specific multiprotein
complexes at discrete subcellular compartments to reveal differential kinetics and amplitudes of

localised cAMP signal thus allowing the study of further accuracy (Surdo et al., 2017).

Furthermore, PDE families are composed of multiple subtypes which are further divided into isoforms.
The study of all these subgroups through FRET is not yet possible, as only a handful of inhibitors exist
for PDE families which are not specific for isoforms. Thus, differentiating individual isoform activity
would require significant progress in the development of inhibitors. Alternatively, conformation of

PDE localisation can be obtained by immunostaining or western blots of fractionated membranes.

One major aspect of PDE study is the cross-talk that occurs between cyclic nucleotides. Understanding
how cAMP effects cGMP activity, and vice versa, and also the cross-talk between PDEs themselves is
essential for understanding how strength and frequency of cardiac contraction and relaxation is
regulated. This study only addressed the PDE families independently, however, the inhibition of one
PDE may influence the activity of other PDEs or their isoform within those compartments or even in
neighbouring domains. Future studies should take this into consideration in order to develop an in

depth understanding of PDE and cyclic nucleotide cross-talk.
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Summary

iPSC-CMs possess caveolae compartments and show compartmentation of B,ARs to a limited extent.
PDE functionality is also evident with variable association towards B:AR and B,AR cAMP pools. This
chapter sets sound foundations of the role caveolae play on BAR-cAMP signalling activity in iPSC-CMs
as well as the functional activity of the cAMP-degrading PDEs (2, 3 and 4). These assessments have
highlighted some of the differences from more mature cells, and support the immaturity noted in
previous literature. This chapter accepts the hypothesis that iPSC-CMs possess limited caveolar
microdomains and highlights their importance in compartmentalising and maturing B.AR-derived
cAMP signalling. The data in this chapter can function as a prototype for examining the role of BAR-
cAMP signalling activity during iPSC-CMs maturation. One such method in question is by ageing iPSC-

CMs in culture, and will be further examined in the next chapter.
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CHAPTER 6: EFFECT OF AGEING IPSC-CMSs ON CAVEOLAE &
B-AR- CAMP COMPARTMENTATION
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6.1 INTRODUCTION

The previous chapter sets the groundwork for understanding caveolae structures, their associated
BAR-cAMP activity and the role of PDEs in iPSC-CMs. In this chapter, the development of the BAR
signalling pathway in iPSC-CMs upon time-dependent maturation will be of focus. This will be used for
understanding the effectiveness of this maturation technique as a developmental process of iPSC-

CMs.

Over the past years, iPSCs differentiation has enhanced dramatically to produce more functional
cardiomyocytes and iPSC-CM are becoming invaluable tools for uncovering disease mechanisms, drug
toxicity/efficacy and regenerative therapies. However, as depicted in the previous chapters here and
in previous literature studies, they prove to be less mature than adult cardiomyocytes. Extending time
in culture of iPSC-CMs has previously been reported as to improve cell aspect ratio, sarcomeric
organisation, define A-, Z-, M- and |-bands, increase multinucleation, and upregulate various crucial
cardiac gene expression (Kamakura et al., 2013; Laflamme & Murry, 2011; Lundy et al., 2013; Snir et
al., 2003). Time-dependent maturation has also shown to that CAV3 and Cavin4 gene and protein
expression are also dramatically increased (Jung et al., 2016), which is particularly interesting from the
perspective of BAR signalling. In addition, improvements in functional properties such as action
potential upstroke velocity and amplitude, Ca?* handling with faster upstroke and decay velocity and
several other electrophysiological properties have also been identified (Bosman et al., 2013; Lundy et

al., 2013).

Furthermore, previous literature on 3D-cultured iPSC-CMs also displayed improved structural,
functional and metabolic maturation (Ronaldson-Bouchard et al., 2018b). Mills et al also indicate that
uniaxial stretch applied to hESC-CMs and iPSC-CMs led to increased myofibrillogenesis, sarcomeric
banding and increased force production (Mills et al., 2017). Similar improvements in calcium handling

have also been reported in earlier literature (Kriger et al., 2008; M. Li et al., 2014).
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Of particular importance is the development/maturation of the BAR signalling system. The response
of BARs to catecholamine stimulation by coupling G-proteins to adenylyl cyclase and promoting
activation of downstream targets are essential to mediate chronotropic and inotropic activity
(Steinberg, 1999) . Despite it being a primary mechanism of regulating cardiac function, there is limited

work on understanding this pathway in iPSC-CMs.

In the previous chapter, the BAR responses and PDE activity towards receptor subtype-dependent
cAMP activity was measured; we see that the BAR signalling system has limited receptor expression
and is more dependent on B,AR than B:AR, unlike what is reported in other studies of adult
cardiomyocytes. Furthermore, for the first time, this report identifies real-time cAMP handling in iPSC-
CMs and demonstrates limited caveolar compartmentation at an early maturation stage, which may
be one of the reasons for functional immaturity of iPSC-CMs. Therefore, improving our understanding
of the BAR signalling pathway in iPSC-CMs and developing its maturation strategies is essential for

scientific and clinical significance.

This chapter will build on the prior knowledge which suggests that there is a time-dependent transition
of PBAR-subtype specific activity in iPSCs after cardiac induction, and provide insight into the
effectiveness of ageing iPSC-CMs as a maturation technique through studying the development of the

BAR pathway and its signalling components.

This chapter aims to understand the effect of time-dependent maturation of iPSC-CMs on BAR
signalling and PDE2, 3 and 4 activity. iPSC-CM culture time was prolonged from 30 days in culture to
90 days. Changes in gene expression of the functional components of the BAR pathway were assessed,
along with the structural development of caveolae, and their role on compartmentalising BARs-cAMP
pools. Furthermore, the gene expression levels of PDE2, 3, and 4 and their functional activity through

iPSC-CMs development was assessed.
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6.2 METHODS

6.2.1 Cell culture

The iPSC-CMs used in this chapter were derived from the IMR-90 stem cell line and were dissociated,
re-plated and cultured as described above. iPSC-CMs were cultured in plastic-bottom culture dishes
(either 6-well or 12-well plates) and maintained in RPMI media. iPSC-CMs were dissociated from the
plates when required for experiments and re-plated as required into 7mm MatTek dishes. To age the
iPSC-CMs, after re-plating at D15, the cells were kept in culture for the required period of time and
were used at D30 + 5 days, D60 + 5 days and D90 * 5 days and are referred to as D30, D60 and D90.

Culture media was refreshed every 2-3 days.

6.2.2 Cell transfection for CAV3 overexpression
iPSC-CMs (IMR-90 cell line) were transfected at D30 into with the CAV3-RFP plasmid in a similar way

to the pTEV FRET sensor. Refer to section 5.2.5.2.

6.2.3 RT-QPCR

6.2.3.1 RNA extraction

RNA was extracted using the RNeasy Mini kit (Qiagen, CA, USA) from cultured hiPSC-CMs according to

the manufacturer’s guidelines as described above in section 2.3.1.

6.2.3.2 RT-QPCR protocol

Gene expression profiles were investigated in iPSC-CMs at D30 and D90 of culture. iPSCs were plated
and differentiated into cardiomyocytes as outline above. Once cells reached the age of 30 or 90 days,
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they were harvested and RNA was extracted as described above. The Qiagen kit was used to perform

RT-QPCR as described in section 2.3.2. The primer sequences are as follows:

Target Gene Forward sequence Reverse sequence
B1AR GACGCTCACCAACCTCTTCA CACAGCTCGCAGAAGAAGGA
B.AR TTGCCTCTTCCATCGTGTCC CCACCTGGCTAAGGTTCTGG
CAV3 GCGGAAGGAGGTCTAAAGC AGAGCGAAGGGCCATTGT
PDE2A CCTCCTGTGACCTCTCTGACC TGAACTTGTGGGACACCTTGG
PDE3A TCACAGGGCCTTAACTTACAC GGAGCAAGAATTGGTTTGTCC
PDE3B CCTCAGGCAGTTTTATACAATG TGCTTCTTCATCTCCCTGCTC
PDE4A GTGGAGAAGTCTCAGGTGGG TGGAACTTGTCAGGCAGGG
PDE4B TAGAAGATAACAGGAACTGG GCAATGTCTATGTCAGTCTC
PDE4C TGATCTGAGCAACCCCACCAAG GGTGAGGTCTGAGGGACTTCG
PDE4D GGATAATGGAGGAGTTCTTCC CGATTGTCCTCCAAAGTGTCC
BIN1 GCAGGCTCATCTCGTAGCTC AAACACCTTCTGGGCTTTGA
cTnT GGCAGCGGAAGAGGATGCTGAA | GAGGCACCAAGTTGGGCATGAACGA
a-Actinin TCCCTGGAAAAGAGCTACGA TGCTGTTGTAGGTGGTCTCTCG
JPH2 GACATCGCGAGAGCTGTG TTCCTGAAATCTCTGTTTGACG
GAPDH AATCCCATCACCATCTTCCA TGGACTCCACGACGTACTCA

Table 6. 1 Sequences of primers used for qPCR

6.2.3.3 RT-QPCR analysis

Prior to using the QPCR data, the melting curves were checked for the presence of a single peak
through the cycle which rose above the threshold. This indicated that the amplified products were of
a single species and off-targets products or contamination wasn’t occurring. As these didn’t occur, the
data was used for analysis. The data was normalised to the housekeeping gene GAPDH. The fold
differences were calculated through using the “222%” method. Statistical significance was tested

through the Students T-test.
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6.2.4 Immunofluorescence staining
Cells were prepared for immunostaining by seeding them on glass bottom MatTek dishes. They were

cultured for 3-4 days to allow recovery and then prepared for CAV3 staining as described in section

2.5.1.

