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Abstract 

Heparan sulfate proteoglycans (HSPGs) contribute to structural integrity and 

signalling regulation during cardiac development, healing, and wound repair, 

one such HSPG being perlecan (HSPG2). Perlecan is a large basement 

membrane protein known for the binding of growth factors and extracellular 

matrix, highlighted as essential in innate cardiac function. A HSPG2 knock-out 

(KO) causes embryonic lethality in mice due to ‘leaky’ hearts, this KO in 

rescued mice show perlecan has a role in metabolic output in a cell specific 

manner. During cardiomyocyte (CM) development, a metabolic switch from 

glycolysis to fatty acid metabolism is essential for developmental maturation. I 

aimed to investigate the role of perlecan in cardiac cell populations. 

Perlecan deficient hiPSC-Cardiac fibroblasts (CFs) showed higher levels of 

myofibroblast activation, and a reduced mitochondrial function compared to 

WT. Transcriptomic analysis of a differentiation time course to hiPSC-CMs 

highlighted 11 genes consistently dysregulated due to perlecan deficiency, 

including HSPG2, NNAT, SLC15A4, KCNC3, RBM46, GLT1D1, TMSB4Y, 

ZNF676, SVIL-AS1, MGMT and TRIM61. Perlecan deficient hiPSC-CMs have 

an increased reliance of glycolysis, are prone to cardiac remodelling when in 

3D and show increased genetic differences during the stages of CM 

maturation. Our results show how hiPSC-CMs with attenuated perlecan have 

an immature cardiac phenotype when compared to WT hiPSC-CMs, 

confirmed via the use of metabolic assays and gene expression. While 

culturing of hiPSC-CMs on a synthetic perlecan surface induced enhanced 

multinucleation, suggestive of hyperplastic to hypertrophic development. 

The lack of perlecan in our cardiac populations has detrimental effects on 

metabolism of both hiPSC-CMs and CFs. The metabolic switch in hiPSC-CMs 

is essential to maturation, it is attenuated in our perlecan deficient hiPSC-CMs, 

indicative of a less mature CM. Understanding perlecans role in cardiac 

populations could lead to improved maturation of hiPSC-CMs for drug 

screening and disease modelling, as well as further insights into cardiac 

wound recovery. 
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1. Introduction 

1.1. Heart Development 

1.1.1. Overview of Heart Development 

The heart is one of the first organs to undergo development in the embryo 

(Günthel et al., 2018). During early stages of embryonic development, the 

mesoderm layer forms between the ectoderm and endoderm. Within the 

mesoderm layer, the precardiac mesoderm forms from the anterior primitive 

streak. Cells from the anterior primitive streak migrate to form the cardiac 

crescent, which differentiates and remodels to eventually form the heart tube 

(de Sousa Lopes et al., 2006). Cells found within the cardiac crescent display 

a cardiogenetic expression profile and are capable of initiating calcium 

transients (Tyser and Srinivas, 2020). Throughout embryogenesis the heart 

tube undergoes a series of folds to form a primitive heart (Figure 1.1) (Günthel 

et al., 2018; Lindsey et al., 2014).  

 

Figure 1.1 – Stages of early heart development. Schematic shows 

morphological changes of the developing human heart, colour coded for each 

structural region. Left (yellow) and right (red) ventricular, and atrial (pink) 

populations are found in the developing cardiac crescent. Following heart tube 

formation and looping the ventricular populations are separated and the aortic 

sac (blue) is found developing the future aorta. Further development separates 

each chamber giving rise to the embryonic heart. Adapted from Lindsey SE et 

al., 2014. 
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During this stage, calcium transients are initiated, causing heart contractions 

that pump developing blood throughout the embryo (Tyser and Srinivas, 

2020). The heart tube further differentiates into the four chambers that make 

up the adult heart (left and right atria and ventricles). Creation of isolated 

chambers allows the heart to pump both oxygenated and deoxygenated blood 

throughout the developing foetus (Combs and Yutzey, 2009; J. Patterson and 

Zhang, 2010).  

 

During embryogenesis the coronary circulation network develops, with arteries 

and veins branching off the aorta and pulmonary artery. The coronary arteries 

carry oxygenated blood from the aorta to the heart, while the veins take 

deoxygenated blood from the heart to the right atria (de Boer et al., 2012; 

Tomanek, 2016). As the foetus develops, the circulatory system and heart 

mature, becoming more efficient, with thickening of the septa and valves 

forming between the chambers (Kloesel et al., 2016). The heart will eventually 

become proficient, delivering oxygenated blood to all emerging organs and 

tissues withing the developing foetus. 

1.1.2. Cellular composition of the heart 

In the human heart, there are five major resident cell types (Figure 1.2); 

smooth muscle cells (SMCs), macrophages, endothelial cells (ECs), cardiac 

fibroblasts (CFs) and cardiomyocytes (CMs) (Porter and Turner, 2009; 

Souders et al., 2009). CMs occupy between 70-85% the total volume of the 

heart, although only 30-40% of the total cell number (Zhou and Pu, 2016). ECs 

are amongst the most abundant cell type found, compared to CFs which are 

three-fold less than ECs (Giacomelli et al., 2020). 

 

CMs, also known as myocardial cells, are responsible for the contraction and 

relaxation of the hearts chambers, pumping blood through the circulatory 

system. CMs show an elongated physiology, approximately 100 µm long, but 

only 10 µm wide. Highly developed sarcoplasmic reticulum and mitochondria 

provide calcium storage and ATP production for contraction. CMs develop 

myosin and actin filaments into a basic contractile unit, known as the 

sarcomere (Karbassi et al., 2020). Contraction is stimulated by release of 
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calcium ions from the sarcoplasmic reticulum, activating the myosin-actin 

interaction, initiating contraction. Calcium ions are actively transported back to 

the sarcoplasmic reticulum, deactivating the myosin-actin interaction and 

allowing relaxation to occur (Eisner et al., 2017). Through electrocoupling, the 

CMs contract in waves of unison, causing complete contraction of the heart 

muscle, allowing the pumping of blood to effectively occur (Padala et al., 

2021). 

 

CFs reside between muscle fibres acting as a scaffold, producing and 

maintaining the extracellular matrix (ECM) of the heart (Fan et al., 2012). The 

ECM is essential to maintain the myocardial structure. CFs control this by 

regulating ECM production and turnover, through the regulation of matrix 

metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases 

(TIMPs) (Porter and Turner, 2009; Spinale, 2002). CFs assist development 

and growth via secretion of cytokines such as transforming growth factor beta 

(TGFβ), platelet-derived growth factor (PDGF) and vascular endothelial 

Figure 1.2 – Cellular composition of the heart. Five key cell types of the 

heart highlighted here, including smooth muscle cells, macrophages, 

endothelial cells, cardiac fibroblasts, and cardiomyocytes. These cell types 

forming the majority of the hearts cellular population and are crucial for 

maintaining the hearts functions through both health and disease. 
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growth factor (VEGF) (Snider et al., 2009). Following cardiac damage, the CF 

is responsible for tissue repair and cardiac remodelling through ECM 

composition changes, (Valiente-Alandi et al., 2016) and further forms the pro 

ECM secretory myofibroblast (MF). The CF also plays a crucial role in cardiac 

electrophysiology, gap junctions between the CF and CM allow the 

maintenance of electrical conductance generated by CMs over a longer 

distance, assisting in efficient contraction of the heart (Zhang et al., 2012).  

 

ECs line the inner layer of blood vessels and the heart; these thin flat cells are 

involved in the regulation of blood vessels. ECs maintain the structural integrity 

of blood vessels through ECM maintenance and turnover. The EC is also 

responsible for regulation of blood vessel permeability through tight junctions. 

ECs communicate to SMCs regulating the diameter of vessels, controlling 

blood flow and blood pressure (Ishii et al., 2009; Lother et al., 2018; 

Montecucco and Marzo, 2012).  

 

SMCs are found within the walls of blood vessels, maintaining the elasticity 

required in an artery, and with collaboration with ECs are responsible for 

controlling blood flow through signalling cascades. SMCs are also responsible 

for maintaining ECM of vessels alongside the ECs (Qi et al., 2021; Zhuge et 

al., 2020). 

 

The role of macrophages in the heart is linked to tissue repair and remodelling. 

After cardiac damage macrophages are activated to remove necrotic tissue 

and initiate wound healing signalling cascades (Krzyszczyk et al., 2018). The 

signalling released from macrophages encourages activation and migration of 

CFs followed by transdifferentiation to a MF (Wynn and Barron, 2010). 

 

In this thesis I focus on the roles played by CMs and CFs in the heart, and as 

such further detail into the origins of these two cell types is described below. 

 

 

 



24 
 

1.1.3. Origins of Cardiomyocytes 

During the early stages of cardiac development, the mesoderm specifies 

towards the cardiac mesoderm, controlled by families of signalling molecules: 

wingless-related integration site (WNT), fibroblast growth factors (FGFs), 

TGF, bone morphogenic proteins (BMPs), Nodal and activin A (Noseda et 

al., 2011; Payan et al., 2020a; Später et al., 2014). Within the cardiac 

mesoderm two precursor populations of cells form. These can be distinguished 

through marker expression, consisting of the first heart field (FHF) [TBX5 and 

HCN4] and second heart field (SHF) [TBX1, FGF8 and FGF10, ISL1] (Black, 

2007; Pezhouman et al., 2021; Tampakakis et al., 2019). The FHF cell 

populations fuse the midline of the cardiac crescent, forming the heart tube, 

separating the myocardial layer from the now enclosed endocardial layers. 

 

The separation of these layers is maintained by a layer of ECM called the 

cardiac jelly (Männer and Yelbuz, 2019). Once the heart tube has been 

formed, the primitive CMs stop proliferation, the heart tube continues 

development via migration of SHF precursor cells (Brade et al., 2013). SHF 

cells undergo rapid proliferation mediated by the canonical WNT/-catenin 

signalling. SHF populations then undergo cardiac specific differentiation at the 

arterial and venous poles of the heart tube, whereby the SHF CMs stop 

proliferating (Fan et al., 2018; Ruiz-Villalba et al., 2016). FHF cells will form 

the definitive left ventricle, while the SHF cells contribute to the formation of 

the right ventricle (Figure 1.3), both FHF and SHF contribute to the atria (Black, 

2007; Buckingham et al., 2005).  
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The FHF and SHF are the main source of CMs, although there is a minor 

contribution from the proepicardium (Zhou et al., 2008). As well as WNT, 

insulin growth factor (IGF) signals are involved in controlling the CM 

proliferation (Huang et al., 2013; Li et al., 2011). Both WNT and IGF can act 

through glycogen synthase kinase 3 beta (GSK3), stabilising -catenin, and 

are linked to Hippo signalling pathways through Yes-associated protein (YAP) 

(Jiang L et al., 2020; Wu and Pan, 2010). Other families of signalling factors 

including BMPs, FGFs and Notch, have been identified to cause CM 

proliferation during development. Both FHF and SHF CMs undergo a second 

wave of proliferation following the remodelling process of the heart tube, 

whereby the chambers become developed (Galdos and Wu, 2019).  

Figure 1.3 – Origin of ventricular cardiomyocytes. Both first and second 

heart field populations separated by markers. Following birth cardiomyocytes 

environment switches to normoxic, encouraging cardiomyocyte maturation 

through quiescent, hypertrophic growth. 
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After birth, (Figure 1.3) the CMs begin transitioning from a proliferative to 

quiescent cell, maturing CMs are unable to undergo cytokinesis during mitosis, 

leading to multinucleated cells (Naqvi et al., 2014; Velayutham et al., 2020). 

Hyperplastic CM growth is shown to continue in humans up to 20 years of age, 

although this only accounts for a 1% increase in CM number per year 

(Bergmann et al., 2015). The main cause of postnatal heart expansion is due 

to CM hypertrophy, whereby CMs substantially increase in size (M. T. Zhao et 

al., 2020). Following birth, the human heart loses its regenerative ability as the 

proliferative capability of CMs is attenuated, this is due to several influences. 

The heart is switched from a hypoxic to normoxic environment, this switch 

reduces hypoxia induced factor 1a (HIF1a) nuclear localisation, a transcription 

factor linked to foetal CM proliferation, thereby attenuating hyperplastic growth 

(J. Patterson and Zhang, 2010). Other transcription factors such as FOXO1 

and FOXO3 mRNA levels decrease following birth, while MEIS1 expression 

increases and localises to the nucleus by P7 (Mahmoud et al., 2013). 

Expression of YAP is attenuated following birth, declining with age, and lost 

after 12 weeks, aligning with the reduction of proliferative CMs (Payan et al., 

2020).  

1.1.4. Origins of Cardiac Fibroblasts 

During embryonic development the CF derives mainly from the pro-epicardial 

organ, a source of cardiovascular progenitor cells (Deb and Ubil, 2014; 

Souders et al., 2009). The cardiac progenitor cells found in the pro-epicardial 

organ are also able to differentiate to SMCs (Mikawa and Gourdie, 1996). After 

the heart tube has looped, the pro-epicardial cells undergo migration, creating 

a single cell layer over the entire embryonic heart forming the embryonic 

epicardium (Männer et al., 2001). From within the embryonic epicardium a 

subset of cells undergo epithelial to mesenchymal transition (EMT), migrating 

to the myocardium. These migrating cells are referred to as epicardial-derived 

cells (EPDCs) and undergo further differentiation to interstitial and adventitial 

CFs (Smith et al., 2011). Transcription factor 21 (TCF21) is fundamental in 

directing the fate of cells in the embryonic epicardium to undergo EMT and 

differentiation to a CF (Acharya et al., 2012). Mouse hearts lacking Tcf21 are 

unable to generate CFs due to EMT being unable to occur (Acharya et al., 
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2012). Although most CFs are derived from the epicardium, a small subset is 

formed from the endocardium (Doppler et al., 2017). The endocardium if found 

to line the inner lumen of the heart, here a subset of cells will undergo 

endothelial-to-mesenchymal transition. The mesenchymal cells derived here 

will generate the valves of the heart, whereby the fibroblasts contribute to the 

interventricular system (Harris and Black, 2010; Monaghan et al., 2016).  

1.1.5. Cellular communications between cardiac fibroblasts and 

cardiomyocytes 

Cardiomyocytes and cardiac fibroblasts communicate through an array of 

different methods, including ECM interactions, electrical interactions, 

mechanical junctions, and paracrine signalling (Figure 1.4) (Pellman et al., 

2016). The ECM secreted by CFs is ‘stretch-sensitive’ and signals to 

neighbouring cells via multiple pathways when under mechanical stress.  

 
Figure 1.4 - Communications between cardiomyocytes and cardiac 

fibroblasts. Methods of communication between cardiac fibroblasts and 

cardiomyocytes include secretion of a stretch sensitive ECM, paracrine 

factors, and interactions on cellular surface junctions involving connexins and 

cadherins. Adapted from Pellman et al., 2016. 
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These mechanical stress pathways can induce signal transductions inducing 

proliferation, ECM deposition and growth factor release (Camelliti et al., 2005; 

MacKenna et al., 2000). The CF is also known to assist in electrical 

conductance via cell surface protein families, including connexins [Cx40, Cx43 

(Louault et al., 2008), Cx45 (Camelliti et al., 2004)] and cadherins [cadherin-

11 (Orlandini and Oliviero, 2001), cadherin-13 and N-cadherin (Barcelona-

Estaje et al., 2021)], creating connections between CMs and other fibroblasts 

(Souders et al., 2009). While CFs may be electrically unexcitable, they still 

contribute to the electrophysiology of the myocardium (Porter and Turner, 

2009). CFs have also been shown to assist in the maturation of in vitro CMs, 

occurring through elevated cyclic AMP (cAMP) signalling, enhancing the 

assembly of CX43 gap junctions (Giacomelli et al., 2020). TGFβ, WNT, 

interleukins (IL) and angiotensin II (AngII) have all been implemented as major 

paracrine factors involved in signalling between CMs and CFs. These 

signalling factors are often released in response to cardiac injury, inducing a 

healing response in both cell types, hypertrophy in CMs, and a pro-fibrotic 

response in CFs. Loss of communication between CMs and CFs is thought to 

play a central role in heart disease, exacerbated in disorders such as cardiac 

fibrosis and arrhythmias (Hall et al., 2021; Pellman et al., 2016). This is linked 

to the overproduction of ECM and fibroblast accumulation, altering the ratio of 

CM to CFs, causing decoupling of CMs (Hall et al., 2021; Xie et al., 2009).  

1.1.6. Metabolism in heart development 

Contraction of CMs is energy demanding, and therefore requires high ATP 

production. As such, metabolism plays an important role in the growth and 

differentiation of CMs in the developing heart. The metabolism of the foetal 

heart relies mainly on glucose, although capable of metabolising all substrates 

for ATP production (Piquereau and Ventura-Clapier, 2018). CMs with 

suppressed glycolytic activity are unable to migrate and form the trabeculae of 

the developing heart (Fukuda et al., 2019; Leung and Shi, 2022). The reliance 

on glycolysis comes from the foetus forming in a hypoxic environment, with 

low levels of circulating fatty acids (J. Patterson and Zhang, 2010). Along with 

glycolysis, lactate oxidation is a major source of ATP in the foetal heart, lactate 
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hinders the oxidation of lipids, reducing fatty acid metabolism (Xu, 2009). As 

the heart develops, the substrate preference and metabolic reliance shifts from 

glucose to fatty acids (J. Patterson and Zhang, 2010). As well as a source of 

ATP, fatty acids are essential for the synthesis of structural proteins, collagens, 

and elastin, that are required to mature the ECM of the developing heart. The 

metabolic switch from glycolytic, to fatty acid reliance, correlates with the 

reduction of CM proliferation and loss of regenerative ability (Günthel et al., 

2018; Piquereau and Ventura-Clapier, 2018). This transition is triggered by 

changes occurring following birth, with the environment switching from hypoxic 

to normoxic, and the intake of enriched lipids from maternal milk (Berhrsin and 

Gibson, 2011; Mei et al., 2020) (Figure 1.5).  

 

 

HIF1a is known to regulate pro-glycolytic energy metabolism, cell proliferation 

and maturation, initiated via a hypoxic environment (Kierans and Taylor, 

2021). HIF1a has been shown to control the metabolic shift from glycolysis to 

oxidative phosphorylation (OXPHOS). After birth, in a normoxic environment, 

Figure 1.5 – Maturation switch in cardiomyocytes. Following birth, the 

hearts environment switches from hypoxic and glycogen rich, to normoxic and 

fatty acid rich. This switch is essential for the maturation of cardiomyocytes 

and allows a higher ATP production through the mitochondria metabolising a 

more efficient metabolite. 
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HIF1a localisation and expression is attenuated, promoting OXPHOS 

metabolism (Goda and Kanai, 2012). One third of the total CM volume is 

occupied by mitochondria, producing the majority of the CMs energy 

requirements through OXPHOS (Piquereau et al., 2013). Prenatal CM 

mitochondria are disorganised, containing a reduced mass compared to the 

adult CM mitochondria. Mitochondrial fusion and biogenesis are some of the 

key signs a CM is undergoing maturation to maintain the energy requirement 

for adult contraction (A. Li et al., 2020).  

 

1.2. Cardiac Extracellular Matrix 

1.2.1. ECM in heart development 

A crucial component of regulating heart development is the ECM, in the initial 

form the cardiac jelly, which forms the developing atrioventricular (AV) 

junction. The ECM composition changes through development, creating 

spatial changes that allow remodelling and formation of the functional heart 

(Lockhart et al., 2011). The developing ECM consists of proteoglycans, 

collagens, and other structural proteins such as elastin, fibronectin, and 

laminins (Figure 1.6) (Frantz et al., 2010; Lockhart et al., 2011).  A knockout 

of ECM components often leads to embryonic lethality highlighting how 

essential the maintenance of the ECM is. 
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Figure 1.6 - ECM components of the heart. Several of the ECM components 

of the heart essential for maintaining function and structure through both health 

and disease. 

1.2.2. Collagens in the Heart 

Of the 28 different variants of collagens, several are found in the developing 

heart. Collagens I, III and V are considered fibrillar collagens, these collagens 

are found within the ventricles and AV valves (Lockhart et al., 2011). Both 

collagens I and III knockouts allow initial survival of mice to adulthood, 

although these mice show an increased risk of cardiac and vessel rupturing 

(Liu et al., 1997; Rahkonen et al., 2004). While a collagen V KO is embryonic 

lethal, due to reduced collagen fibril formation (Wenstrup et al., 2004). These 

collagens provide the elasticity that is required to maintain the high mechanical 

stresses the heart undergoes.  
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Collagen VI is found within the developing aortas, myocardium, epicardium 

and AV valves of the heart (Lockhart et al., 2011). Collagen VI is considered 

a network forming collagen, its involvement focuses on linking of 

microfilaments, providing structure and stability to the ECM (Klewer et al., 

1998.). Collagen XI is found in the developing AV valves and ventricle 

trabeculae, regulating collagen fibril assembly. Collagen XI deficient mice die 

at birth, analysis reveals an increased compensatory expression of collagen I 

in the AV valve leaflets and interventricular septum (Lincoln et al., 2006; 

Lockhart et al., 2011).  

 

Finally, collagens XV and XVIII are expressed throughout the basement 

membranes of the myocardium during development. Knockouts of these 

collagens show cardiac morphological changes and defects, although these 

do not appear to be lethal (Eklund et al., 2001; Utriainen et al., 2004). 

Collagens XV and XVIII are nonfibrillar collagens and contain binding sites for 

attachment of glycosaminoglycan (GAG) side chains, due to this these 

collagens are also classified as members the proteoglycan (PG) family. 

1.2.3. Proteoglycans and HS/CS in the Heart 

PGs consist of a core protein with four potential classes of attached GAG side 

chains. These four classes are chondroitin sulfate (CS), keratin sulfate (KS), 

hyaluronan (HA) and heparan sulfate (HS) (Figure 1.7) (Lockhart et al., 2011). 

Consisting of HS chains covalently bound to a PG core, heparan sulfate 

proteoglycans (HSPGs) are crucial regulators of development (Iwamoto et al., 

2010). HS chains bind growth factors families such as FGFs (Aviezer et al., 

1994), VEGF (Uchimura et al., 2006), TGFβ and BMPs (Rider, 2006), 

depending on the HS sulfation pattern. Along with HS chains binding essential 

developmental growth factors, they also create morphogen gradients for WNT 

and hedgehog developmental signalling pathways (Lin and Perrimon, 2002).  
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Figure 1.7 – Structure of GAGs. Heparin sulfate, chondroitin sulfate, keratin 

sulfate and hyaluronan are constructed from a selection of 6 components. 

These GAGs are then attached to a proteoglycan creating the ECM 

components HSPGs or CSPGs. Adapted from Couchman and Pataki, 2012 

 

Versican, a chondroitin sulfate proteoglycan (CSPGs), is essential in cardiac 

development. Cleavage of versican by MMPs matures the AV region (Kern et 

al., 2006), while deletion leads to embryonic lethality around day 11, due to 

cardiac defects (Yamamura et al., 1997).  

 

HSPGs such as perlecan (HSPG2), agrin (AGRN), glypicans and syndecans 

also play an important role in cardiac development (Lockhart et al., 2011). 

Among the family of glypicans (1-6), glypican-3 and -4 are important in cardiac 

development. Glypican-3 is widely expressed in vertebrate development, 

deletion leads to congenital cardiac malformation effects, like Simpson-Golabi-

Behmel syndrome in humans (Ng et al., 2009). Glypican-4 knockout has been 

linked to severe cardiac defects during embryonic development, associated 

with a reduction in CM numbers (Strate et al., 2015). The syndecan family (1-

4) show expression throughout the myocardium. Syndecans-1 and -2 are lowly 

expressed in the heart (Asundi et al., 1997), while syndecans-3 and -4 are 
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highly expressed in the myocardium, more specifically CFs (Cornelison et al., 

2004; Lockhart et al., 2011; Tkachenko et al., 2005).  

 

Proteoglycans have been shown to have essential roles in cardiac remodelling 

and fibrosis, suggesting they are potential therapeutic targets and have yet to 

be fully explored (Christensen et al., 2019; Herum et al., 2017). Small leucine 

rich proteoglycans (SLRPs) are a family of proteoglycans that organise matrix 

structure and have been studied in the heart, in response to cardiac 

remodelling. These include lumican, fibromodulin, biglycan, decorin and 

osteoglycin (Figure 1.8) (Christensen et al., 2019). Lumican and fibromodulin 

expression in the heart increases after myocardial infarction, suggesting roles 

in remodelling (Engebretsen et al., 2013). Lumican knockout reduces systolic 

function after cardiac remodelling has occurred, promoting downstream heart 

failure (Chen et al., 2016). Biglycan is highly expressed in CFs compared to 

other cardiac cells, deletion reduced hypertrophy and fibrosis, leading to 

increased cardiac rupture after MI (Beetz et al., 2016). Biglycan is found within 

the tightly packed scar tissue formed by collagen bundles after a myocardial 

infarction, reinforcing its requirement in heart remodelling (Westermann et al., 

2008). Interestingly decorin, like biglycan, has anti-fibrotic properties, and its 

overexpression reduced fibrotic effects (Yan et al., 2009). Osteoglycin is 

essential for collagen cross-linking in remodelling, a knockout increased the 

risk of cardiac rupture following remodelling after a MI (van Aelst et al., 2015), 

due to a lack of collagen bridging (Zhang et al., 2011). Both syndecan-1 and -

4 are linked to collagen crosslinking, knockout mice have diminished fibrosis 

post-MI, leading to increased risk of cardiac rupture (Lunde et al., 2016; 

Schellings et al., 2010). Initial studies have been performed looking at the role 

of glypican PGs in cardiac remodelling. These showed that both glypican-3 

and -6 are important and upregulated in vivo in MI responses (Melleby et al., 

2016). Although more work is required to establish the role of both syndecan 

and glypican PG families in cardiac fibrosis (Christensen et al., 2019). 
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1.2.4. Agrin in the heart 

One of the major ECM HSPGs, agrin is primarily known for its essential role in 

recruiting and clustering of acetylcholine receptors at the neuromuscular 

junction (NMJ) (Weston et al., 2000). During development, agrin is required 

for the correct formation of the NMJ in the heart, coordinating differentiation 

and migration of neurons and CMs, and formation of synaptic junctions 

Figure 1.8 - Roles of proteoglycans of the heart following disease. Post 

myocardial infarction recovery requires co-operation of ECM proteoglycans 

including lumican, fibromodulin, biglycan, decorin, osteoglycin, syndecans and 

glypicans. Adapted from Lockhart et al., 2011. 



36 
 

(Daniels, 2012). Agrin maintains the NMJs, regulating muscle contractility and 

blood flow (Tezuka et al., 2014). Agrin is also involved in cancer progression, 

regulating YAP and transcriptional co-activator (TAZ), through a 

mechanotransductive link between the ECM, enabling unregulated 

proliferation (Cai et al., 2021). 

 

In the heart, agrin is an essential HSPG for proliferation of foetal CMs, with its 

deletion leading to embryonic lethality. Upregulation of agrin has recently been 

recognised in promoting proliferation of CMs, while attenuating CM maturation 

capabilities (Bassat et al., 2017). Administration of agrin was performed on 

infarcted pig hearts, showing agrin could reduce ischemia-reperfusion injury 

and improve heart function (Baehr et al., 2020). When the HSPG agrin was 

knocked out in mice, reduced proliferation of CMs and enhanced fibrosis was 

observed, suggesting agrin may have anti-fibrotic properties (Bassat et al., 

2017). The α-dystroglycan complex (aDGC) is a cellular binding site for agrin, 

acting as both a receptor, and part of the mechanotransductive link between 

the ECM and transcription factors YAP and TAZ (Morikawa et al., 2017). 

Aggregation of agrin to the aDGC promotes epicardial EMT, an essential 

process of cardiac development (Sun et al., 2021). This complex also binds 

other ECM components, including laminins and perlecan (Montanaro et al., 

1999). The regulation of the agrin-aDGC is largely undefined, although one 

suggested explanation is other aDGC binding ECM components may reduce 

the affinity of agrin binding (Bigotti et al., 2020). As ECM in the heart is 

developed, the agrin-aDGC binding affinity could be lowered though binding 

of other higher affinity ECM components. The c-terminus of agrin, which binds 

to the aDGC, is structurally similar to the c-terminus of perlecan. Of the ECM 

components that bind to aDGC, perlecan has a higher binding affinity 

compared to agrin (Dempsey et al., 2019). Therefore, an increase in perlecan 

would outcompete binding of aDGC against agrin. 
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1.3. HSPG2 and Perlecan 

1.3.1. HSPG2 and its structure 

Perlecan is one of the major HSPGs found in basement membranes (Martinez 

et al., 2018), and consists of 5 domains (Figure 1.9), (Lord et al., 2018; A. D. 

Murdoch et al., 1992) created by 97 exons transcribing a ~460kDa protein core 

(Lord et al., 2014a).  

 

 

Each domain has individual functions, with the first domain of HSPG2 (domain 

I) containing a sperm, enterokinase and agrin (SEA) module, followed by 3 

GAG attachment sites that can be substituted with either HS or CS chains 

(Bork and Patthy, 1995). Domain II of perlecan contains four low-density 

lipoprotein receptor motifs, linked to calcium signalling (Costell et al., 1996) 

and potentially WNT signalling, contributing to perlecans role during 

development (Kamimura et al., 2013). Domain III of perlecan has binding sites 

for FGF, consisting of laminin epidermal growth factor and laminin B repeats, 

Figure 1.9 – Schematic of HSPG2. HSPG2 labelled domains 1-5 including 

brief function of each domain. Details of individual fragments keyed to 

HSPG2s structure. 
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forming the main core inflexible structure of perlecan (Smith et al., 2007b). The 

fourth domain of HSPG2, domain IV, is known for its interactions with ECM 

surface proteins such as fibronectin and nidogen. These help perlecan to 

provide mechanical stability to tissues, like proteins found in cartilage and 

muscle tissues (Hopf et al., 2001; Wijeratne et al., 2016). The final domain, 

domain V, can be cleaved from full length HSPG2 to form a soluble protein 

known as endorepellin (Mongiat et al., 2003). Endorepellin, containing the 

fourth GAG binding site, is known to have opposite effects to full-length 

perlecan, i.e., endorepellin is pro-autophagic (Gubbiotti et al., 2017) and anti-

angiogenic (Zoeller et al., 2009a). In total, perlecan including its bound GAG 

sidechains can interact with growth factors (FGFs), cellular signalling (calcium 

and WNT), cell surface receptors (integrins), and ECM molecules (collagen 

and laminin), making perlecan an essential matrix scaffold and mediator of 

growth factor activity (Iozzo et al., 1994).  

 

There are two known genetic disorders caused by a perlecan deficiency in 

humans, these include Schwartz-Jampel syndrome (SJS) and dyssegmental 

dysplasia, Silverman-Handmaker type (DDSH) (Arikawa-Hirasawa et al., 

2002). DDSH is the result of a complete perlecan KO, leading to a lethal form 

of neonatal short-limbed dwarfism, along with multiple other skeletal 

malformities (Arikawa-Hirasawa et al., 2002; Vadukkut et al., 2021). In DDSH 

the HSPG2 mutation causes truncated forms of perlecan that are unable to be 

secreted into the matrix (Castellanos et al., 2021). SJS also causes skeletal 

deformations, but to a milder extant that DDSH. Despite the HSPG2 mutations 

involved in SJS also creating truncated forms of perlecan, these can be 

secreted into ECM. Multiple mutations of SJS have been discovered, most 

notably a mutation that causes perlecan formation without domain 5, and one 

that causes a complete reduction in full length HSPG2 (Arikawa-Hirasawa et 

al., 2002; Lin et al., 2021). 

 

Several mechanistic pathways have been identified in regulating the 

expression of HSPG2. In pancreatic tumour cells and breast cancer induced 

macrophage polarisation HSPG2 regulation was identified through NF-κB-

dependant pathways (De Paolis et al., 2022; Vennin et al., 2019). Through 
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notch signalling HSPG2 is regulated in ECs, controlling the formation of 

adhesion junctions (Zhao et al., 2022). Furthermore, mechanical forces are 

capable of inducing HSPG2 expression in ECs, requiring activation through 

autocrine TGFβ and ERK signalling pathways (Baker et al., 2008; Verrecchia 

et al., 2001). 

1.3.2. HSPG2 Splice variants 

It has been reported that HSPG2 mRNA can undergo splicing in domains I 

and IV, leading to variants of HSPG2 that are lacking domains IV and V (Lord 

et al., 2014b). Jung and colleagues show mast cells produce a novel short 

form of perlecan corresponding to domain I and V, although lacking domain III 

(MoonSun Jung et al., 2013). Using a Caenorhabditis elegans model, complex 

splicing of HSPG2 has identified several genes involved in interacting with 

HSPG2 mRNA. These genes include smu-1 and smu-2, nuclear proteins that 

form a complex to regulate activity of mec-8 (C. A. Spike et al., 2002). A 

mutation of smu-2 leads to unregulated mec-8, creating an increased 

accumulation of unc-52 (HSPG2 in mammals) transcripts lacking exon 17 

(Martinez et al., 2018). Another gene, hrp-2, has been identified to cause 

alternate splicing in unc-52, with inhibition of hrp-2 causing increased cassette 

exon skipping (Kabat et al., 2009). The regulation of hrp-2 is theorised to be 

balanced by alternate splicing factor mec-8, implying that this splicing regulator 

is not tissue specific (Kabat et al., 2009; C. Spike et al., 2002). Further 

interactions with hrp-2 have identified ccar-1 as a physical interactor with hrp-

2, leading to increased removal and splicing of exon 17 in the presence of 

ccar-1 (Fu et al., 2018). Splicing of HSPG2 may explain why HSPG2 has been 

shown to have cell and tissue-specific roles. 