6.2.5 Transmission electron microscopy

6.2.5.1 TEM protocol

Culture medium was removed from cell culture dishes; cells were rinsed with PBS then fixed in 2.5%
gluteraldehyde in cacodylate buffer. Further preparation was conducted by Ivan Diakonov as

described in section 2.4.1.

6.2.5.2 TEM analysis

o“_n

From each TEM sample preparation, an “n” number of cells were processed. From each cell, 5-10
sections/frames were prepared. The total number of caveolae per frame was manually counted and
used to calculate an average number of caveolae per cell. This was divided by the size of the frame
to give the total number of caveolae per um. To test for statistical significance, a students T-test was

conducted.

6.2.6 FRET

6.2.6.1 iPSC-CMs (IMR) transfection with pTEV FRET sensor

iPSC-CMs were transfected with the cAMP-specific FRET sensor plasmid Turquoise-Epacl-Venusvenus
(pTEV) plasmid using Lipofectamine3000 kit. The manufacturer’s guidelines were followed with

optimization to incubation times (Fig 6.1). As described above in section 5.2.6.2.
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‘ Dilute 1.5uL P3000 reagent in 50uL Opti-MEM in Eppendorf 1, and dilute 1ug plasmid
DNA and Lipfectamine3000 in 50uL Opti-MEM in Eppendorf 2. Mix thoroughly and
v v incubate at room temp for 5min

Combine the DNA mixture with the P3000 reagent mixture and gently vortex of
pipette, then incubate at room temp for 15min

Is Dispense the total of 50uL of the transfection mixture to the culture dish and
incubate at 37°C for 2-4 days.

Figure 6. 1 Transfection of iPSC-CMs (IMRs) with the pTEV FRET plasmid
6.2.6.2 Isoprenaline dose-response curves

Dose responses for BAR stimulation with isoprenaline of aged iPSC-CMs (at D90) was conducted to
assess the ECso of both receptors using the same protocol as described in Chapter 5. Final
concentrations of 0.1nM, 0.3nM, 1nM, 3nM, 10nM, 30nM, and 100nM of ISO were prepared in FRET
buffer. CGP20712A (CGP) (Sigma Aldrich, Poole UK) (100nM) was used for blocking B:AR and ICI
(Tocris, UK) (50nM) was used for blocking B,AR prior to ISO stimulation. Upon reaching a plateau in
the FRET response, cells were perfused with NKH477 (NKH) (Sigma Aldrich, Poole UK) (final

concentration of 10uM) to fully stimulate all AC activity and achieve maximal cAMP release (Fig 6.2).

50/100 nM 0.1nM 0.3 nM 1nM 3nM 10 um
|C|/Cf5P ISO ISO ISO ISO NKH
10mins 5 mins 5 mins 5 mins 5 mins 5 mins
50/100 nM 3 nM 10 nM 30 nM 100 nM 10 pM
cl/ccp ISO ISO ISO ISO NKH
10mins 5 mins 5 mins 5 mins 5 mins 5 mins

Figure 6. 2 Protocol for dose responses of 8:1AR and B,AR to isoprenaline used for FRET
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6.2.6.3 Phosphodiesterase inhibition

PDE activity of aged cells (D90) was conducted using the same drug treatment protocol described in
Chapter 5. After B1AR or B2AR stimulation with 1SO, PDE2, PDE3 and PDE4 were selective inhibited
with 10uM EHNA, 10uM Cilostamide and 10uM Rolipram respectively. Once a plateau was obtained,

100uM IBMX was added to the bath for non-selective inhibition of PDEs, followed by 10uM NKH (Fig

6.3).
10 min 10 min 10 min 10 min 10 min
50nM ICI 30nM ISO 10uM EHNA 100uM IBMX 10uM NKH
10uM CILO
10pM ROLI
10 min 10 min 10 min 10 min 10 min
100nM CGP 30nM ISO 10puM EHNA 100uM IBMX 10uM NKH
10uM CILO
10puM ROLI

Figure 6. 3 Protocol for investigating PDE2, 3 and 4 activity with FRET microscopy with the respective

drug treatments of the stated final concentrations

6.2.6.4 FRET analysis

Analysis of the FRET results were conducted in Microsoft Excel. The ratio between the fluorescence
recorded from the YFP channel and the CFP channel was calculated and plotted to obtain a regular

YFP/CFP FRET trace. These results are shown as line graphs with the “FRET ratio (Venus/Turquoise)”
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plotted. From this the percentage change in the ratio from baseline to the drug treatment in question
was calculated. The FRET response from ISO or the PDE inhibitor were normalised to the maximal drop
recorded when the cells were treated with NKH. These results are shown as bar graphs plotted as %
FRET change Venus/Turquoise normalised to NKH. In addition, the basal tone of the PDE is also
reported. This was measured by calculating the change in FRET ratio from BAR stimulation with ISO to

PDE drug treatment and is normalised to the maximal cAMP response.

1SO
Change in FRET
(150)
Change in FRET Maximal change
(PDE) . in FRET

Change in FRET
(1BMX)

FRET ratio (Venus/Turq)

Time

% FRET change (normalised to NKH) = ___ % Change in FRET (I1SO)

Maximal change in FRET

% FRET change (Basal tone) = % Change in FRET (PDEi)

Maximal change in FRET

Figure 6. 4 Diagram depicting calculations from the FRET traces

6.2.7 Statistical analysis
The statistical tests conducted has been described in each experimental method section. Generally,
the statistical analysis used to analyse data obtained for experimental work was Students T-Test,

which were performed using GraphPad Prism 5. The statistical significance was set at p<0.05 and data

has been reported with +SEM (Standard error of the mean).
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6.3 RESULTS

6.3.1 Quantification of structural genes expression levels in iPSC-CMs through

cardiac differentiation

The gene expression levels of the structural genes, a-actinin, BIN1, JPH2, CAV3 and cTNT were
assessed by RT-QPCR in iPSCs (D0) and iPSC-CMs at D30, D60 and D90 of maturation. Expression levels
were normalised to the expression levels at iPSCs (D0). There was no clear change in expression levels
as iPSC-CMs were aged, except for the expression of cTnT which was significantly increased from DO
to D30 and had the highest expression level observed after iPSCs differentiation (p<0.05). In addition,
a small but gradual increase was detected in CAV3 expression levels from D30 to D90, although not
statistically significant. A slight reduction in BIN1 was noted, and no change in JPH2 and a-actinin

expression was detected (Fig 6.5).
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Figure 6. 5 Gene expression analysis of respective genes throughout iPSC maturation

RT-gPCR was used to detect gene expression of the major structural genes for cardiomyocyte structural
development. There was no significant difference in gene expression in response to increasing culture
time from 30 and 90 days (n=4). All results are normalized to GAPDH. (Repeated measures ANOVA,
Tukey’s post hoc p<0.05). Data presented as mean + SEM
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6.3.2 Investigating the influence of ageing iPSC-CMs on caveolin-3

Although there was no change in the structural genes assessed previously, the slight increase in CAV3
was investigated further, particularly as it is a crucial player in caveolae structures. The effect of ageing
iPSC-CMs from D30 to D90 on CAV3 density and distribution was assessed by immunostaining and
imaging for CAV3. MBCD was used to remove membrane caveolae to see if its treatment influences
CAV3 density or distribution. As previously described, ageing iPSC-CMs to D90 led to an increase in
CAV3 gene expression, although statistical significance was not obtained (Fig 6.6a).
Immunofluorescence staining images were used to calculate CAV3 protein density. There was a 45%
increase in CAV3 density after ageing cells. There was no change from control in protein density

detected when cells were treated with MBCD at D30 or D90 (Fig 6.6b, c).
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Figure 6. 6 CAV3 expression and protein density of age-dependent maturation of iPSC-CMs

A) Gene expression of CAV3 in D30 and D90 iPSC-CMs (n=6). B) Imnmunofluorescence staining for CAV3
(red) and DAPI (blue) at D30 and D90 iPSC-CMs. C) Quantification of CAV3 protein density at D30 (n=19)
to D90 (n=13). Prolonging culture period of iPSC-CMs to 90 days after differentiation increases CAV3
gene expression and protein density. Data are presented as mean + SEM. Significance was determined

by One-Way ANOVA with Bonferroni post-hoc test. *p<0.05, ***p<0.001
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6.3.3 Assessing the influence of ageing iPSC-CMs on caveolar compartments