1.3.3. HSPG2 in the heart 

Perlecan is highly expressed in the cardiac jelly, throughout pericellular 

matrixes and smooth muscle walls (Costell et al., 1996; Handler et al., 1997). 

Perlecan knockout mice show severe embryonic cardiac defects leading to 

embryonic death at day 10.5 in 70-80% of mice, due to a leaky heart created 

by basement membrane defects (Sasse et al., 2008a). Indeed, a similar 

response was seen in cardiovascular development of perlecan null zebrafish. 



40 
 

Zoeller and colleagues identify severe defects in cardiovascular system 

development, somatic muscle development and cardiovascular angiogenesis, 

highlighting perlecan as a key regulator in these processes (Zoeller et al., 

2009b). In gestational week 6/7 perlecan is present in the basement 

membrane of the endo/pericardium, but not CMs. From gestational week 8/9 

onwards domains III and V of perlecan are both expressed in all cardiac 

basement membranes, including CMs (Roediger et al., 2009a). These studies 

confirm not only perlecans presence is essential for cardiac development, but 

perlecan expression develops at later stages of CM development. Not only 

has perlecans role in development been identified, but also involvement in 

cardiac damage. 

 

Perlecan ECM is found in the ‘infarct zone’ after a MI, with similar kinetics to 

type IV collagen and laminin, suggesting perlecan interacts with these ECM 

molecules (Nakahama et al., 2000). A key role of perlecan is to control growth 

factor activity by regulating their sequestration, stabilisation, binding, and 

signalling (Vlodavsky et al., 1996). Therefore, perlecan may play a larger role 

in cardiovascular disease than simply as an ECM component, although this 

requires further investigation. 

1.3.4. HSPG2 in other tissues 

HSPG2 has been extensively studied in other tissues, and has cell and tissue-

specific functions, here insights reveal findings that may alter functions also 

found in a cardiac environment. A study by Yamashita et.al shows HSPG2 KO 

adult mice have reduced white adipose tissue, due to an increased lipid 

metabolism. Further to this, the HSPG2 KO mice had increased oxidative 

metabolism in smooth muscle cells (Yamashita et al., 2018a). As such, 

defining the role of perlecan is cardiac metabolism, within specific cell 

populations, may lead to interesting insights.  

 

In osteoporosis, a lack of perlecan reduces calcium signalling, with osteoblasts 

unable to co-localise with calcium sensitive channels (Pei et al., 2020a). CMs 

are extremely reliant on calcium signalling, lack of signalling is a critical step 

in heart failure (Lukyanenko et al., 2009). Both CM metabolism (Bray et al., 
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2008) and autophagy (Ucar et al., 2012) play essential roles in the heart. 

Therefore, these factors are worth investigating further in relation to the roles 

of perlecan in the cardiac environment, under both homeostasis and fibrotic 

stress.  

 

 

1.4. Heart Disease and Cardiac Fibrosis 

1.4.1. Heart Disease 

Cardiovascular disease and heart failure are ranked as one of the leading 

causes of death worldwide, with its prevalence increasing (Gheorghe et al., 

2018). Heart failure is the result of the cardiovascular damage, leading to the 

ability to pump blood hindered, and the hearts output not able to meet its 

demand (Murphy et al., 2020). Risk factors, such as hypertension, diabetes 

and obesity are known to increase the likelihood of heart failure. High reliance 

is placed upon early treatment strategies as these are the current most 

effective strategies for reducing the risk of future myocardial infarction (Artham 

et al., 2009). Despite the advances in treatments and prevention strategies, 

mortality and morbidity remain high, with a predicted increase towards the 

future (Gheorghe et al., 2018). 

1.4.2. Cardiac Fibrosis 

Cardiac fibrosis is the process in which excess extracellular matrix (ECM) is 

accumulated within the myocardium, a key feature of heart failure (Berk et al., 

2007) leading to dysfunction of the heart (Kong et al., 2013). Accumulation of 

ECM following injury is part of the natural process of wound healing and tissue 

repair. In a normal response to injury, the first stage of wound healing involves 

inflammation, occurring immediately after damage to tissue has occurred 

(Figure 1.10, A) (Gurtner et al., 2008). This is initiated in response to molecular 

signals released by dying resident cells (Wynn and Vannella, 2016; Zhang et 

al., 2010). Monocytes migrate to the wound site and differentiate into 

macrophages (Gurtner et al., 2008) regulating the inflammation process. 

Macrophages produce profibrotic mediators, assist in regulation of matrix 

metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases 
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(TIMPs) (Wynn and Barron, 2010) and remove tissue debris (Wynn, 2007). 

The next stage involves migration, recruitment, and activation of leukocytes 

which in turn proliferate and secrete profibrotic cytokines (Wynn, 2007). The 

release of profibrotic factors enhances proliferation and activates resident 

fibroblast populations (Gurtner et al., 2008), along with recruited fibroblasts 

and epithelial cells (Wynn, 2007). 

 

Figure 1.10 - Wound healing response following myocardial infarction. 

(A) Following myocardial infarction macrophages and fibroblasts migrate to 
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the wound site to initiate the wound healing response. Cardiac fibroblasts are 

activated to myofibroblasts secreting ECM to close the cardiac wound. (B) 

Persistence of myofibroblasts leads to an overproduction of ECM causing 

cardiac dysfunction. 

 

Fibroblasts are activated by increased ECM rigidity and tension (Hinz and 

Gabbiani, 2003), along with chemokines and peptides, such as TGFβ and 

endothelin-1, which encourage differentiation into an alpha smooth muscle 

actin (α-SMA) expressing myofibroblasts (Werner et al., 2007). Myofibroblasts 

are initially in a proto-myofibroblast form, which can be identified by the 

presence of microfilament bundles known as stress fibres, lacking α-SMA 

expression (Tomasek et al., 2002). When the proto-myofibroblast is exposed 

to a prolonged environment with increased tension, TGFβ and endothelin-1, it 

transitions to a fully differentiated α-SMA expressing myofibroblast (Tomasek 

et al., 2002; van den Borne et al., 2010). The role of myofibroblasts is to 

facilitate ECM synthesis and create wound contraction and closure (Wynn and 

Vannella, 2016). Myofibroblasts shift the repair process into a state where the 

synthesis of collagen exceeds its rate of degradation. Although initially 

essential to wound healing, persistence of myofibroblasts leads to out-of-

control ECM synthesis, also known as fibrosis (Figure 1.10, B) (Wynn, 2007). 

Under normal conditions in the wound healing process the collagen-secreting 

myofibroblasts undergo apoptosis leaving behind a mature scar tissue, but the 

persistence of myofibroblasts accelerates the tissue towards a fibrotic state 

(Travers et al., 2016). Myofibroblasts themselves secrete cytokines that 

encourage a persistent inflammatory response, thereby maintaining the pro-

fibrotic environment and inflammatory response (Baum and Duffy, 2011).  

 

There are two main outcomes of the tissue repair process: regeneration, 

whereby the injured cells are replaced with similar cells, or fibrosis where ECM 

replaces the normal resident cells (Wynn, 2007). Heart disease is one of 

biggest killers in the world (Balakumar et al., 2016) with cardiac fibrosis 

progressing the heart towards failure with excessive build-up of ECM 

deposition (Hinderer and Schenke-Layland, 2019). There is currently no 

effective treatment for cardiac fibrosis, or other fibrotic conditions, such as 
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idiopathic pulmonary fibrosis and renal fibrosis, that also experience a 

persistent fibrotic process leading to organ failure (Vancheri et al., 2010). 

Research and models of cardiac fibrosis is thus of significant clinical 

importance. 

 

1.5. Models of heart development and disease 

1.5.1. Animal models 

The development of the heart is a delicately regulated process, highly 

conserved across vertebrate species, this conservation allows the use of 

animal models to simulate human development for investigation (Xia et al., 

2020). Mouse models are ideal mammalian models, with rapid development 

and relatively simple genetic manipulation techniques, they can be used for 

lineage tracing through cardiac development (Zaruba and Field, 2008). While 

non-mammalian models such as zebrafish and chicken are ideal for real-time 

imaging, as cardiac development is undergone rapidly, in a more observable 

environment and at a reduced cost to mouse models (Kemmler et al., 2021; 

Wittig and Münsterberg, 2020). 

 

Large animals were initially the gold standard for modelling heart disease due 

to their increased heart size, but the field has now shifted to mouse models, 

due to their ease of access and use, lower maintenance cost and availability 

of genetically modified mice lines (Lin et al., 1995; Rai et al., 2017). Methods 

such as ischemic reperfusion are used to stimulate microvascular dysfunction 

and initiate cardiac necrosis in a healthy heart, creating a model whereby the 

heart would respond in a similar way as it does to cardiac assault (Rai et al., 

2017; Xia et al., 2016). Pressure overload models work by stimulating cardiac 

hypertrophy, which is a response to infarctions and heart failure (Borgdorff et 

al., 2015) which in turn trigger downstream fibrosis (Hirata et al., 2015). These 

methods were then applied to transgenic mice containing knockout, knock-in 

and overexpression systems to focus on the roles of specific proteins (Rai et 

al., 2017). 
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Mutant mice lines have been generated to simulate fibrosis resulting in 

different disorders (Rai et al., 2017), such as an imbalance in collagen 

synthesis and degradation (Bujak and Frangogiannis, 2007), and diabetic 

models (Wu et al., 2011). Mice models are also extremely powerful for tracking 

the origin of recruited cells and establishing the function of resident cells in 

response to cardiac assault (Kanisicak et al., 2016). Some of the main 

problems and limitations with studying fibroblasts and fibrosis in vivo arise from 

the lack of available markers for cardiac-specific fibroblasts and 

myofibroblasts (Travers et al., 2016), along with species differences between 

mice and humans (Musunuru et al., 2010).  

1.5.2. Human cell models and hiPSCs 

Due to the limited ability to gain access to and propagate human cardiac tissue 

for disease modelling, cell models provide an alternative solution. HEK293 

cells are widely used within the cardiovascular field, due to their ease of 

maintenance and transfection capabilities (Lippi et al., 2020). HEK293 cells 

express low levels of cardiac ion channels that can be overexpressed, for use 

of patch clamp and investigation into ion channel related disorders (Vatta et 

al., 2006). Investigation into the roles of gap junctions via proteins such as 

Cx43 can be performed on buccal mucosa cell models. The expression of 

Cx43 follows a similar trend as seen in the hearts of arrhythmogenic 

cardiomyopathy patients (W. Liu et al., 2020). Although useful in a specialised 

focus, they lack capabilities required for disease modelling or development. 

 

The discovery that human-induced pluripotent stem cells (hiPSCs) can be 

generated from fibroblasts (Takahashi et al., 2007) opened a whole new 

avenue for disease modelling (Musunuru et al., 2010), with their ability to 

proliferate and differentiate into cells of all 3 germ layers (Chen et al., 2021). 

Using 4 transcription factors (Oct-4, Sox-2, c-Myc and Klf4), fibroblasts are 

reprogramed to a pluripotent state (Takahashi et al., 2007). hiPSCs generated 

are comparable to embryonic stem cells (hESCs), with similarities in 

morphology, expression of pluripotency markers and lineage differentiation 

(Toivonen et al., 2013). Indeed, the hiPSCs retain the genetic identity of the 

donor (Takahashi et al., 2007), although unlike hESCs, hiPSCs also retain 
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DNA methylation patterns resulting in an ‘epigenetic memory’ (Lister et al., 

2011). Generation and use of hiPSCs removed the ethical concerns 

surrounding hESCs and the destruction of human embryos. Although, some 

ethical concerns remain over the use of hiPSCs, including improper 

reprogramming, tumour formation in therapies and cloning (Zheng, 2016). 

hiPSCs can alleviate species differences arising from murine models, further 

including possibilities of modelling not only diseases in vitro, but also studying 

the roles of specific cell types within those diseases (Yoshida and Yamanaka, 

2010). 

 

hiPSC derived cardiac populations are currently used in in vitro models of 

cardiac disease and fibrosis. Many in vitro models focus on CMs and lack the 

other crucial cell types known to regulate fibrosis (Polonchuk et al., 2017). Use 

of primary human CMs are limited by their inability to proliferate, and difficulties 

in accessing heart tissue for research. Therefore, differentiation of hiPSCs to 

CMs has become an increasingly popular avenue of research, with several 

optimised methods being developed (Burridge et al., 2012; Lian et al., 2012). 

Models now being developed contain a mixture of endothelial cells, CFs and 

CMs differentiated from hiPSCs show similar responses as primary cells react 

to pro-fibrotic stimuli (Polonchuk et al., 2017). Disease modelling with stem 

cells is a popular and promising route to understanding and treating cardiac 

fibrosis. Stem cell therapy following MI and cardiac fibrosis has also shown 

insights into recovery capabilities, highlighting stem cells to be a 

multifunctional tool in cardiac research and therapy (Elnakish et al., 2013).  

 

1.6. hiPSCs 

1.6.1. Establishing Lines 

Generation of hiPSC lines can be achieved through multiple methods. One 

such method involved the use of a Cre-Lox single cleaving cassette, releasing 

all four required Yamanaka factors inserted via lentiviral transfection. This 

method would guarantee production of all reprogramming factors in the 

successfully transfected cells, following Cre-mediated excision (Chang et al., 

2009). Other non-integrating methods have been developed, including the use 
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of adenovirus, Sendia virus and protein upregulation, although all these 

methods have a very low level of reprogramming efficiency (Malik and Rao, 

2013). Transfection of the reprogramming factors via mRNA induces a higher 

level of reprogramming efficiency in fibroblasts, further enhanced if media is 

supplemented with histone deacetylase inhibitor valproic acid (Warren et al., 

2010).  

 

hiPSC lines can be generated from patients with specific genetic mutations. 

These lines can generate each of the cell types of the body, while containing 

the same genotype of the patient they were generated from, ideal for 

investigating a specific disorder. Since 2006, following Yamanaka and 

colleagues reprograming mouse fibroblasts to iPSCs (Takahashi and 

Yamanaka, 2006), hiPSCs have been generated from multiple tissue sources. 

As well as actively dividing somatic cells shown the capability of 

reprogramming to hiPSCs, non-proliferative cells, including cardiomyocytes, 

have been reprogrammed to hiPSCs, suggesting most cell types can undergo 

reprogramming (Eminli et al., 2009; Grath and Dai, 2019; Watanabe et al., 

2011). Due to hiPSC models fast becoming a promising system to study 

development and diseases, the need for validated hiPSC banks is increasing. 

International Stem Cell Banking Initiative has suggested specific criteria to be 

met for hiPSC lines generated. These include, embryonic morphology, 

transgene silencing, pluripotency markers, differentiation potential, karyotype 

analysis and guaranteed contamination free cultured conditions (Huang et al., 

2019). Access to hiPSC banks allows future scientists the reliability of hiPSC 

lines generated from specific disorders to be used for a reliable model.  

1.6.2. Genetic Manipulation 

hiPSCs generated from patients with genetic abnormalities can be retargeted 

to revert specific mutations, thereby creating a healthy version of the patients 

hiPSCs. Genetic manipulation can also be performed to genetically tag 

specific proteins, insert inducible overexpression systems, or generate custom 

gene deletions or mutations. Of the methods to genetically manipulate hiPSCs 

the most popular and easy to use is CRISPR/Cas9 (Figure 1.11, A) (clustered 

regularly interspaced short palindromic repeats and CRISPR associated 
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protein 9). CRISPR/Cas9 was first discovered in the defence of prokaryote 

cells against foreign genetic elements, such as bacteriophage (Quiberoni et 

al., 2010). The process of CRISPR/Cas9 within the prokaryote acts as an 

adaptive immunity to the cell, whereby the protospacer-adjacent motif (PAM) 

sites direct the Cas9 protein to cleave invading viral DNA (Hsu et al., 2014). 

CRISPR/Cas9s function was manipulated to allow insertion of a custom guide 

RNA, allowing specific targeting and double strand cleavage of any target DNA 

(Jinek et al., 2012). The genetic manipulation of eukaryote cells via 

CRISPR/Cas9 became a household method, with easy access to specific 

targeting and cleavage of DNA, to allow insertion of selection cassettes via 

homologous recombination (Sander and Joung, 2014). The functions of 

CRISPR/Cas9 were expanded when groups demonstrated CRIPSR/Cas9 

could upregulate specific genes, without cleaving DNA. The Cas9 protein was 

mutated to be unable to cleave, labelled CRISPRa or dCas9, but still target a 

specific region of DNA. CRISPRa was fused with transcriptional activators 

such as VP64 causing upregulation of downstream target genes (Figure 1.11, 

B) (Maeder et al., 2013; Perez-Pinera et al., 2013).  

 

The ‘PiggyBac’ system has been developed to generate “footprint-free” 

genetic mutations in hiPSCs. This method involves a dual selection approach, 

after initial antibiotic purification the selection cassette is removed, resulting in 

a minimally altered, targeted genetic mutation (Kondrashov et al., 2018). 

Isogenic models can also be created using CRISPR/Cas9 to restore a healthy 

genotype to the generated lines. Smith and colleagues generated hiPSC lines 

from both healthy and E99K-ACTC1 mutation suffering family members, these 

lines were then restored to a healthy genotype or E99K mutation was induced. 

Cardiomyocytes could then be generated from these hiPSC lines, and 

investigated revealing differences found specifically from the use of isogenic 

pairs (Smith et al., 2018). Alternatively, Mosqueira and colleagues display use 

of isogenic pairs through insertion of indel mutations into the β-myosin heavy 

chain gene, inducing hypertrophic cardiomyopathy (Mosqueira et al., 2018). 

Overall highlighting the power of hiPSC isogenic pairs in disease modelling, 
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and further instilling confidence in the use of hiPSCs to investigate genetic 

disorders. 

 

 

1.7. Differentiation of hiPSCs to Cardiomyocytes 

1.7.1. hiPSCs to Cardiomyocyte differentiation progression 

Methods for CM generation from hiPSCs have evolved from initial protocols 

relying on spontaneous differentiation of aggregated embryoid bodies (Kehat 

et al., 2001). Newer protocols started introducing growth factors FGF2, BMP4 

and activin A improving differentiation in both monolayer and embryoid body 

techniques (Burridge et al., 2007; Laflamme et al., 2007). Small molecules 

were since introduced to simulate cross talk in the BMP4/activin A and WNT/B-

catenin pathways to progress optimisation of CM differentiation protocols 

Figure 1.11 – Methods of CRISPR genetic manipulation. (A) The guide 

RNA directs the cas9 protein to target gene followed by proteolytic cleavage 

of the DNA. (B) Dead cas9 (dCas9) combined with guide RNA and MS2 

proteins is guided to the target gene causing downstream upregulation via 

recruitment of transcriptional promotors. 
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(Paige et al., 2010). Burridge and colleagues were the first to generate a 

chemically defined protocol, the essential components of the B27 supplement, 

commonly used in CM differentiation, were identified (Burridge et al., 2014). 

These initial differentiation protocols lead to the generation of mostly 

ventricular cells simulating FHF development. Researchers investigated 

utilising retinoic acid (vitamin A) as part of CM differentiation protocols, 

simulating formation of the SHF, suppressing ventricular genes, and 

increasing the generation of atrial cells (Wiesinger et al., 2021). Liang and 

colleagues found modulation of WNT in the cardiac precursor phase would 

increase specification to nodal pacemaker cells (Liang et al., 2020). 

 

1.7.2. Transdifferentiation to Cardiomyocytes 

Instead of differentiation from hiPSCs to cardiomyocytes, scientists 

investigated the potential for transdifferentiation to cardiomyocytes from 

resident cell populations found in the heart (Klose et al., 2019). Utilising 

cardiac transcription factors GATA4, MEF2C and TBX5 the generation of 

induced CMs (iCMs) from CFs was performed (Wang et al., 2015). When 

including cardiac transcription factor HAND2, CFs were able to be 

transdifferentiated to iCMs in vivo in mouse (Park et al., 2015). Using these 

cardiac transcription factors, human CFs are also able to be transdifferentiated 

to iCMs in vitro (Nam et al., 2013). The use of small molecules to induce these 

cardiac transcription factors and induce iCM transdifferentiation creates the 

possibility to restore lost CMs following myocardial infarction (Klose et al., 

2019).  

1.7.3. Immaturity of hiPSC-CMs and maturation strategies 

The generation of hiPSC-CMs offer great potential in cardiotoxic drug 

screening, disease modelling, and even regenerative therapies applications. 

Unfortunately, despite advancements, the immature phenotype of hiPSC-CMs 

hinders their use (Ahmed et al., 2020). The hiPSC-CMs generated 

phenotypically and genotypically resemble a foetal CM over an adult CM, with 

the degree of maturation being considered via several parameters. Immature 

hiPSC-CMs are smaller in size with an aspect ratio of 1-3:1, less organised 
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sarcomeres, and no transverse-tubules (t-tubules). This compared to adult 

CMs, larger cells with an aspect ratio of 10:1, organised sarcomere apparatus 

and t-tubule formation (Ahmed et al., 2020; Guo and Pu, 2020; Lyra-Leite et 

al., 2022). Immature hiPSC-CMs spontaneously contract, compared to adult 

CMs that require external pacing. These cells have reduced calcium stores, 

less developed sarcoplasmic reticulum, lack of t-tubules and calcium handling 

proteins, leading to deficient calcium handling kinetics and underdeveloped 

excitation coupling (Koivumäki et al., 2018). As stated before, adult CM 

mitochondria are further developed and rely mainly on fatty acid OXPHOS for 

generation of ATP, compared to foetal glycolytic metabolism seen in immature 

hiPSC-CMs (Hu et al., 2018). Adult CMs also switch to express sarcomeric 

isoforms MYH7 and TNNI3 to a higher ratio over immature isoforms MYH6 

and TNNI1, respectively, found in hiPSC-CMs (Guo and Pu, 2020). 

 

To improve the maturation of hiPSC-CMs distinct methods have been 

implemented to enhance this process (Figure 1.12). Initially prolonged culture, 

up to one year, of hiPSC-CMs were performed showing structural changes, 

contractile performance and electrophysical properties were enhanced closer 

to an adult CM than a foetal CM (J. Li et al., 2020; Lundy et al., 2013). Although 

this strategy did promote some level of maturation, it is not a viable option for 

the uses of hiPSC-CMs previously stated. 
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Manipulation of matrix rigidity is shown to enhance hiPSC-CM maturation. 

Research found the matrix stiffness in the myocardium (10kPa) to be much 

softer than tissue culture plastics (1GPa) currently being used (Engler et al., 

2008). Generating a softer matrix through use of substrates such as hydrogels, 

enhanced hiPSC-CM maturation, whereby the CMs could generate more force 

than those cultured on stiffer substrates (Shkumatov et al., 2014). Use of 

micropatterning on substrates forced alignment of hiPSC-CMs into rectangular 

rod patterns. Researchers show how these aligned hiPSC-CMs had improved 

electrophysiology and contractile performance, with generation of t-tubles and 

more mature mitochondria (Ribeiro et al., 2015). Encapsulating hiPSC-CMs in 

ECM scaffolds and suspending this construct between silicone posts is an 

Figure 1.12 – Approaches to maturation of CMs. Multiple different 

approaches are being implemented in the aim of maturing hiPSC CMs. This 

includes techniques such as 3D culture, surface coatings, media 

compositions, surface stiffness and micropatterning, electrical pacing and co-

culture. 
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alternative for creating a softer environment. These hiPSC-CM constructs 

generated are engineered heart tissues (EHTs), and due to the known 

resistance properties of the silicone rods, true force can be calculated from 

EHT contractions. The hiPSC-CMs encapsulated in EHTs undergo structural 

and contractile maturation, plus an increase in metabolic output and 

mitochondrial composition (Breckwoldt et al., 2017; Mannhardt et al., 2016). 

Interestingly, the addition of non-CMs enhanced ECM remodelling and 

compaction of EHTs, improving CM contractile performance, whereby an EHT 

compromising of 30% non-CMs and 70% CMs generated the highest 

contractile force (Tiburcy et al., 2020). 

 

Compositions of media have also been interrogated to further progress the 

maturation of hiPSC-CMs. These include the addition of factors such as 

thyroid hormone triiodothyronine (T3), a factor essential for cardiac 

development that enhances the maturation of hiPSC-CMs. T3 increased the 

size of CMs in culture, increasing sarcomere length and contractile force (Yang 

et al., 2014). Media supplemented with T3 and other developmental factors 

such as glucocorticoid hormones, have been reported to initiate t-tubule 

formation and enhance contraction of hiPSC-CMs (Parikh et al., 2017). An 

alternative media composition shown to improve maturation of hiPSC-CMs in 

culture is one containing fatty acids. Culture conditions for hiPSC-CMs often 

contain glucose, maintaining the cells in a glycolytic state, while the 

replacement with fatty acids would recapitulate the switch seen at birth. hiPSC-

CMs cultured in fatty acid media showed a maturation status with increased 

size and contractile force, improved sarcomere alignment and mitochondrial 

oxidative function (Lopez et al., 2021; Ulmer and Eschenhagen, 2020).  

 

Finally, research has shown that combinations of co-culture methods lead to 

a more mature CM. Yoshida and colleagues show how hiPSC-CMs had 

enhanced structural, electrophysiological and metabolic maturation when co-

cultured with mesenchymal stem cells (MSCs) (Yoshida et al., 2018). MSCs 

could increase hiPSC-CM maturation through transwell assays, implying the 

cytokines released by MSCs (VEGF, FGF, SDF-1, GM-CSF etc.) could 

improve hiPSC-CM maturity. Exosomes containing microRNAs, released by 
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MSCs, would also promote hiPSC-CM maturation (Leuning et al., 2018; 

Yoshida et al., 2018). Giacomelli and colleagues have shown encapsulation 

of three cardiac populations into a 3D organoid greatly improved the 

maturation of hiPSC-CMs (Giacomelli et al., 2020). The combination of CFs 

and ECs in a co-culture helped to mature the hiPSC-CMs through two 

pathways. The ECs are theorised to enhance CM maturation through release 

of endothelin-1, causing downstream upregulation of adrenergic receptors. 

ECs are also known to produce nitric oxide (NO), this can be used by CFs to 

enhance gap junction formation and connexins, further enhancing the 

maturation of hiPSC-CMs (Giacomelli et al., 2020; Song and Zou, 2014). 

 

Maturation of hiPSCs through manipulation of ECM presents a highly feasible 

and simple alternative for mature hiPSC generation. Block and colleagues 

have shown how the use of an ECM laid down by perinatal stem cells induced 

the maturation of hiPSC-CMs (Block et al., 2020). Mass spectrometry 

characterization of the ECM found an increased percentage of composition 

consisted of perlecan, 19.7% compared to 7.4%. Highlighting perlecan as a 

potential component of the perinatal stem cell ECM causing the hiPSC-CM 

maturation recorded.  

 

Implantation of hiPSC-CMs into neonatal rat hearts rapidly matured hiPSC-

CMs over 2 months, highlighting CM maturation is enhanced in vivo (Ahmed 

et al., 2020). Immunostaining performed on 3D hiPSC-CM tissues before and 

after in vivo transplantation show perlecan is highly expressed after 12 weeks 

of transplantation (Yokoyama et al., 2021). This observation suggests 

perlecan ECM may play a role in CM maturation, although more investigation 

is required into its mechanism. Indeed, CMs are not the main source of ECM 

in the heart, this role belongs to the CF. 

 

1.8. Differentiation of hiPSCs to Cardiac Fibroblasts 

1.8.1. Methods for hiPSC to cardiac fibroblast differentiation 

Protocols for developing hiPSC-CFs are more recently developed due to the 

relatively late discovery that a cardiac fibroblast is a specific cell type, different 
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to fibroblasts of other origin (Ivey and Tallquist, 2016). Of the protocols 

developed, further differentiation from epicardial cells to CFs has been 

pursued, these generate CFs representing those that populate the ventricular 

walls (Fang et al., 2016; Moore-Morris et al., 2016; Whitehead et al., 2022). 

While other protocols aim at differentiating cardiac progenitor cells to CFs, 

leading to the production of atrial fibroblasts (J. Zhang et al., 2019). Protocols 

by both J. Zhang and Giacomelli rely on differentiation methods generating 

cardiac progenitor cells, then further differentiation to epicardial cells followed 

by cardiac fibroblast induction with FGF (Giacomelli et al., 2020; J. Zhang et 

al., 2019). These methods demonstrate how all the major cell types of the 

heart can be differentiated following an initial differentiation to a cardiac 

progenitor cell. CFs generated in these protocols will be highly activated, 

indicative of a CF responding to damage. These CFs are highly proliferative 

and migratory, but do not fully represent the CFs that exist in a quiescent state 

in the healthy myocardium. Due to this, the protocol I utilised to differentiate 

hiPSCs to hiPSC-CFs was generated by H. Zhang and colleagues, whereby 

they display generation of quiescent hiPSC-CFs (H. Zhang et al., 2019a). This 

protocol also opts for an initial differentiation to a cardiac progenitor. H. Zhang 

also utilises a TGF inhibitor (SB-431542) to further inhibit differentiation of 

smooth muscle cells, and further suppress myofibroblast genes such as 

ACTA2. Using these newly developed protocols researchers could now 

incorporate hiPSC derived CFs into cardiac disease models. 

1.8.2. Models of cardiac fibrosis 

The CFs developed from H. Zhang protocol were utilised in an initial model of 

cardiac fibrosis. Through co-culturing hiPSC-CMs and CFs, crosstalk through 

the atrial/brain natriuretic peptide (ANP/BNP) receptor 1 pathways was 

identified in suppressing cardiac fibrosis (H. Zhang et al., 2019a). Indeed, 

inhibition of ANP/BNP degradation enzyme exhibited antifibrotic effects on the 

hiPSC-CFs, although this model of cardiac fibrosis was entirely reliant on MF 

induction using TGF. Lee and colleagues used a three-dimensional model 

including the use of MSCs, whereby MSCs generate myofibroblasts within the 

tissue following TGF stimulation (Lee et al., 2019). Iseoka and colleagues 

created a multicellular model utilising CMs and non-CM populations, seeded 
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at ratios to create a range of CM percentage tissues, following TGF treatment 

to induce a fibrotic response (Iseoka et al., 2021). Mastikhina and colleagues 

took the hiPSC models of cardiac fibrosis and further developed this using an 

engineered on-chip model for drug screening (Mastikhina et al., 2020). When 

analysing these hiPSC models of cardiac fibrosis it can be found that they all 

rely on induction of a pro fibrotic response by TGF. Indeed, TGF is one of 

the major instigators of fibrosis and one of the most studied pro-fibrotic 

compounds (Leask, 2007), these models only account for this factor to be the 

cause of activation. hiPSC cardiac fibrosis models should start to incorporate 

other methods of fibrotic induction. Future models should also aim to include 

other anti-inflammatory cells such as macrophages to recapitulate the process 

of cardiac fibrosis to a higher level of accuracy. Although these models are in 

early stages of development with promise towards identifying anti-fibrotic 

drugs, with the overall outcome encouraging more research in this fast-

developing field. 

 

1.9. Rationale 

Cardiovascular disease remains one of the leading causes of death around 

the world and is a financial burden to health care providers, estimated to cost 

$3.7 trillion between 2011 and 2015 in low- and middle-income countries alone 

(Gheorghe et al., 2018). HSPG2, one of the most evolutionary conserved 

genes across species (Martinez et al., 2018), is known to be essential in the 

heart of developing mice and zebrafish where a KO is lethal (Castellanos et 

al., 2021; Sasse et al., 2008a) . It is known that perlecan is not found initially 

in the basement membrane of CMs, but expanded over development 

(Roediger et al., 2009a). The role HSPG2 plays in the human heart is currently 

understudied, and if this role changes in each cardiac cellular population is 

unknown. HSPG2 and AGRN share similar structures, whereby the critical role 

for AGRN in the heart is already defined (Bigotti et al., 2020; Sun et al., 2021).  

Indeed, an increase in perlecan ECM has been shown after cardiac injury 

(Nakahama et al., 2000) and hiPSC-CM in vivo transplantation (Yokoyama et 

al., 2021), although the downstream mechanisms of its presence have yet to 

be fully explored and only theorised. HSPG2 has been shown to regulate 
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calcium signalling, fatty acid metabolism and mitochondrial biogenesis in other 

cell types, these functions are key to the healthy myocardium. 

 

By using hiPSCs human cardiomyocytes can be generated; genetic 

manipulation can also be performed on hiPSCs to investigate these genetic 

changes in each cell population generated from the same line. hiPSCs allow 

the possibility of developing human cardiac disease models, although with 

some limitations (Giacomelli et al., 2020; Lippi et al., 2020). CMs that are 

generated from hiPSCs are less mature than adult CMs, representing a more 

foetal like CM in multiple parameters (Lyra-Leite et al., 2022). This remains a 

major obstacle for the use of hiPSC-CMs in drug screens and disease models. 