As ageing iPSC-CMs significantly increases CAV3 protein density, its effect on membrane caveolae
structures was assessed. The density of caveolae compartments were investigated though
transmission electron microscopy (TEM). Control and MBCD-treated iPSC-CMs at D30 and D90 were
processed for TEM. Analysis showed that at D30 under control conditions, iPSC-CMs possess 0.2
caveolae per um. After ageing to D90, this increases to 0.6 caveolae per um. This is a 3-fold increase
in caveolae number after ageing. When cells were treated with MBCD and then assessed for
membrane caveolae content, there was a significant decrease in caveolae number in both the control
D30 and the aged D90 cells; dropping to 0.1 and 0.08 caveolae per um respectively (p<0.05). In
comparison to when cells are transfected with CAV3 for overexpression of the protein, a significant
increase from control in membrane caveolae is observed (p<0.05), although not as extensively as D90

cells (Fig 6.7).
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Figure 6. 7 Effect of age-dependent maturation on iPSC-CMs membrane caveolae number

A) TEM images showing surface caveolae (indicated with arrows) in control + MBCD treatment, aged
iPSC-CMs to D90 + MBCD and in CAV3-OX (D30) iPSC-CMs. Scale bar represents 0.5um. B)
Quantification of caveolae per um of cell membrane in D30 control (n= 45/2), D30 MBCD-treated
(n=37/2), D90 control (n= 10/2), D90 MBCD-treated (n=13/2) and CAV3-0OX (n=21/1) iPSC-CMs. Ageing
the cells in culture significantly increases the number of membrane caveolae complexes to levels similar
to overexpressing CAV3.The number of caveolar compartments decrease significantly when iPSC-CMs
are treated with MBCD. Data are presented as mean + SEM. Significance was determined by One-Way

ANOVA with Bonferroni post-hoc test. *p<0.05, ***p<0.001. n=cells/batches
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6.3.4 Investigating the effect of ageing iPSC-CMs on the genetic and functional
activity of B1ARs and B2ARs

As ageing iPSC-CMs to D90 has shown to increase membrane caveolae, the influence this has on the
functional activity of BAR signalling and cAMP activity was investigated. To begin with, the expression
levels of B1AR and B.AR were quantified through RT-gPCR of iPSCs (D0) and of iPSC-CMs at D30, D60
and D90 of maturation. Interestingly only a 1.4-fold increase in B1AR expression was observed from
D30 to D90 iPSC-CMs and no statistical significance was obtained; interestingly, there was a dramatic
increase of 3.2-fold in B2AR expression was obtained as cells were aged to D90. At D30, B.AR
expression was 1.7-fold higher than B,AR, and at D90 B,AR expression was 3.5-fold greater than B1AR

(Fig 6.8a).

To assess the influence of increased CAV3 expression and increased caveolae microdomains as iPSC-
CMs are aged, cAMP activity was assessed in D30 and D90 in response to B:AR or B,AR stimulation
with FRET microscopy. BARs were stimulated with isoprenaline in the presence of ICI or CGP
respectively. Isoprenaline concentration ranging from 0.1-100nM were tested from which a dose
response curve was produced. When ;AR was stimulated with isoprenaline, an ECso of is 4.8nM and
14.4nM was obtained in D30 and D90 cells respectively; a statistically significant difference was
obtained (p<0.05). On the other hand, in the dose response curve upon B,AR stimulation, an ECs of
2.4nM and 7.7nM in D30 and D90 respectively was calculated; no statistical difference was observed.
There was no change in the maximal response of the B1AR response from D30 to D90, however the

B2AR response was significantly increased from D30 to D90 (p<0.05) (Fig 6.8b).
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Figure 6. 8 Stimulation of BAR with isoprenaline induces dose-dependent cAMP release

A) Differential 8:AR and 8,AR gene expression in iPSCs (DO) and iPSC-CMs after 30, 60 and 90 days of

differentiation. N=3 B) Concentration response curves for 8;AR and 8,AR to Isoprenaline ranging from

0.1nM to 100nM at D30 and D90 of iPSC differentiation. EC50 for 8:AR at D30 vs D90 is 4.8nM and

14.4nM respectively (F(n,d)=30.55 (4,227), p<0.0001), and for 8,AR at D30 vs D90 is 2.4nM and 7.7nM

respectively (f(n,d)=1.55 (4,66), p=0.2) Data shown as mean + SEM; *P<0.05, **P<0.01 between

marked groups (1-way ANOVA with Tukey’s post hoc test).
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6.3.5 The influence of ageing iPSC-CMs on the functional activity of B1AR-cAMP

Next, FRET experiments were conducted to investigate how changes in membrane caveolae as iPSC-
CMs were aged may influence B:;AR-dependent cAMP signalling. BiARs were stimulated with
isoprenaline in the presence of the B,AR-blocker ICl, PDEs were subsequently inhibited by IBMX, and
then treated with NKH for maximal cAMP output. Results were normalised to the NKH response. Upon
B1AR stimulation of D30 cells, a 23.7 + 2% cAMP response was obtained. The addition of IBMX
significantly elevated the level of cytosolic cAMP to around 80% of the total cAMP potential of the cell
indicated significant PDE activity (p<0.05). A similar response was obtained from D60 and D90 cells;
therefore, no difference from D30 was observed as the iPSC-CMs were aged. The cAMP response

detected after IBMX treatment was relatively consistent at all three ages of cells (Fig 6.9).
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Figure 6. 9 8:AR-dependent cAMP output throughout iPSC-CM maturation

A) Representative FRET traces of D30, D60 and D90 iPSC-CMs upon B:AR stimulation with ISO in the
presence of 8,AR blocker ICI, PDE inhibition with IBMX and subsequent activation of AC with NHK477.
B) Percentage change in FRET ratio normalised to maximal cAMP released by NKH stimulation D30 (n=
97/11), D60 (n= 158/11) and D90 (n= 121/8) for 81AR responses. Data are presented as mean + SEM.
Significance was determined by One-Way ANOVA with Bonferroni post-hoc test. *p<0.05, ***p<0.001.

n=cells/batches
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6.3.6 The influence of ageing iPSC-CMs on the functional activity of B.AR-cAMP

Similar to the previous experiment, how ageing iPSC-CMs changes membrane caveolae number may
influence B.AR-dependent cAMP signalling was investigated. B,ARs were stimulated with isoprenaline
in the presence of the B1AR-blocker CGP, PDEs were subsequently inhibited by IBMX, and then treated
with NKH for maximal cAMP output. Results were normalised to the NKH response. Upon (,AR
stimulation with isoprenaline of D30 cells, a 47.7 £ 4.5% cAMP response was recorded. In D60 cells, a
decrease in cAMP was recorded at 35.2 £ 5.9% output of total cAMP. Interestingly, by D90, only an
11.5 % 2.2% change in FRET ratio was recorded in response to B,AR stimulation; this was a 75% lower
than D30 cells. This was a significant drop from D30 and D90 iPSC-CMs (p<0.05). PDE inhibition with
IBMX resulted in an 80% change in FRET ratio, this was significantly increased from the cAMP upon
B.AR stimulation and was consistent at all 3 ages (p<0.05) (Fig 6.10). This indicates that background

PDE’s are also functionally active against ,AR-cAMP pools.
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Figure 6. 10 8,AR-dependent cAMP output throughout iPSC-CM maturation

A) Representative FRET traces of D30, D60 and D90 iPSC-CMs upon B,AR stimulation with ISO in the
presence of 8:AR blocker, PDE inhibition with IBMX and activation of AC with NHK477. B) Percentage
change in FRET ratio normalised to maximal cAMP released by NKH stimulation at D30 (n= 38/4), D60
(n=15/3) and D90 (n= 90/5) for 8,AR responses. Data are presented as mean *+ SEM. Significance was
determined by One-Way ANOVA with Bonferroni post-hoc test. *p<0.05, ***p<0.001. n=cells/batches
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6.3.7 Investigating caveolar compartmentation of B1AR and B2AR- dependent

cAMP activity in aged iPSC-CMs

To understand more specifically the role that caveolae play in B1AR and B2AR signalling in aged iPSC-
CMs, MBCD was used to remove caveolae and then changes in cAMP output was assessed. Results
were normalised to NKH treatment to understand cAMP output in relation to maximal cAMP output
by AC activation. There was a significant increase detected in cAMP activity in relation to maximal
output from both B1AR (from 17.6 £ 1.3% to 29.0 £ 2.8% FRET change) and B.AR (from 11.5 £ 2.2% to
64.2 + 3.9% FRET change) after caveolae depletion (p<0.05); although the increase in B,AR is more

dramatically augmented (Fig 6.11).
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Figure 6. 11 8:AR and BAR activity in caveolar domains of aged iPSC-CMs

The association of BAR-cAMP activity with caveolae was assessed in iPSC-CMs at D90 with isoprenaline
in the presence of ICl or CGP for 8:AR and B,AR respectively. The percentage change in FRET ratio was
normalised the maximal cAMP produced upon AC activation with NKH. Data are presented as mean +
SEM. Significance was determined by One-Way ANOVA with Bonferroni post-hoc test. *p<0.05,
*¥p<0.01, ***p<0.001
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6.3.8 Effect of ageing iPSC-CMs on PDE2, PDE3 and PDE4 gene expression

Ageing iPSC-CMs significantly increases CAV3 protein and membrane caveolae number, and this
correlates well with the decrease in B2AR signalling. This indicates that age-dependent maturation
effectively increases cAMP compartmentation. This study continues by investigating whether changes

in PDE activity are also affected by prolonged iPSC-CMs culture.

From previous experiments, it was interesting to note that despite the changes in cAMP handling after
ageing iPSC-CMs, there was no detectable change to overall PDE responses by IBMX treatment.
However, the relative contribution of individual PDE families was not depicted. To investigate further,
PDE2, 3, and 4 gene expression profiles were assessed by RT-qPCR of iPSCs and iPSC-CMs at D30, D60
and D90 of maturation. Results were normalised to iPSCs (DO). PDE2A had an expression level of 5.7
at D30, which lowered to 3.2 by D90; although these results were not significantly different. PDE3A
had an expression level of 3.1 at D30 and 4.8 at D90. PDE3B also had similar expression levels at D30
and D90; which seemed to be lower than the expression level of PDE3A. PDE3B seemed to be the least
expressed subtype in iPSC-CMs at D30. Of the PDE4 family, PDE4AD was the most highly expressed,
significantly higher than the other PDE subtypes (p<0.05). Overall, when investigating the effect of

ageing iPSC-CMs on PDE expression profiles, no significant changes from D30 to D90 were observed.
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Figure 6. 12 Gene expression profiles of PDE 2, 3, 4 isoforms at D30, D60 and D90 in culture

RT-QPCR was used to detect gene expression of three major PDE 2, 3, 4 families. There was no
significant difference in gene expression of these PDEs from 30 to 90 days. A significant difference was
observed from PDE4D with all other PDE subtypes at D30 (*), D60 (#) and D90 (T) respectively. One-
way ANOVA, Bonferroni’s post hoc (p<0.05). Data presented as mean + SEM.
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6.3.9 B1AR and B2AR-cAMP dependent PDE2 activity in aged iPSC-CMs

Firstly, the influence of caveolar compartmentation on PDE2 activity upon B1AR and B.AR cAMP pools
in aged cells (at D90 of differentiation) was assessed through FRET microscopy. MBCD was used for
removing caveolae from the cell membrane. BARs were stimulated with isoprenaline in the presence
of either ICl or CGP to achieve a B1AR- or B2AR-cAMP response respectively. Cells were treated with
EHNA for inhibition of PDE2. Subsequently, all PDEs were inhibited by treatment with IBMX, and finally
ACs were activated by NKH for maximal cAMP output. Change in FRET ratio was normalised to NKH
response to obtain a response relative to the total cellular cAMP activity. This experiment was

conducted in control and MBCD-treated conditions.

In control cells, treatment with EHNA increased B1AR-cAMP output from 17.6 + 1.3% to 25.2 + 3.6%;
although this was not statistically significant. Upon removal of caveolar compartments, B1AR-cAMP
output became significantly increased to 29.0 = 2.8% and 43.4 + 5.6% upon PDE2 inhibition (p<0.05).
Similarly, PDE2 activity on B,AR-cAMP pool was significantly enhance after caveolae disruption
(p<0.05). cAMP output was increased from 11.6 £ 2.2% in control to 64.2 + 4.0% in MPBCD-treated cells

upon B,AR stimulation with ISO, and from 38% in control to 66% in MBCD-treated cells after EHNA.

The role of PDE2 on degrading B:AR- and B,AR-dependent cAMP was assessed by calculating the
change in FRET ratio due to the addition of EHNA alone, this is reported as basal tone. Interestingly,
PDE2 showed a greater role in B;AR-dependent cAMP degradation than B,AR-dependent cAMP. Upon
treatment with MBCD for caveolae removal, there was a difference detected in the tone of PDE2 on
B2AR-cAMP. This was greater effect of PDE2 inhibition detected after MBCD treatment; although not

significant, possibly due to the large error bars (6.13d).
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Figure 6. 13 81AR and 8,AR dependent PDE2 activity in D90 iPSC-CMs

The association of 8:AR and 8;AR-cAMP degrading PDE activity with caveolae was assessed in iPSC-
CMs at D90 with isoprenaline in the presence of ICl or CGP respectively, with subsequent inhibition of
PDE2 with EHNA. The percentage change in FRET ratio was normalised to maximal cAMP produced
upon AC activation with NKH. A) Representative FRET trace upon B:AR stimulation and quantified
percentage FRET change in control (n=48/3) and MBCD (n=9/2). B) Representative FRET trace upon
B,AR stimulation and quantified percentage FRET change in control (n=55/7) and M6CD (n=8/2). C)
Comparison of 81AR and B,AR response to PDE2 inhibition in control and MBCD treated cells where the
response is normalised to the effect of NKH. D) The percentage change in FRET ratio resented to show
the basal tone of the PDE effect in control and MBCD treated cells. Data are presented as mean + SEM.
Significance was determined by One-Way ANOVA with Bonferroni post-hoc test. *p<0.05, **p<0.01,
***p<0.001. n=cells/batches
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6.3.10 B1AR and B2AR-cAMP dependent PDE3 activity in aged iPSC-CMs

Next, the influence of caveolar compartmentation on PDE3 activity on both B;AR- and B,AR-cAMP
pools in aged cells was also assessed in a similar way to the previous experiment. B;AR- or B,AR-cAMP
were stimulated with isoprenaline before the inhibition of PDE3 with cilostamide. IBMX was used for
the inhibition of all intracellular PDEs and NKH was used for AC activation. This experiment was

conducted in control and MBCD-treated conditions in iPSC-CMs at D90 of differentiation.

Interestingly, in response to cilostimide, there was a decrease in cAMP output from that of B;AR
stimulation with isoprenaline from 17.6 + 1.3% to 2.8 £ 2.8%. Upon caveolae disruption with MBCD, a
similar response was obtained, the FRET ratio decreased from 29.0 + 2.8% to 11.2 £ 6.3%. The decrease
in FRET ratio indicates that inhibition of PDE3 leads to a reduction in cellular cAMP This decrease in
response was not detected within B2AR-cAMP pools. PDE3 inhibition after B,AR activation led to a
significant increase in cAMP output, from 11.54 + 2.2% to 60.7 +5.7% in control cells (p<0.05). As the
disruption of caveolae microdomains had significantly augmented the cAMP response upon ,AR

stimulation (p<0.05), only a slight increase was detected after PDE3 inhibition (Fig 6.14a, b, c).

The role of PDE3 on degrading BiAR- and B,AR-dependent cAMP was assessed by calculating the
change in FRET ratio due to the addition of cilostamide alone, this is reported as basal tone.
Interestingly, PDE3 influenced cAMP in an opposing manner from PDE2 activity. Cilostamide addition

lead to an increase in FRET ratio, indicating a decrease in cAMP concentrations (Fig 6.14d).
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Figure 6. 14 8,AR and 8,AR-dependent PDE3 activity in D90 iPSC-CMs

The association of 8:AR and 8,AR-cAMP degrading PDE activity with caveolae was assessed in iPSC-
CMs at D90 with isoprenaline in the presence of ICl or CGP respectively, with subsequent inhibition of
PDE3 with Cilostamide. The percentage change in FRET ratio was normalised to maximal cAMP
produced upon AC activation with NKH. A) Representative FRET trace upon B8;AR stimulation and
quantified percentage FRET change in control (n=51/2) and MBCD (n=17/2). B) Representative FRET
trace upon B,AR stimulation and quantified percentage FRET change in control (n=8/3) and MBCD
(n=9/3). C) Comparison of 8:AR and B,AR response to PDE3 inhibition in control and MBCD treated cells
where the response is normalised to the effect of NKH. D) The percentage change in FRET ratio resented
to show the basal tone of the PDE effect in control and MBCD treated cells. Data are presented as
mean + SEM. Significance was determined by One-Way ANOVA with Bonferroni post-hoc test. *p<0.05,

**p<0.01, ***p<0.001. n=cells/batches
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6.3.11 B1AR and B2AR-cAMP dependent PDE4 activity in aged iPSC-CMs

Lastly, the influence of caveolar compartmentation on PDE4 activity on both B:AR- and ;AR-cAMP
degradation in aged cells was also assessed as previously described. PDE4 was inhibited with rolipram.
This experiment was conducted in control and MBCD-treated conditions in iPSC-CMs at D90 of

differentiation.

In control conditions, B1AR activation with PDE4 inhibition resulted in an 73.0 + 4.8% cAMP output of
total PDE activity, and a small yet non-significant increase in FRET from 73.1 £ 4.7% to 82.3 + 2.6% was
detected when caveolae were removed. PDE4 activity on B,AR-cAMP resulted in maximal release of
cAMP (98% FRET shift) in control conditions, such that the effect of caveolae removal was

undetectable (Fig 6.15 a, b, c).