Despite being an area of high research interest, in vitro hiPSC-CM maturation 

is still not equivalent to adult CM maturity. 

 

HSPG2 has an essential role in the heart, perlecans presence is not detected 

in early CMs, but is expressed over development. Both agrin and perlecan 

competitively bind to the aDGC, agrin shown to be pro-proliferative, therefore 

perlecan is an ideal candidate for investigation of the phenotypic switch seen 

in maturation. HSPG2 is also upregulated after cardiac assault and involved 

in ECM binding and growth factor sequestration, implying it may also have a 

role in cardiovascular fibrotic disease. 

 

1.10. Hypothesis 

Here I hypothesise perlecan is essential in the phenotypic switch in cardiac 

development and maturation. Perlecan competes with agrin, binding to the 

aDGC, enabling downstream sequestration of cytokines and ECM regulation 

to enhance cardiac maturation. Further to this, I hypothesise perlecan may 

have cell-specific roles within cardiac populations (CMs and CFs). And the 

development and maturation of CMs reliant on the secretion of perlecan ECM 

from non-CM populations. I also hypothesise perlecan to be a crucial regulator 

in cardiovascular fibrotic disease and recovery and therefore has a key role in 

CFs and wound healing responses. To address these hypothesises, I have set 

several aims (Figure 1.13). 
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1.11. Aims 

 

1- Generation and characterisation of a HSPG2 deficient hiPSC cell line, 

compared to isogenic WT control hiPSCs.  

2- Differentiation and characterisation of HSGP2 deficient CMs and CFs, 

with phenotypic analysis at multiple developmental stages. 

3- Generation of a CM/CF fibrotic disease model in which to interrogate 

the role of HSPG2 signalling. 

4- Enhance HSPG2 signalling, through CRISPRa or synthetic culture 

coating, as an alternative system to provide mechanistic insights. 
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Figure 1.13 – (Previous page) Summarised project aims. (1) 

CRISPR/Cas9 editing of hiPSCs to KO HSPG2. (2) Differentiation of these 

lines to cardiomyocytes and cardiac fibroblasts. (3) Effects of TGFβ on cardiac 

cell populations and modelling cardiac fibrosis. (4) Upregulation of HSPG2 or 

use of HSPG2 coatings to investigate maturation of cardiomyocytes. 
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2. Methods and Materials 

2.1. Materials 

All reagents and materials used in the study are shown in Table 2.1 and 

described in the Methods section below. The reagents were obtained from the 

manufacturers as detailed below.  

Table 2.1 – Reagents and Materials 

PRODUCT MANUFACTURER CATALOGUE 
NUMBER 

ACTIVIN A R&D Systems 338-AC-010 
ADVANCED DMEM Gibco 12634010 
AGAROSE Fisher Scientific BP1356-100 
AGN 193109 SODIUM SALT Santa Cruz 

Biotechnology 
sc-210768 

AMPICILLIN Sigma-Aldrich A9393-5G 
ANTI-AGRIN PRIMARY ANTIBODY Thermo Fisher 

Scientific 
103585 

ANTI-ALPHA-SMOOTH MUSCLE ACTIN 
PRIMARY ANTIBODY 

Invitrogen 14-9760-82 

ANTI-PERLECAN A74 PRIMARY ANTIBODY Abcam ab23418 
ANTI-PERLECAN A76 PRIMARY ANTIBODY Abcam ab26265 
ANTI-PERLECAN CCN1 PRIMARY ANTIBODY - -  
ANTI-SARCOMERIC ALPHA ACTININ PRIMARY 
ANTIBODY 

Abcam ab9465 

APROTININ Sigma-Aldrich A1153 
B27TM SUPPLEMENT (50X) Gibco 17504044 
B27TM SUPPLEMENT, MINUS VITAMIN A 50X) Gibco 12587010 
B-27™ SUPPLEMENT, MINUS INSULIN (50X) Gibco A1895601 
BIOLOG MAS BioLog 72303 
BIOLOG MITOPLATE S-1 BioLog 14105 
BIOLOG REDOX DYE MIX MC BioLog 74353 
BLASTICIDIN Tocris 5502 
CELL DISSOCIATION BUFFER, ENZYME-FREE, 
PBS-BASED 

Gibco 13151041 

CELL STRAINER, 70 UM Falcon 352350 
CELLTITER-GLO 2.0 Promega G9242 
CHIR-99021 (CT99021) HCL Selleck Chemicals S2924 
CLONE-RTM Stem Cell 

Technologies 
5888 

COLLAGENASE TYPE 2 Worthington 
Biochem 

LS004174 

DAPI Thermo Fisher 
Scientific 

62248 

DIMETHYL SULFOXIDE (DMSO) Fisher Scientific 67685 
DMEM Gibco 11995040 
DONKEY ANTI-MOUSE IGG (H+L) HIGHLY 
CROSS-ADSORBED SECONDARY ANTIBODY, 
ALEXA FLUOR™ 647 

Invitrogen A-31571 

DPBS Gibco 14190094 
ECL EXTRA Expedeon ECLA0250 
ECL EXTREME Expedeon ECLM0100 
ESSENTIAL 8TM BASAL MEDIUM Gibco A1516901 
ESSENTIAL 8TM SUPPLEMENT (50X) Gibco A1517101 
FETAL BOVINE SERUM (FBS), QUALIFIED, 
HEAT INACTIVATED 

Gibco 16140071 

HORSE SERUM Gibco 26050 
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FIBRINOGEN Sigma-Aldrich F4753 
FORMALDEHYDE SOLUTION 4%, BUFFERED, 
PH 6.9 

Sigma-Aldrich P6148 

GEL LOADING DYE PURPLE (6X) New England 
BioLabs 

B7024S 

GENERULER 1KB DNA LADDER Thermo Fisher 
Scientific 

SM0311 

GLUTAMAXTM (100X) Gibco 35050061 
GLYCEROL Fisher Scientific 56-81-5 
GOAT ANTI-MOUSE IGG (H+L) CROSS-
ADSORBED SECONDARY ANTIBODY, ALEXA 
FLUOR™ 488 

Invitrogen A-11001 

GOAT ANTI-MOUSE IGG H&L HRP Abcam ab6728 

GOAT ANTI-RABBIT IGG H&L SECONDARY 
ANTIBODY (ALEXA FLUOR® 594) 

Abcam ab150080 

GOAT ANTI-RABBIT IGG H&L HRP Abcam ab6721 
GOAT SERUM Sigma-Aldrich G9023 
HBSS, MINUS CALCIUM CHLORIDE, MINUS 
MAGNESIUM CHLORIDE, MINUS MAGNEISUM 
SULFATE (1X) 

Gibco 14175095 

IBIDI µ-DISH 35 MM QUAD Ibidi 80416 

INSULIN Sigma-Aldrich I9278 

IWR Sigma-Aldrich I0161-25MG 
KANAMYCIN Tocris 5505 
L-ASCORBIC ACID 2-PHOSPHATE Sigma-Aldrich A8960-5G 
LB AGAR Invitrogen 11518916 
LB BROTH BASE Invitrogen 12780052 
LIGHTCYCLERÂ 480 MULTIWELL PLATE, 384, 
WHITE 

Roche Diagnostics 4729749001 

LUMIBLUE ECL EXTREME  Expedeon ECLM0100 
LURIA BROTH (LB) AGAR Invitrogen 22700025 
LURIA BROTH (LB) BASE Invitrogen 12795027 
MATRIGEL HESC-QUALIFIED Corning 

Incorporated 
54277 

MILK POWDER Thermo Scientific 16694685 
MILLEXÂ SYRINGE-DRIVEN FILTER UNIT, 
0.22µm PORE SIZE 

Sigma-Aldrich SLGVV255F 

MTESR STEMCELL 
Technologies 

85850 

MTESR PLUS STEMCELL 
Technologies 

100-0276 

OPTIMEM Â Gibco 31985047 
P3 PRIMARY CELL 4D-NUCLEOFECTOR® X KIT 
L 

Lonza V4XP-3024 

PRIMARY HUMAN CARDIAC FIBROBLASTS Promocell C-12377 
PRIMARY HUMAN SKIN FIBROBLASTS Promocell C-12352 
PENICILLIN-STREPTOMYCIN Gibco 15140122 
PHOSPHATE BUFFERED SALINE (PBS) 
TABLETS 

Gibco 18912014 

PHUSION HIGH-FIDELITY DNA POLYMERASE New England 
BioLabs 

M0530L 

PRECISION PLUS PROTEINTM STANDARDS 
DUAL COLOUR PRESTAINED LADDER 

Bio-Rad 161-0374 

PROTEINASE K Thermo Fisher 
Scientific 

EO0491 

QPCRBIO CDNA SYNTHESIS KIT PCR Biosystems PB30.11-10 
QPCRBIO SYGREEN MIX LO-ROX PCR Biosystems PB20.11-05 
RECOMBINANT HUMAN BMP4 R&D Systems 314-BP-010 
RECOMBINANT HUMAN FGF BASIC (FGF2) R&D Systems 233-FB-025 
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RECOMBINANT HUMAN TGFΒ R&D Systems 7754-BH 
RESTRICTION ENZYME – ASISI New England 

Biolabs 
R0630S 

RESTRICTION ENZYME – BSAI New England 
Biolabs 

R0535S 

RESTRICTION ENZYME – ECORI New England 
Biolabs 

R0101S 

RESTRICTION ENZYME – NSII New England 
Biolabs 

 

RESTRICTION ENZYME - SALI New England 
Biolabs 

R0138S 

RETINOIC ACID Alfa Aesar 44540 
REVERT™ 700 TOTAL PROTEIN STAIN LI-COR 

Biosciences 
926-11011 

RPMI 1640 Gibco 11875 
RPMI 1640 MEDIUM, NO GLUCOSE Gibco 11879020 
SAPONIN Sigma-Aldrich 47036-50G-F 
SB 431542 Tocris 1614 
SDS SOLUTION, 10% SODIUM DODECYL 
SULFATE SOLUTION 

Fisher Scientific 151-21-3 

SEAHORSE XF BASE MEDIUM  Agilent  1033335-100 
SEAHORSE XF CELL MITO STRESS TEST KIT Agilent 103015-100 
SODIUM DL-LACTATE Sigma-Aldrich 71720-5G 
SYBR SAFE DNA GEL STAIN Invitrogen S33102 
T4 DNA LIGASE New England 

BioLabs 
M0202 

THROMBIN Sigma-Aldrich T7513 
TRANSBLOT TURBOTM MINI-SIZE 
NITROCELLULOSE 

BioRad 1704156 

TRANSBLOT TURBOTM MINI-SIZE TRANSFER 
STACKS 

BioRad 1704158 

TRANSFORMING GROWTH FACTOR-Β1 HUMAN 
(TGFB) 

Sigma-Aldrich T7039-2UG 

TRIFLUOROACETIC ACID Sigma-Aldrich 76-05-1 
TRIS-BASE Sigma-Aldrich 77-86-1 
TRITONTM X-100 SOLUTION Sigma-Aldrich 93443-100ML 
TRYPLE EXPRESS, MINUS PHENOL RED Gibco 12604021 
TWEEN20 Sigma-Aldrich P1379-100ML 
VIAFECTTM TRANSFECTION REAGENT Promega E4983 
VITRONECTIN (VTN-N) RECOMBINANT HUMAN 
PROTEIN, TRUNCATED 

Gibco A14700 

Y-27632 DIHYDROCHLORIDE (ROCK 
INHIBITOR) 

MedChemExpress HY-10583 

SEAHORSE XFP CELL MITO STRESS TEST KIT Agilent 103010-100 
 

2.2. Cell Culture 

Tissue culture and incubation was carried out under normal atmospheric 

pressure. Cells were incubated at 37°C, 5% CO2 and 20% O2 (unless stated 

otherwise) in the HERACELL 150i CO2 incubator (Thermo Fisher Scientific). 

Tissue culture was carried out in the Scanlaf Mars Safety class 2 MBSC4C 

safety cabinet (Labogene) under sterile conditions. 
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2.2.1. Maintenance of hiPSCs in culture 

Human induced pluripotent stem cells (hiPSCs) were maintained and grown 

in Essential 8 (E8) media (Gibco, Life Technologies) on Vitronectin (Gibco, 

Life Technologies) coated surfaces in a humidified atmosphere (5% CO2) at 

37 °C. The media was replaced every 24 hours. When hiPSCs reached 90% 

confluency they were dissociated using TrypLE Express (Gibco, Life 

Technologies) or Cell Dissociation Reagent (Gibco, Life Technologies) 

following the manufacturer’s protocol. Cells were seeded at 20,000 cells/cm2 

with E8 supplemented with 10µM Y-27632 dihydrochloride (ROCK inhibitor) 

(MedChemExpress). ROCK inhibitor was made up into a 10mM stock solution 

in sterilised water and stored at -80oC. 

2.2.2. Long term storage of hiPSCs 

For long-term storage and preservation, iPSCs were stored in 1.8mL cryogenic 

tubes as 1mL aliquots of 1 million cells per aliquot in a suspension composed 

of 50% (v/v) E8 media, 30% (v/v) Foetal Bovine Serum (FBS) (Gibco) and 20% 

(v/v) Dimethyl sulfoxide (DMSO) (Thermo Fisher Scientific).  

 

To thaw iPSCs, frozen cryovials were placed in a Grant Sub 6 unstirred water 

bath (Grant Instruments Ltd) at 37OC for 60 seconds. The cell solution was 

transferred to 9 mL PBS solution and pelleted in an Eppendorf Centrifuge 5804 

(Eppendorf) at 160 RCF for 4 minutes. The supernatant was aspirated, and 

the cells were resuspended in pre-warmed E8 media supplemented with 10µM 

ROCK inhibitor.  

2.2.3. Maintenance of primary fibroblasts in culture 

Primary fibroblasts were provided by James Smith. Cardiac (Promocell) and 

skin fibroblasts (Promocell)  were maintained and grown in a Fibroblast Growth 

Media consisting of Advanced DMEM (Gibco, Life Technologies) 

supplemented with 5% (v/v) Foetal Bovine Serum (Gibco, Life Technologies), 

1% (v/v) GlutaMax (Gibco, Life Technologies) and 1% (v/v) Pen/Strep (Gibco, 

Life Technologies) on Matrigel (Corning) coated surfaces in a humidified 

atmosphere (5% CO2) at 37°C. The media were replaced every 2-3 days. At 

70% confluency primary fibroblasts were dissociated using TrypLE Express 
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(Gibco, Life Technologies) and seeded at 10,000 cells/cm2 in a Fibroblast 

Growth Media. 

2.2.4. Differentiation of hiPSCs to Cardiac Fibroblasts 

Human iPSC lines were maintained as described before for 2 passages after 

thawing before being seeded on Matrigel (Corning) coated surfaces. 48 hours 

after seeding hiPSCs on Matrigel coated surfaces the media was replaced with 

RPMI medium (Gibco, Life Technologies) with B27 supplement minus insulin 

(Gibco, Life Technologies) (RPMI/B27- insulin) and 2 µM CHIR99021 (Abcam) 

for 2 days. Media were replaced with fresh RPMI/B27- insulin supplemented 

with 5 µM IWR-1 (Tocris) for 2 days. On day 4 hiPSC-cardiac progenitor cells 

(hiPSC-CPCs) were dissociated using TrypLE Express (12604013, Gibco, Life 

Technologies) and seeded at 20,000 cells/cm2 in Advanced DMEM medium 

(Gibco, Life Technologies) supplemented with 3 µM CHIR99021 (Abcam) and 

2 µM Retinoic Acid (Tocris). Media and supplements were changed daily for 3 

days followed by hiPSC-CPCs being recovered in Advanced DMEM (Gibco®, 

Life Technologies) for 4 days. hiPSC-epicardial cells (hiPSC-EPCs) were 

dissociated using TrypLE Express (Gibco, Life Technologies) and seeded at 

10,000 cells/cm2 in a Fibroblast Growth Media supplemented with 10 ng/ml 

FGF2 (Sigma-Aldrich) and 10 µM SB431542 (Tocris) for a further 6 days. All 

cultures were maintained in a humidified atmosphere (5% CO2) at 37 °C. 

2.2.5. Growth curves using CellTitre-GLO 

To perform growth curves cells were seeded into 3 separate 96 well plates. 

On the first plate cells were seeded as a standard curve ranging from 0, 100, 

500, 1000, 2500, 5000, 10000, 20000, 40000. Cells were then seeded in 3 

wells per condition. For analysis of cell viability and growth cells were initially 

washed with 100 µL DMEM. Cells were then incubated in 50 µL DMEM for 30 

minutes. Meanwhile CellTitre-Glo was incubated at room temperature for 30 

minutes to acclimatise. Following incubation 50 µL CellTitre-Glo is added to 

cells, wrapped in foil and incubated at 37°C on a shaker for 2 minutes. Cell 

solution is then mixed and 90 µL is transferred to a white 96-well assay plate 

(Corning) and incubated for 5 minutes covered in foil. Luminescence is then 
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measured using the FLUOstar OPTIMA microplate reader (BMG Labtech). 

Using the standard curve cell count was generated for all following timepoints. 

2.2.6. Differentiation of hiPSCs to Cardiomyocytes 

hiPSCs were differentiated into cardiomyocytes using a protocol developed 

and kindly shared by Andreia Bernardo (Francis Crick Institute/ Imperial 

College London) (Dark et al. manuscript in preparation, patent submission 

WO2020245612). Human iPSC lines were maintained as described before for 

2 passages after thawing before being seeded between 15,000 and 45,000 

cells/cm2 on Matrigel (Corning) coated 24 well plates. hiPSCs were maintained 

in E8 media (Gibco, Life Technologies) for 2 days before starting the 

differentiation on Day 0 with by switching media to HM1 (Table 2.2) 

supplemented with 3 µM CHIR99021 (Abcam), 3 ng/mL BMP4 (PeproTech), 

5 ng/mL FGF2 (PeproTech) and 5 ng/mL Activin A (PeproTech). HM1 was 

replaced after on Day 1 with HM1 containing no additional supplements. On 

Day 2 media was replaced with HM1 supplemented with 65 µg/mL L-Ascorbic 

Acid (Tocris) and 1 µM IWR-1 (Tocris). Media was changed with fresh HM1 

supplemented with 65 µg/mL L-Ascorbic Acid (Tocris) on differentiation days 

4 and 6. On day 8 media is replaced with HM2. On day 10 media is replaced 

with HM3 supplemented with 4 mM L-lactic acid (Sigma-Aldrich). Media is 

replaced on day 12 and 14 with fresh HM3 supplemented with 4 mM L-lactic 

acid (Sigma-Aldrich) and 65 µg/mL L-Ascorbic Acid (Tocris) until purification 

was complete. Cardiomyocytes were dissociated using Collagenase 

(Worthington Biochem,), counted, and reseeded on Vitronectin (Gibco, Life 

Technologies) coated tissue culture plastics in RMPI (Gibco, Life 

Technologies) plus B27 (Gibco, Life Technologies) supplemented with 10% 

(v/v) Foetal Bovine Serum (Gibco, Life Technologies). Cardiomyocytes were 

maintained in RMPI (Gibco, Life Technologies) plus B27 (Gibco, Life 

Technologies) with media being replaced every 3 days. 

Table 2.2 – Media compositions for cardiomyocyte differentiation 

HM1 HM2 HM3 

49 mL RMPI (11875093, 

Gibco, Life Technologies) 

49 mL RMPI (11875093, 

Gibco, Life Technologies) 

49 mL RPMI – No Glucose 

(11879020, Gibco, Life 

Technologies) 
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1 mL B27 -Insulin 

(A1895601, Gibco, Life 

Technologies) 

1 mL B27 -Vitamin A 

(12587010, Gibco, Life 

Technologies) 

1 mL B27 -Vitamin A 

(12587010, Gibco, Life 

Technologies) 

10 nM AGN-193109 (5758, 

Tocris) 

10 nM AGN-193109 (5758, 

Tocris) 

10 nM AGN-193109 (5758, 

Tocris) 

 

2.2.7. Culture of hiPSC-CMs and hiPSC-CFs with TGFβ 

To induce stress response with TGFβ in hiPSC-CFs and hiPSC-CMs, media 

was supplemented with 10 ng/mL TGFβ (R&D Biosystems). Media was 

changed every 24 hours for 4 days before RNA extraction and cDNA synthesis 

was performed.  

2.2.8. Co-culture scratch wound assays 

To perform co-culture scratch wound hiPSC-CMs and hiPSC-CFs were 

seeded at varying percentages (Table 2.3). 

Table 2.3 – Cells seeded in co-culture assays 

Percentage hiPSC-CF cells seeded hiPSC-CMs cells 

seeded 

100% CMs 0 200,000 

90% CMs 20,000 180,000 

75% CMs 50,000 150,000 

50% CMs 100,000 100,000 

25% CMs 150,000 50,000 

0% CMs 200,000 0 

 

Co-cultures were recovered for 72 hours before scratch would with a p10 

pipette tip was performed. Following manual scratch, the wells were gently 

washed with PBS 2 times before media replaced with RPMI/B27. Media was 

replaced every 48 hours, with images taken every 24 hours. 

 

Using ImageJ 5 measurements were taken across each aligned image 

between the minimum distance between each side of the scratch wound. This 

was repeated for each image and each condition. Output measurements were 

exported to Microsoft Excel and GraphPad for graph generation and statistics. 
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Difference in action potential is calculated identifying the difference between 

each side of scratch wound contraction action potential. Overall videos of the 

scratch wound were cropped to highlight each side separately. 

MUSCLEMOTION trace outputs were then plotted in Microsoft Excel, change 

in action potential of the contraction was then identified followed by the time 

between each switch. Results were averaged from 2 video repeats and plotted 

using GraphPad Prism. 

 

Media was changed every 48 hours for all scratch wound experiments. Media 

compositions generated for scratch wounds consisted of hypoxic and 

normoxic CM conditioned media and indole-3-carbanol. hiPSC-CMs were 

cultured in RPMI/B27 at 37oC, 5% CO2 and 2% O2 for 48 and 96 hours before 

media was removed. This method was repeated for normoxic CM conditioned 

media except hiPSC-CMs were maintained at 20% O2. This media was mixed 

with fresh RPMI/B27 at a 1:1 ratio before use. Indol-3-carbanol was 

resuspended in DMSO and supplemented in media at 100 µM in RPMI/B27. 

2.2.9. hiPSC-CM culture on synthetic perlecan peptide 

hiPSC-CMs were dissociated as previously described and seeded onto 

perlecan synthetic peptide 24 well plates (DenovoMatrix). For RNA expression 

200,000 hiPSC-CMs were seeded, while for nuclear quantification and 

imaging 100,000 hiPSC-CMs were seeded. Cultures were maintained in 

RPMI/B27 at standard conditions, with media changes every 48 hours for 14 

days. 

 

2.3. Generation of HSPG2 deficient cell lines 

2.3.1. Creation of initial HSPG2 CRISPR/Cas9 plasmid 

PCR was performed to generate both arms of homology using two primer 

pairs, “HSGP_LEFT1_FWD”, “HSGP_LEFT1_REV”, “HSGP_Right1_FWD” 

and “HSGP_Right1_REV” (Table 2.4).  

Table 2.4 – Primers for generation of arms of homology  

PRIMER SEQUENCE 

HSGP_LEFT1_FWD TCGCGAATGCATCCTCATGCCAGGCCATTGCC 
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HSGP_LEFT1_REV TCGCGAGCGATCGCCTAGGTCACCTGTAAGCAAACGA 

HSGP_RIGHT1_FWD 

HSGP_RIGHT1_REV 

TCGCGAGAATTCCATGGGCTGAGGGCATACGA 

TCGCGAGTCGACACTATAAGTCCCCATCCCAG 

 

The PCR product generated was extracted using NucleoSpin Gel and PCR 

Clean-up Mini kit (Macherey-Nagel, 740609). The left homology arm was 

digested with NsiI (New England BioLabs) and AsiSI (New England BioLabs). 

While the right homology arm was digested with SalI (New England BioLabs) 

and EcoRI (New England BioLabs). The arms of homology are ligated into a 

pre-designed plasmid containing a puromycin resistance cassette using T4 

DNA Ligase (New England BioLabs). 

 

The ligation mixture was transformed into One Shot TOP10 Competent Cells 

(Invitrogen). 5 µl of ligation mixture was mixed with 25 µl thawed One Shot 

TOP10 Competent Cells and left on ice for 30 minutes, after which competent 

cells were heat-shocked at 42 °C for 30 seconds and returned to ice for 2 

minutes. 125 μL of SOC medium (Invitrogen) was gently added to the 

competent cell mixture and incubated at 37 °C for 1 hour in a shaking incubator 

at 225 rpm. 200 μL of the transformation mix was spread onto pre-prepared 

LB agar plates supplemented with kanamycin (Tocris) and left at 37 °C 

overnight. 

 

Colonies on kanamycin LB agar plates were picked using a pipette tip and 

incubated in 5ml broth supplemented with 5 µl of 50 µg/ml kanamycin. The 

broth was left overnight at 37 °C in a shaking incubator at 225 rpm. Broth 

mixtures were pelleted at 5000 rpm for 15 minutes at 4 °C and residual 

supernatant removed. Plasmids were extracted from pelleted competent cells 

using the Wizard Plus SV Minipreps DNA Purification System (Promega) 

following the manufacturers’ protocol. Plasmids extracted were sent to 

Genewiz Sanger Sequencing service for confirmational sequencing. 

2.3.2. Creation of HSPG2 full deletion CRISPR/Cas9 plasmid 

PCR was performed to generate the 5’ prime arm of homology using 

“HSPG_Right5_FWD” and “HSPG_Right5_REV” primers (Table 2.5).  
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Table 2.5 – Primers for generation of arms of homology full HSPG2 insert 

PRIMER SEQUENCE 

HSPG_RIGHT5_FWD TCGCGAGCGATCGCGGCAGCCTGCCACCTGACAGCCG 

HSPG_RIGHT5_REV CTATGAGTCGACGGGTGGGCACCACTGTGTAA 

 

The PCR product generated was extracted using NucleoSpin Gel and PCR 

Clean-up Mini kit (Macherey-Nagel). Both extracted PCR product and 

previously generated HSPG2 CRISPR/Cas9 insert plasmid was digested with 

EcoRI (New England BioLabs) and SalI (New England BioLabs). Enzymatic 

digestion was performed at 37 °C  for 1 hour and 65 °C for 10 minutes in a 

PCR cycler. Following digestion, ligation was performed using T4 DNA ligase 

(New England BioLabs) at 16 °C overnight in a PCR cycler.   

 

The ligation mixture was transformed into One Shot TOP10 Competent Cells 

(Invitrogen). 5 µL of ligation mixture was mixed with 25 µl thawed One Shot 

TOP10 Competent Cells and left on ice for 30 minutes, after which competent 

cells were heat-shocked at 42 °C for 30 seconds and returned to ice for 2 

minutes. 125 μL of SOC medium (Invitrogen) was gently added to the 

competent cell mixture and incubated at 37 °C for 1 hour in a shaking incubator 

at 225 rpm. 200 μL of the transformation mix was spread onto pre-prepared 

LB agar plates supplemented with kanamycin (Tocris) and left at 37 °C 

overnight. 

 

Colonies on kanamycin LB agar plates were picked using a pipette tip and 

incubated in 5ml broth supplemented with 5 µl of 50 µg/ml kanamycin. The 

broth was left overnight at 37 °C in a shaking incubator at 225 rpm. Broth 

mixtures were pelleted at 5000 rpm for 15 minutes at 4 °C and residual 

supernatant removed. Plasmids were extracted from pelleted competent cells 

using the Wizard Plus SV Minipreps DNA Purification System (Promega) 

following the manufacturers’ protocol. Plasmids extracted were sent to 

Genewiz Sanger Sequencing service for confirmational sequencing. 
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2.3.3. Transfection of iPSCs with CRISPR/Cas9 and clone generation 

Human iPSC lines media was switched from E8 (Gibco, Life Technologies) to 

mTeSR-1 (StemCell Technologies) 2 days prior to transfection. iPSC lines 

were dissociated using TrypLE Express (Gibco, Life Technologies), 

resuspended in mTeSR-1, and prepared for 1x106 cells per transfection. Cells 

were centrifuged at 300 rpm for 5 minutes, resuspended in P3 Buffer and 

transfected following the manufacturers’ guidelines using the Lonza 4D-

Nucleofector Amaxa kit and program CA-137. Cells were transfected with 3 

plasmids at 350ng each: pU6 guide RNA plasmid, pCas9 plasmid and HSPG2-

targeting insert plasmid. Transfected cells were incubated within the cuvettes 

at 37 °C for 5 minutes before being seeded onto Matrigel (Corning) coated 6-

well plates in mTeSR-1 Plus (StemCell Technologies) supplemented with 

Clone R (StemCell Technologies) following the manufacturers’ guidelines. 

Cells were fed for another day before antibiotic selection using mTeSR-1 Plus 

(StemCell Technologies) supplemented with blasticidin (Tocris) at 2.5 μg/ml. 

Following 3-6 days of antibiotic selection clones were manually picked and 

transferred to 96-well plates and media replaced with E8. Following clonal 

expansion, individual clones were analysed for correct cassette insertion using 

PCR. 

2.3.4. Clone Selection and quantification using PCR 

Genomic DNA was extracted from clones resistant to blasticidin selection 

using the Macherey-Nagel DNA extraction kit (Qiagen). Extractions were 

preformed following the manufacturer’s instructions. PCRs (Table 2.6, Table 

2.7) were performed using 100 ng of gDNA, NEB Phusion Polymerase (New 

England Biolabs) and GC Buffer (New England Biolabs) following the 

manufacturers’ recommendations for a 20 µl reaction.  

Table 2.6 – Clone quantification PCR set up 

PCR SETUP 

TEMP Time Cycles 

98°C 30 Seconds x1 

98°C 10 Seconds x30 

60°C 30 Seconds 

72°C 1 minute 30 seconds 
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72°C 5 minutes x1 

4°C - - 

 

Table 2.7 – Primers used in PCR for quantification of clones  

PRIMER 

NAME 

FORWARD PRIMER PRIMER 

NAME 

REVERSE PRIMER 

DI F1 GGGCATTCCAGCAGAGGGCC HSPG2 Ex2 

Rev (D1R1) 

TCCAGCGCATTTGGCTTGCT 

BLAST 

FWD 

AGAACAGGGGCATCTTGAGC EF-1α Rev ACCCGTTGCGAAAAAGAACG 

DV F1 TTGTTGGGGGACAGTGAGTG   

DV F2 CCCTCGGTGCTCATCAACAT   

 

PCR reactions were mixed with 1x Gel Loading Dye, loaded on a 1% (w/v) 

agarose gel (Fisher Bioreagents) supplemented with 1x SYBR Safe DNA Gel 

Stain (Thermo Fisher Scientific) in 1x TAE buffer (242 g Tris base, 57.1 ml 

acetic acid, 100 ml of 500 mM EDTA, 850ml H2O) and ran at 90 V for 1 hour. 

Selected bands were extracted using the NucleoSpin Gel and PCR Clean-up 

Kit (Macherey-Nagel) following the manufacturers’ protocol and sent for 

sequencing using Genewiz Sanger Sequencing service. 

 

2.4. Creation of guide RNA plasmids for CRISPRa 

2.4.1. Design and annealing of oligonucleotide pairs 

For each gene of interest, 3 different guide DNAs were created, with 

oligonucleotides designed using ‘CRISPR-ERA: a comprehensive designer 

tool for CRISPR genome editing, (gene) repression, and activation’, along with 

a 4-nucleotide sequence to match sticky ends, synthesised by Sigma-Aldrich. 

Oligonucleotides (Table 2.8) were annealed using 2.5 µg of forward and 

reverse oligo at 100 µM with 10 μL of 5x annealing buffer (NEB buffer 2: 100 

μL 1M Tris pH 7.5-8, 100 μL 5M NaCl, 100 μL 0.1M EDTA, 700 μL H2O) and 

35 μL H2O. The mixture was incubated at 98 °C for 5 minutes followed by 

removal from heat block and cooled at room temperature for 3 hours. 