The role of PDE4 on degrading B1AR- and B.AR-dependent cAMP was assessed by calculating the
change in FRET ratio after the addition of rolipram alone, this is reported as basal tone. PDE4 showed
a greater role in BiAR-dependent cAMP degradation than B.AR-dependent cAMP. PDE4 was
responsible for 60 £ 4.7% of all PDE activity, and the removal of caveolae had no significant influence
on this. A smaller effect of PDE4 was detected on B,AR-dependent cAMP, and caveolae removal

increased PDE4-dependent cAMP degradation from 20 £ 5.1% to 40 + 5.6% total activity (Fig 6.15d).
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Figure 6. 15 81AR and 8,AR-dependent PDE4 activity in D90 iPSC-CMs

The association of 8:AR and 8;AR-cAMP degrading PDE activity with caveolae was assessed in iPSC-
CMs at D90 with isoprenaline in the presence of ICl or CGP respectively, with subsequent inhibition of
PDE4 with Rolipram. The percentage change in FRET ratio was normalised to maximal cAMP produced
upon AC activation with NKH. A) Representative FRET trace upon 8:AR stimulation and quantified
percentage FRET change in control (n=36/3) and MBCD (n=23/2). B) Representative FRET trace upon
B2AR stimulation and quantified percentage FRET change in control (n=33/3) and MBCD (n=40/3). C)
Comparison of 81AR and B,AR response to PDE4 inhibition in control and MBCD treated cells where the
response is normalised to the effect of NKH. D) The percentage change in FRET ratio resented to show
the basal tone of the PDE effect in control and MBCD treated cells. Data are presented as mean + SEM.
Significance was determined by One-Way ANOVA with Bonferroni post-hoc test. *p<0.05, **p<0.01,
*¥**¥p<0.001. n=cells/batches
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6.3.12 Comparing BAR-cAMP dependent PDE2, PDE3 and PDE4 activity in aged
iPSC-CMs

A comparison between the three PDEs of aged iPSC-CMs was made to understand the role of each
PDE and its association with caveolar microdomains. In the absence of PDE inhibitors, 18% of maximal
cAMP is maintained in the cytosol after there ;AR stimulation with isoprenaline alone. Inhibiting
PDE2 activity slightly, yet significantly, raised cytosolic cAMP level to 25% cellular cAMP output
(p<0.05). PDE4 has the greatest response leading to 73% of total cAMP output. Interestingly, PDE3
inhibition showed to have a negative influence on cAMP output and actually reduced cellular cAMP
to less than 3%. After the removal of caveolae using MBCD, B1AR stimulation led to a 30% cAMP
output, significantly raised from control (p<0.05). The removal of caveolae only significantly influence
PDE2 activity (p<0.05), almost doubling cAMP output after its inhibition. Little effect was observed on

PDE3 and PDE4 inhibition in comparison to control, -MBCD cells (Fig 6.16a).

The PDEs involved with B,AR-dependent cAMP degradation was also investigated. B2AR stimulation in
the absence of PDE inhibitors led to a 12% cytosolic cAMP level. Inhibition of PDE2 led to a 3-fold
increase in cAMP accumulation. Inhibition of PDE3 had a greater effect, leading to a 6-fold increase in
cAMP. Inhibition of PDE4 had the greatest influence on cAMP, leading to an almost maximal cAMP
output. The removal of caveolae releases 64% of total cAMP when PDEs are still in play. There is no
further change seen when PDE2 or PDE3 were inhibited. However, PDE4 inhibition led to maximal

cAMP output being achieved (Fig 6.16b).
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Figure 6. 16 8:AR- PDE2, 3 and 4 activity in in control and MBCD-treated D90 iPSC-CMs

A) The association of 8:AR and B) 8,AR-cAMP degrading PDE activity with caveolae was assessed in
iPSC-CMs at D90 with isoprenaline in the presence of ICl, with subsequent inhibition of PDE2, 3 or 4
with EHNA, Cilostamide or Rolipram. The percentage change in FRET ratio was normalised maximal
cAMP release upon AC activation by NKH. Data are presented as mean *+ SEM. Significance was

determined by One-Way ANOVA with Bonferroni post-hoc test. *p<0.05, **p<0.01, ***p<0.001
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6.3.13 PDE2, PDE3 and PDE4 activity on B1AR- and B2AR-dependent cAMP pools in
D30 and D90 iPSC-CMs

Although there were no changes detected in PDE gene expression profiles as iPSC-CMs were aged
from D30 to D90, it was important to depict any potential underlying functional activity. After either
B1AR or B2AR stimulation with isoprenaline in D30 and D90 cells, PDE2, 3 and 4 activity was assessed
through using selective inhibitors, EHNA, Cilostamide (CILO) and Rolipram (ROLI) respectively.
Stimulation of B1AR with isoprenaline in the absence of PDE inhibitions led to a 23% cAMP output in
D30 cells compared to 17% in D90 cells. No statistically significant difference in PDE2, PDE3 or PDE4
activity, and therefore, cAMP output, was detected by ageing iPSC-CMs from D30 to D90. In summary,
in comparison to B1AR-cAMP from ISO stimulation, PDE2 inhibition did not affect cAMP output.
Inhibition of PDE3 lowered cellular cAMP to only about a 2% of total cytosolic cAMP; and inhibition of

PDE4 had the largest increase in cAMP leading to around 75% cAMP output (Fig 6.17a).

Investigating the B2AR-cAMP dependent PDE activity as aged cells had very interesting responses in
comparison to B:AR activity. Firstly, upon assessing solely the activity of B,AR stimulation alone before
and after ageing, a significant decrease in cAMP output from 44% to 11% of total cellular cAMP was
detected (p<0.05). At D30, stimulation of B,AR with the inhibition of PDE2 lead to a 51% cAMP output.
This PDE2 activity was significantly reduced in D90 cells with only a 38% cAMP output detected
(p<0.05). When investigating the influence of PDE3, a significant increase from 30% to 60% change in
FRET was observed after ageing iPSC-CMs (p<0.05). PDE4 activity was also significantly increase in D90
cells from 70% to 99% change in FRET (p<0.05). In summary, as mentioned in the previous chapter, at
D30, in comparison to receptor stimulation with ISO in the absence of PDE inhibitors, no change in
cAMP was detected after PDE2 inhibition, PDE3 inhibition significantly reduced cytosolic cAMP
(p<0.05), and PDE4 inhibition significantly increase cytosolic cAMP (p<0.05). However, at D90,
inhibition of PDE2, 3 and 4 resulted in a significant increase cellular cAMP output in comparison to

receptor stimulation with isoprenaline alone (p<0.05) (Fig 6.17b).
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Figure 6. 17 Aged iPSC-CMs shows compartmentalised 6,AR-cAMP and PDE2, 3 and 4

A) cAMP degrading PDE activity associated with 6:AR and B) 8,AR was assessed in iPSC-CMs at D30
and D90 with isoprenaline in the presence of ICl or CGP respectively, and subsequent inhibition of PDE2,
PDE3 or PDE4 with EHNA, cilostamide or rolipram. The percentage change in FRET ratio was
normalised to maximal cAMP produced upon AC activation with NKH. Data are presented as mean +
SEM. Significance was determined by One-Way ANOVA with Bonferroni post-hoc test. **p<0.01,
**%p<0.001. # = significant from D30 ISO, T = significant from D90 ISO
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6.3.14 Summary of PDE2, PDE3 and PDE4 activity towards BAR-cAMP pools

Based on the basal tones described in sections 6.13-15, a comparison of PDE2, 3, and 4 with and

without caveolae was made.

Upon comparison of B;AR-dependent responses, PDE2 tone was not influenced by caveolae removal,
nor did maturation alter PDE2 response on cytosolic cAMP. PDE3 responses were significantly lower
than both PDE2 and PDE4 activity (p<0.05); most likely as an opposing response of PDE3 on cAMP was
noted. Inhibition of PDE3 resulted in a decrease in cAMP. The removal of caveolae resulted in a more
significant decrease in cAMP (p<0.05), however, this was only significant in D30 cells and to a smaller
extent in D90 cells. In comparison to PDE2 and PDE3, PDE4 had the greatest influence on cAMP
degradation, and even more so after iPSC-CMs were aged. The removal of caveolae had no influence

on PDE4 activity in early or late stage iPSC-CM:s.

Similarly, B,AR-dependent responses of PDE2, 3, and 4 were assessed. Interestingly, unlike B1AR-
dependent response to PDE2 activity, B.-dependent response was sensitive to caveolae removal and
a significant decrease in PDE2 activity was noted (p<0.05). Although a reduced level of PDE2 activity
was noted in aged iPSC-CMs, the response was not significant. Furthermore, caveolae removal didn’t
affect PDE2 activity. Similar to the response of B1AR, B,AR-dependent PDE3 response was significantly
lower than that of PDE2 and PDE4 (p<0.05). PDE3 inhibition seems to be decreasing cytosolic cAMP.
Removal of caveolae had no effect on PDE3 activity in early iPSC-CMs, however, interestingly, PDE3
activity was abolished in aged cells. The level of PDE4 activity on B2AR-cAMP seems similar to PDE2
activity, unlike on B1AR-cAMP pools, and this level of activity was not altered as cells were aged.

Interestingly, PDE4 activity was enhanced after caveolae removal in aged cells (Fig 6.18).
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Figure 6. 18 Summary of PDE2, 3 and 4 tone upon BAR-cAMP in caveolae compartmentation

An overall comparison of the basal tones of PDE2, 3 and 4 activity associated with 6:AR and 8,AR in
iPSC-CMs at D30 and D90 in the presence or absence of caveolar microdomains. Data are presented
as mean + SEM. Significance was determined by One-Way ANOVA with Bonferroni post-hoc test.
**p<0.01, ***p<0.001.
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6.4 DISCUSSION

In this chapter the effect of prolonging iPSC-CMs culture time from 30 days to 90 days as a method of
maturation was investigated by studying the functional developments of the BAR pathway. Changes
in gene expression of the BAR signalling pathway components were assessed, along with the structural
development of caveolae, and their role on compartmentalising BARs-cAMP pools. Furthermore, the
gene expression levels of PDE2, 3, and 4 and their functional activity was investigated as iPSC-CMs are

aged.

a-Actinin and cTnT are an integral part of the contractile machinery and are strong markers of cardiac
phenotype. Their expression levels are known to increase throughout iPSCs differentiation along the
cardiac lineage. Their expression levels are shown to occur early in iPSC-CMs (by D30) (Cai et al., 2019),
which supports this study; robust expression of both a-actinin and cTnT is seen by D30 and no further
increase in expression was observed as cells were aged. This indicates that these proteins are already
robustly expressed in early cardiomyocytes and ageing alone does not enhance expression levels. To
develop a deeper insight into the functional relevance of these proteins, it would be important to
investigate their orientation and alignment, as well as interaction with other proteins essential within
the sarcomeric complex. Previous studies report that long term culture of iPSC-CMs (45 days)
significantly increases thin filament, and therefore, sarcomere length, and also increased fibre density,
definition and alignment (Dias et al., 2018; Lundy et al., 2013a); although expression levels remain

lower than that of the adult left ventricle (Kamakura et al., 2013).

Along with a-actinin and cTnT of the sarcomere, Binl, Jph2 and CAV3 are crucial proteins of the T-
tubular network. The effect of prolonged culture of iPSC-CMs on these proteins or T-tubular
development has not previously been documented. However, one previous study has reported
through transcriptome analysis that cardiac tissue formed from early-stage iPSC-CMs subject to

electromechanical conditioning along with four weeks in culture increases Binl, Jph2 and CAV3
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expression (Ronaldson-Bouchard et al., 2018b). In this study we find that there was a slight reduction
in Binl and no overall change in Jph2 gene expression. Previous studies show there is an increase in
expression of CAV3 from D30 to D90 (Gintant et al., 2019; Jung et al., 2016; Ronaldson-Bouchard et
al., 2018b). In this study, this correlates well with the increase in CAV3 density observed in aged cells.
CAV3 induces the formation of caveolae, which are well known to play an important role in the
development of T-tubules. This report found maturation of caveolae in aged iPSC-CMs, reflected by

an increase in CAV3 gene expression, protein density and membrane caveolae by D90.

The functional consequence of membrane caveolar structures in compartmentalising B>ARs as iPSC-
CMs are aged was then investigated by using MBCD to remove membrane cholesterol, hence
disrupting caveolae compartments. In comparison to the results in the previous chapter where early
stage iPSC-CMs were characterised, caveolae removal in aged iPSC-CMs significantly augmented BAR-
cAMP pools. This is an important indication that not only are caveolae membrane domains increasing
in density by ageing iPSC-CMs, but are also functionally relevant as they are restricting BAR signalling.
It is interesting to note that MBCD treatment augments B,AR- signalling more extensively than it does

B1AR-dependent cAMP signalling.

To further depict the maturation of the BAR signalling system, the gene expression of ;AR and B,AR
were first compared in early (D30) and late (D90) stage iPSC-CMs. B2ARs are known to be the dominant
receptor subtype in early myocytes (Jung et al., 2016; Haodi Wu et al., 2015), as is found in this study.
However, previous literature reports a dramatic increase in B1AR expression as iPSC-CMs are aged in
culture with an expression level several folds higher than that of B,AR. This does not compare with
the results of this study, as B2AR remains to be the dominating receptor here. This highlights the
variability we face in iPSC-CMs studies possibly due differences in the differentiation protocols used,

culture conditions and media, or the genetic background of different cell lines.
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This study continued by exploring the functional responses of the BAR subtype-specific signalling as
responses to agonists stimulation are an indicator of phenotypic maturation (Huebsch et al., 2016),
and has been indicated to be developmentally regulated (Germanguz et al., 2011). The BAR subtype
specific responses to isoprenaline were detected by FRET microscopy, with the EC50 values increasing
from 4.8nM and 2.4nM at D30 to 14.4nM and 7.7nM at D90 for B1AR and B2AR respectively. In previous
studies, subtype-specific responses were not identified, however the overall EC50 of total BARs in
iPSC-CMs at D12 of culture had similar EC50 value of 14nM observed by beat frequency, which is also
known to correspond to that observed in clinical studies (Ronaldson-Bouchard et al., 2018b). This
indicates that ageing iPSC-CMs of this cell line is having a positive influence on receptor function as it
presents a similar magnitude of response to those of clinical studies, thus displaying similar

pharmacological responsiveness.

Functional regulation by BAR signalling in iPSC-CMs has most commonly been conducted in previous
studies by assessment of calcium handling properties and chronotropic or inotropic activity, which are
the end-stage responses upon receptor stimulation. However, the knowledge of immediate cellular
responses to receptor activation through cAMP activity is limited in age-matured cells. Using FRET
microscopy to measure real-time cAMP output, BiAR and B.AR receptor response and receptor
subtype-dependent PDE activity was assessed in aged iPSC-CMs for the first time. The role of ;AR
signalling remained rather constant throughout ageing of iPSC-CMs as cAMP output upon receptor
stimulation was consistent. Interestingly, despite B,AR expression increasing with time, its functional
role decreased. The discrepancy between expression level and functional activity may be due to the
way the response is processed in the cell. For example, there is indication from previous literature
that during the late-stages of iPSC-CM maturation, there is a loss of B2AR coupling to G; proteins due
to reduced G; expression and increased G; expression throughout maturation (Haodi Wu et al., 2015).
This would require further investigation in this cell line in future studies. On the other hand, the

localisation of the receptors themselves may be an explanation. As described above, ageing iPSC-CMs

Page 249 of 295



allows maturation of caveolar compartments, which may be involved in the physical
compartmentation of the B,ARs, thus encouraging local pools of cAMP and reducing cytosolic cAMP

levels.

Further to this, cAMP handling through PDE activity may play an essential role in compartmentalising
receptor signalling and may lead to milder responses to BAR stimulation as iPSC-CMs are matured at
later stages. The overall activity of PDE on B:AR and B2AR remained consistent in early and aged iPSC-
CMs as non-selective PDE inhibition regulated the same amount of cAMP degradation. Deeper
investigation into the PDE families revealed that PDE4D was most significantly expressed; although,
ageing did not affect PDE expression levels. Contradictory to this, an increase in many PDE family
proteins in matured iPSC-CMs has been previously reported, thus supporting the suppression of cAMP
signalling (Haodi Wu et al., 2015). This would require further investigation in this cell line, and

potentially the use of other techniques for PDE detection.

Although this report shows that the expression levels of PDEs were not altered as iPSC-CMs were aged,
Wu and colleagues observed contradictory findings. They show that through maturation of iPSC-CMs,
PDE2A expression levels are significantly lowered by D12 and remains low throughout maturation. By
D60, PDE2A expression levels of iPSC-CMs are similar to that of left ventricular (LV) myocytes. PDE3A
expression is significantly increased by D60, although this level of expression is remains substantially
lower than the expression level of the LV myocytes. Furthermore, they also show that PDE4 expression
is significantly raised by D30 and continues to increase by D60, at which point its expression level is
comparable to the LV myocytes (H Wu et al., 2014). This provides valuable insight into how PDE
expression levels are altered as iPSC-CMs are aged, however, further to this, how changes in the

functional activity or cellular localisation may have developed were not investigated.

This report investigated this further through the use of selective inhibitors during the FRET protocols

for real-time cAMP assessment. PDE2 is known to be tightly coupled to the pool of ACs which are
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activated upon BAR stimulation (Mongillo et al., 2006), and therefore plays a critical role in modulating
BAR-cAMP. Results here show that prolonging culture time of iPSC-CMs reduces PDE2 activity towards
B2AR-cAMP pools but not B:AR-cAMP. This supports previous literature which also shows an overall
reduction in PDE2 expression levels as iPSC-CMs were aged, although receptor subtype specificity was
not highlighted. Moreover, PDE2 activity has been noted to increase significantly in a DCM iPSC-CMs
and human heart failure (Mehel et al., 2013; H Wu et al., 2014). This may indicate that PDE2 activity
is lowered during the developmental stages of iPSC-CMs, and enhanced in disease states. The
upregulation of PDE2 during disease plays a protective role against cardiac stress by desensitising

against excessive BAR drive, and blunting receptor responses.