Annealed oligos were then further diluted with 450 µl H2O.  
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Table 2.8 – Primer pairs annealed to create double stranded insert for 

guide RNA to target specific genes as part of CRISPRa 

GUIDE 

NAME 

FORWARD SEQUENCE REVERSE SEQUENCE 

HSPG2 G1 ACCG-

CAAAGGCCTAGTAGGCTGCG 

AAAC-

CGCAGCCTACTAGGCCTTTG 

HSPG2 G2 ACCG-

TACTCCAGGCCGGGTTTGGC 

AAAC-

GCCAAACCCGGCCTGGAGTA 

HSPG2 G3 ACCG-

AAAAGCTGCGCGAGTGGAGT 

AAAC-

ACTCCACTCGCGCAGCTTTT 

AGRN G1 ACCG-

GCGTCCCGGGGCTTTGTTCG 

AAAC-

CGAACAAAGCCCCGGGACGC 

AGRN G2 ACCG-

TCCCGGGGCTTTGTTCGCGG 

AAAC-

CCGCGAACAAAGCCCCGGGA 

AGRN G3 ACCG-

GACAGGACGGGACGCAGCTC 

AAAC-

GAGCTGCGTCCCGTCCTGTC 

AGRN G4 ACCG-

ACCCGAGTTAATGCCTAATC 

AAAC-

GATTAGGCATTAACTCGGGT 

 

2.4.2. CRISPRa gRNA plasmid digestion and extraction 

Digestion of pU6 gRNA plasmid was performed using 3 µl BsaI (New England 

Biolabs®), 3 µl 10x CutSmart Buffer (New England Biolabs), 3 µg plasmid and 

H2O to a 30 µl total volume. Reaction mixtures were incubated at 37 °C for 1 

hour followed by 70 °C for 10 minutes. The digest mix was run on a 1% (w/v) 

agarose gel (Fisher Bioreagents) supplemented with 1x SYBR Safe DNA Gel 

Stain (Thermo Fisher Scientific) in 1x TAE buffer (242 g Tris base, 57.1 ml 

acetic acid, 100 ml of 500 mM EDTA, 850ml H2O) at 90 V for 1 hour. Digested 

plasmids were visualised using a CCD camera, excised using a scalpel and 

extracted using the NucleoSpin Gel and PCR Clean-up Kit (Macherey-Nagel) 

following the manufacturers’ protocol.  

2.4.3. Ligation of oligonucleotides and CRISPRa gRNA plasmid 

Extracted digested plasmid was ligated with previously annealed 

oligonucleotide pairs, using 2 µl of 10x T4 DNA Ligase Reaction Buffer (New 

England Biolabs) mixed with 50 ng of digested plasmid, 2 µl annealed 

oligonucleotide pairs, 1 µl T4 DNA Ligase and additional H2O to a total volume 
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of 20 µl. The reaction mixture was left at 10 °C overnight followed by 65°C for 

10 minutes.  

2.4.4. Transformation of competent cells 

The ligation mixture was transformed into One Shot TOP10 Competent Cells 

(Invitrogen). 5 µl of ligation mixture was mixed with 25 µl thawed One Shot 

TOP10 Competent Cells and left on ice for 30 minutes, after which competent 

cells were heat-shocked at 42 °C for 30 seconds and returned to ice for 2 

minutes. 125 μL of SOC medium (Invitrogen) was gently added to the 

competent cell mixture and incubated at 37 °C for 1 hour in a shaking incubator 

at 225 rpm. 200 μL of the transformation mix was spread onto pre-prepared 

LB agar plates supplemented with kanamycin (Tocris) and left at 37 °C 

overnight. 

2.4.5. Plasmid expansion and DNA minipreps 

Colonies on kanamycin LB agar plates were picked using a pipette tip and 

incubated in 5ml broth supplemented with 5 µl of 50 µg/ml kanamycin. The 

broth was left overnight at 37 °C in a shaking incubator at 225 rpm. Broth 

mixtures were pelleted at 5000 rpm for 15 minutes at 4 °C and residual 

supernatant removed. Plasmids were extracted from pelleted competent cells 

using the Wizard Plus SV Minipreps DNA Purification System (Promega) 

following the manufacturers’ protocol. 

2.4.6. Transfection of iPSCs with CRISPRa 

Human iPSC lines were transfected as previously described using the Amaxa 

nucleofector with a combination of 333 ng of U6 gRNA guide plasmid, 333 ng 

of MS2 plasmid and 333 ng of dCas9 plasmid (provided by James Smith). 

Transfected cells were seeded onto Matrigel (Corning) coated 6 well plates in 

E8 media (Gibco, Life Technologies) supplemented with Y-27632 (Abcam). 

hiPSCs were lysed 48 to 72 hours after transfection using supplied Macherey-

Nagel NucleoSpin RNA Kit lysis buffer. 

2.4.7. Transfection of hiPSC-CMs with CRISPRa 

Transfection of hiPSC-CMs was adapted from Bodbin et al., 2020. 12 hours 

pre transfection media was switched to RPMI/B27 supplemented with 10% 
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(v/v) FBS. On the day of transfection, media is replaced with fresh RMPI/B27 

+10% (v/v) FBS. Transfection solution consists of 300 ng of plasmid with 

ViaFectTM in a 6:1 ratio of volume (in µL) to plasmid mass (in µg) in Opti-MEM 

(Gibco) media. The solution is incubated at room temperature for 15 minutes 

after which transfection solution is added to the cells. Cells are incubated for 

24 hours at 37°C in a humidified incubator before media is replaced with fresh 

RPMI/B27. Analysis was performed 72 hours and 10 days following 

transfections. 

 

2.5. RNA extraction, cDNA synthesis and Quantitative real-time PCR 

2.5.1. RNA Extraction 

RNA was extracted from cells using the Macherey-Nagel NucleoSpin RNA Kit 

(Macherey-Nagel) or Qiagen RNeasy Mini Kit (Qiagen) following the 

manufacturers’ provided protocols.  

2.5.2. 1.5.2. cDNA synthesis 

Reverse transcription was performed using the PCR Biosystems Ultrascript 

2.0 cDNA Synthesis Kit (PCR Biosystems) following the manufacturers’ 

protocol, excluding the final extension time that was altered from 30 minutes 

to 1 hour. Final cDNA was diluted to 100 μL with the initial cDNA template 

synthesised from 1 μg of mRNA. 

2.5.3. 1.5.3. qRT-PCR using SYBR™ Green or TaqMan™ 

Real-time quantitative PCR was performed using 1 μL of the cDNA reaction 

with 2.5 μL SYBR Green PCR Master Mix (PCR Biosystems), 0.5 μL primer 

master mix and 1 μL H2O for SYBR-specific primers. For TAQMan 1 μL cDNA 

was mixed with 2.5 μL TAQMan Master Mix (PCR Biosystems), 0.25 μL 

TAQMan assay and 1.25 μL H2O. Both SYBR and TAQ qRT-PCR reactions 

were performed on Roche LightCycler 480 Multiwell Plates (Roche) in a Roche 

LightCycler 480 II (Roche). All qRT-PCR reactions were performed in triplicate, 

normalised to housekeeper genes 18S (for TaqMan) or GAPDH (for SYBR 

Green) and assessed using a comparative Ct method. 
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Table 2.9 – Primer pairs used for quantitative analysis of gene 

expression using the SYBR system. 

GENE 
NAME 

FORWARD PRIMER REVERSE PRIMER 

ACTA2 CCAGAGCCATTGTCACACAC CAGCCAAGCACTGTCAGG 

ACTC1 CCAGCCCTCCTTCATTGGT  GGTGCCTCCAGATAAGACATTGTT  

ACYL GCTCTGCCTATGACAGCACCAT  GTCCGATGATGGTCACTCCCTT  

AGRN CATGGCTGTGTTCTTCATGTGTT GGTCATTCTGAGACAAGGACGACT 

CASQ2 AGCTTGTGGAGTTTGTGAAG GGATTGTCAGTGTTGTCCC 

CCNB1 CCAAATCAGACAGATGGAAA T GCCAAAGTATGTTGCTCGA 

CD36 AGCTTTCCAATGATTAGACG GTTTCTACAAGCTCTGGTTC 

COL18 TCCAGAGAATGCCGCTTG GGAACTTGTCAGGGTCCG 

COL1A1 TCTGCGACAACGGCAAGGTG GACGCCGGTGGTTTCTTGGT 

COL3A1 AGGGGAGCTGGCTACCCTCC ACGTTTCCCTGAAGGGACTT 

COL4A2 AGGGTCGCAGGGAGAGCTGG TGGGCCTCGTTCCCCTGGAG 

DDR2 GGAGCCATCCAGGCTGATAC   GGCAGGCACTGAGTATGTGT  

GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA  

GATA4 TCAAACCAGAAAACGGAAGC GCATCTCTTCACTGCTGCTG 

GPC3 CATTCTCAACAACGCCAATA GATGTAGCCAGGCAAAGC 

HK2 GTCCGATGATGGTCACTCCCTT GTCCGATGATGGTCACTCCCTT 

HSPG2 
(D1) 

AGCATCTCAGGAGACGACCT GAAATTCACCAGGGCTCGGA 

HSPG2 
(D5) 

CCCGACTTCATCTCCTTCGG GGTCACCCACAATCAGGGAG 

ITGB1BP2 GATGCACTTAAGGGTTGGTCCT TGTAGCAGGGCCTTCAGGTT 

ITGB6 GCAAGCTGCTGTGTGTAAGGAA CTTGGGTTACAGCGAAGATCAA 

KI67 TCCTTTGGTGGGCACCTAAAGACCTG  TGATGGTTGAGGTCGTTCCTTGATG

LDHA GGATCTCCAACATGGCAGCCTT  AGACGGCTTTCTCCCTCTTGCT  

MHH7 CACTGATAACGCTTTTGATGTGC TAGGCAGACTTGTCAGCCTCT 

MYH6 TCAGCTGGAGGCCAAAGTAAAGGA  TTCTTGAGCTCTGAGCACTCGTCT  

NNAT CGGCTGGTACATCTTCCGC TGTCCCTGGAGGATTTCGAAA 

RYR2 GTCCGATGATGGTCACTCCCTT GTCCGATGATGGTCACTCCCTT 

SDC4 TCGATCCGAGAGACTGAGGT CCAGATCTCCAGAGCCAGAC 

SLC2A1 CATCAACGCTGTCTTCTATTACTC ATGCTCAGATAGGACATCCA 

SLC2A4 CTTCGAGACAGCAGGGGTAC ACAGTCATCAGGATGGCACA 

TCF21 AGCTACATCGCCCACTTGAG CGGTCACCACTTCTTTCAGG 

TNNI1 AGTCACCAAGAACATCACGGAGAT  GCAGCGCCTGCATCATG  

TNNI3 CGTGTGGACAAGGTGGATGA TTCCTTCTCGGTGTCCTCCT 

VCAN CCCAGTGTGGAGGTGGTCTAC CGCTCAAATCACTCATTCGACGTT 

VIM GGACCAGCTAACCAACGACA   AAGGTCAAGACGTGCCAGAG   

WT1 TGCTTACCCAGGCTGCAATA CTGAAGGGCTTTTCACCTGT   

YAP CGCTCTTCAACGCCGTCA AGTACTGGCCTGTCGGGAGT 
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Table 2.10 – TaqMan™ probes quantitative analysis of gene expression 

GENE 

TARGETED 

ASSAY NAME CATALOGUE 

NUMBER 

EXONS TARGETED 

HSPG2 Hs01078466_m1 4351372 25-26 

HSPG2 Hs01078536_m1 4331182 91-92 

HSPG2 Hs01078483_g1 4331182 4-5 

 

2.6. RNA Sequencing 

Cell lysate was collected from each timepoint through cardiac differentiation  

using QIAzole (QIAGEN) lysis buffer and extracted using RNeasy Mini Kit 

(QIAGEN) following the manufacturers protocol. RNA samples were quantified 

using a NanoDrop 2000 Spectrometer (Thermo Fisher Scientific) before being 

sent to the Francis Crick Institute whereby RNA sequencing was performed. 

Initial DeSeq2 normalisation of data, fold change comparisons and statistics 

were performed by Tegan Gilmore (Francis Crick). All further analysis, PCA 

plots, GO analysis and graphs were generated using RStudio Build 576. All 

RStudio library packages used highlighted in Table 2.11. 

Table 2.11 – RStudio packages used for RNA sequence analysis 

RStudio Packages 

pylr 

dplyr 

tidyverse 

ggplot2 

devtools 

ggbiplot 

DESeq2 

gprofiler2 

goseq 

EnhancedVolcano 

clusterProfiler 

enrichplot 

DOSE 

 

To generate PCA plots DeSeq2 was performed on normalised counts. DeSeq2 

package generated PCA plot data which was subsequently plotted using 

ggplot2. The graph generated was exported to Adobe Illustrator where clusters 

were highlighted, and colour coded. 
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EnhancedVolcano RStudio package was used to generate volcano plots with 

example script highlighted below. 

 

For cluster analysis DEGs were isolated via filtering of genes above or below 

log2fold change and were statistically changed (p value <0.05). Library 

package gprolfiler2 was used to perform DEG cluster analysis for Gene 

Ontology Molecular Functions, Gene Ontology Cellular Components, Gene 

Ontology Binding Proteins, Reactome and Wiki-pathways, followed by 

reformatting for output. 

 

Data is then rearranged to arrange based on number of DEGs found in each 

cluster previously analysed. 

 

Following rearrangement of data ggplot2 is used to plot the Family Cluster 

graphs. 
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2.7. Protein extraction, Slot Blots and Western Blots 

2.7.1. Protein Extraction form Cells and Media 

Protein was extracted from cells by scraping 100 μL of SDS-PAGE sample 

buffer supplemented with Proteinase inhibitor (at 10 μL/ml) over the surface of 

the cells. Cell protein lysate was boiled at 100 °C for 5-10 minutes before being 

frozen at -80 °C. Protein from media was concentrated by addition of 

Trichloroacetic Acid (Sigma-Aldrich) to 5% (v/v) and incubated at 4oC for 24 

hours. Media were then centrifuged (21,000 g for 6 minutes), residual 

supernatant removed, and the pellet resuspended in 50 μL SDS-PAGE 

sample buffer and boiled at 100 °C for 5-10 minutes.  

2.7.2. Slot Blot 

PVDF membrane (Bio-Rad) was placed over a vacuum source with extra 

uncovered slots being blocked to maintain suction. 1 mL of media or 1 mL of 

1:100 diluted cell protein lysate was passed through the PVDF membrane 

(Bio-Rad) via suction from a vacuum pump. PVDF membrane was then 

blocked in 5% (w/v) Milk in PBS for 3 hours, blocking solution was replaced 

with fresh 5% (w/v) Milk in PBS with primary antibodies at 1:10000 [A74 

(Abcam), A76 (Abcam), or CCN1 (provided by John Whitelock)] incubated at 

4°C on a rocker overnight. Membranes were then washed 3 times with 0.1% 

(v/v) Tween (Sigma-Aldrich) in PBS followed by  incubation with secondary 

antibody at 1:5000 [Goat anti-mouse IgG H&L HRP (Abcam) or Goat anti-

Rabbit IgG H&L HRP (Abcam)] in 5% (w/v) Milk in PBS for 2 hours at room 

temperature. Membranes were then washed 3 times with 0.1% (v/v) Tween 

(Sigma-Aldrich) in PBS, wash was removed, membranes transferred to a 

clean wash tray where they were incubated using LumiBlue ECL Extra 
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(Expedeon) (A74 or A76) or LumiBlue ECL Extreme substrate (Expedeon) 

(CCN1) for 5 minutes. ECL substrates were removed, and membranes were 

imaged for chemiluminescence using the GelDock (Syngene).  

2.7.3. Western Blots 

15 μL of SDS-cell lysate or SDS-media was loaded into the wells of a 4-15% 

gradient polyacrylamide gel (Bio-Rad). Gels were run at 180V for 50 minutes, 

transferred to a nitrocellulose membrane (Bio-Rad) using the Trans-Blot Turbo 

Transfer System (Bio-Rad). To quantify membrane total loaded protein, Revert 

Total Protein (LI-COR Biosciences) stain was used following manufacturers 

guidelines. Membranes are incubated in Revert Total Protein for 5 minutes, 

following 2 washes with water. Membranes are then imaged using Odyssey 

CLx Imaging System (LI-COR Biosciences) at 700 nm. Membranes were 

blocked in 5% (w/v) Milk in PBS for 3 hours, blocking solution was replaced 

with fresh 5% (w/v) Milk in PBS with primary antibodies at 1:1000 [Agrin 

(Thermo Fisher Scientific), A74 (Abcam), A76 (Abcam), or CCN1 (provided by 

John Whitelock)] incubated at 4°C on a rocker overnight. Membranes were 

then washed 3 times with 0.1% (v/v) Tween (P1379, Sigma-Aldrich) in PBS 

followed by  incubation with secondary antibody at 1:5000 [Goat anti-mouse 

IgG H&L HRP (Abcam) or Goat anti-Rabbit IgG H&L HRP (Abcam)] in 5% 

(w/v) Milk in PBS for 2 hours at room temperature. Membranes were then 

washed 3 times with 0.1% (v/v) Tween (Sigma-Aldrich) in PBS, wash was 

removed, membranes transferred to a clean wash tray where they were 

incubated using LumiBlue ECL Extreme (Expedeon) (A74, A76 or Agrin) or 

LumiBlue ECL Extra substrate (Expedeon) (CCN1) for 5 minutes. ECL 

substrates were removed, and membranes were imaged for 

chemiluminescence using the G:BOX F3 GelDock (Syngene). 

2.7.4. Total Protein Quantification 

Images following Revert Total Protein stain and chemiluminescence antibody 

staining were imported into ImageJ. Total Protein intensity was calculated per 

column loaded and used to normalise against the intensity of individual bands 

on chemiluminescent western blots thereby calculating relative intensity. 
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2.8. Immunostaining 

For immunostaining, primary and hiPSCs were plated on thin black bottom 96 

well plates. Cells were washed using PBS followed by fixing using 4% (v/v) 

PFA (Sigma-Aldrich) for 15 minutes followed by 2 PBS washes. Fixed cells 

were then washed for 15 minutes in 0.1% (v/v) Triton X-100 (Sigma-Aldrich) 

in PBS on a plate rocker at RT followed by 3 further 5-minute washes in PBS. 

Fixed cells were then blocked in 4% (v/v) Goat Serum (Sigma-Aldrich) in PBS 

for 1 hour minimum, followed by a further 5-minute PBS wash. Primary 

antibody was added to the plates, diluted in 4% (v/v) Goat Serum (Sigma-

Aldrich) in PBS [CCN1 (1:2000, provided by John Whitlock), αSMA (1:400, 

Abcam), A74 (1:200, Abcam), A76 (1:400, Abcam), α-Actinin (1:800, Abcam), 

Agrin (Thermo Fisher Scientific)] and left overnight at 4°C on a rocking plate. 

The following day fixed cells were washed with 0.1% (v/v) Tween (Sigma-

Aldrich) in PBS 3 times for 10 minutes followed by secondary antibodies 

diluted in 4% (v/v) Goat Serum (Sigma-Aldrich) in PBS [Anti-Mouse Alexa 

Fluor® 488 (1:500, Abcam), Anti-Mouse Alexa Fluor® 568 (1:500, Abcam), 

Anti-Rabbit Alexa Fluor® 488 (1:500, Abcam), Anti-Rabbit Alexa Fluor® 568 

(1:500, Abcam)] for 1 hour at room temperature. The fixed cells were then 

washed 3 times with 0.1% (v/v) Tween-PBS (Sigma-Aldrich) for 10 minutes 

followed by incubation in PBS supplemented with DAPI (Tocris) at 1:500 for 

10 minutes and optional CellMask™ Orange Plasma Membrane Stain 

(Invitrogen) at 1:1000 for 10 minutes. A further wash was performed using 

filtered PBS after which the fixed cells were submerged in filtered PBS and the 

plate wrapped in foil. Images were taken using the EVOS™ M5000 Imaging 

System and Zeiss Confocal Microscope.  

 

2.9.  Seahorse assay 

The OCR and ECAR of hiPSC-CMs and hiPSC-CFs were analysed using the 

XF Cell Mito Stress Kit (Agilent) on the Seahorse XF Analyser (Agilent 

Technologies). Operation of Seahorse XF Analyser was performed by 

Katherine Hampton and Jamie Clark. hiPSC-CMs and hiPSC-CFs were 

seeded at a density of 30,000 and 15,000 cells per well of a VTN-coated 96-

well Seahorse XF Cell Culture Microplate, respectively. The cells were 
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analysed 72-hours post-transfection. In preparation for the assay, XF flux 

cartridges were hydrated with XF Calibrant overnight at 37°C. Flux cartridges 

were loaded with Oligomycin (2 µM), carbonyl cyanide-4-(trifluoromethoxy) 

phenylhydrazone (FCCP) (1 µM), and Rotenone (0.5 µM). The assay was 

performed in Seahorse XF Media, supplemented with 1 mM Sodium pyruvate, 

2 mM l-Glutamine, and 10 mM Glucose. Following the seahorse assay, the 

Seahorse plate was washed with PBS and fixed at room temperature in 4% 

(v/v) formaldehyde solution (Sigma-Aldrich) for 10 min, then stained with 1 

µg/mL DAPI (Thermo Fisher Scientific) for 15 min. Cell count was calculated 

using automated nuclei counting on the EVOS M5000 imaging system 

(Thermo Fisher Scientific). All results were normalised to output cell count. 

 

2.10. BioLog Mitoplate substrate metabolism assay 

hiPSC-CMs and hiPSC-CFs were seeding into VTN coated 96 well plates at 

40,000 and 30,000 cells per well respectively. The wells of the MitoPlate S-1 

plate (BioLog) were hydrated in 30 µL assay mix composed of sterile water 

supplemented with 2X BioLog MAS (BioLog), 6X Redox Dye MC (BioLog) and 

1,200 µg/mL saponin, (Sigma-Aldrich). The plates were incubated for 1 hour 

at 37oC. Incubated substrate suspension was mixed with a further 30 µL 2X 

BioLog MAS. Seeded cells were washed with PBS and media replaced with 

incubated substrate suspension. The MitoPlate was read for 6 h with 5 min 

intervals at OD590 using a OmniLog plate reader (BioLog). Results were 

calculated using the OmniLog Data Analysis 1.7 software before being 

exported to Microsoft Excel. substrate usage was analysed using the BioLog 

MitoPlate assay (BioLog) 

 

2.11. Engineered heart tissue generation and force output 

Engineered heart tissues (EHTs) were generated in the Francis Crick Institute 

with help from Lorenza Tsansizi and Andreia Burnardo. hiPSC-CMs were 

transported to the Francis Crick Institute the day before EHT generation and 

incubated to allow for acclimatisation. EHT casting moulds were generated 

using Teflon spaces in 24 well plates and 2% (w/v) agarose in PBP, following 

cooling Teflon spacers were removed and silicone posts places in place. 
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hiPSC-CMs were dissociated, 4.1x106 cells/mL were resuspended in 5 mg/mL 

fibrinogen (Sigma-Aldrich), 100 µL/mL Matrigel and DMEM 2x. 145 µL of cell 

suspension is briefly mixed with 4.5 µL thrombin (Sigma-Aldrich) before 

pipetting into agarose slots. Fibrinogen construct polymerisation was 

performed by placing seeded wells into a 37°C, 5% humidified incubator for 2 

hours. 1 hour into incubation 300 µL cell culture medium is added on top of 

EHTs to reduce risk of dehydration. After incubation, silicone constructs were 

removed with EHTs attached and placed into new 24 well plate with EHT 

medium (DMEM, 10% (v/v) horse serum (Gibco), insulin (Sigma-Aldrich), 

aprotinin (Sigma-Aldrich) and 1% (v/v) penicillin/streptomycin). Media was 

changed every 48-72 hours with fresh EHT media. 

 

Pacing and video recording was performed by Lorenza Tsansizi at the Francis 

Crick Institute. ImageJ MUSCLEMOTION was used to analyse contraction of 

both paced and un-paced EHTs. True force was calculated using Youngs 

modulus due to parameters of silicone rods known. 

 𝐹𝑜𝑟𝑐𝑒 =   3𝐸𝐼𝛿/𝐿3 =  3𝜋𝐸𝑅4𝛿/4𝐿3 

Delta of contraction was recorded using ImageJ and true force calculated used 

Microsoft Excel. 

 

2.12. ImageJ plugins 

2.12.1. Migration Wound Healing Experimental Method 

Culture well quarters (Ibidi) were coated with Vitronectin (Gibco, Life 

Technologies) 24 hours before use. Approximately 40,000 cells were seeded 

into each quarter, cells were allowed 1 week to recover in appropriate media 

before the silicone dam was removed. Photos were taken every day using the 

EVOS™ M5000 Imaging System between each migration gap until the end of 

the experiment. Images were compiled and aligned using Adobe Photoshop 

CC 2020 and used to create a tiff stack. Gap analysis was performed using 

the MRI Wound Healing Tool as run using an Image J script. 

Table 2.12 – List of parameters used for the MRI Wound Healing Tool 

PARAMETER VALUE 

METHOD Variance 
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VARIANCE FILTER 
RADIUS 

5 

THRESHOLD 25 

RADIUS OPEN 4 

MIN. SIZE 2000 

 

2.12.2. Analysis of ECM patterns using TWOMBLI pipeline 

Immunostaining was performed followed the previously explained protocol, the 

ECM channel was isolated and used for ECM Analysis using TWOMBLI (The 

Workflow of Matrix Biology Informatics). ECM images were converted to black 

and white images and inverted using Adobe Photoshop CC 2020. Images 

were then taken into Image J where threshold was adjusted on all images to 

the same value. These images were then cropped to show the appropriate 

sections of the wound healing assay and ran through the TWOMBLI pipeline 

with the following prechosen parameters. 

 

Table 2.13 – List of parameters used for running ECM analysis using 

TWOMBLI pipeline 

PARAMETER VALUE 

CONTRAST SATURATION 0.35 

MIN LINE WIDTH 2 

MAX LINE WIDTH 23 

MIN CURVATURE WINDOW 40 

MAX CURVATURE WINDOW 40 

MINIMUM BRANCH LENGTH 5 

MAXIMUM DISPLAY HDM 150 

MINIMUM GAP DIAMETER 20 

 

2.12.3. Contraction analysis using MUSCLEMOTION 

Videos of contracting cardiomyocytes were recorded using a 1080p screen 

capture device via the EVOS™ M5000 Imaging System. Videos were then 

cropped and cut to length using Adobe Photoshop CC 2020, following 

rendering to a Tiff stack. Images were run through Muscle Motion script using 

the batch analysis method with set parameters. 
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Table 2.14 – List of parameters used for running MUSCLEMOTION 

ImageJ script 

PARAMETER VALUE 

A. BATCH OPTION Yes 

B. TIFF IMAGE SEQUENCE Yes 

C. GAUSSIAN BLUR No 

D. FRAME RATE OF 
RECORDINGS 

30 

E. SPEED/WINDOW TO 
USE 

5 

F. DECREASE NOISE Yes, but keep it simple 

G. DETECT REFERENCE 
FRAMES 

Yes, but keep it simple 

H. ANALYSE TRANSCRIPTS Yes, but keep it simple 

 

 

2.13. Statistical analysis, production of graphs and figures 

GraphPad Prism software version 5.0 (GraphPad) and Microsoft Excel were 

used for data analysis and statistical analysis. Statistical comparison was 

performed using paired t-test unless otherwise stated. For comparison of more 

than two groups the Two-way ANOVA followed by Tukey multiple comparison 

test was used. Differences among groups were considered significant when 

the probability value, p, was less than 0.05 (*P < 0.05, **P < 0.01, ***P < 0.001, 

no* = not significant). Results are represented showing each sample value and 

the standard deviation or standard error of mean (SEM). Standard deviation 

was used on results where the N=3, while SEM was used for N=1 results. No 

statistical methods were used to pre-determine sample size. Generation of 

figures was performed using Adobe Illustrator CC 2020. 
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3. Generation of HSPG2 deficient hiPSC lines and the further 

manipulation of HSPG2 in hiPSCs 

 

3.1. Introduction 

Despite being evolutionarily conserved, species differences are found in the 

HSPG2 genome (Zelenski et al., 2018). Current models of HSPG2 role in 

cardiac populations rely on mice KO models. Sasse et al created HSPG2 

deficient mouse embryonic cells, capable of differentiation into mouse CMs. 

However, this 2008 study used early, inefficient differentiation protocols on the 

HSPG2 deficient mouse lines. In this chapter I aimed to create a human 

HSPG2 knockout iPSC line, to do this I will use CRIPSR/Cas9 (Clustered 

Regularly Interspaced Short Palindromic Repeats/Cas9) gene editing. I also 

aimed to upregulate the expression of HSPG2 using CRISPRa. CRISPRa 

utilises a mutated form of the Cas9 protein that is unable to cleave (dCas9), 

but still target a specific region of DNA. CRISPRa has the capability of being 

fused with transcriptional activators such as VP64 causing upregulation of 

downstream target genes (Maeder et al., 2013; Perez-Pinera et al., 2013).  

 

As the ECM is a major component of the stem cell niche that surrounds and 

maintains stem cells in a naïve state, the manipulation of its composition may 

alter cellular phenotype (Ullah et al., 2020; Yu et al., 2017). In the self-renewal 

of hiPSCs, FGF-2 and TGFβ1 are key growth factors required in the cell 

culture medium (Eiselleova et al., 2009). FGF-2 and TGFβ1 are both heparin-

binding growth factors (Sarrazin et al., 2011), and as such, HSPGs play a role 

in the regulation of these growth factors for the maintenance of pluripotency. 

Perlecan (HSPG2) is an essential sequester of FGF-2 (Chang et al., 2015; 

Chuang et al., 2010; Kerever et al., 2014), and has been estimated to hold up 

to 123 molecules of FGF-2 per molecule of HSPG2 (Smith et al., 2007a). It is 

therefore possible that the knockout of HSPG2 would alter pluripotency 

through altering FGF-2 signalling capabilities.  

 

In addition to growth factor signalling, metabolic pathways can also regulate 

the balance between self-renewal and differentiation (Ito et al., 2014). HSPGs 
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have been linked to regulating lipid metabolism via the LDL receptor found on 

many HSPGs (Wilsie and Orlando, 2003), including HSPG2 (Alan D Murdoch 

et al., 1992). This occurs through HSPGs binding circulating lipids to the cell 

surface, processing via lipases and internalisation of the final products (Ji et 

al., 1994; Mulder et al., 1993; Wilsie and Orlando, 2003). Yamashita et al show 

how transgenic HSPG2 knockout mice are resistant to obesity whereby white 

adipose tissue had reduced lipid accumulation combined with an increased 

and preferential metabolism of fatty acids (Yamashita et al., 2018b). As such, 

it is also possible that the knockout of HSPG2 would alter pluripotency through 

modulating metabolic pathways.  

 

The aim of this chapter is to create a human system to study HSPG2s role in 

cardiac cell populations. I aim to create a HSPG2 deficient hiPSC line using 

CRISPR/Cas9 gene-editing. In this chapter I will analyse any differences seen 

between the healthy and perlecan deficient hiPSCs lines before these are 

used in future chapters investigating the role of HSPG2 in the cardiac system. 

Additionally, I also aim to investigate the potential of a CRISPRa system to 

upregulate HSPG2 as an opposing modulating technology. 

 

3.2.  Creating a HSPG2 knockout in hiPSCs 

With the aim of utilising CRISPR/Cas9 I designed a targeting strategy that 

would insert a designed section cassette into exon two of HSPG2. To do these 

two plasmids needed to be designed and created: 1) a targeting plasmid 

homologous to HSPG2 and, 2) a guide RNA plasmid specific to HSPG2. The 

role of the guide RNA plasmid is to direct the Cas9 protein to a specific DNA 

region for cleavage (Figure 3.1, A). Following this break in DNA, the role of the 

targeting plasmid is to provide a homologous sequence capable of providing 

a template for homology directed repair (Figure 3.1, B).  
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The guide RNA sequence (possessing a PAM site) was designed 

complementary to exon two of HSPG2 (CAAAATACGTGACGTAGAAAG). 

The targeting plasmid was created containing flanking 1000bp arms of 

homology, complimentary to the HSPG2 sequence either side of the DNA 

break. Within the arms of homology are polyA tails to stop translation and a 

EF1a promotor for the transcription of puromycin resistance. If the cell uptakes 

this plasmid using homology directed repair (Figure 3.1, C) the translation of 

HSPG2 mRNA will be inhibited, thereby knocking out the transcription of 

HSPG2. 

 

Following transfection in hiPSCs, Cas9 protein is synthesised and colocalizes 

with the gRNA to form the Cas9/gRNA complex. This complex translocates to 

the nucleus whereby the gRNA proceeds to bind to targeted PAM site and 

Figure 3.1 –Schematic showing CRISPR/Cas9 targeting strategy for 

HSPG2 knockdown. (A) The CRISPR/Cas9 and guide RNA create a 

complex that is guided to an cleaves exon two of HSPG2. (B) Through 

homology directed repair the selection cassette will be used as a template for 

repair. (C) If the genome uptakes the selection cassette translation of HSPG2 

will be inhibited and create a knockout of HSPG2.   
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proteolytic cleavage of the DNA follows (Figure 3.2, A). The targeting 

homology plasmid is transfected in parallel and provides the template for 

homologous recombination (Figure 3.2, B). Due to the uptake of a puromycin 

resistance gene by the cells that have undergone homologous recombination 

with the selection cassette the culture medium can be switched to one 

containing puromycin at a concentration capable of removing untargeted cells 

(Figure 3.2, C). Any colonies that have undergone targeting undergo 

proliferation in a media containing puromycin while untargeted cells will die. 

Once colonies have reached 1mm in size they were manually picked using a 

p20 pipette. The colonies were placed into individual wells of a 96 well plate, 

expanded to 24 well format then split to bank or for use in validation of correct 

genetic targeting. 
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 Figure 3.2 – Selection of targeted clones following CRISPR/Cas9

cassette insertion. (A) The Cas9 plasmid is combined with an appropriate 

gRNA guide plasmid and the insert plasmid containing a selection cassette. 