The presence of PDE2 has been previously suggested to be in the cytosol, mitochondria and also at
the plasma membrane in human atrial myocytes, given its association with BAR-cAMP pools (Guellich
et al., 2014; Pavlaki & Nikolaev, 2018). However, its specificity towards B:AR at the non-caveolar
membrane or B,AR at caveolae membrane has not previously been identified. Results from this
chapter show that PDE2 activity did not seem to change towards $:AR-cAMP pools upon disruption of
caveolae. However, its activity based on B,AR-cAMP in early iPSC-CMs was variable in the presence
and absence of caveolae. This may suggest that PDE2 is influenced by B,AR-cAMP and is sensitive to
signalling compartmentation. At this stage, it is difficult to elucidate the exact localisation of PDE2 as
further experimentation can help clarify these findings. In particular, the use of a localised FRET sensor
would be of utmost importance. Furthermore, PDE2 is also sensitive to cGMP, thus, can also influence
PDE2 regulation. So, an assessment of the background cGMP in iPSC-CMs would also need to be

considered.

PDE3 contributes to cAMP hydrolysis in various intracellular compartments of the human myocardium
(Hambleton et al., 2005b). Previous literature suggests that PDE3 isoforms localise to both the
cytosolic and particulate fraction (Guellich et al., 2014), with PDE3A being localised to the sarcoplasmic
reticulum, and PDE3B to caveolin3-rich regions of the plasma membrane, such as the T-tubules, and
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in close proximity to mitochondria, suggesting that it may also play a role towards regulating energy
metabolism (Movsesian et al., 2018). Their association with the individual subtypes of BAR-cAMP is
not yet clear. This study finds that PDE3 activity is not altered during iPSC-CMs maturation, nor show
any particular association with the B1AR or B,AR. However, PDE3 inhibition significantly changes cyclic
nucleotide handling in iPSC-CMs in comparison to PDE2 and PDE4. It shows that upon BARs
stimulation, PDE3 inhibition reduced cytosolic cAMP concentration, suggesting that it may be
functioning against cAMP degradation or for maintenance of basal cAMP. Although previous literature
highlights that PDE3 inhibitors have a protective role, it is actually used clinically to increase
contractility in patients with heart failure (Movsesian et al., 2018). Furthermore, it is also indicated
that the reduction of PDE3A enhances cardiomyocyte apoptosis by upregulating proapoptotic
transcription factors (Ding et al., 2005). This suggest, PDE3 inhibition functions towards increasing
cAMP concentrations, thus enhancing myocyte contractility in the short-term, but can increase
cardiovascular mortality on their long-term administration. The combination of beneficial versus
adverse effects of PDE3 inhibition presents a challenge in understanding the responses seen in iPSC-
CMs. The response of PDE3 inactivation in may have opposing effects on cAMP handling in different

subcellular compartments which need to be further explored.

PDE4 isoforms are known to control PKA-mediated regulation of B1ARs and B,ARs (Richter et al., 2011).
A previous study shows that inhibition of PDE4 in human hearts leads to increased phosphorylation of
a restricted number of proteins in comparison to rodent myocytes where almost all PKA substrates
are phosphorylated. Therefore, PDE4 inhibition does not have ‘global’ effects on cAMP signalling
(Richter et al., 2011). Inactivation of PDE4 has been shown to potentiate inotropic responses to
catecholamines or PDE3 inhibition (Surdo et al., 2017) , suggesting that PDEA4 is a crucial player under
conditions of elevated cAMP. The role of PDE4 towards BAR subtypes has not been previously
elucidated, and was a core part of this chapter. We find that there is a substantial role of PDE4 towards

B1AR-cAMP pools at both early and late stages of iPSC-CMs maturation with no detectable change in
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activity after caveolae removal. This is as expected, as the majority of AR are localised in non-
caveolae regions of the cells and so are not influenced by disruption of membrane compartmentation.
Furthermore, it supports the previous studies as its activity in age-matured cells is becoming more

prominent and is responsible for a greater proportion of cAMP degradation as discussed above.

PDE4 activity towards B,AR-cAMP is less pronounced than B;AR-coupled responses, indicating PDE4
plays a smaller role in cAMP degradation in localised compartments. Interestingly, the disruption of
cellular microdomains enhanced PDE4 activity in aged cells. This indicates that PDE4 activity is
enhanced upon increases in cytosolic cAMP when it is no longer confined to local membrane pools.
Furthermore, the change in enzyme activity upon ageing indicates that changes to PDE4 localisation
may occur during the maturation process of iPSC-CMs. Similar studies need to be conducted in adult
myocytes to make comparisons of PDE4 activity and strengthen our current understanding of PDE4
activity in various subcellular localisations. In particular, PDE4 also exists in various isoforms, and so
how isoform expression and activity changes in subcellular compartments needs to be further

assessed.

Limitations and future work

To develop a deeper understanding of signalling compartmentation, membrane specific sensors
would prove more beneficial as they will be able to detect local cAMP pool with greater accuracy and
sensitivity. This study utilised a cytosolic FRET sensor which may only have a limited capacity for
detecting localised cAMP pools. One previous study depicts the use of Cutie sensors which can be
targeted to specific cellular domains, thus allowing the study of cyclic nucleotides at the nanodomain

level (Surdo et al., 2017).

To further support this study, a comparison to adult human cardiomyocytes or tissue would

strengthen these findings. To understand whether the method of ageing iPSC-CMs in culture is an
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effect method of cellular maturation, the experiments conducted above should also be replicated in
mature adult cells. This would allow a more appropriate comparison of whether the desired signalling
outcome is achieved. However, this is not to say that the findings here are nullified, as they remain
true to this particular cell line under the outlined culture and treatment conditions. Real-time studies
of BAR and PDE based cAMP are limited, so this study is the first to provide such insights. It may also
be supportive of this study to have been conducted in other iPSC or hESC cell lines to indicate whether

similar outcomes are achieved, therefore proving more robust.

One crucial functional property of BARs is the phenomenon of desensitisation which can occur through
receptor internalisation, receptor phosphorylation, PKA phosphorylation or receptor downregulation.
To fully understand the BAR pathway and its maturation status, further investigations into these

mechanisms is essential.

Finally, though ageing iPSC-CMs has shown, through this study and those before it, that it has a
positive influence on major structural and functional properties, it has limited throughput and is
resource and time inefficient. The effect of CAV3-overexpression conducted in this study also displays
a positive influence on caveolae microdomain development and BAR signalling. This could potentially
be one alternative method to ageing to be explored. It would significantly reduce time as well as cost
of culture resources. Also, it would also prevent any dedifferentiation of iPSC-CMs which could occur

with increased culture time.
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Summary

In this chapter we find that age-dependent maturation of iPSC-CMs from 30- to 90-days in culture
enhances CAV3 gene and protein expression which significantly promotes membrane caveolae
development. Prolonging culture time also increases BAR levels. Despite increased gene expression of
B2ARs, we see a decrease in its functional activity. This is as would be expected of mature adult
myocytes; an increase in caveolae number would signify greater compartmentation of the B,ARs, thus
correlating with a decrease in cytosolic cAMP. This indicates a substantial method of maturation of
iPSC-CM microdomain development. Furthermore, we see altered functional activity as iPSC-CMs are
aged, along with difference regarding association with caveolae microdomains. Therefore, this
chapter supports the hypothesis that enhancing the natural developmental process of cardiac
microdomains will positively influence on BAR-cAMP signalling activity. However, due to the use of a
cytosolic FRET sensor, caveolae compartments were not thoroughly depicted. In addition, the lack of
PDE-isoform blockers, only the overall families could be investigated. Future work should make use of
localised FRET sensors, and also incorporate other methodologies to assess PDE localisation, such as

blotting with cell fractionation.
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CHAPTER 7: FINAL DISCUSSION AND CONCLUSIONS
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The primary aim of this thesis was to develop a deeper insight into the B,ARs functional activity in
stem-cell derived myocytes and to use their signalling activity as a prototype to investigate maturation
techniques of the iPSC-CMs. The role of caveolae as functional signalosomes with respect to BARs

activity in iPSC-CMs and its influence on compartmentalising cAMP-degrading PDEs was assessed.

The thesis initially studied the 4 most common B,AR haplotypes in the human population to lay the
foundations of the receptor’s functional properties. It further highlighted the extent of biased agonism
as a protective mechanism during induced catecholaminergic stress through receptor desensitisation.
Through assessing cAMP activity and chronotropic responses, the differential activity of each
haplotype was identified, thus indicating the influence of genetic variations on health and disease, and
their importance during drug administration. This study reports evidence of B,AR-G; interaction in
hESC-CMs upon prolonged stimulation; however, it also indicates that there are other protective
mechanisms of action in play. Receptor internalisation or downregulation are two possible
mechanisms which need to be explored further (Rajagopal & Shenoy, 2018). Furthermore, B1ARs also
influence cAMP signalling and chronotropic activity of the cells (Nikolaev et al., 2006). Unsurprisingly,
this gene also contains various SNPs which are present in the population (Liggett, 2010). It is important
for further studies to consider any variants which may be in linkage disequilibrium with the B,AR
variants, and this provide further indication of phenotypic response. Understanding of various
physiological properties of B.ARs would not have been possible without the use of cell models, which
have relied heavily on the CRISPR/Cas9 gene editing technique, and without which, the data output

may not have been accurate or specific.