The Cas9 protein combined with the gRNA insert cleave the DNA at the 

desired cut site, homologous recombination occurs leading to the insert of the 

selection cassette. (B) The iPSCs are electroporated using a Amaxa 

Nucleofector to allow plasmid uptake. (C) Cells then undergo antibiotic 

selection to form clear colonies that will be later cultivated. 
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To confirm successful integration into HSPG2 gDNA primers ‘D1_Fwd’ and 

‘EF1a_Rev’ were designed so that a 1875bp band would form if the EF1a 

promotor was present in the gDNA (Figure 3.3, A & B). To identify homozygous 

and heterozygous clones a third primer was designed, ‘D1_Exon2_Rev’. PCR 

on WT cells using ‘D1_Fwd’ and ‘D1_Exon2_Rev’ would create a small band 

(1269bp), while PCRs on targeted clones would create a larger band at 

4078bp. Sanger sequencing of the healthy PCR fragments confirms no 
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Figure 3.3 – Confirmation of a HSPG2 heterozygous knockdown in iPSCs.

(A) Primer binding sites on targeted and untargeted DNA used to confirm 

selection cassette uptake. (B) PCR products produced from previously shown 

primers ran on 1% agarose gel confirming band sizes at predicted weights, 

overall confirming a healthy and targeted allele. (C) Immunostaining of WT vs 

+/- iPSCs using monoclonal A76 HSPG2 antibody. (D) Quantitative PCR 

performed of cDNA synthesised from HSPG2+/- iPSCs in 3 separate domains 

of HSPG2. . N=3, statistical test performed using t-tests. P-value <0.05 = *, 

<0.01 = **, <0.001 = ***. 
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insertions or deletions have occurred in the untargeted allele via sequence 

alignment of both HSPG2WT and HSPG2+/-. Both iPSC lines were then 

expanded, fixed, and stained using monoclonal perlecan specific antibody A76 

(Figure 3.3, C) with staining confirming the predicted reduction in perlecan 

secretion. Quantitative PCR was then performed to confirm the selection 

cassette inserted was inhibiting the transcription of HSPG2, results show over 

50% reduction in HSPG2 mRNA production in the HSPG2+/- iPSC line in 3 

separate domains of HSPG2 (Domain 1 – 0.2 Fold, Domain 3 – 0.33 Fold, 

Domain 5 – 0.44 Fold) (Figure 3.3, D). Together, these data confirmed the 

CRISPR strategy designed was successful in producing hiPSC clonal lines 

with the heterozygous knockout of HSPG2 expression. Since only 

heterozygous clones were produced from this targeting method, I attempted 

to repeat this with a new CRISPR approach in the aim of creating a full 

homozygous knockout of HSPG2. 
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3.3.  Alternative HSPG2 CRISPR/Cas9 KO approach 

 

 

Due to the creation of only a heterozygous KO of HSPG2 the aim was to repeat 

this CRISPR targeting with a newer approach, to perform two separate 

cleavages of HSPG2 genome and remove the entirety of the HSPG2 gene 

(Figure 3.4). This strategy uses two cleavage sites within the genome to be 

performed instead of one, with the aim of removing the entire region of HSPG2 

would give rise to a cleaner HSPG2 KO leaving no potential off transcripts to 

be synthesised in place. 

 

 

 

Figure 3.4 - Schematic of newer method of creating a HSPG2 KO iPSC 

line. (A) Two targeted PAM sites will be cleaved by the Cas9 enzyme. (B) The 

entire region of HSPG2 will then be removed and (C) replaced with the 

selection cassette designed to slot in place. 
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The creation of the new plasmid was done utilising the previous plasmid as 

the main backbone for the new insert (Figure 3.5). Since the targeting plasmid 

from previous rounds of CRISPR/Cas9 targeting had the correct left arm of 

Figure 3.5 – Creation of HSPG2 KO insert plasmid. Arms of homology 

are created using PCR from WT gDNA. These are then digested alongside 

the plasmid backbone with restriction enzymes to create sticky ends. The 

digested PCR products and digested plasmid are then ligated together in 

separate reactions to create a complete plasmid containing correct arms of 

homology.  
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homology this was not needed to be removed. The plasmid was digested with 

EcoRI and SalI restriction enzymes to create appropriate sticky ends that 

matched the sticky ends that would be created on the PCR product. After 

performing the PCR for the right arm of homology the fragment was extracted 

from and agarose gel, restriction enzyme digested and ran through PCR 

purification columns. Ligation was performed on both the digested plasmid and 

digested PCR product creating a complete plasmid able to target both ends of 

HSPG2, containing the selection cassette. Confirmation of correct arm 

insertion into the newly created plasmid was done by sanger sequencing 

(Figure 3.6) with schematic to show finalised plasmid creation. Sequences 

were compared against arm template in genomic DNA and confirmed to be 

correctly created and inserted.  

 

Figure 3.6 – Confirmation of newly created targeting plasmid. Sanger 

sequencing results confirming creation of new HSPG2 targeting plasmid by 

showing clean reads into each arm of homology inserted into the plasmid. 

Schematic shows regions where reads were taken to confirm correct HSPG2 

arms were inserted into targeting plasmid. 
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With the creation of a new CRIPSR/Cas9 targeting plasmid the process of 

transfection of iPSCs was repeated. Following growth of transfected cells in 

selection media colonies were picked for single cell expansion. During this 

time all remaining unpicked colonies were collected and lysed for gDNA to be 

compared against the WT untargeted gDNA, this is to create a gDNA pool that 

will contain both targeted and untargeted clones for primer optimisation. 

Gradient PCRs confirm the creation of a band around 6008bp in targeted 

gDNA implying the removal of HSPG2 from the genome and insert of the 

plasmid (Figure 3.7). This band is unable to be created in WT gDNA as would 

be expected since the final PCR product size would be too large therefore is 

only possible to form with the correct cleavage of both targeted PAM sites. 

Domain 1 Fwd Primer to 

Domain 5 Reverse Primer 

Domain 1 Fwd Primer to 

EF1a Rev Primer PCR 

Figure 3.7 – Gradient PCR to optimise screening primers. Initial 

optimisation of quantification primers on mixed clone and WT gDNA using 

gradient PCRs ranging from 56°C to 68°C. PCR products were run on a 1% 

agarose gel next to 1Kb Gene ruler. Arrows point to approximate sized bands 

based off ladder markings. 
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PCRs using EF1a_Rev primer confirm the existence of the selection cassette 

inside the gDNA of the targeted cells but not in the WT gDNA. 

 

PCR primer optimisation was performed using gradient PCR at temperatures 

ranging from 56oC to 68oC to evaluate newly designed primers (Figure 3.7). 

The results show a faint band lowly produced at ~6008bp using ‘D1_Fwd’ to 

‘D5_Rev’ in the post selection gDNA, indicating complete removal of HSPG2 

gDNA and insertion of selection cassette. ‘D1_Fwd’ to ‘EF1a_Rev’ PCR 

confirms the insertion of the selection cassette, due to the EF1a promotor 

region in the plasmid, at all temperatures while no bands seen in the WT 

gDNA.  

 

Figure 3.8 – Initial PCR clone screening using optimised primers. (A) PCR 

on initial batch of 47 picked clones using primers ‘D1_Fwd’ against 

‘EF1a_Rev’, with a band at ~1862 bp would only be possible with insertion of 

the selection plasmid. (B) Followed by PCR using primer pairs ‘D1Fwd’ and 

‘Exon2_ Rev’ showing and band at ~1269 bp if there is an untargeted WT 

region of DNA in the chromosome still. PCR annealing temperature was set to 

68°C. 

A 

B 
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PCRs were performed on all single clones that were expanded after selection 

to both confirm plasmid insertion and removal of WT HSPG2 (Figure 3.8). 

Initial PCRs using primers targeting the EF1a promotor of the selection 

cassette reveal a band at 1862bp if correct insertion has occurred, showing 

most clones are correctly targeted while several do not have correct insertion 

(Figure 3.8, A). The second PCR targeting two WT regions of the HSPG2 

genome show most clones again have this band at 1400 bp (Figure 3.8, B). 

The loss of this band either confirms removal of HSPG2 from the genome or 

impure gDNA that does not show any bands in either PCR. Several promising 

clones include, 17, 18, 36 and 41, where they confirm plasmid insertion with 

the ‘D1_Fwd’ to ‘EF1a_Rev’ PCR but show no banding for ‘D1_Fwd’ to 

‘Exon2_Rev’ PCR. This pattern confirms at least a heterozygous knockout of 

HSPG2 with the potential to be a homozygous KO. 
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PCRs were repeated on the most promising clones with new gDNA to confirm 

the previous results were accurate (Figure 3.9). Of these PCRs we see that 

several from the previous PCRs show varying results. The only clone able to 

repeat what was seen before was clone 41, although this clone is still unable 

to create the 6009 bp band that would confirm removal of HSPG2 and insertion 

of a selection cassette.  

Figure 3.9 – Selected clones taken forward for further screening include 

17,18,36,38,41,47. (A) PCR using ‘D1_Fwd’ and ‘Exon_2’ Rev primers was 

initially repeated looking for no clear band at ~1400bp. (B) PCR with 

‘D1_Fwd’ and ‘EF1a_Rev’ primers also repeated aiming for a clear band at 

~1862bp. (C) A further PCR was performed using ‘D1_Fwd’ to ‘D5_Rev’ PCR 

primers aiming for a band at ~6009bp, although only the mixed population 

was able to make this band. 

B 

A 

C 
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Selected clones were taken further by screening being performed on cDNA. 

The clone cDNA was used in a PCR reaction looking at the bands produced 

using HSPG2_D1_SYBR primers (Figure 3.10, A) showing how clone 41 had 

no visible banding, while the 3 other remaining clones (12, 36, 38) show some 

level of product creation. Running the cDNA in a qRT-PCR using both TAQ 

and SYBR HSPG2 domain primers revealed varying results between the two 
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Figure 3.10 – Further analysis of promising clones. (A) Selected clone 

cDNA was created and ran on a PCR using HSPG2 D1 SYBR primer pairs

looking for the differences between the clones. (B) Selected clones were 

further analysed using qRT-PCR with both TAQ and SYBR primers 

targeting 3 separate domains of HSPG2 to try to analyse why clone 41 

appeared to have no HSPG2 domain 1 expression. N=1 
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methods (Figure 3.10, B). Clone 36 has a ~50% reduction in HSPG2 

expression across 3 domains according to the TAQ qRT-PCR, although SYBR 

qRT-PCR results show reduced expression in domain 5, although 1.5-fold 

increased expression in domain 1. Importantly, HSPG2 domain 1 show a 50% 

expression reduction in clone 41 when using TAQ, but no expression can be 

seen when using SYBR primers. Due to this observation the clones were ran 

with new PCR primers aiming at looking at changes in the untargeted allele of 

the clones (Figure 3.11).  

 

 

Clone 36 shows the largest difference in size suggesting some level of deletion 

occurring, although when taken with the qRT-PCR results it can be presumed 

that deletions have occurred in both arms where HSPG2 mRNA is still able to 

be produced. The multiple bands seen could also indicate that clone 36 is a 

mixed population and was not cleanly picked and expanded. The other band 

Figure 3.11 – Further analysis of promising clones continued. PCR 

reaction using ‘HSPG2_Outleft_Fwd_1’ and ‘Outright_Rev_2’ primers 

targeting the healthy allele of selected clones looking at differences in band 

size, a healthy allele is ~2514bp. 



102 
 

that shows a small size change is clone 41. The band was extracted and sent 

for sanger sequencing to clarify results seen up to this point.  

 

Sequencing results confirmed that the presumed untargeted allele of clone 41 

did have a deletion where most of exon 2 was removed but following on the 

remaining region of HSPG2 was unaffected (Figure 3.12). This deletion 

caused a frame shift to occur in which the rest of HSPG2 would still be fully 

transcribed, just missing a region of exon 2 (Figure 3.13, C). 

 

 

 

 

 

WT and Clone 41 Sequencing read into Exon 2 of HSPG2 

Figure 3.12 – Sequencing and alignment of clone 41. Sequencing showing 

clean peaks on the DNA sequence trace highlighted region before Exon 2 

truncated section. Clustal Omega sequence alignment comparing WT to 

Clone41 sequence showing matching regions outside a missing section. 
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The process of excising the entire HSPG2 genome and replacing with the  

selection cassette was repeated for a third time, with the aim of creating a full 

HSPG2 KO iPSC line. In the following attempt the targeted iPSC cell line was 

replaced with mEGFP-ACTN2 tagged iPSC line (Allen Institute). mEGFP-

ACTN2 iPSCs were transfected with the same plasmid cocktail as used 

previously, following puromycin selection, colony picking and expansion. 

Since this targeting was again able to only create a heterozygous knockout of 

HSPG2 using a new strategy I aimed to repeat this targeting again. 

 

 

 

 

 

Figure 3.13 – Outcome of clone 41 insertion. (A) Schematic showing the 

initial targeting strategy using CRISPR/Cas9, (B) following correct insertion via 

homologous recombination a heterozygous insert was most seen. (C) It was 

possible to create a truncated form of HSPG2 due to a deletion of part of exon 

2, although a downstream frame shift creates a new transcription start site that 

allows translation of the remaining HSPG2 gene. 
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3.4.  Third attempt at full HSPG2 knockout using mEGFP-ACTN2 

tagged hiPSCs 

 

 

Screening PCRs of the mEGFP-ACTN2 targeted iPSCs show that all clones 

show a band around 1269 bp suggesting all targeted clones would at least be 

heterozygous and potentially some untargeted (Figure 3.14, A). Although the 

screening PCR using ‘Domain_1_outside_left’ to ‘EF1a_Rev’ primers show 

that only 3 clones have a clear insertion of the selection cassette (C2, C3, C6 

in Figure 3.14, B).  

 

 

 

 

Figure 3.14 – Selection of clones screened for a HSPG2 KO in third 

targeting attempt. Screening PCR looking for deletion of HSPG2 from gDNA 

in newly targeted clones using primer pairs Domain 1 Outleft and HSPG2 Exon

2 Reverse aiming to remove the ~1268bp band (A). Following PCR targeting 

the selection cassette aiming for a band around ~1862 bp implying correct 

insertion of the selection cassette (B).  

B 

A 
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Selected clones were taken forward for further screening via qRT-PCR 

analysis of cDNA (Figure 3.15). Using HSPG2 domain 1 SYBR primers we 

see a ~50% reduction of HSPG2 (C2 – 0.51, C3 – 0.50, C6 – 0.66-fold 

reduction). While when using domain 5 SYBR primer we see both C2 and C3 

have a reduction in HSPG2 expression, 0.49 and 0.59, respectively. While C6 

shows domain 5 expression at 1.02-fold change compared to mEGFP-ACTN2 

WT iPSC HSPG2 expression, implying no difference has occurred. Two 

different methods and three separate targeting events of hiPSCs were only 

able to create heterozygous knockouts and no homozygous knockouts, so for 

the future experiments a heterozygous was to be used. 

 

 

 

 

 

 

Figure 3.15 – Confirmation of HSPG2 knockdown in newly created iPSC 

lines. qRT-PCR results show only 50% reduction in HSPG2 in varying clones 

implying creation of heterozygous knockout iPSCs. All clones show a 

reduction in domain 1 of HSPG2 although only clone C2 and C3 show a 

similar reduction in HSPG2 domain 5. 
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3.5.  Characterisation of HSPG2+/- hiPSCs 

 

Immunostaining of WT and HSPG2+/- iPSC colonies revealed low levels  

of perlecan when stained using monoclonal antibodies A74 and A76 (Figure 

3.16). Faint outlines of colonies can be seen but no difference is apparent 

between the two cell lines confirming the perlecan is very lowly secreted in 

iPSCs. 

Figure 3.16 – No visible change in HSPG2 protein secretion in iPSCs.

Immunostaining images of confluent iPSCs show similar levels of HSPG2 with 

two monoclonal antibodies, both A74 (Domain 5 targeting) and A76 (Domain 

1 targeting). Channels split to show green channel for HSPG2 and DAPI in 

blue, plus combined to show HSPG2 is preferentially secreted around the 

cells. Scale bar = 600 μM. 
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Figure 3.17 – HSPG2 reduced iPSCs show no reduction in proliferation 

capabilities. Cell titre GLO growth curve of iPSC lines in culture over 3 days, 

with time points taken at 24, 48 and 72 hours. Luminosity was measuring using 

OMEGA plate reader and compared to a seeded standard curve to allow 

accurate estimation of cell number at each time point. N=3. 

 

I wanted to further see how the heterozygous knockout of HSPG2 in iPSCs 

affected their culture. To do this I performed a CellTitre-Glo assay on each 

iPSC line at different timepoint throughout their culture. Cells were seeded into 

96 well plates and taken for analysis at 24, 48 or 72 hours. At the first timepoint 

(24 hours) a standard curve was also analysed using cells seeded in a range 

from 1000 to 40,000. Cells were lysed at each timepoint using CellTitre-Glo 

reagent and read on an OMEGA plate reader measuring luminescence. Using 

this method, we can see the reduction of HSPG2 mRNA in our HSPG2+/- iPSC 

lines had no effect on proliferative capabilities of the iPSCs over 3 days in 

culture (Figure 3.17).  
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To further confirm no changes occurred in hiPSC proliferation both cell lines 

were stained using an S-phase kit (CLICK IT) to identify Edu positive cells. 

Nuclei that fluoresce red after excitation were fixed with in S-phase of the cell 

cycle (Figure 3.18, A). Further staining with DAPI was used to quantify total 

nuclei count. Using a Cell Profiler pipeline the intensity of red fluorescence in 

each nucleus was calculated and total number counted, data was plotted to 

represent the number of red positive nuclei against total nuclei count (Figure 

3.18, B). No statistical significance is seen between the WT (57.9% ±16.5) and 

HSPG2+/- (66.2% ±23.6) S-phase positive nuclei. I also wanted to see if the 

pluripotency of hiPSCs had changed due to lack of HSPG2 expression.  

 

 

 

Figure 3.18 – S-phase staining of hiPSC cell lines. hiPSCs stained with 

CLICK IT S-phase kit (red) and DAPI (blue), scale bar at 600 µm. 

Quantification of positive red nuclei performed using Cell Profiler pipeline and 

plotted as percentage positive red nuclei against total. N=3 
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To identify changes in pluripotency between the cell lines hiPSCs were grown 

for several days before fixation and staining with nuclear pluripotency marker 

OCT4 (Figure 3.19, A). To further quantify any differences seen between the 

two cell lines the total nuclear count was calculated using DAPI and previously 

described Cell Profiler pipeline was used (Figure 3.19, B). The quantification 

of total red nuclei shows no statistical differences between the two lines 

implying the level of nuclear OCT4, and therefore pluripotency, was not 

affected by a HSPG2 heterozygous KO. To further look for differences 

between our hiPSC lines the cells were ran on a mitochondrial BioLog assay 

to study any differences in specific substrate metabolism. 

 

 

 

Figure 3.19 – OCT4 staining of hiPSC cell lines. hiPSCs stained with OCT4 

pluripotency marker (red) and DAPI (blue), scale bar at 600 µm. Quantification 

of positive red nuclei performed using Cell Profiler pipeline and plotted as 

percentage positive red nuclei against total. N=3 
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After running the Mitoplates assay on the BioLog, specific substrates are 

categorised into metabolic pathways, glycolysis, TCA cycle, amino acids, and 

fatty acids. The average of the groups shows how similar the HSPG2+/- iPSC 

line is to the control (Figure 3.20). The highest metabolically active group is 

the TCA cycle, with the WT iPSCs averaging 104.9 A.U. compared to 

HSPG2+/- iPSCs 98.1 A.U. By removing the no substrate background levels 

and converting each group to a percentage we can see how the TCA cycle 

makes up more than 50% of the metabolic output in iPSCs (WT:55.1%, 

HSPG2+/-:53.4%). Following on the next preferential category of metabolism 

is amino acids (WT: 22.1%, HSPG2+/-: 23.9%), glycolysis (WT: 16.1%, 

HSPG2+/-: 20.6%) and finally fatty acids (WT: 6.7%, HSPG2+/-: 2.2%). These 

results show how little iPSCs can metabolise fatty acids and the reliance on 

TCA cycle metabolism. They also point to the HSPG2+/- iPSC having a slight 

increased reliance in glycolysis and a reduction in fatty acid metabolism. 

 

 

 

 

Figure 3.20 – iPSC grouped metabolism. iPSC overall metabolic maximal 

output is averaged for each designated metabolic category showing no 

difference between the two cell lines. Upon removing baseline metabolism 

from samples, the percentage of preferential metabolism can be shown to be 

TCA cycle. N=3 
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Looking more closely at the individual substrates, three of the most 

metabolised substrates were selected from each significant group (Figure 

3.21). Both iPSC lines metabolise these substrates with no significant 

difference between the lines. But again, the highest metabolised substrates 

are in the TCA cycle with a-Keto-Glutaric Acid (WT: 155.3 A.U., HSPG2+/-: 

159.0 A.U.), Fumaric acid (WT: 130.1 A.U., HSPG2+/-: 123.4 A.U.) and L-Malic 

Acid (WT: 159.5 A.U., HSPG2+/-: 138.5 A.U). The highest peak in glycolysis 

was pyruvic acid combined with sparking L-malic acid (WT: 133.0 A.U., 

HSPG2+/-: 128.6 A.U) compared to pyruvic acid without L-malic acid (WT: 57.2 

A.U., HSPG2+/-: 63.3 A.U) implying the necessity of sparking L-malic acid. Out 

of the 3 amino acids L-Glutamine is the most metabolised substrate in the 

HSPG2WT iPSCs (WT: 105.3 A.U., HSPG2+/-: 82.6 A.U) with both L-Glutamic 

Acid and Ala-Gln being metabolised at similar levels ( WT: 86.2 A.U., HSPG2+/-

: 84.0 A.U, WT: 83.4 A.U., HSPG2+/-: 83.1 A.U, respectively)  

 

 

 

 

 

 

 

Figure 3.21 – Specific substrate maximal metabolism in iPSCs. The 

highest metabolised substrates from glycolysis, TCA cycle and amino acids 

are plotted to show no significant difference between HSPG2 WT and 

HSPG2+/- iPSCs. N=3 
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Since this assay records real time substrate metabolism, the rate of each 

substrate can also be calculated (Figure 3.22). The data suggests pyruvic acid 

plus sparking L-Malic acid is one of the fastest metabolised substrates in 

iPSCs (WT: 28.1 A.U., HSPG2+/-: 29.3 A.U.). The 3 specified TCA substrates 

are metabolised to a similar rate, a-Keto-Glutaric Acid (WT: 28.4 A.U., 

HSPG2+/-: 29.3 A.U.), Fumaric Acid (WT: 20.8 A.U., HSPG2+/-: 21.5 A.U.) and 

L-Malic Acid (WT: 30.4 A.U., HSPG2+/-: 25.7 A.U). There is no significant 

difference in any of the rates of substrate metabolism between HSPG2WT and 

HSPG2+/- iPSC lines. Implying the heterozygous knockdown of HSPG2 in 

iPSCs has no effect on the iPSC to metabolise specific substrates. The 

combined data showing no change in growth rate or metabolism suggests 

HSPG2+/- iPSCs are comparable to the HSPG2WT. RNA sequencing was 

performed on both WT and HSPG2+/- deficient hiPSCs as part of a larger 

experiment. 

 

 

 

 

 

 

 

Figure 3.22 – Maximal rate of specific substrate metabolism in iPSCs. 

Output values from Data Profiler 1.17 calculating maximum rate of metabolism 

reached in specific substrates over 6 hours. N=3 
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DESeq2 gene analysis identified 27 differentially expressed genes (DEGs) 

between WT and HSPG2+/- hiPSCs. Of the 27 DEGs 15 are downregulated in 

the HSPG2+/- hiPSC line, while 12 were upregulated (Figure 3.23). The 

downregulated genes include HS3ST4, NNAT, FZD10, LRRC61, GLT1D1, 

HSPG2, TMEM132D, RBM46, SCL15A4, HYAL4, KCNC3, PCDHA6, 

TMSB4Y and FZD10-AS1. Interestingly HSPG2 is only the sixth most 

downregulated gene at -2.4 Log2 fold change implying other genes are more 

drastically reduced due to the reduction of HSPG2 in the hiPSC. 12 DEGs 

were upregulated in the HSPG2+/- hiPSC line compared to WT including 

Figure 3.23 – Fold change of DEGs found between WT and HSPG2+/-

hiPSCs. Log2 fold change calculated after DESeq2 normalisation for 

statistically significant DEGs between hiPSC cell lines. N=3 
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TRIM61, ENSG00000248632, MGMT, ZNF676, STON1-GTF2A1L, SVIL-

AS1, LIX1L, ZNF588, PURA, MTLN, PAX8-AS1 and MYOF. TRIM61 shows 

the highest upregulation in HSPG2+/- hiPSCs at 3.9 Log2 fold expression, 

while HS3ST4 shows the largest downregulation at -3.1 Log2 fold expression.  

When investigating the gene counts of each DEG found between the hiPSC 

lines, several genes are highlighted showing a substantial expression in 

hiPSCs (Figure 3.24). The majorly expressed genes in HSPG2WT hiPSCs 

include NNAT, HSPG2, TMEM132D and SLC15A4, while highly expressed 

genes in HSPG2+/- hiPSCs include ZNF676, PURA and MYOF. These results 

show NNAT and HSPG2 are amongst the highest expressed genes that 

undergo dysregulation due to the perlecan deficiency in hiPSCs. 

 

 

 

 

 

 

 

 

 

Figure 3.24 – Gene counts of 27 DEGs. Heatmaps plotting gene counts of 

the DEGs upregulated in HSPG2WT and upregulated in HSPG2+/- hiPSC cell 

lines. N=3 
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Running gene ontology (GO) and Reactome (REAC) term analysis on the 27 

DEGs found between the two lines identified only two terms (Figure 3.25). Both 

terms, HS-GAG biosynthesis, and MGMT-mediated DNA damage reversal, 

were found using REAC pathway analysis.  

 

Overall, the WT and HSPG2+/- hiPSCs show trivial difference in proliferation, 

metabolism, and protein secretion. RNA sequencing shows 27 DEGs between 

the two lines, when further analysed two terms were highlighted. I next wanted 

to attempt upregulating HSPG2 in hiPSC lines using CRISPRa, this is to 

determine if the upregulation of HSPG2 would cause the opposite effect seen 

in HSPG2+/- hiPSCs. 

 

 

Figure 3.25 – GO Term analysis of 27 DEGs found between WT and 

HSPG2+/- hiPSCs. Clustered terms plotted against gene count per term found 

using GO and REAC pathway analysis. 
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3.6.  Upregulation of HSPG2 in hiPSCs using CRISPRa 

 

 

To further manipulate the production of HSPG2 in cells I looked to upregulate 

it rather than downregulate. To do this the CRISPRa system was used, this 

involves the use of dCas9 (dead Cas9) that will not cleave but bind to the 

targeted PAM site. Inserting all three plasmids into a cell creates a complex 

that when bound to a transcriptional start site recruits’ promotors that cause 

downstream upregulation (Figure 3.26). Initially I had to create the sgRNA 

plasmids with a sequence that would guide the dCas9 complex to a promotor 

of HSPG2. To do this, two sequences were chosen using the CRISPR-ERA 

sgRNA search for upregulation (Liu et al., 2015).  

Figure 3.26 – Schematic of gene upregulation via dCas9. Three plasmids 

are inserted into the target cell. A dCas9 protein with attached VP64 site, MS2 

creation plasmid and the sgRNA + stem loop plasmid. The created products 

form a complex and bind to a transcription start site causing downstream 

upregulation of target gene. 
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Figure 3.27 – Schematic for creation of sgRNA for CRISPRa upregulation 

of HSPG2. Initial guide sequences are found using CRIPSR-ERA search 

engine. Complimentary strands are created leaving sticky ends for insertion 

into BbsI cut sites. Oligonucleotides are annealed together and ligated into 

enzymatically digested sgRNA plasmids. 

 

Oligonucleotides are designed and chosen based on their relative distance to 

the transcriptional start site as well as their efficacy and specificity score 

(Figure 3.27). Complimentary strands are also designed to bind with the 

chosen guideRNA leaving a sticky end after creations. After annealing the pair 
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of oligonucleotides together they are ligated into a BbsI digested sgRNA 

plasmid, transformed into Top10 E.coli and expanded. The next step was to 

transfect iPSCs with the created plasmids and complimentary dCas9 and MS2 

plasmids. 

 

A 

B 

Figure 3.28 – Images post transfection of iPSCs with GFP or dCas9 with 

HSPG2 guides. (A) Cells transfected with a GFP plasmid express GFP after 

24 hours indicating successful transfection. (B) Brightfield images taken at 

24-hour intervals post transfection of dCas9 show cells clumping and lifting 

(arrows) as early as 48 hours post transfection. N=1 



119 
 

Cells were initially transfected with a GFP plasmid to confirm transfection 

efficiencies and that plasmid uptake and expression in an iPSC had occurred 

24 hours following on from transfection (Figure 3.28, A). Following this iPSCs 

that had been transfected with either the scrambled control plasmid, HSPG2-

G1 or HSPG2-G2. Photos of these populations over the time course show how 

cells that have been transfected with a HSPG2 guide sequence cause 

clumping of the iPSCs (Figure 3.28, B). These iPSC clumps eventually detach 

leaving behind no cells, the difference is apparent when compared to the 

confluency of the scrambled control sample.  

 

 

To further quantify the efficiency of the upregulation system qRT-PCR was 

performed on the iPSCs at 48- and 72-hour timepoints (Figure 3.29). Results 

show how using HSPG2-G1 cause upregulation of HSPG2 expression to 6-

fold which reduced to 4-fold after 72 hours. This expression was higher than 

HSPG2-G2 which only increased HSPG2 expression to 2.5-fold and saw a 

slight increase to 3-fold after 72 hours. The upregulation of HSPG2 seemed to 

reduce the expression of proliferation gene CyclinB1 by around 0.5-fold in both 

guides at each timepoint. YAP, a gene involved in mechanotransduction, has 

expression attenuated in the samples targeted with HSPG2 guide sequences 

(0.5-fold after 48 hours followed by 0.3-fold after 72 hours). Overall, I show I 

Figure 3.29 – qRT-PCR Expression of iPSCs after HSPG2 upregulation 

with dCas9. SYBR Green qRT-PCR expression shows upwards trend of 

HSPG2 expression when transfected with HSPG2 G1 and G2. Transfection 

of guides 1 and 2 also show a reduction in CyclinB1 and YAP expression. 

N=1 
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can upregulate HSPG2s expression, this over expression hindered the viability 

of the hiPSCs and caused detachment of hiPSC colonies. 

 

3.7. Summary 

In this chapter I have attempted to make a full knockout of HSPG2 in hiPSCs. 

I show through multiple rounds of CRISPR targeting that only heterozygous 

knockouts were able to be created, with no homozygous clones. Although it is 

possible this is a technical issue, the multiple rounds and attempts suggest 

fully HSPG2 knockout to be lethal in our current culture conditions. The current 

culture conditions used in our hiPSC culture are highly defined and may be too 

strict for an hiPSC to be maintained in an environment lacking HSPG2. These 

conditions utilise E8 media containing no serum and eight chemically defined 

components. The cells are also cultured on vitronectin peptide which contains 

no perlecan, unlike other coatings such as Matrigel or feeder layers. The final 

results of the CRISPR targeting lead to multiple different cell lines only 

containing a heterozygous knockout of HSPG2.  

 

The ~50% reduction of HSPG2 mRNA does not seem to have a major effect 

on perlecan secretion into the matrix, although the baseline for this is 

extremely low. From the literature I theorised HSPG2 would play a crucial role 

in both hiPSC proliferation and maintenance of pluripotency. The HSPG2+/- 

hiPSC line shows a matched rate of proliferation and no difference between 

number of cells found in S-phase. There was also no difference between the 

number of nuclei containing OCT4 implying the HSPG2 reduction had no effect 

on hiPSCs pluripotency. These results could be the outcome of a reduction of 

HSPG2, compared to a full KO which may show the essential properties of 

HSPG2 in the maintenance of hiPSCs.  

 

Both cell lines also metabolise substrates at a similar level and rate. HSPG2 

KO mice show metabolic differences in adipocytes (Yamashita et al., 2018), 

while the hiPSC het KO created here shows no changes in metabolism. The 

lack of metabolic alteration could be due to HSPG2 having little to no effect on 

hiPSC metabolism, or more likely that a full KO would reveal these differences 
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not seen in the heterozygous KO. The only difference is a slight shift in 

increased glycolysis at the detriment to a reduced fatty acid metabolism 

percentage. Using CRISPRa I also show the capabilities of upregulating 

HSPG2 mRNA. The upregulation of HSPG2 appeared to be detrimental to the 

cells causing clumping and detachment of colonies. From this we can assume 

not only a full KO, but also over-expression of HSPG2 is lethal to hiPSCs, and 

HSPG2 is required to be maintained in equilibrium for hiPSC survival. 

 

Transcriptomic analysis between the two lines showed only minimal 

differences (27 DEGs) caused by perlecan haploinsufficiency. Of these, two 

genes (HSPG2 and NNAT) had notable higher baseline expression levels in 

hiPSCs. The reduction in HSPG2 was the direct consequence of the CRISPR-

Cas9 gene editing. The second gene (NNAT, encoding Neurontin) could be 

considered as a candidate functional gene effected by perlecan deficiency in 

hiPSCs worthy of further investigation.  
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4. Perlecan and the formation of the cardiovascular system 

 

4.1.  Introduction 

Perlecan (HSPG2) is found to be present in the basement membrane of 

cardiac endocardium and pericardium in gestational week 6/7 of the early 

developing heart, but not in the cardiomyocytes (CMs) (Roediger et al., 

2009a). Following further development, CM expression of perlecan begins 

during gestational week 8/9, suggesting CM perlecan expression is not 

required at the earliest stage of CM development (Roediger et al., 2009b). 

 

In HSPG2 KO mice Sasse and colleagues found embryonic lethality had 

occurred in >80% of the mice. When examining the cause of embryonic 

lethality, the authors found cardiac basement membrane remodelling had 

occurred leading to the creation of a ‘leaky’ heart (Sasse et al., 2008b). This 

showed perlecan to be an essential cardiac ECM component, and although 

CM perlecan expression occurs later in cardiac development, its global KO 

causes embryonic lethality due to cardiac defects. 

 

As well as structure, perlecan has a role in signalling and metabolism, with this 

role appearing to change in a cell specific manner. When investigating 

perlecan role in adipocytes Tran-Lundmark found a knockout in mice caused 

a higher level of lipid metabolism and oxygen conception (Tran-Lundmark et 

al., 2008). When investigating osteocytes Pei and colleagues found a HSPG2 

KO led to an attenuation of calcium channel colocalization and calcium 

signalling (Pei et al., 2020b). A HSPG2 mice KO has also been shown to cause 

an increase in smooth muscle cell (SMC) mitochondria production (Tran-

Lundmark et al., 2008). The ability of perlecan to act in a cell specific manner 

could be linked to changes in HSPG2 transcript variants. Data has shown the 

expression of cell-specific forms of perlecan, suggesting these forms may vary 

in their functions (MoonSun Jung et al., 2013; Melrose et al., 2006; Whitelock 

et al., 2008). 

Following the creation of a HSPG2 deficient iPSC line (chapter 3), I attempted 

to differentiate these to cardiac populations in this chapter. Optimisation of CM 
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differentiation methods have evolved from spontaneous differentiation of 

aggregated embryoid bodies, to chemically defined media compositions 

(Burridge et al., 2014; Kehat et al., 2001). The CMs generated from these 

differentiation protocols produce immature CMs closer representing foetal 

CMs. With the aim of maturing hiPSC-CMs methods were developed involving 

3D encapsulation of cells between silicone rods generating engineered heart 

tissue (EHTs) (Mannhardt et al., 2016). Combining hiPSCs and non CMs such 

as cardiac fibroblasts (CFs) in EHTs showed enhanced contractile 

performance (Tiburcy et al., 2020). 

 

4.2. Generation of hiPSC-CMs 

To investigate the role of perlecan in a cardiac environment, I first optimised 

the differentiation of hiPSCs to CMs. Three main culture medias were used to 

achieve this. These were heart media 1, 2 and 3 (HM1, HM2 & HM3) (Figure 

4.1, A). Differentiation was initiated using HM1 supplemented with the factors 

activin A, FGF-2, BMP4 and CHIR99021 to direct differentiation towards the 

mesoderm lineage. On day two, the media was switched to HM1 

supplemented with WNT inhibitor IWR. Spontaneous contraction becomes 

evident by day 6. Ventricular specification is directed on day eight by using 

HM2, containing insulin, but lacking vitamin A. Purification is performed to 

increase cardiomyocyte purity differentiations, by the removal of glucose and 

replacement with L-lactic acid, which non-cardiomyocytes are unable to 

metabolise. Finally, cells are maintained in HM2 and undergo some level of 

maturation following purification. 
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When differentiating the hiPSCs to CMs we see morphological changes over 

the days (Figure 4.2, A). Epithelial to mesenchymal transition begins on D2 

shown by spiked borders of colonies followed by mass expansion filling empty 

spaces shown on D4. Cluster of spontaneous contraction are visible on D6 

however this becomes more apparent on D15 by the contraction of all cells in 

a wave and the formation of a more 3D tissue. After dissociation the CMs can 

be reseeded into a monolayer format, stained with a-Actinin sarcomeric protein 

clear sarcomere banding can be seen in all CMs within the culture (Figure 4.2, 

B). We performed RNA sequencing at key timepoints throughout the 

differentiation to confirm characteristic gene expression changes. 

 

Figure 4.1 - Method for differentiating iPSCs to cardiomyocytes. (A) 

Outline of media added at each timepoint throughout the cardiomyocyte 

differentiation. (B) Overview of cellular processes occurring between key 

media changes. 
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To confirm the statistical cluster changes that occurred over the differentiation 

I generated a PCA plot created in R studio (Figure 4.3). The plot shows how 

during differentiation, each timepoint contains a cluster of replicates of similar 

PCA variance, with the only exception being around day 20 and 30 where 

clusters are grouped closely. We can then take the confidence in our data 

forward to look at markers expected to increase during cardiomyocyte 

development. Subsequent DeSeq2 normalisation of data and fold change 

comparisons was performed by Tegan Gilmore, bioinformation at the Francis 

Crick Institute.  

Figure 4.2 – Generation of hiPSC-derived cardiomyocytes. (A) Initial 

brightfield images show morphological changes of cells in culture becoming 

more 3D by D15. D0 to D15 scale bar: 600um. (B) Brightfield and GFP images 

of D30 cardiomyocytes of high purity α-Actinin+ cells., D30 Brightfield and 

GFP scale bar: 150um. 

A B 
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To confirm differentiation of hiPSCs I looked at pluripotency markers NANOG 

and SOX2 through the differentiation (Figure 4.4). NANOG gene counts at day 

0 (9923.7) drops to only 5.3 at day 6 and then to 0 for the remaining timepoints. 

SOX2 follows a similar trend where the gene count at day 0 (6082.0) is 

drastically reduced to 17 on day 6 and is maintained around this level for the 

remainder of the differentiation. The results suggest that the differentiation 

protocol has caused the hiPSCs to rapidly lose pluripotency as would be 

expected. 

Figure 4.3 – PCA plot from RNA sequencing. PCA plot of HSPG2WT

cardiomyocyte differentiation from RNA sequencing outputs at each timepoint. 

Timepoint clusters are colour coded, day 0 – red, day 6 – pink, day 10 – yellow, 

day 15 – green, day 20 – cyan and day 30 – blue. 
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Figure 4.4 – Panel of pluripotency markers through cardiomyocyte 

differentiation. DeSeq2 normalisation of RNA sequencing at each timepoint 

of cardiomyocyte differentiation showing gene counts of pluripotency genes 

NANOG and SOX2. N=3, statistical test performed on SD using Tukey Test. 

P-value <0.05 = *, <0.01 = **, <0.001 = ***. 

 

Figure 4.5 - Structural Cardiomyocyte gene expression changes during 

hiPSC-CM differentiation. RNA sequencing at each of the timepoint provides 

gene counts for each targeted gene. Several structural cardiac development 

genes displayed for normalised count at each timepoint. TTNT2-Cardiac 
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Troponin 2, ACTC1-Cardiac Actin, MYH6-Myosin Heavy Chain 6, MYH7-

Myosin Heavy Chain 7 and MYL3-Myosin Light Chain. N=3, statistical test 

performed on SD using Tukey Test. P-value <0.05 = *, <0.01 = **, <0.001 = 

***. 

 

Following on from pluripotency markers I investigated the expression of 

cardiac structural markers (Figure 4.5). The results show how hiPSCs and 

early-stage cardiac differentiation (day 6) don’t express structural cardiac 

markers compared to the later stage CMs. Several structural cardiac genes 

that change over differentiation show the highest gene count at day 15. This 

includes TNNT2 (17460.3), ACTC1 (120564.3), MYH6 (61835.3), MYH7 

(22244.3) and MYL3 (15415), implying at this timepoint development of a 

structural cardiomyocyte was at its highest priority. All structural cardiac genes 

appear to be reduced at day 20 and 30 implying some switch has occurred 

whereby the cell is no longer preferentially expressing these genes to the 

same extent seen at day 15. Plotting the ratio of MYH7 over MYH6 shows a 

higher expression of MYH6 compared to MYH7 at timepoints from day 0 to 

day 15 (MYH7:MYH6 fold change - day 0: 0, day6: 0.09, day 10: 0.09, day 15: 

0.35). Although this pattern alternates to MYH7 having an overall higher 

expression than MYH6 in day 20 (2.92) and day 30 (3.13) of cardiac 

differentiation. 
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To look further in the data, I highlighted the differentially expressed genes 

(DEGs) found throughout the differentiation (Figure 4.6). To do this I took the 

data from the CSVs it was provided in and imported into R studio into a data 

frame. The data was split to only include gene name, p-adjusted value and 

Log2 fold change. I then performed -Log10 on the p-adjusted columns before 

rearranging data to be ran through the Enhanced volcano package (Figure 

4.6, A). Parameters were designated that for a statistically different change 

genes must have at least -Log10 p-adjusted value of -1.3, and Log2 fold 

A 

B 

Figure 4.6 – Enhanced volcano plots of changes seen in WT cells over 

cardiomyocyte differentiation. (A) R studio script Enhanced volcano plot 

was used to produce plots highlighting differentially expressed genes in red. 

Genes that had a less that Log2(1) fold change but were significantly 

changed (p<0.05) are in blue, while those that expressed higher than Log2(1) 

but were not significantly (p>0.05) changed are in green. Genes that fit none 

of the above parameters were designated grey and not significant (NS). (B) 

Differentially expressed genes (DEGs) were arranged in a bar chart to show 

changes during cardiomyocyte differentiation. 
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change higher than 1 or below -1. Using these same parameters, the total 

number of DEGs found in each timepoint when compared to the previous was 

arranged in a bar graph (Figure 4.6, B) highlighting the differences that 

occurred as cells underwent cardiac differentiation. The DEGs found between 

day 6 and day 0 were the largest number of genes changes that occurred 

throughout the cardiomyocyte differentiation (6881 DEGs). This reduced to 

3060 DEGs between day 10 and 6, 1666 between day 10 and 15, and 2256 

between day 20 and 15. The lowest number of DEGs registered occurred in 

the final stages of the differentiation between day 20 and 30 (1391). To delve 

further into the differences seen in cardiac differentiation R package gProfiler2 

was used to perform GO Cluster analysis on the DEGs found at each 

timepoint. The selected clustering profilers chosen were Gene Ontology: 

Molecular Functions (GO:MF), Gene Ontology: Biological processes (GO:BP), 

Gene Ontology: Cellular Components (GO:CC), Kyoto Encyclopaedia of 

Genes and Genomes (KEGG), Reactome (REAC) and WikiPathways (WP). I 

highlight the pathways found using GO:BP and then further combine all data 

to produce cluster graphs based on highest number of genes changed inside 

each pathway term.  
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From the 6881 DEGs found between day 6 and 0 GO:BP analysis found that 

most terms were linked to genes that were upregulated (Figure 4.7, A). The 

most significant terms found all include some description linking them to 

development or differentiation. In the more specific development terms GO:BP 

flagged upregulation of gene involved in heart development, tube development 

and circulatory system development. These terms align with the process of 

hiPSC differentiation towards cardiac linages. The only other terms highlighted 

that aren’t linked to development or differentiation are towards 

morphogenesis. The cluster graph shows there are both upregulated and 

downregulated genes fitting into the same term implying a shift in cell state 

Figure 4.7 - Day 6 vs Day 0 DEG gene ontology term outputs. (A) The top 

25 GO:BP pathways identified based on p-adjusted value were output into a 

ggPlot2 bar graph. (B) All cluster pathways examined were grouped and 

ordered based on number of genes changed in each and the highest 30 

selected. These were then plotted onto a ggPlot2 dot plot separating out 

clusters of downregulated (triangle) and upregulated (circle) genes. 

A B 
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(Figure 4.7, B). Here we don’t see any cardiac specific terms, but a large 

majority of the gene changes are linked to binding, regulation of the cell and 

signalling or communication.  

 

Of the 3060 DEGs found between day 10 and 6 we can see using GO:BP how 

the majority of terms have shifted to a response to a stimulus and 

developmental focus (Figure 4.8, A). The developmental terms (circulatory 

system development, blood circulation, system development) flagged up  

Figure 4.8 - Day 10 vs Day 6 DEG gene ontology term outputs. (A) The top 

25 GO:BP pathways identified based on p-adjusted value were output into a 

ggPlot2 bar graph. (B) All cluster pathways examined were grouped and 

ordered based on number of genes changed in each and the highest 30 

selected. These were then plotted onto a ggPlot2 dot plot separating out 

clusters of downregulated (triangle) and upregulated (circle) genes. 

A B 
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confirm the ongoing differentiation of the cells as they are still under stimulus 

that would push the cells further down the cardiac lineage. Many of the terms 

highlighted suggest a shift in signalling genes in response to a stimulus or 

chemical. When looking at the cluster gene graphs the data suggest an 

increase of cellular processes and genes affecting cytoplasm are amongst the 

highest changes during day 10 to day 6 differentiation (Figure 4.8, B). Here we 

can also see further changes in protein binding genes and further genes 

involved in regulation of biological processes as there are both clusters of up 

and down regulated DEGs.   

Figure 4.9 - Day 15 vs Day 10 DEG gene ontology term outputs. (A) The 

top 25 GO:BP pathways identified based on p-adjusted value were output into 

a ggPlot2 bar graph. (B) All cluster pathways examined were grouped and 

ordered based on number of genes changed in each and the highest 30 

selected. These were then plotted onto a ggPlot2 dot plot separating out 

clusters of downregulated (triangle) and upregulated (circle) genes. 

A B 
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There were only 1666 DEGs found between day 15 and day 10, one of the 

lowest values. This is during the stage the cardiac differentiation would 

undergo a change in media to initiate purification of cardiomyocytes. This is 

confirmed by the increased GO:BP terms linked to development of all umbrella 

terms (Figure 4.9, A). Some of the highest terms highlighted are due to 

multicellular processes and development as cells are forming more 3D tissue 

in the differentiation. The other popular terms are linked to responses to 

stimulus or organic substances, this could be linked to the response of Lactic 

Acid used in the purification media. The clustering graph shows similar 

grouped changes as seen in day 6 to 10, the only major change seen is a large 

reduction in cellular processes (Figure 4.9, B). In day 6 to 10 there were ~1500 

upregulated genes linked to this term, but in day 10 to 15 this shifted to ~500 

genes downregulated between these time points. 

 

A B 
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Figure 4.10 - Day 20 vs Day 15 DEG gene ontology term outputs. (A) The 

top 25 GO:BP pathways identified based on p-adjusted value were output into 

a ggPlot2 bar graph. (B) All cluster pathways examined were grouped and 

ordered based on number of genes changed in each and the highest 30 

selected. These were then plotted onto a ggPlot2 dot plot separating out 

clusters of downregulated (triangle) and upregulated (circle) genes. 

 

The changes found in day 20 to day 15 interestingly show a difference 

compared to the other timepoints whereby the majority of the genes were 

downregulated. The major terms identified using GO:BP here suggested 

responses and regulation of the cell due to external stresses (Figure 4.10, A). 

There are still developmental terms highlighted, but the major terms appear to 

be linked to responses of stimulation and signalling, with a further focus on 

ECM remodelling. These changes highlighted in the cluster plot (Figure 4.10, 

B) suggest a halting of many processes that were undergoing in the day 15 

cells. This could be linked to the stresses the cells were under post purification, 

dissociation and disruption of the cells, or a slowing down of the differentiation 

process.  
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The DEGs highlighted in day 20 to 30 show the opposite effect than seen in 

the day 15 to 20 genes, the majority are upregulated during this timepoint. 

Again, the main terms found using GO:BP appear to be developmental 

processes including tube development, circulatory system development  and 

tissue development (Figure 4.11, A). The cluster graph shows how all the top 

30 terms found in all cluster terms analysed were all due to upregulated genes 

(Figure 4.11, B). These upregulated terms refer to binding of protein, signals, 

and ions, along with further increases in membranes and developmental 

Figure 4.11 - Day 30 vs Day 20 DEG gene ontology term outputs. (A) The 

top 25 GO:BP pathways identified based on p-adjusted value were output into 

a ggPlot2 bar graph. (B) All cluster pathways examined were grouped and 

ordered based on number of genes changed in each and the highest 30 

selected. These were then plotted onto a ggPlot2 dot plot separating out 

clusters of downregulated (triangle) and upregulated (circle) genes. 

A B 
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processes. Since GO:BP, GO:CC and GO:MF contained large umbrella terms 

that would encompass thousands of genes this pathway software would 

always have terms in the top 30 of cluster graphs. Therefore, to utilise a 

different pathway analysis software I focused on the top 10 terms highlighted 

using the REAC output data. 

 

Throughout the differentiation the most significantly affected term at each 

timepoint discovered by REAC analysis is ECM organisation (Figure 4.12). 

Other ECM terms highlighted include ECM proteoglycans, degradation of 

ECM and collagens, formation of Elastic fibres, implying the cells are 

undergoing ECM remodelling as differentiation occurs. Muscle contraction and 

cardiac conduction are the 2nd and 3rd term flagged between day 6 and 10 

confirming cardiac differentiation was underway, cholesterol biosynthesis and 

regulation of IGF also suggest cardiac genes. The term muscle contraction 

reduced over the next timepoints until day 30 where it was returned to 2nd. 

Between day 10 and 15 REAC highlighted terms linking to cell surface integrin, 

ECM non-integrin and syndecan interactions not seen before this point. 

Figure 4.12 – REAC pathway top 10 terms linked to cardiomyocyte 

differentiation. The top 10 terms based on p-adjusted value from REAC 

analysis of each timepoints extracted and plotted into a ggPlot2 bar graph. 
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Overall, I show the creation of genotypic CMs, confirmed with characteristic 

cardiac gene changes throughout the differentiation. Fluorescent imaging of 

the CMs shows sarcomere banding which are α-actinin positive. RNA 

sequencing and PCA analysis was performed to determine timepoint accuracy 

and clustering, each timepoint shows similar clustering and follows a curved 

trend throughout the differentiation. RNA sequencing confirms the attenuation 

of pluripotency NANOG and SOX2 markers while cardiac structural markers 

increase over the differentiation to day 15. Plotting the ratio of MYH7 over 

MYH6 shows a shift in preferential production of MYH7 over MYH6 over the 

30-day protocol. Highlighting of DEGs, showed most of the gene changes 

occur between day 0 and day 6, with a reduction in DEG number as 

differentiation continues. Preforming GO and REAC analysis on DEGs found 

at each timepoint confirms induction of pathways linked to cardiac and muscle 

contraction. Further to this REAC pathway analysis shows changes in ECM 

matrix organisation over differentiation implying ECM remodelling is an 

essential part of CM differentiation.  

 

4.3.  Expression of HSPG2 over the course of cardiomyocyte 

differentiation 

 

I next wanted to analyse the levels of HSPG2 and other basement membrane 

HSPGs throughout the course of CM differentiation. To do this I initially looked  
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at the RNA sequencing data and confirmed changes using qRT-PCR with 

custom SYBR green primers.  

 

RNA sequencing confirms of the three-basement membrane HSPGs, 

COL18A1 has the highest gene count in hiPSCs (4120.3) followed by AGRN 

(3185.0) and then HSPG2 (2671.0) (Figure 4.13, A). There is a statistical 

increase in all three HSPGs (HSPG2, AGRN and COL18A1) gene counts as 

hiPSCs differentiation to CMs at day 6 (HSPG2: 14295.0, AGRN: 8117.3, 

COL18A1: 27873.7). HSPG2 shows further statistical increased gene counts 

at day 10 and day 20 of CM differentiation (day 10: 14666.7, day 20: 21079.0) 

although due to variation in samples day 30 is not statistically increased. To 

confirm the RNA sequencing results qRT-PCR was performed on a separate 

CM differentiation timeline. Contrary to the RNA sequencing, a statistical 

increase in HSPG2 expression is recorded at day 30 of CM differentiation 

(Figure 4.13, B). AGRN follows a similar trend of expression compared to 

HSPG2, with an increase around day 6 and 10, followed by a reduction at day 

15 then an increase at day 20 and 30. qRT-PCR performed investigating 

AGRN expression shows the same trend as RNA sequencing, although the 

fold change shows no statistically significant difference at any timepoint 

compared to day 0 expression.  COL18A1 appears to only be highly expressed 

in the early timepoints over the course of CM differentiation (day 6: 27873.7, 

day 10: 23587.0), showing no statical changes at day 15 and day 20 and a 

slight increase at day 30 (13689). This steady increase in gene expression of 

HSPG2 and AGRN further suggests their importance in the developing 

cardiomyocyte. I next wanted to investigate how the changes seen in HSPG2 

Figure 4.13 - Basement membrane heparin sulfate proteoglycan gene 

expression through cardiomyocyte differentiation. (A) HSPG2-Perlecan, 

AGRN-Agrin and COL18A1-Colagen 18 are displayed as gene counts 

following deSeq2 normalisation of RNA sequencing analysis. (B) SYBR Green 

qRT-PCR performed on separate n=3 CM differentiation with primers targeting 

HSPG2 domain 1 (D1) and 5 (D5), and AGRN. N=3, statistical test performed 

on SD using Tukey Test. P-value <0.05 = *, <0.01 = **, <0.001 = ***. 
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and AGRN gene expression over the course of CM differentiation translate to 

protein changes.  

 

 

 

Figure 4.14 - CCN1 western of cardiomyocyte differentiation. (A) Western 

blot using a perlecan polyclonal antibody (CCN1) of cell lysate at D0, 10, 15, 

20 and 30 of CM differentiation. (B) Band quantification at approximate sizes 

quantified against total protein stain (See methods 2.7.4). N=2, statistical test 

performed on SD using Tukey Test. P-value <0.05 = *, <0.01 = **, <0.001 = 

***. 
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A custom polyclonal antibody for perlecan (CCN1) was obtained from 

collaborators at UNSW (MoonSun Jung et al., 2013).Initially performing a 

western blot on differentiation cell lysate show a steady increase of perlecan 

expression from hiPSCs to day 30 cardiomyocytes (Figure 4.14, A). Six bands 

were selected for quantification based off their clarity and compared against 

total protein stain for quantification (Figure 4.14, B). The largest change in 

perlecan expression seen was in the ~300 kDa band where it isn’t expressed 

in hiPSCs but is expressed in day 10 cells showing slow increase from day 10 

to day 30. Similar to the ~300 kDa band, the ~270 kDa band is not found in 

hiPSCs but shows a steady increase through the differentiation. The band at 

~90 kDa appears as a single band in hiPSCs but shows two separate bands 

through the differentiation, these also show a steady increase throughout the 

differentiation. Interestingly the ~60 kDa band shows an increase in day 10 

cells compared to hiPSCs followed by a reduction over the remaining 

differentiation. The band seen at ~50 kDa follows a similar trend as seen in 

the >300 band, showing a sharp increase from hiPSCs to day 10 followed by 

a plateau. Although, due to this western blot only being an N of 2 only the 

trends can be hypothesised. To further validate some of the changes seen in 

this polyclonal western I aimed to repeat the westerns using commercially 

available monoclonal perlecan antibodies, specific to the domain 5 (A74) and 

domain 1 (A76) of perlecan. 
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Using the monoclonal antibody A74 several bands found using CCN1 can also 

be seen here (Figure 4.15, A). The A74 western shows a faint band around 

270 kDa and several clean bands at 60, 50 and 35 kDa in differentiating cells. 

Although this antibody seems to be unable to show the bands around 300 and 

Figure 4.15 - A74 western of cardiomyocyte differentiation. (A) Western 

blot using a perlecan monoclonal antibody (A74) of cell lysate at D0, 10, 15, 

20 and 30 of CM differentiation. (B) Band quantification at approximate sizes 

quantified against total protein stain (See methods 2.7.4). N=2, statistical test 

performed on SD using Tukey Test. P-value <0.05 = *, <0.01 = **, <0.001 = 

***. 
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bands between 270 to 90 kDa shown in CCN1 western blot. The western blot 

using A74 also shows no smearing compared to the CCN1 western. Analysing 

the 270 and 60 kDa bands found during cardiomyocyte differentiation show 

how there is an increase in perlecan expression from hiPSCs (Figure 4.15, B). 

Interestingly the band at ~50 kDa shows a sharp increase between hiPSCs 

and day 10 cardiomyocytes, this then shows a steady reduction during the 

remaining differentiation. These results are the opposite to what was seen with 

most other perlecan bands and opposite to the CCN1 band quantification. The 

band around 35 kDa shows no major changes throughout the differentiation 

similar to the ~35 kDa band found in the CCN1 western blot. This western blot 

only being an N of 2 implied the trends can be hypothesised but not taken for 

granted. The increase of the ~60 kDa band over the differentiation is the only 

statically significant change identified. The band at ~270 kDa was only 

identified in one of the two western blots therefore, there is an element of either 

technical error or sample difference between the two western blots performed.  
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Using monoclonal antibody A76 for at timepoints during the CM differentiation, 

western blots show only two bands are clearly found in the cardiac cells, ~60 

and ~50 kDa (Figure 4.16, A). These represent the same pair of bands seen 

in both the CCN1 and A74 antibody. The only main difference is the lack of a 

band that was seen around 270 kDa and 35 kDa, although this could be due 

to the intensity of the 60/50 kDa band pair. Analysing the ~60 and 50 kDa 

bands show a similar expression level is seen compared to the A74 western 

(Figure 4.16, B). The ~60 kDa band in hiPSCs is initially lowly expressed 

followed by a 5-fold increase in day 10 cells, the early differentiation shows a 

Figure 4.16 - A76 western of cardiomyocyte differentiation. (A) Western 

blot using a perlecan monoclonal antibody (A76) of cell lysate at D0, 10, 15, 

20 and 30 of CM differentiation. (B) Band quantification at approximate sizes 

quantified against total protein stain (See methods 2.7.4). N=2, statistical test 

performed on SD using Tukey Test. P-value <0.05 = *, <0.01 = **, <0.001 = 

***. 
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slow decrease over differentiation following this spike. The ~50 kDa band 

appears to only be present between days 10 and 20 of the differentiation 

before expression is reduced in day 30, although these increases are not 

statistically significant since this is only a N of 2. Both A74 and A76 show a 

double band around ~60 kDa in hiPSCs which is not seen in the differentiated 

cells, although this is not repeated in CCN1. 

 

A summary figure of bands found in perlecan westerns was created to further 

analyse differences in antibody binding (Figure 4.17). CCN1 the perlecan 

Figure 4.17 – Summary of bands found in perlecan western blots. 

Highlighted bands of CCN1, A74 and A76 western blots plotted as a colour 

coded summary. CCN1 only (red), A74 & A76 (yellow), CCN1 & A74 (blue) 

and all antibodies (green). 
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polyclonal antibody, in the only antibody to show bands at >300 and ~90 kDa. 

Although interestingly the only bands this polyclonal antibody doesn’t pick up 

are the pair found in hiPSCs ~60 kDa, while A74 and A76 do. A74 and CCN1 

are able to highlight a band around ~270 and 35 kDa while A76 doesn’t, either 

due to low intensity or perhaps the binding site for A76 is not present in these 

fragments. As previously discussed, another HSPG that is known to be 

involved in cardiac development is agrin. I next performed western blot 

analysis to see how agrin protein expression changed over cardiac 

differentiation. 
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The western blot for agrin over differentiation shows multiple sized bands in 

hiPSCs similar to perlecan and only a few clear bands during cardiac 

differentiation (Figure 4.18, A). Quantifying the larger bands seen around 140, 

90 and 70 kDa show how agrin expression is already at a relatively high level 

in hiPSCs (Figure 4.18, B). In the 140 kDa band expressions shows a slight 

Figure 4.18 - Agrin western of cardiomyocyte differentiation. (A) Western blot 

using an agrin monoclonal antibody of cell lysate at D0, 10, 15, 20 and 30 of CM 

differentiation. (B) Band quantification at approximate sizes quantified against total 

protein stain (See methods 2.7.4). N=2, statistical test performed on SD using Tukey 

Test. P-value <0.05 = *, <0.01 = **, <0.001 = ***. 
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increase to day 15 followed by a reduction, although this spike could be due 

to the spot of higher exposure seen on the blot.  Both bands around 90 and 70 

kDa show similar protein levels throughout the cardiomyocyte differentiation 

after normalisation to total protein stain, confirming the levels of agrin do not 

follow those seen in perlecan. Several bands are seen to be similar sizes as 

bands found in the perlecan westers, these include ~60, 50 and 35 kDa bands. 

Quantifying these bands, the same trend in agrin protein levels is recorded 

throughout the differentiation. The protein levels of agrin ~60 and 50 kDa 

bands are different to the expression seen in the perlecan ~60 and 50 kDa 

bands. But the plateau of expression seen in the ~35 kDa band is repeated in 

the perlecan A74 antibody potentially indicating some cross reactivity. Indeed, 

this western blot was only an N of 2, no statistical difference was recorded 

between any of the bands over the differentiation. These results further confirm 

the presence of agrin is consistent over cardiac differentiation. 
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To further quantify the increase of perlecan through CM differentiation seen in 

westerns I performed immunostaining using a combination of A74 and A76 

monoclonal antibodies at each timepoint (Figure 4.19, A). Perlecan secretion 

cannot be seen in hiPSCs, and only fainty visible at day 10, this secretion gains 

fluorescent intensity as the differentiation is continued quantified using 

intensity against background (Figure 4.19, B). At day 10 there is a significant 

increase of perlecan intensity compared to hiPSC, followed by a further 

increase of perlecan over the differentiation. GFP tagged α-Actinin 

sarcomeres are not seen in hiPSCs but are found at day 10 implying cardiac 

induction has occurred. Over the following days clusters of α-Actinin positive 

CMs are seen to increase in size and confluency as the differentiation 

progresses. 

 

 

 

 

 

 

 

 

 

Figure 4.19 – Immunostaining of perlecan over CM differentiation.  (A) 

Representative fluorescent images of perlecan monoclonal antibodies A74 

and A76 at each timepoints of CM differentiation pseudo-coloured purple. GFP 

and DAPI channels showing cardiac a-Actinin (green) and nuclei (blue). (B) 

Perlecan intensity based on fluorescent intensity at each timepoint. Scale bar: 

150 µm. N=3, statistical test performed on SD using Tukey Test. P-value <0.05 

= *, <0.01 = **, <0.001 = ***. 
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Immunostaining over the course of CM differentiation timepoints was also 

performed using agrin polyclonal antibody (Figure 4.20, A). Agrin appears 

around all cells from hiPSCs throughout the CM differentiation, quantifying this 

intensity over the time course shows only a slight reduction at day 15, similar 

to what was recorded in RNA sequencing and qRT-PCR (Figure 4.20, B). 

Overall, the expression of agrin is maintained throughout the CM differentiation 

in both mRNA and protein quantified by both western blots and 

immunostaining. 

As perlecan western blots had showed banding of multiple sizes, I next used 

RNA sequencing outputs to investigate differences in HSPG2 transcripts. 

According to the ensemble database there are 15 different transcripts of 

HSPG2 (Table 4.15) and these were investigated in our RNA sequencing data 

set. 

 

Table 4.15 – List of all HSPG2 transcripts based off ensembl.org 

database. 

Transcript ID Name Bp Protein Biotype 

ENST0000037469
5.8 

HSPG2-
203 

1434
1 

4391aa Protein coding 

ENST0000063568
2.1 

HSPG2-
214 

921 307aa Protein coding 

ENST0000037467
3.4 

HSPG2-
201 

865 288aa Protein coding 

ENST0000064471
4.1 

HSPG2-
215 

708 236aa Protein coding 

ENST0000037467
6.4 

HSPG2-
202 

411 109aa Protein coding 

ENST0000042789
7.1 

HSPG2-
205 

589 197aa Non-stop decay 

Figure 4.20 – Immunostaining of agrin over CM differentiation.  (A) 

Representative fluorescent images of agrin polyclonal antibody at each 

timepoints of CM differentiation pseudo-coloured purple. GFP and DAPI 

channels showing cardiac a-Actinin (green) and nuclei (blue). (B) Agrin

intensity based on fluorescent intensity at each timepoint. Scale bar: 150 µm. 