One of the most commonly described mechanisms of SC-CMs maturation is via direct structural
manipulation (Kijlstra et al., 2017; Lehnert et al., 2004; Mcdevitt et al., 2002; Ribeiro et al., 2015; Salick
et al., 2014). This was explored through microcontact printing in this thesis, and how structural
maturation affects B,AR functional activity was investigated through measuring cellular cAMP and its
compartmentation by PDEs. A significant improvement on cell geometry was noticed. As opposed to
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the normal, unstructured iPSC-CMs, microcontact printing allowed cells to be patterned, thus taking
on any desired shape. In particular, patterning them onto fibronectin lanes of known width showed
dramatic improvements in cell shape and structural protein alignment. Improvements in sarcomeric
organisation are known to indicate improved contractile activity. Though this was not studied in this
project, it would be of significant benefit to explore calcium handling and other functional properties
of patterned cells to build on current knowledge (Bray et al., 2008b; Kijlstra et al., 2017; Kuo et al.,
2012b; Ribeiro et al., 2015; Silbernagel et al., 2020). Nonetheless, the changes in f2AR-cAMP handling
and PDE activity were explored as an assessment of improvements in functional output.
Unfortunately, despite positive influences on structural maturation, complementary functional
improvements were not as dramatic/defined. Little change was observed in caveolae content, B,AR
signalling activity and PDE responses. This is a strong reminder that despite progress being reported
in multiple aspects of iPSC-CMs development and maturation, studies should actively focus on

studying improvements in a combination of both structural and functional aspects.

Structural manipulation of cell shape alone was not able to generate the desired change in B,AR
signalling properties as initially expected, so this project diverted its focus towards development of
microdomain compartmentation. In early myocytes, at the age of day 30 from the start of
differentiation, a fair proportion of CAV3 gene and protein expression could be detected. This raised
the question whether caveolae in iPSC-CMs play the role of signalosomes as had been recorded in
mature cells in previous literature (Ravi C. Balijepalli & Kamp, 2008; Calaghan et al., 2008; Calaghan &
White, 2006a; Harvey & Calaghan, 2012; MacDougall et al., 2012; Rybin et al., 2000). In particular,
compartmentation of the B,ARs was of initial interest. The localisation of B,ARs within caveolae was
noted in the IMR iPSC-CMs cell lines. This posed an interesting observation, and indication that one
line may reflect a more mature phenotype. We decided to continue the remainder of the study on the
less mature cell line to study methods of maturation of B,AR signalling and compartmentation via

caveolar microdomains. In early myocytes, little effect of cAMP degrading PDE2, 3 and 4 were noted
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on B1AR-cAMP pools. Interestingly, PDE2 and 4 seemed to be more greatly involved in B;AR-cAMP
pool degradation. Further investigation into the specific cellular localisation of these cAMP pools are
of primal importance, and should be investigated through the use of localised FRET sensors and

protein analysis upon cell fractionation (Surdo et al., 2017).

A method of cellular ageing was investigated as a method of iPSC-CMs maturation as previously
described (Dias et al., 2018; Jung et al., 2016; Kamakura et al., 2013; Lewandowski et al., 2018); cell
culture was prolonged from 30 days to 90 days. Interestingly, gene expression and protein density
were both significantly enhanced. This positive response also led to increased caveolar microdomains,
similar to that seen my overexpressing CAV3. Interestingly, despite increased B,AR gene expression,
its functional response had declined by day 90. This is a significant indication of compartmentation of
receptor and its associated signalling. The process of this relocalisation was not investigated in this
study and is not fully defined in previous literature and remains under investigation (Vistein &
Puthenveedu, 2013). This would be great importance to depict. Further to this, prolonging cell culture
plays a dynamic role in PDE activity. To form firmer conclusion of PDE localisation, it would be of great
importance to use membrane localised FRET sensors to depict activity in specific cellular
microdomains (Surdo et al., 2017). Furthermore, studying individual PDE activity using specific
inhibitors may not reveal the whole picture. In particular, as many recent studies are beginning to
understand the importance of cyclic nucleotide cross-talk (Pavlaki & Nikolaev, 2018; Zaccolo &
Movsesian, 2007; C. Y. Zhao et al.,, 2016). cAMP and cGMP are maintained at nanomolar
concentrations in specific cellular domains. Disruption to this equilibrium in one domain will no doubt
have implications in other cellular domains. This has not been investigated in this study, but unveiling
the cross-talk of cyclic nucleotides in neighbouring microdomains will reveal significant depths of

signalling pathways.

Page 259 of 295



Limitations and future work

This project used a cytosolic FRET sensor to detect changes in cAMP concentrations in the cell upon
B1AR or B2AR stimulation. Although changes in cAMP concentration were detected upon various drug
treatments, a more accurate response of cAMP activity could have been achieved by using a localised
FRET sensor. More recently, FRET sensors which can be localised to various compartments of the cells
have been developed. These allow the study of cAMP in specific subcellular localisations. This would

have been a great tool to use in this study and should be considered in future work.

cAMP signalling was the key cyclic nucleotide of this project. However, its activity can be significantly
influenced by cGMP. There are emerging studies where the cross-talk between cAMP and cGMP are
highlighted. A limitation of this study is that background activity of cGMP and its influence on cAMP
signalling was not monitored. This would require the use of a dual FRET sensor, making use of four
fluorophores which could detect the change in both cAMP and cGMP simultaneously. Furthermore, if
these could be targeted to specific membrane domains, the interaction between the two nucleotides
could be studied more effectively. It may also be able to provide how changes in one nucleotide can

affect the other in neighbouring microdomains.

To study PDE activity on cAMP degradation, family-specific inhibitors were used throughout the FRET
experiments. This study was limited to only studying PDE families as a full set of subtypes- or isotype-
specific inhibitors are not available. There are numerous isoforms of PDEs which exist in
cardiomyocytes, and can function in various domains. Therefore, this study is not clearly able to
distinguish between the activity of the PDE subtypes. One way to partially overcome this limitation is
through conducting a western blot after cell fractionation. PDE subtypes could be blotted against
based on the isolated regions of the cell to give an indication of the residing PDEs and their protein
density. However, this may not correlate with PDE functionality and still would need to be investigated

in other ways. Furthermore, this project has not yet been able to depict PDE-crosstalk. Due to the vast
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range of PDEs, it would not be surprising that the inhibition of one PDE would lead to the activation

of another through a compensatory mechanism. This would also require further investigation.

Maturation of iPSC-CMs through prolonged culture time is an effective mechanism of enhancing
microdomain development. However, 3-month culture times are not time- or resource- efficient.
Understanding the changes which are taking place during these three months, and enhancing such
processes may overcome the time limitation. Furthermore, as shown in Chapter 5, CAV3
overexpression may also prove beneficial to some extent as this also revealed microdomain
development. This could be combined with patterning iPSC-CMs as a method of developing structural

and functional maturation.

During the initial parts of Chapter 5, two iPSC-CMs cell lines were used for exploring caveolae
components and BAR signalling. As the chapter progressed, the IMR cell line was selected for
conducting the remainder of the work as it showed relatively less maturity with respect to ,AR-cAMP
compartmentation. As described in previous literature, variations in phenotypic properties exist
between line to line. Therefore, this prevents direct comparative studies from being performed
between studies. Using only a single cell line in this project is one of the limitations. Similar
experiments should be conducted in other iPSC-CMs cell line to strengthen these findings.

Furthermore, adult human cells could also be used as a comparison.

SICM and patch clamp techniques could only be briefly conducted on control cells in this project
without investigating the influence on LTCC activity in matured cells. This preliminary confirms the
success of these techniques on iPSC-CMs and gives insight into the activity of LTCCs. Future work is
required to focus on how MP treatment may influence LTCC, particularly in the deepening
invaginations which were detected after MP treatment. As aged cells displayed increased caveolae
density and B:AR re-localisation, it may be possible that ageing cells also display LTCC

compartmentation; this should also be studies using patch clamp techniques.
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One crucial component of myocyte function is Ca2* handling for the regulation of contraction, but was
not explored in this project. Future work should also consider how age-dependent maturation may
influence other downstream effector molecules of the BAR signalling pathway. Patterning iPSC-CMs
indicates a promising contractile output due to their isometric contractile properties. As patterning
iPSC-CMs shows an improved structural phenotype in Chapter 4, the inotropic and chronotropic

function would also provide a good indication of Ca?* handling and hence functional maturation.

In conclusion, this thesis accepts the hypothesis that B2AR genetic variants play an important role in
regulation of receptor-dependent cAMP signalling due to their variable G,/G; composition, thus,
influencing cardiomyocyte physiology. It also accepts that iPSC-CMs possess limited and
underdeveloped structural microdomains, thus displaying an immature and uncoordinated B,AR-
derived cAMP signalling and PDE activity. It accepts that employing a microcontact printing
mechanism to encourage controlled, structured growth does enhance the structural development,
although it rejects that this alters B2AR-cAMP signalling. However, it accepts that the process of cardiac

microdomains development though aging alters B,AR-dependent cAMP signalling and PDE activity.
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