N=3, statistical test performed on SD using Tukey Test. P-value <0.05 = *, 

<0.01 = **, <0.001 = ***. 
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ENST0000041232
8.5 

HSPG2-
204 

828 No 
protein 

Protein coding CDS not 
defined 

ENST0000048690
1.1 

HSPG2-
211 

3586 No 
protein 

Retained intron 

ENST0000047132
2.2 

HSPG2-
208 

1602 No 
protein 

Retained intron 

ENST0000048164
4.1 

HSPG2-
210 

839 No 
protein 

Retained intron 

ENST0000043971
7.2 

HSPG2-
206 

637 No 
protein 

Retained intron 

ENST0000045379
6.1 

HSPG2-
207 

621 No 
protein 

Retained intron 

ENST0000049394
0.2 

HSPG2-
212 

584 No 
protein 

Retained intron 

ENST0000048090
0.1 

HSPG2-
209 

500 No 
protein 

Retained intron 

ENST0000049849
5.1 

HSPG2-
213 

488 No 
protein 

Retained intron 

 

The count of each transcript was calculated at each timepoint of the CM 

differentiation. Any transcripts that reached above double digit (10+) counts at 

any timepoint along the differentiation were included for further analysis, other 

transcripts were considered background. The +10 transcripts were created in 

Snapgene to calculate their protein coding regions and estimated protein 

structure based on the perlecan protein (Figure 4.21). 
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Figure 4.21 – Transcripts of HSPG2 expressed through CM 

differentiation. (A) Transcript counts over cardiomyocyte differentiation. (B) 

Theorised perlecan protein structures are displayed assuming ORF 

transcription, separated if containing different ORFs. Transcript number, 

exons of HSPG2 in the transcript (C), transcript length (D) also displayed. 
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I used Snapgene software to generate the exons sequences of HSPG2 that 

are found in each transcript. These exons align to parts of perlecans protein 

structure. Assuming the open reading frames (ORFs) found in these files are 

used to create protein fragments I generated the predicted protein structure 

based off these transcripts. The highest expressed transcript found throughout 

the differentiation is full length HSPG2 containing all 97 exons. This is followed 

by a transcript containing two laminin G domains (LG2 and LG3) found in 

domain 5 of HSPG2, this transcript also follows the same trend as full HSPG2 

through differentiation at a ~10-fold reduction. Interestingly according to 

ensemble this transcript is not protein coding although within there is an ATG 

start site and ORF. The next transcript (ENST000000374673.4) shows a 

different trend with its highest expression at day 10 and is found within domain 

1 of HSPG2. This transcript contains 3 different reading frames although only 

one with a ATG start site. The transcript ENST000000453796.1 again follows 

a similar trend to the full length HSPG2 transcript, although at a ~100-fold 

reduction in count and is classed as non-protein coding. The transcript 

ENST000000412328.5 shows a steady increase over the course of CM 

differentiation although variation between samples may have caused this 

trend. This transcript is found in domain 1 and appears to skip HSPG2 exons 

4 and 5. Finally the transcript ENST000000471322.2 also shows a trend 

similar to full length HSPG2 transcript at a ~1000-fold reduction. This transcript 

is considered non protein coding and looking at the Snapgene file no ORFs 

appear to match sequences found in HSPG2. 

 

Overall, HSPG2s expression is increased over cardiomyocyte differentiation. 

AGRNs level remain similar and COL18A1 mRNA increases between day 0 

and 6 before decreasing over the following timepoints. Immunostaining 

confirms an increase in perlecan while agrin remains constant throughout. 

Western blots also show changes in band sizes between hiPSCs and cardiac 

progenitor cells in both perlecan and agrin. Further analysis of the different 

splice variants of HSPG2 over cardiac differentiation show how cardiac 

differentiation causes a shift in specific HSPG2 transcripts. With further 

analysis into these transcripts produced we can speculate which transcripts 

are beneficial to either a hiPSC or cardiac environment, and which protein 
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structures these would transcribe. These experiments that display how 

HSPG2 is increased over the cardiac differentiation confirm its presence is 

correlated the formation of cardiac tissues, while the expression of agrin 

remains constant implying a different role. To further investigate this role of 

HSPG2 in cardiac differentiation I aim to utilise the HSPG2+/- hiPSCs created 

previously and differentiate them to CMs. 

 

4.4.  Gene expression changing during HSPG2+/- cardiomyocyte 

differentiation 

Before I analysed the RNA sequencing of both cell lines, I wanted to compare 

the PCA plot to determine if HSPG2+/- followed a similar trend over 

differentiation recorded in the previous HSPG2WT PCA plot.  

 

Comparing PCA plot analysis of HSPG2WT and HSPG2+/- timepoints show how 

both cell lines have similar clustering, implying both cell differentiations follow 

Figure 4.22 - PCA plot from RNA sequencing of both cell lines. PCA plot 

of HSPG2WT and HSPG2+/- cardiomyocyte differentiation from RNA 

sequencing outputs at each timepoint. Timepoint clusters are colour coded, 

day 0 – red, day 6 – pink, day 10 – yellow, day 15 – green, day 20 – cyan and 

day 30 – blue. 
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the same trend (Figure 4.22). These results suggest the reduction of HSPG2 

did not cause a major change in the differentiation capabilities of the HSPG2+/- 

cell line. 

 

Following PCA plot analysis showing HSPG2+/- cells follow the same 

differentiation trend as the WT I investigated if the markers previously 

investigated in the HSPG2WT differentiation. 

 

Pluripotency markers NANOG and SOX2 were again used to confirm a shift 

from a pluripotent to a defined cell had occurred though differentiation in the 

HSPG2+/- cell line (Figure 4.23). Both NANOG (10198.7) and SOX2 (6270.7) 

gene counts at hiPSCs were statistically attenuated to negligible expression 

for the remaining timepoints of differentiation. 

 

Figure 4.23 - Panel of pluripotency markers through HSPG2+/-

cardiomyocyte differentiation. DeSeq2 normalisation of RNA sequencing at 

each timepoint of cardiomyocyte differentiation showing gene counts of 

pluripotency genes NANOG and SOX2. N=3, statistical test performed on SD

using Tukey Test. P-value <0.05 = *, <0.01 = **, <0.001 = ***. 
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Figure 4.24 - Structural Cardiomyocyte gene expression changes during 

hiPSC-CM differentiation. RNA sequencing at each of the timepoint provides 

gene counts for each targeted gene. Several structural cardiac development 

genes displayed for normalised count at each timepoint. TTNT2-Cardiac 

Troponin 2, ACTC1-Cardiac Actin, MYH6-Myosin Heavy Chain 6, MYH7-

Myosin Heavy Chain 7 and MYL3-Myosin Light Chain. N=3, statistical test 

performed on SD using Tukey Test. P-value <0.05 = *, <0.01 = **, <0.001 = 

***. 
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Looking at structural markers of cardiomyocytes the HSGP2+/- cell line 

produced a similar trend as seen in the WT cells where most markers show a 

statistical increase at day 15, with several increasing at day 10 (TNNT2 & 

MYH6) (Figure 4.24). The ratio of MYH7 over MYH6 shows an upwards trend 

as differentiation continues but due to variation in day 20 and 30 samples this 

increase is not statistically significant compared to the ratio in hiPSCs.  

 

For further confirmation of HSPG2+/- iPSC to CM differentiation REAC analysis 

was used at each timepoint (Figure 4.25). Muscle contraction and cardiac 

conduction are top terms highlighted during the differentiation implying correct 

differentiation was underway. ECM organisation also remains as one of the 

top terms throughout the differentiation similar to the WT differentiation. I next 

wanted to look at what the differences were between the WT and HSPG2+/- 

cells throughout the differentiation.  

 

Figure 4.25 - REAC pathway top 10 terms linked to HSPG2+/-

cardiomyocyte differentiation. The top 10 terms based on p-adjusted value 

from REAC analysis of each timepoints extracted and plotted into a ggPlot2 bar 

graph. 
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I initially looked at the counts of HSPGs throughout the differentiation 

compared to WT to confirm levels of HSPG2 were lower throughout 

differentiation and if there was a compensatory effect due to the reduction of 

HSPG2 (Figure 4.26). 

 

The HSPG2 deficient line shows a statistical reduction in HSPG2 at day 6, 10 

and 20, interestingly there is a switch at day 30 whereby the deficient line 

produces a higher level of HSPG2 than the WT cell line (HSPG2WT: 11395.0, 

HSPG2+/-: 32254.7). Looking at levels of AGRN there is no difference between 

either line throughout the differentiation. COL18A1 shows a trend of higher 

Figure 4.26 – WT vs +/- HSPG gene counts through cardiomyocyte 

differentiation. HSPG2-Perlecan, AGRN-Agrin and COL18A1-Colagen 18 

are displayed as gene counts following deSeq2 normalisation of RNA 

sequencing analysis with lines for both HSPG2WT (green) and HSPG2+/- (red). 

N=3, statistical test performed via multiple t-tests. P-value <0.05 = *, <0.01 = 

**, <0.001 = ***. 
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expression at all timepoints till day 30, although this increase is only 

statistically significant at day 6 and day 15. 

 

The volcano plots show how there are few DEGs between the two cell lines 

through differentiation until day 30 (Figure 4.27, A). Plotting these DEGs as a 

bar graph the lack of difference between each early timepoint becomes more 

clear (Day 0: 27, Day 6: 24, Day 10: 24, Day 15: 20, Day 20: 14)), it is only at 

the day 30 timepoint where there are a large number of DEGs identified (Day 

30: 361) (Figure 4.27, B). Looking into the early timepoints (day 0 to day 15) 

Figure 4.27 - Enhanced volcano plots of changes seen between WT and 

HSPG2+/- cells over differentiation. (A) Volcano plots highlighting 

differentially expressed genes (DEGs) in red. Genes that had a less that 

Log2(1) fold change but were significantly changed (p<0.05) are in blue, while 

those that expressed higher than Log2(1) but were not significantly (p>0.05) 

changed are in green. Genes that fit none of the above parameters were 

designated grey and not significant (NS). (B) DEG count was arranged in a 

bar chart to show changes during cardiomyocyte differentiation. (C) Venn 

diagram of similar DEGs between timepoints ranging from day 0 to day 15. 
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of each cell line over the differentiation 11 genes are flagged up as consistently 

differentially expressed between the two cell lines (Figure 4.27, C).  

 

Of the 11 genes found seven are upregulated in HSPG2WT line when 

compared to HSPG2+/- (Figure 4.28, A). The genes found to be consistently 

upregulated throughout the early differentiation timepoints include HSPG2, 

NNAT, SCL15A4, KCNC3, RBM46, GLT1D1, TMSB4Y. While four of the 

genes were found to be constantly downregulated including ZNF676, SVIL-

AS1, MGMT and TRIM61. Plotting the highest and lowest of these 11 DEGs 

show HSPG2 to be overall highest expressed gene in the HSPG2WT cells, 

while TRIM61 is the lowest (Figure 4.28, B). Interestingly, when investigating 

Figure 4.28 - Heatmap of consistently changed genes over early cardiac 

differentiation. (A) 11 genes are found to be statistically dysregulated 

between HSPG2WT and HSPG2+/- cell lines between day 0 and day 15 

differentiation. (B) Both highest and lowest DEGs plotted as line graph from 

day 0 to day 15 showing Log10 fold change. (C) Gene counts plotted as heat 

map for each cell line from day 0 to day 15. 
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gene counts HSPG2 and NNAT remain the highest count DEGs expressed 

throughout the differentiation (Figure 4.28, C). 

These results from pathway analysis suggest there are very little differences 

between WT and HSPG2+/- hiPSCs as previously shown by hiPSC analysis 

done in the previous chapter (chapter 3). Therefore, I was interested in using 

Figure 4.29 – Day 30 cluster differences between HSPG2 WT and HSPG 

+/- CMs. Cluster analysis of 361 DEGs found between HSPG2 WT and 

HSPG2 +/- cardiomyocytes run through gene ontology cluster analysis. 
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GO analysis to investigate terms found from the 361 DEGs at day 30. Using 

cluster analysis on the 361 DEGs between HSPG2WT and HSPG2+/- shows 

how all the top 30 terms were linked to upregulated terms (Figure 4.29).  Many 

of the terms found are linked to cell development and differentiation while other 

top term clusters were linked to signalling, communication, and ion binding. 

This overall shows the HSPG2 WT CMs are operating at a higher function than 

the HSPG2 +/- CMs. 

Figure 4.30 – Day 30 focused terms with GO:BP, GO:CC and REAC 

pathways. Differences in HSPG2 WT and HSPG2 +/- day 30 DEG gene 

cluster analysis for GO: Biology Processes, GO: Cellular components and 

Reactome. Top 20 terms were highlighted and ordered based on most 

significant.   
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Looking at the specific terms based on statistical value of the GO searches 

and REAC shows increased cardiac terms in the HSPG2WT CMs compared to 

the HSPG2+/- (Figure 4.30). GO:BP terms are linked to heart and muscle 

development and differentiation and combined with GO:CC terms link to an 

increased level of structural cardiac genes. The increased level of structural 

terms found upregulated in the WT CMs leads towards the idea of a more 

mature and functional CMs than the HSPG2+/- CMs. REAC analysis terms that 

are upregulated in HSPG2WT CMs are all linked to conduction and the handling 

of ions, essential to the contraction and maturation of CMs. The two 

downregulated terms in the HSPG2WT CMs are both linked to lipoprotein 

assembly and clearance.  

 

The final stages of the cardiac differentiation would be linked to maturing of 

the CMs. The increased DEGs found between the two cell lines indicate the 

lack of HSPG2 is having the largest effect during this stage. Further analysis 

of these DEGs show how HSPG2WT CMs have an expression profile 

characteristic of more structurally mature cardiomyocytes, with increased 

expression of genes involved in cardiac contraction than HSPG2+/- CMs. GO 

analysis terms in HSPG2WT day 30 CMs upregulated DEGs highlighted 

cardiac muscle cell differentiation, muscle contraction, and calcium signalling 

as several pro-cardiac maturation terms (Figure 4.31). While downregulated 

DEGs highlighted terms such as phospholipid efflux, carboxylic acid metabolic 

process and membrane. These terms suggest the HSPG2+/- day 30 CMs have 

upregulated genes linked to metabolic function. Interestingly, both upregulated 

and downregulated DEGs emphasized GO terms linking to extracellular matrix 

and space. Downregulation of ECM DEGs, but upregulation of extracellular 

space in HSPG2+/- day 30 CMs suggests preferential matrix remodelling. 
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RNA sequencing revealed DEGs associated with metabolic changes in 

HSPG2+/- day 30 CMs. Attenuation of HSPG2 in mice has previously shown 

to encourage fatty acid metabolism in white adipocytes. Indeed, my results 

highlight abnormal metabolic gene expression in HSPG2+/- CMs, and therefore 

I next want to investigate metabolic changes between the cell lines.  

 

 

 

Figure 4.31 – Highlighted DEGs from GO pathway analysis. Heatmap 

showing Log10 fold change of selected DEGs found though GO cluster 

analysis terms of HSPG2WT vs HSPG2+/- day 30 CMs. 
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4.5.  Metabolism of HSPG2WT and HSPG2+/- CMs 

A metabolic shift is essential for cardiac maturation and HSPG2 is known to 

have a role in metabolism, to further investigate this I performed the CM 

differentiation in the aim of looking at HSPG2s role in cardiac metabolism.  In 

Johnson et al, 2022, I describe a novel assay for assessing metabolic changes 

that occur during hiPSC-CM differentiation (Johnson et al., 2022). Here I 

exploit this assay to monitor metabolic changes in WT and HSPG2+/- cell lines. 

 

Glycolysis and TCA cycle substrates were plotted as a fold change of 

HSPG2WT vs HSPG2+/-. HSPG2WT hiPSCs appear to have a slightly lower 

ability to metabolise glycolytic substrates than the HSPG2+/- hiPSCs (Figure 

4.32, A). This difference between the lines is further exacerbated at day 10 

cardiac cells. This trend is switched in day 20 and 30 timepoints whereby WT 

cells become more metabolically active and can metabolise glycolytic and TCA 

Figure 4.32 – Mitoplate analysis of glycolysis and TCA cycle over cardiac 

differentiation. (A) Fold change of maximal substrate metabolism between 

HSPG2 WT and HSPG2 +/- cells of each glycolysis and TCA cycle substrate 

over the cardiac differentiation. (B) Fold change line graphs of selected lowly 

and highly changes substrates over differentiation. N=3, statistical test 

performed via multiple t-tests. P-value <0.05 = *, <0.01 = **, <0.001 = ***. 
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cycle substrates at a higher level. Comparing several of the maximal fold 

changes, no statistical difference was found in a-D-Glucose metabolism over 

the differentiation. Glycogen metabolism is statistical increase at day 10 with 

no other difference at the other timepoints (Figure 4.32, B). While both D-

glucose-6-PO4 and pyruvic acid show a statistical attenuation in HSPG2+/- 

cells at day 20 and 30. All of the TCA cycle metabolites highlighted here have 

a statistical reduction in maximal metabolism in HSPG2+/- day 30 CMs. 

Interestingly, L-malic acid is significantly attenuated in HSPG2+/- hiPSCs 

compared to the HSPG2WT control. 

 

Investigating amino acids and fatty acid metabolite metabolism highlights a 

similar trend as the glycolytic and TCA cycle substrates, with an increase in 

HSPG2+/- day 10 metabolism, followed by further reductions (Figure 4.33, A). 

Figure 4.33 – Mitoplate analysis of amino acid and fatty acid metabolism 

over cardiac differentiation. (A) Fold change of maximal substrate 

metabolism between HSPG2 WT and HSPG2 +/- cells of each amino acids 

and fatty acid substrate over the cardiac differentiation. (B) Fold change line 

graphs of selected lowly and highly changes substrates over differentiation. 

N=3, statistical test performed via multiple t-tests. P-value <0.05 = *, <0.01 = 

**, <0.001 = ***. 
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Of the highlighted amino acid substrates, L-glutamine is statistically reduced 

in HSPG2+/- hiPSCs compared to the WT (Figure 4.33, B). All highlighted 

amino acids barring L-serine are metabolised to a higher level than the WT at 

day 10, although at day 20 and 30 all the amino acids substrates are 

statistically attenuated in the HSPG2+/- CMs. A similar trend is identified in fatty 

acid substrates, whereby the HSPG2+/- cell have a higher metabolism of 

substrates at day 10, but attenuated at day 20 and 30 compared to the WT. 

These results suggest the major difference between the cell lines is identified 

in day 30 CMs, like results found using RNA sequencing. Due to this finding I 

wanted to highlight the difference between cell lines after mitoplate analysis of 

day 30 CMs in a clean summary figure. 
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Summarising differences seen between day 30 HSPG2 WT and HSPG2 +/- 

day 30 cardiomyocytes on a metabolic map shows an across-the-board 

reduction of HSPG2 +/- CMs metabolic function (Figure 4.34). 

 

Figure 4.34 – Metabolic map showing reduction in HSPG2+/- specific 

substrate metabolism in day 30 CMs. Percentage of substrate metabolism 

is calculated against the maximal substrate metabolism vs HSPG2WT day 30 

CMs. Each metabolic clustered group is highlighted and coloured, Green: 

Glycolysis, Red: Fatty Acids, Blue: Amino Acids and Yellow: TCA Cycle. 
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To further analyse the metabolic function of these day 30 CMs I utilised a 

seahorse assay to investigate differences between oxidative phosphorylation 

(OXPHOS) and extracellular acidification rate (ECAR).  

 

Figure 4.35 – Seahorse assay of WT and HSPG2+/- cardiomyocytes. (A) 

Images of cardiomyocytes seeded onto seahorse plates, stained with DAPI 

and EVOS 3000 automated cell count performed. Blue circles represent 

automatic recognised nuclei, red circles identify background. (B) Seahorse 

output graphs plotted and normalised against 10,000 cells based of DAPI auto 

counts. (C) Ratio of OCR vs ECAR plotted showing differences between 

HSPG2WT and HSPG2+/- CMs. N=3, statistical test performed via multiple t-

tests. P-value <0.05 = *, <0.01 = **, <0.001 = ***. 
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Following seahorse assay plates were taken and stained with DAPI to count 

average nuclei of each well for each line (WT: 22883 ±303.7, HSPG2 +/-: 

10478 ±1266.5) (Figure 4.35, A). Results from seahorse OCR and ECAR are 

plotted against 10,000 cells showing both cell lines follow a similar trend in 

OCR (Figure 4.35, B). With only the first point recorded after FCCP 

administration showing a statistical increase in WT CMs vs HSPG2+/- CMs. 

ECAR on the other hand shows how throughout varying mitochondrial 

stresses the HSPG2+/- CMs maintain a statistically higher ECAR than WT 

CMs. Plotting the results from OCR over ECAR show how in both the control 

and FCCP WT CMs have a higher reliance on OXPHOS than ECAR (Figure 

4.35, C). These changes show the higher reliance on glycolytic metabolism 

over OXPHOS in HSPG2+/- CMs, like the changes seen by use of mitoplates. 

In this chapter I investigated differences in metabolism found between WT and 

perlecan deficient cells during CM differentiation. Interestingly, HSPG2+/- early 

CMs at day 10 have higher specific substrate metabolism of most metabolites 

compared to the WT counterpart. This trend is reversed during later stages of 

differentiation whereby day 30 the HSPG2WT CMs are capable of metabolising 

specific substrates to an increased level compared to the HSPG2+/-. Utilising 

a seahorse assay was performed for further investigation into cell glycolysis 

and OXPHOS levels. Results shown suggest HSPG2+/- CMs have a higher 

reliance on glycolysis over the HSPG2WT preferential OXPHOS. Overall 

suggesting the day 30 HSPG2+/- CMs are less metabolically active and 

represent a more immature CM. 
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4.6.  Generation of HSPG2+/- EHTs 

The previous sections of this chapter have highlighted the differences found 

between HSPG2WT and HSPG2+/- CMs. Results suggest the HSPG2+/- CMs 

are less structurally mature, and show reduced metabolic capabilities 

combined with a higher reliance on glycolysis, overall suggesting a more 

immature CM. To further enhance the hiPSC-CMs maturation I aimed at 

generating engineered heart tissues (EHTs) from both cell lines to investigate 

if the maturation differences between the lines are exacerbated. 

 

A striking difference in EHT tissue morphology was observable between the 

two cell lines. Quantitative image analysis showed a thinning of HSPG2+/- 

EHTs compared to the WT (Figure 4.36). The average thickness of the WT 

EHT was 0.265 cm (±0.0238) compared to the HSPG2+/- EHTs (0.103 cm 

±0.0155). These changes occurred over the culture of EHTs imply the 

HSPG2+/- EHTs underwent some form of cardiac remodelling, where the EHTs 

become thinner and elongated. 

Figure 4.36 – HSPG2WT and HSPG2+/- EHT images and sizes. 

Brightfield images of EHTs showing morphological changes after 14 days 

in culture (Scale bar: 1 cm). Measurements of EHT thickness were 

performed by triple measurements along each EHT and averaged (WT 

n=16, HSPG2 +/- n=11). Statistical test performed using t-test. P-value 

<0.05 = *, <0.01 = **, <0.001 = ***. 
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Immunostaining confirmed high purity cardiomyocytes throughout both WT 

and HSPG2+/- EHTs (Figure 4.37, A) and when quantified shows no significant 

difference in intensity of α-Actinin. Both EHTs show densely pack α-actinin 

positive cardiomyocytes suggesting remodelling that occurred in HSPG2 +/- 

EHTs is not due to cardiomyocyte number. 

 

 

Figure 4.37 – Confocal stacked slices of stained EHTs. (A) Z-stack 

confocal slices were compressed creating composite images of 

immunostained EHTs. Blue: DAPI (nuclei) and Green: α-Actinin GFP tag. 

Scale bar = 50 µm (B)  Quantification of α-Actinin staining intensity using 

ImageJ. N=3, statistical test performed using t-test. P-value <0.05 = *, <0.01 

= **, <0.001 = ***. 
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EHTs were stained with perlecan monoclonal antibody A74 to determine 

perlecan levels secreted throughout EHTs (Figure 4.38). Quantification 

confirmed increased perlecan levels two-fold higher in the WT EHTs than the 

HSPG2+/- EHTs. Despite the remodelling the HSPG2+/- EHTs underwent, there 

does not appear to be an increase in perlecan protein levels.  

 

 

Figure 4.38 - Confocal immunostaining images of HSPG2 stained EHTs. 

(A) Compressed z-stack of EHTs stained with A74 HSPG2 monoclonal 

antibody. Scale bar = 50 µm (B) HSPG2 intensity quantification was performed 

on ImageJ and corrected against total cell fluorescence. N=3, statistical test 

performed using t-test. P-value <0.05 = *, <0.01 = **, <0.001 = ***. 
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Using the ImageJ plugin MUSLCEMOTION (Sala et al., 2018) analysis of EHT 

contraction can be performed. HSPG2+/- EHTs show an overall reduced 

contraction amplitude and shorter contraction shown by a representative trace 

(Figure 4.39, A). Calculating the peak amplitude of each EHT show HSPG2+/- 

EHTs have an attenuated peak amplitude compared to the HSPG2WT (Figure 

4.39, B). No difference is seen between the time-to-peak, and peak-to-peak 

time, mostly due to the variation in peak-to-peak time seen in HSPG2+/- EHTs. 

The relaxation time of each contraction show HSPG2+/- EHTs to have a faster 

relaxation that the WT EHTs, implying an overall sharper and weaker 

contraction. 

Figure 4.39 – Contraction analysis of EHTs. (A) Representative trace of 

contracting EHTs showing contraction force (a.u.) over time. MUSCLE 

MOTION outputs from contraction analysis showing peak amplitude, peak to 

peak, time to peak and relaxation time of both WT and HSPG2+/- EHTs. WT 

n=16, HSPG2 +/- n=11, statistical test performed using t-test. P-value <0.05 = 

*, <0.01 = **, <0.001 = ***. 
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To calculate the contraction force of the WT and HSPG2 deficient EHTs pacing 

at 0.5 Hz was performed at the Francis Crick Institute by Lorenza Tsansizi. 

MUSCLEMOTION was initially performed to analyse contraction videos and 

show both EHTs contracted at the same pace (Figure 4.40). Following this 

analysis true force contraction was calculated based on deflection distance of 

silicone posts during relaxed and contracted states of each EHT. The WT 

EHTs again output a higher contraction force than HSPG2+/- EHTs, similar to 

what was seen in the non-paced EHTs. 

 

The above experiments lead the findings that a reduction in HSPG2 creates a 

less functional cardiomyocyte. RNA sequencing suggested HSPG2 limited the 

cardiomyocyte maturation with many of the DEGs highlighted linked to cardiac 

structural genes. Metabolomic analysis of the two cell lines show how 

HSPG2+/- cells have a higher reliance on glycolysis and less capability to 

metabolise fatty acids. When HSPG2+/- CMs are put into EHTs they undergo 

cardiac remodelling and show a reduced contraction force. Since the 

activation of cardiac fibroblasts has been shown to induce cardiac remodelling 

(Thomas et al., 2022) I also wanted to investigate the role of HSPG2 in cardiac 

fibroblasts. 

Figure 4.40 – EHTs paced at 0.5 Hz. EHTs were paced at 0.5Hz, MUSCLE 

MOTION was used to calculate frequency as peak-to-peak time and true force 

calculated for each contraction through ImageJ. N=3, true force technical 

readings per sample = 11, statistical test performed using t-test. P-value <0.05 

= *, <0.01 = **, <0.001 = ***. 
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4.7.  Differentiation of WT and HSGP2+/- cardiac fibroblasts 

 

 

Utilizing a cardiac fibroblast differentiation protocol from Zhang et al 2019 

hiPSCs were differentiated into cardiac fibroblasts (Figure 4.41) (H. Zhang et 

al., 2019). hiPSCs are initially differentiated to cardiac progenitor cells (CPCs) 

before being split and reseeded. The CPCs then differentiate to epicardial 

progenitor cells (EPCs) using CHIR and RA, these cells are then reseeded 

before final differentiation to CFs using FGF-2 and TGFβ inhibitor SB431542 

(Figure 4.41, B).  

 

Figure 4.41 – Cardiac fibroblast differentiation protocol. (A) Outline of 

media added at each timepoint throughout the cardiac fibroblast (CF) 

differentiation. (B) Overview of cellular processes occurring between key 

stages of differentiation. 
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Figure 4.42 – CF differentiation images and activation to MFs with TGFβ. 

(A) Brightfield images of timepoints throughout CF differentiation. Scale bar 

600 µm. (B) Confocal immunostaining of αSMA positive MFs after TGFβ 

activation in primary and hiPSC-CFs. αSMA (Green), DAPI (blue) and scale 

bar at 50 µm. 
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Photos were taken throughout the cardiac fibroblast’s differentiation, and by 

day 15 the fibroblast morphology becomes evident (Figure 4.42, A). Cells were 

then activated to myofibroblasts (MFs) via use of TGFβ and stained with αSMA 

to confirm the presence of stress fibres (Figure 4.42, B). Both primary and 

hiPSC-CFs form αSMA positive stress fibres indicative of CF activation to a 

MF, further confirming the generation of characteristic CF and MF from 

hiPSCs. I next performed qRT-PCR on a panel of genes to confirm the levels 

of the markers were genotypically closer to primary cardiac fibroblasts than to 

skin fibroblasts or cardiomyocytes. 

 

 

The genes selected would identify differences between each of the cell types 

confirming the generation of characteristic CFs instead of generic SFs. The 

Figure 4.43 – Gene panel of markers looking at expression levels 

between differentiated cell types. qRT-PCR was performed on primary skin 

and cardiac fibroblasts and iPSC derived cardiac fibroblasts and 

cardiomyocytes. Expression was compared against primary skin fibroblasts. 

N=3, statistical test performed using Tukey test. P-value <0.05 = *, <0.01 = **, 

<0.001 = ***. 
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panel of genes selected include VIM, GATA4, ACTC1, TCF21, DDR2 and 

WT1 (Figure 4.43). Primary SFs show the highest level of VIM expression over 

primary CFs and hiPSC-CFs implying a difference between the cell types, both 

primary CFs and hiPSC-CFs express similar levels of VIM. GATA4, a cardiac 

marker, is expressed in all cardiac cell types but shows no expression in 

primary SFs. ACTC1 is a cardiomyocyte marker and shows the highest 

expression in cardiomyocytes, interestingly its expression is also found lowly 

in hiPSC-CFs but not in primary CFs. TCF21 is a cardiac fibroblast marker 

where its expression is highest in both primary CFs and hiPSC-CFs, 

cardiomyocytes have the lowest level of TCF21 expression out of the four cell 

types. DDR2 is a marker found in SFs, its expression is found highest primary 

SFs while no expression was found in any of the cardiac cells. WT1 is 

suggested to be a cardiac fibroblast specific marker (Fu et al., 2020), here we 

show its highest expression is found in the hiPSC-CFs while both primary CFs 

and hiPSC-CMs express similar levels. 

 

 

I next wanted to analysis the expression of key HSPGs HSPG2 and AGRN 

over the CF differentiation. Timepoints at day 0, 4, 8, 15, 20 and 30 were taken 

and qRT-PCR performed on these samples showing the expression of HSPG2 

Figure 4.44 - Gene expression of HSPGs over cardiac fibroblast 

differentiation. qRT-PCR performed on cDNA samples collected of cardiac 

fibroblast differentiation timeline for HSGP2 and AGRN. N=3, statistical test 

performed using t-test. P-value <0.05 = *, <0.01 = **, <0.001 = ***. 
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only increase after the differentiation is finished (Figure 4.44). At day 20 

expression of HSPG2 is statistically increased to 6.28-fold change compared 

to hiPSCs, this is then further increased over the next 10 days to 10.98-fold 

change. The expression of AGRN follows an upwards trend over the 

differentiation showing statistical increases at day 8, 20 and 30 showing AGRN 

may be more important for differentiation and proliferation while HSPG2 is 

prioritised in fully differentiated CFs. 

 

After confirmation of generating hiPSC specific CFs and results confirming the 

hiPSC-CF expressed HSPG2 mRNA in a similar trend to hiPSC-CMs, I wanted 

to investigate differences between HSPG2WT and HSPG2+/- CFs. I aimed at 

investigating proliferative capabilities, activation, ECM secretion and any 

metabolic changes between CF lines. 
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4.8.  Differences between WT and HSPG2+/- hiPSC-CFs 

 

 

Upon differentiating both cell lines to hiPSC-CFs growth curves were 

performed every 5 days for 10 days at passage 1, 3 and 5 (Figure 4.45, A). No 

Figure 4.45 – Growth curves of WT and HSPG2+/- hiPSC-CFs over 

passages. (A) Cell titre quantified cell count of hiPSC-CFs over 10 days at each 

passage number. (B) Representative brightfield image of hiPSC-CFs at P1 

compared to P5. Scale bar at 600 µm. N=1, Technical N=3, statistical test 

performed using multiple t-test. P-value <0.05 = *, <0.01 = **, <0.001 = ***. 
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difference was seen between the two cell lines in passage 1 hiPSC-CFs 

proliferative capability. This shifts in passage 3 hiPSC-CFs as WT hiPSC-CFs 

show increased proliferation over the 10 days while HSPG2+/- hiPSC-CFs 

become quiescent and show no changes in cell number. By passage 5 both 

cell lines have become unable to proliferate in culture and show a reduction in 

cell number over the 10 days. Representative brightfield images of hiPSC-CFs 

show passage 1 hiPSC-CFs in confluency while only sparsely present hiPSC-

CFs remain by passage 5 (Figure 4.45, B).  

 

Early passage hiPSC-CFs from both cell lines were cultures with or without 

TGFβ to cause MF activation and compared between each other. WT hiPSC-

CFs show to have the highest level of Ki67 and the lowest of ACTA2 implying 

an inactivated hiPSC-CF compared to HSPG2+/- CFs which follow a similar 

expression level to that seen in activated MFs (Figure 4.46).  

 

One of the main functions of the hiPSC-CF is to secrete ECM and support 

neighbouring cells. I wanted to analyse any changes in perlecan ECM 

secretion between the cell lines using ImageJ plugin TWOMBLI (Wershof et 

al., 2021). 

Figure 4.46 – Markers of hiPSC-CF to MF activation. Ki67 and ACTC2 qRT-

PCR was performed on samples from both cell lines as either inactivated 

hiPSC-CFs or following TGFβ activation to MFs. N=1 
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Figure 4.47 – Analysis of perlecan ECM from hiPSC-CFs. Immunostaining 

of perlecan secreted by WT and HSPG2+/- hiPSC-CFs including TWOMBLI 

ECM generated mask. (B) TWOMBLI outputs of ECM analysis. (C) Intensity 

of hiPSC-CF secretion of perlecan ECM, scale bar at 250 µm. N=1, intensity 

technical n=3, statistical test performed using t-test. 
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Immunostaining was performed on WT and HSPG2+/- hiPSC-CFs targeting 

perlecan ECM, the immunostaining images were then used in the TWOMBLI 

pipeline to generate ECM masks (Figure 4.47, A). Outputs from TWOMBLI 

pipeline include high density matrix (HDM) and ECM area. The WT hiPSC-

CFs are shown to have a higher density matrix than the HSPG2+/- CFs 

although both cell lines show similar values of ECM area (Figure 4.47, B). 

Measuring the intensity of perlecan from the immunostaining show no 

statistical difference between the cell lines, potentially due to the HSPG2+/- 

hiPSC-CFs still able to cover a similar area in perlecan ECM as the WT hiPSC-

CFs. 

 

Metabolic analysis was then performed on the hiPSC-CF cell lines to 

determine if the reduction of HSPG2 caused a similar shift in metabolism as 

was seen in the hiPSC-CMs. 

Figure 4.48 – Seahorse OCR and ECAR of WT and HSPG2+/- hiPSC-CFs. 

(A) OCR and ECAR outputs from seahorse assay of each cell line including 

each seahorse stage. (B) Base and maximal OCR outputs of both cell lines 

grouped. N=3, statistical test performed using multiple t-tests, p-value <0.05 = 

*, <0.01 = **, <0.001 = ***. 
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Seahorse assay was performed on WT and HSPG2+/- hiPSC-CFs analysing 

changes in OCR and ECAR (Figure 4.48, A). WT CFs have a slightly higher 

OCR over HSPG2+/- hiPSC-CFs, with this difference being exacerbated when 

the mitochondria are stressed due to administration of FCCP (Figure 4.48, B). 

WT hiPSC-CFs have a higher ECAR over the seahorse assay, although due 

to the variation between the samples a statistical increase isn’t recorded. 

Figure 4.49 – Mitoplate analysis of specific substrate metabolism in WT 

and HSPG2+/- CFs. Individual substrate metabolism mitoplate outputs 

clustered into allocated metabolic pathway; glycolysis (green), TCA cycle 

(yellow), amino acids (blue) and fatty acids (red). N=3, statistical test 

performed using multiple t-tests, p-value <0.05 = *, <0.01 = **, <0.001 = ***. 
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Utilising the mitoplate assay the hiPSC-CF metabolism of specific substrates 

can be isolated and analysed against each cell line. WT hiPSC-CFs have a 

statistically higher metabolism of all TCA cycle substrates and several 

glycolytic substrates (Figure 4.49). WT hiPSC-CFs also metabolise amino 

acids L-leucine and g-amino-butyric acid to a low level compared to the no 

substrate control. These hiPSC-CFs also show capable substrate metabolism 

of the three carnitines, acetyl-L, octanoyl-L, and palmitoyl-DL. When analysing 

the HSPG2+/- hiPSC-CF substrate metabolism the cells only seem to be able 

to metabolise several TCA cycle substrates and pyruvic acid (combined with 

sparking l-malic acid). 

 

To investigate the differences further the TCA cycle substrates had the no 

substrate negated from the metabolic peak and the two cell lines were 

compared against each other. Results show an across the board reduction of 

HSPG2+/- hiPSC-CFs capability to metabolise TCA cycle substrates to the 

same extent as the WT (Figure 4.50). The substrate a-Keto-Butyric Acid is the 

only TCA cycle substrate whereby there is no difference found between the 

lines. 

Figure 4.50 – hiPSC-CF metabolism of TCA substrates. HSPG2WT and 

HSPG2+/- CF peak metabolism of TCA cycle substrates after removal of no 

substrate control. N=3, statistical test performed using multiple t-tests, p-value 

<0.05 = *, <0.01 = **, <0.001 = ***. 
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4.9.  Conclusion 

In this chapter I differentiated hiPSCs to both CMs and hiPSC-CFs, through 

qRT-PCR marker expression was investigated confirming specific CFs were 

generated compared to primary SFs and CMs (Figure 4.51).  

 

Of the markers chosen, both hiPSC-CFs and primary CFs expressed 

comparable levels to each other, except ACTC1 and WT1. ACTC1 is a marker 

indicative of CM populations and was used to clearly separate CMs from the 

fibroblast populations. Interestingly, primary CFs expressed little to no ACTC1, 

unable to generate any CT values from qRT-PCR, compared to the hiPSC-

CFs. This result may be due to primary CFs in prolonged storage losing 

cardiac specificity, or an impure differentiation of hiPSC-CFs. Despite 

transcription factor WT1 being suggested as a cardiac fibroblast marker, WT1 

is also a known marker of endothelial cells and epicardial CFs (Fu et al., 2020; 

McGregor et al., 2018). Therefore, the hiPSC-CFs generated could be of 

closer origin to epicardial CFs than the primary CFs. Or the final stages of 

differentiation were unable to fully differentiate the epicardial progenitor cells 

to cardiac fibroblasts, whereby the expression of WT1 may be attenuated to a 

similar level as primary CFs. 

 

 

Figure 4.51 – Summary marker panel between cell types. qRT-PCR was 

performed on primary skin and cardiac fibroblasts and iPSC derived cardiac 

fibroblasts and cardiomyocytes. Expression was compared against primary 

skin fibroblasts and fold change used to plot heat map. 
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HSPG2 accumulates during the differentiation of CMs, with RNA expression 

increasing between day 0 and day 20, and protein levels highest at day 30 

CMs (Figure 4.52, A). Agrin levels are seen to be high in hiPSCs and remain 

at a constant level throughout, implying an initial need for agrin presence early 

on while perlecan expression is required later in the cardiac differentiation.  

 

Multiple sized protein bands and variations of HSPG2 splice variants imply 

different HSPG2 transcripts may have a role in different stages of cardiac 

Figure 4.52 – Summary of differences between CM cell lines. 
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differentiation. The full-length transcript is the most prominent variation of 

HSPG2 transcripts found throughout the differentiation, the next most 

expressed transcript is a domain 5 containing transcript. This transcript follows 

the same trend as full length HSPG2 just at a lower level. The same pattern is 

seen with all other transcripts, excluding one, at lower levels than the full-

length transcript. Following this trend could link these transcripts together by 

one master regulator linked to changes in the cells over CM differentiation, or 

the generation of these transcripts is reliant on full length HSPG2 mRNA being 

present and a fraction being cleaved to form the other transcripts. One 

transcript follows a different trend to the rest showing a rapid increase in 

transcript count to day 10 before a reduction over the following timepoints. This 

transcript is a domain 1/2 variation theorised to contain the SEA domain and 

parts of the LDL receptor but lacking any GAG attachment sites. 

 

When differentiating HSPG2+/- hiPSCs to CMs there are only small differences 

between the perlecan deficient and WT cells until the maturation stages of 

differentiation (Figure 4.52, B). The sensitive and slow secretion of HSPG2 

requires prolonged culture to see the build-up of HSPG2 in the ECM, this could 

explain why the effect of HSPG2 is only seen in later stages of differentiation.  

Due to a HSPG2 knock out there are 11 DEGs found consistently changed 

over early cardiac differentiation. Looking closer at each of these genes we 

can theorise their link to HSPG2. NNAT and KCNC3 are linked to regulation 

of ion channels (Braun et al., 2020a; Khare et al., 2018). SLC15A4 involved in 

peptide transmembrane transporter activity and mitochondrial integrity 

(Katewa et al., 2021; Kobayashi et al., 2021). RBM46 is involved in mRNA 

stabilisation and binding activity (Qian et al., 2022). GLT1D1 is involved in 

glycosyltransferase activity (X. Liu et al., 2020), this gene appears at a higher 

level in HSPG2WT cells but over the differentiation expression becomes more 

similar to HSPG2+/- cells. TMSB4Y has links to ERK signalling pathways and 

interestingly roles in actin monomer sequestering and binding (Öner et al., 

2020; Xiong et al., 2022). Four of the genes consistently changed were 

downregulated in HSPG2WT cells compared to HSPG2+/- cells, these include 

ZNF676, SVIL-AS1, MGMT and TRIM61. Both ZNF676 and MGMT are linked 

to regulation of DNA binding transcription factor activity and DNA repair (Han 
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and Kamdar, 2018; Mangino et al., 2012).SVIL-AS1 is a long noncoding RNA 

found to suppress lung adenocarcinoma cell proliferation (Acha-Sagredo et 

al., 2020). Finally, TRIM61 is predicted to be involved in protein ubiquitination 

and the innate immune response (Versteeg et al., 2013).   

 

The main differences found between the two cell lines as day 30 CMs are 

cardiac structural and ion channel pathways, essential for CM maturation. To 

further analyse metabolic differences between the two lines I employed the 

use of mitoplates. Mitoplates show the HSPG2+/- cells have a higher reliance 

on glycolysis and struggle to metabolise fatty acids to the same extent the 

HSPG2WT cell can. The final day 30 CMs show how HSPG2+/- CMs are overall 

less metabolically active compared to the HSPG2WT CMs, more indicative of 

an immature CM. To reconfirm metabolic differences between the cell lines 

day 30 CMs were analysed using the seahorse assay. Results from the 

seahorse further suggested a higher reliance on glycolytic metabolism in the 

HSPG2+/- CMs than the WT CMs, this reliance is a sign of immaturity in the 

CMs. 

 

When putting CMs into EHTs the HSPG2+/- EHTs underwent cardiac 

remodelling, they became elongated and thinner than the WT counterparts. 

This remodelling could be the same as what was seen in HSPG2 deficient 

mice where cardiac remodelling causes a weakened basement membrane. 

Both EHTs were densely packed with CMs but the HSPG2+/- show a lower 

perlecan intensity through immunostaining. Pacing the EHTs and calculating 

true force show the HSPG2WT EHTs can produce a higher force than the 

HSPG2+/- EHTs at both 0.5 and 1 Hz.  

 

Both cell lines can be differentiated to hiPSC-CFs, become quiescent and lose 

proliferative capabilities over prolonged culture, while the HSPG2+/- hiPSC-

CFs appear to do this at a faster rate and suggest a more MF genotype based 

on upregulated MF markers (ACTA2). Analysing the perlecan ECM secretion 

in both cell lines revealed the HSPG2WT hiPSC-CFs are able to produce a 

perlecan high density matrix. This differs from the HSPG2+/- hiPSC-CFs which 

can produce a similar perlecan matrix area, but they are unable to produce the 
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same high-density matrix as the WT. Although performing perlecan 

immunostaining intensity quantification shows no difference in the levels of 

perlecan in either cell types of hiPSC-CF ECM. 

 

Analysing the hiPSC-CF metabolism in both cell lines a similar trend is seen 

as was in the hiPSC-CMs, the HSPG2+/- CFs are unable to maintain the same 

level of metabolic function as the HSPG2WT CFs, this is displayed in both 

mitoplate data and seahorse assays (Figure 4.53). Seahorse assay confirms 

a slight reduction in the HSGP2+/- CFs mitochondrial OCR, but when stressed 

using FCCP the discrepancy between the two cell lines is exacerbated, 

showing the HSPG2+/- hiPSC-CFs mitochondria are unable to appropriately 

respond. Variation between the two lines ECAR doesn’t allow us to draw 

statistical differences although the WT hiPSC-CFs show a higher level 

throughout compared to the HSPG2+/-. Analysing TCA cycle substrate 

metabolism of both WT and HSPG2+/- hiPSC-CFs show how HSPG2 deficient 

hiPSC-CFs are unable to metabolise any TCA cycle substrates to the same 

level as WT, except a-Keto-Butyric acid which neither cell type appears to 

metabolise. 

 

Figure 4.53 - Summary of differences between CF cell lines. 
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This chapter reiterated the importance of HSPG2 in the cardiac environment, 

with HSPG2 having a major role in CM maturation and remodelling, while also 

affecting metabolism in both hiPSC-CMs and hiPSC-CFs. 

5. Perlecan in inflammatory response and wound healing 

response 

 

5.1. Introduction 

After cardiac injury, apoptotic and necrotic cardiomyocytes release 

chemokines, initiating an inflammatory response cascade. This cascade 

proceeds, activating quiescent cardiac fibroblasts (CFs) to a pro migratory cell 

type (Fang et al., 2015; Frangogiannis, 2015). Activated CFs migrate to the 

wound site to undergo initial stages of cardiac ECM remodelling (W. Zhao et 

al., 2020). Perlecan has been identified to be a promigratory ECM component. 

Nakamura shows how perlecan is essential for the migration of vascular 

endothelial cells and mesenchymal stem cells but hinders smooth muscle cell 

(SMC) migratory capabilities (Nakamura et al., 2014). Lin et al shows 

fibroblasts isolated from Schwartz-Jampel syndrome patients have an 

impaired migratory capability, although a normal rate of proliferation (Lin et al., 

2021b). These investigations into the migratory role of HSPG2 confirms a cell 

specific function, with further investigation required into its role in the migration 

of cardiac cell populations. 

 

During the initial remodelling process, macrophages secrete pro-inflammatory 

cytokines while removing necrotic cells (Fang et al., 2015). Under the 

prolonged presence of pro-inflammatory mediators and mechanical stresses, 

the activated CFs can transdifferentiate to a myofibroblast (MF). The leading 

role of the MF is ECM secretion, remodelling, and wound closure. One of the 

main inflammatory cytokines involved in MF transdifferentiation is TGFβ (Ivey 

and Tallquist, 2016b; Travers et al., 2016). A consistent presence of 

inflammatory factors, such as TGFβ, maintains MFs in the wound site leading 

to an overproduction of ECM build-up and eventually, cardiac fibrosis (Thomas 

and Grisanti, 2020). As well as activating MFs, TGFβ has been shown to 

interact and increase HSPG2 expression. TGFβ causes the upregulation of 
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HSPG2 via transcriptional activation of an upstream HSPG2 promotor 

containing NF-1 transcription factors (Iozzo et al., 1997; Warren et al., 2014). 

Activated MFs secrete an increased range of ECM components, including 

collagens and perlecan into the wound site (Travers et al., 2016). TGFβ is 

bound to the ECM in the wound site and the presence of this maintains the 

presence of pro-fibrotic MFs (Hinz, 2015). As such, it is anticipated that 

HSPG2 is increased in activated MFs, due to the increased presence of TGFβ, 

along with a higher secretion of perlecan in the matrix after TGFβ treatment.  

In this chapter I aim to use perlecan deficient stem cells in a disease model of 

cardiac fibrosis and wound healing. Cardiac fibrosis is the result of increased 

ECM production and deficient matrix degradation. The perpetual build-up of 

ECM leads to cardiac defects including arrhythmias, electrophysiology 

interference and contractile dysfunction (Berk et al., 2007; Travers et al., 

2016). Most models of cardiac fibrosis involve the use of in vivo mouse 

models, simulating a pro-fibrotic response through either myocardial infarction 

or chemical induction with treatments such as aldosterone, angiotensin II, or 

isoproterenol (Sun and Weber, 2005). Due to cost and time, drug screening 

on mouse models of cardiac fibrosis is inefficient, compared to the cost of in 

vitro cell models (Lee et al., 2019). Currently hiPSC models of cardiac fibrosis 

are being developed for rapid drug screening along with further investigation 

into fibrotic responses and mechanical properties of fibrotic scar tissue (Iseoka 

et al., 2021; Mastikhina et al., 2020).  

 

Before generating an hiPSC model of cardiac fibrosis in which the role of 

HSPG2 can be studied, I first wanted to investigate the response of hiPSC 

cardiac cell populations to the inflammatory cytokine, TGFβ. Specifically I 

wanted to investigate the response in HSPG2 expression. Following this, I 

would utilise hiPSC cardiac co-cultures and aim to induce a fibrotic response 

using both physical and chemical insults, a model in which the role of HSPG2 

could be interrogated. 
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5.2.  Effect of TGFβ on hiPSC CFs and CMs 

 

I initially aimed to induce a stress response in both hiPSC CMs and CFs 

through TGFβ stimulation to determine if the HSPG2 response was similar to 

that shown in the literature.  

CMs were treated with 10mM TGFβ for 4 days before RNA extraction and 

cDNA synthesis was performed. I initially looked at the expression of HSPGs 

of CMs and CMs after TGFβ treatment compared to hiPSCs (Figure 5.1). The 

untreated CMs show an increase in HSPG2 domain 1 (D1) expression (4.6- 

fold change) compared to hiPSCs while after the addition of TGFβ this is 

statistically amplified to 36.3-fold change. Expression of HSPG2 domain 5 (D5) 

Figure 5.1 – qRT-PCR expression of HSPGs on hiPSC-CMs after TGFβ. 

Relative fold changes of HSPGs in cDNA from hiPSC-CMs (red) and hiPSC-

CM after TGFβ treatment (blue) compared against hiPSCs (green). N=1, 

Technical N = 3. Statistical test performed on SD using Tukey Test. P-value 

<0.05 = *, <0.01 = **, <0.001 = ***. 
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and COL18A1 follow the same expression profile, with CMs expressing slightly 

more HSPG2 D5 (1.6-fold change) and COL18A1 (1.7-fold change) than 

hiPSCs. Both HSPG2 D5 and COL18A1 are statistically increased after the 

addition of TGFβ (HSPG2 D5-26.9 and COL18A1-21.1-fold change) 

compared to both hiPSCs and CMs. The expression of AGRN is statistically 

increased to 2.1-fold in CMs compared to hiPSCs, although following TGFβ 

treatment expression is attenuated to 0.65 -fold. 

 

 

I also wanted to further investigate other proteoglycans (PGs), VCAN 

(Versican), SDC4 (Syndecan 4), GPC3 (Glypican 3) to demine their role in a 

cardiac inflammatory response (Figure 5.2). VCAN follows similar expression 

trends as HSPG2 and COL18A1 with the addition of TGFβ creating a statistical 

increase in expression (3.7-fold change) compared to each other condition. 

SDC4 expression is reduced from hiPSCs to CMs (0.58-fold change) although 

this is increased after TGFβ treatment to 1.3-fold change. GPC3 expression is 

increased in CMs to 8.6-fold change, interestingly here the expression is 

attenuated to 0.68-fold following TGFβ treatment, although due to technical 

errors no statistics could be performed on this sample. 

 

 

 

Figure 5.2 – qRT-PCR expression of other PGs on hiPSC-CMs after TGFβ. 

Relative fold changes of VCAN, SDC4 and GPC3 in cDNA from hiPSC-CMs 

(red) and hiPSC-CM after TGFβ treatment (blue) compared against hiPSCs 

(green). N=1, Technical N = 3. Statistical test performed on SD using Tukey 

Test. P-value <0.05 = *, <0.01 = **, <0.001 = ***. 
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To analyse structural changes in the CMs I performed qRT-PCR investigating 

the expression changes of MYH7, TNNI3 and ACTC1 (Figure 5.3). MHY7 

increases expression to 4699.6-fold change in CMs compared to hiPSCs, this 

is further elevated to 156593.7-fold change after TGFβ treatment. The 

expression of TNNI3 is increased in CMs compared to hiPSCs as expected 

(23.6-fold), although this is not further statistically increased in CMs treated 

with TGFβ (25.8). Expression of ACTC1 is statistically increased in both CMs 

(1038.3-fold) and CMs treated with TGFβ (491.6) compared to hiPSCs. A 

statistical attenuation in ACTC1 expression is noted in CMs treated with TGFβ 

compared to CMs. 

 

 

 

 

 

 

 

Figure 5.3 – qRT-PCR expression of structural cardiac gene on hiPSC-

CMs after TGFβ. Relative fold changes of structural cardiac markers in cDNA 

from hiPSC-CMs (red) and hiPSC-CM after TGFβ treatment (blue) compared 

against hiPSCs (green). N=1, Technical N = 3. Statistical test performed on 

SD using Tukey Test. P-value <0.05 = *, <0.01 = **, <0.001 = ***. 
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Immunohistochemistry was performed on HSPG2WT and HSPG2+/- CMs, with 

and without TGFβ, using perlecan monoclonal antibody A74 (Figure 5.4, A). 

The images show how HSPG2WT CMs secrete more lower intensity perlecan 

but over the entire cell with and without TGFβ. HSPG2+/- CMs show patches 

of high intensity perlecan ECM but not the same overall presence surrounding 

Figure 5.4 – Immunostaining of HSPG2WT and HSPG2+/- CMs after TGFβ

treatment. (A) Staining of perlecan (A74 – green) and DAPI (blue) of hiPSC 

WT and +/- CMs after TGFβ, scale bar at 150 µm. (B) Quantification of 

perlecan immunostaining total intensity. N=1 
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the cells. Quantifying perlecan immunostaining reveals a reduction of perlecan 

intensity in both HSPG2+/- conditions compared to HSPG2WT CMs (Figure 5.4, 

B). Meanwhile the addition of TGFβ shows no increase in perlecan staining, 

despite an increase in mRNA expression. I next wanted to look at how CFs 

would respond to inflammatory stimulant TGFβ. 

 

CFs were treated with 10ng/mL TGFβ for 4 days before undergoing qRT-PCR 

analysis for expression of HSPGs (Figure 5.5). Expression of both domains of 

HSPG2 are increased between hiPSCs to CFs, this expression is statistically 

increased following TGFβ treatment of CFs (HSPG2 D1 – 3.5 to 62.2-fold, 

HSPG2 D5 – 2.8 to 44.6-fold change). The expression of AGRN follows a 

Figure 5.5 – qRT-PCR expression of HSPGs on hiPSC-CFs after TGFβ. 

Relative fold changes of HSPGs in cDNA from hiPSC-CFs (red) and hiPSC-

CF after TGFβ treatment (blue) compared against hiPSCs (green). Biological 

N=1, Technical N = 3. Statistical test performed on SD using Tukey Test. P-

value <0.05 = *, <0.01 = **, <0.001 = ***. 
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similar trend seen in the CMs, a statistical increase in CF (1.8-fold change) 

from hiPSCs. The expression of AGRN is then attenuated in CFs after TGFβ 

treatment to 0.84-fold change. COL18A1 expression shows no change 

between hiPSCs and CFs, although when treated with TGFβ this is statistically 

increased to 3.1-fold change. 

Examining other CF and MF markers shows how expression of hiPSC-CFs 

shifts to a hiPSC-MF phenotype. The expression of stress fibre marker ACTA2 

is increased in CFs (19484.0-fold change) compared to hiPSCs, this 

expression is further increased to 30432.7-fold change following TGFβ 

treatment. DDR2 expression is increased 6.2-fold from hiPSCs to CFs, this is 

drastically increased to 421.7-fold change in activated MFs. VIM expression is 

increased by a 61-fold change from hiPSCs to CFs but shows no further 

expression shift following TGFβ treatment. VCAN expression is reduced from 

hiPSCs to CFs (0.03-fold change), this is increased following TGFβ treatment 

to 12.2-fold change. The expression of SDC4 is increased in CFs compared 

to hiPSCs (1.8-fold change), this is further increased to 3.2-fold change after 

4 days of TGFβ treatment. 

Figure 5.6 – qRT-PCR expression of activated CF markers on hiPSC-CFs 

after TGFβ. Relative fold changes of MF markers in cDNA from hiPSC-CFs 

(red) and hiPSC-CF after TGFβ treatment (blue) compared against hiPSCs 

(green). N=1, Technical N = 3. Statistical test performed on SD using Tukey 

Test. P-value <0.05 = *, <0.01 = **, <0.001 = ***. 
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I also wanted to investigate the levels of collagens in CFs and activated MFs 

compared to hiPSCs (Figure 5.7). COL1A1 expression shows no change from 

hiPSCs to CFs, following TGFβ treatment of CFs this expression is increased 

to 7822.1-fold change. COL3A1 expression shows no change between 

hiPSCs and CFs, all CT values of COL3A1 in CF + TGFβ samples expression 

were above the cycle limit and therefore were not used. Expression of COL4A2 

is increased in CFs (8.7-fold change) compared to hiPSCs. This is further 

increased in activated MFs to 65.8-fold change after TGFβ treatment. 

 

 

 

 

 

 

 

 

 

 

Figure 5.7 – qRT-PCR expression of collagens on hiPSC-CFs after TGFβ. 

Relative fold changes of collagens in cDNA from hiPSC-CFs (red) and hiPSC-

CF after TGFβ treatment (blue) compared against hiPSCs (green). N=1, 

Technical N = 3. Statistical test performed on SD using Tukey Test. P-value 

<0.05 = *, <0.01 = **, <0.001 = ***. 
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Immunostaining of HSPG2WT and HSPG2+/- CFs under both normal conditions 

and TGFβ treatment using αSMA monoclonal antibody (Figure 5.8, A). 

Quantifying the intensity of αSMA shows no difference between the two lines, 

with both lines showing a similar increase in αSMA expression after TGFβ 

treatment (Figure 5.8, B).  

Figure 5.8 – αSMA immunostaining of HSPG2WT and HSPG2+/- CFs after 

TGFβ treatment. (A) Staining of αSMA (green) and DAPI (blue) of hiPSC WT 

and +/- CFs after TGFβ, scale bar at 150 µm. (B) Quantification of αSMA

immunostaining total intensity. N=1 
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Immunostaining was also performed on both HSPG2WT and HSPG2+/- CFs 

under both normal conditions and TGFβ treatment using polyclonal perlecan 

antibody CCN1 (Figure 5.9, A). Both conditions show dense regions of CFs 

with rich perlecan ECM within clusters of cells. Quantification shows HSPG2WT 

CFs have twice the intensity of perlecan compared to HSPG2+/- CFs (Figure 

5.9, B). After treatment with TGFβ the intensity of perlecan is slightly increased 

Figure 5.9 – Perlecan immunostaining of HSPG2WT and HSPG2+/- CFs 

after TGFβ treatment. (A) Staining of perlecan (CCN1 - red) and DAPI (blue) 

of hiPSC WT and +/- CFs after TGFβ, scale bar at 150 µm. (B) Quantification 

of perlecan immunostaining total intensity. N=1 
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in the HSPG2WT CFs while drastically increased in HSPG2+/- CFs. This could 

be due to location of the images taken whereby perlecan ECM is clustered in 

certain areas although overall intensity is the same. 

In summary, here I investigated the response of both CMs and CFs following 

TGFβ stimulation. Interestingly, I showed that HSPG2 mRNA is increased in 

both cell types, whilst AGRN mRNA decreases in both cell types. However, 

despite this mRNA increase, no increase in perlecan ECM secretion was 

observed. I next aimed to combine the two cell types in co-culture to 

investigate HSPG2s role in a wound healing response. 

 

5.3.  Combining hiPSC CMs and CFs into a disease model scratch 

wound 

One of my aims was to create a model of cardiac injury and investigate the 

role of HSPG2 in the healing response. My plan to investigate this was to 

perform a scratch wound assay, allow for wound closure and monitor HSPG2s 

role in this process. I initially wanted to optimise the scratch wound process, 

to do this I performed a scratch wound on confluent hiPSCs using a variation 

of pipette tip sizes. 

 

From the scratches performed on hiPSCs the p10 produced the cleanest 

scratch (Figure 5.10). While both the p200 and p1000 tip produced an overly 

Figure 5.10 – Scratch wound optimisation on hiPSCs. Three different 

pipette tip sizes (p10, p200 and p1000) used to scratch confluent hiPSC wells, 

scale bar = 250µm. N=1 
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large scratch and produced more tearing of the cells, thus a p10 was to be 

taken forward to perform future scratch wounds. I then created co-cultures 

containing a range of HSPG2WT and HSPG2+/- CMs combined with a total 

percentage of CFs.  

 

Before performing the scratch wound assay, each co-culture condition was 

recorded, and videos underwent contraction analysis (Figure 5.11) to 

investigate how contraction of the CMs was altered by the presence of CFs 

(Figure 5.12). Contraction duration of the HSPG2WT CMs shows no difference 

in the 90 and 75% co-cultures, this is statistically reduced as the presence of 

CFs is increased in the 50%. Interestingly HSPG2+/- CMs show a slight 

increase in contraction duration with the presence of 10% CFs although the 

duration is reduced as CF presence is increased in 50 and 25% CM conditions. 

There is a statistical increase in the contraction time-to-peak of the 25% 

HSPG2WT CMs co-culture condition, with no other conditions showing a 

change in time-to-peak.  
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Figure 5.11 – Representative MUSCLEMOTION outputs. Contraction 

traces output through ImageJ macro MUSCLEMOTION for each co-culture 

condition for both HSPG2WT and HSPG2+/- CMs. 
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Contraction relaxation time follows a similar trend as seen in the contraction 

duration with a statistical reduction in conditions containing 50 and 25% CMs. 

Both peak and contraction amplitude of CMs show a statistical increase in the 

condition containing 75% CMs and 25% CFs compared to a 100% pure 

population of CMs. The amplitude is then statistically attenuated in both CM 

Figure 5.12 – Contraction analysis of HSPG2 WT and +/- hiPSC-CMs co 

cultured with hiPSC-CFs. MUSCLEMOTION contraction analysis 

(contraction duration, time-to-peak, relaxation time, baseline value, peak 

amplitude, and contraction amplitude) of HSPG2 WT and +/- hiPSC CMs co-

cultured with hiPSC-CFs at different percentages (100% - black, 90% - red, 

75% - yellow, 50% - green, 25% - blue, 0% - pink). N=1, Technical N=3, 

significance determined through Tukey-test, P-value <0.05 = *, <0.01 = **, 

<0.001 = ***. 
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cell lines when the population is reduced to 25% and co-cultured with 75% 

CFs. The scratch wound was then performed on each co-culture condition and 

allowed to recover over 15 days. 

 

Figure 5.13 – Wound closure of HSPG2WT CMs and CFs co-culture 

scratch wound. Representative brightfield images of scratch wound closure 

after 0 hours, 120 hours and 360 hours at each co-culture condition. Scale bar 

at 600 µm. N=1 
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Figure 5.14 - Wound closure of HSPG2WT CMs and HSPG2+/- CFs co-

culture scratch wound. Representative brightfield images of scratch wound 

closure after 0 hours, 120 hours and 360 hours at each co-culture condition. 

Scale bar at 600 µm. N=1 
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Brightfield images were taken in the same location of each scratch every 24 

hours for 15 days. Representative images for scratch wounds at 0, 120 and 

360 hours for both HSPG2WT CMs (Figure 5.13) and HSPG2+/- CMs (Figure 

5.14) show the wound closure in conditions containing CFs compared to those 

that don’t. Each image was taken into ImageJ where five measurements were 

taken at the same plane calculating the minimal distance between each side. 

 

Figure 5.15 – Co-culture scratch wound closure measurements. (A) 

Measurements of remaining wound gap calculated over each day of wound 

closure for each condition. (B) Remaining unclosed wound gap 15 days after 

initial scratch for each co-culture condition calculated as a percentage. N=1, 

technical N=5, significance determined through Tukey-test, P-value <0.05 = *, 

<0.01 = **, <0.001 = ***. 
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Measurements between each condition the HSPG2WT CMs show no migration 

as would be expected, while there is a rapid wound closure in the first few days 

in all conditions containing CFs, this closure rate then slows over the remaining 

days (Figure 5.15, A). The difference between the CM lines is the HSPG2+/- 

CMs show more capability to migrate than HSPG2WT CMs. Quantifying the 

final wound closure as a percentage show that when CFs are co-cultured with 

CMs the remaining wound gap after 15 days is smaller than a pure population 

of CFs (Figure 5.15, B). There is a statistical reduction in final wound gap in 

the co-cultures containing 90, 75 and 50% CMs of either HSPG2WT or 

HSPG2+/- cell line. The 100% population of HSPG2WT CMs shows a statistical 

increase in remaining wound gap compared to the 100% CFs, although 

interestingly this is not seen in the remaining wound gap of the HSPG2+/- CMs. 

 

When comparing the two cell lines final wound closure the only difference is 

seen between the 100% population of CM migration where the WT shows no 

Figure 5.16 – Comparison of wound closure between HSPG2WT and 

HSPG2+/- co-culture. Wound closure measurements on day 15 after initial 

scratch for each co-culture condition comparing between HSPG2WT and 

HSPG2+/-- CMs. N=1, technical N=5, significance determined through Tukey-

test, P-value <0.05 = *, <0.01 = **, <0.001 = ***. 
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wound closure but the HSPG2+/- CMs 50% remaining wound gap (Figure 

5.16). This difference could be due to the HSPG2+/- CMs remaining on the 

edge of the scratch becoming hypertrophic compared to the HSPG2WT leading 

to a perceived level of migration. After the scratch wound was complete both 

sides of the scratch were recorded for MUSCLEMOTION contraction analysis. 

This was performed to determine if both sides of the of the scratch became 

electro coupled due to the migrating cells. 

 

The action potential was calculated for each side of the scratch, these were 

then overlaid and the difference in action potential between each contraction 

trace (Figure 5.17). Results show how the HSPG2WT CMs show no action 

potential difference in the 75% CM co-culture recovered scratch implying both 

sides are contracting is synchronicity. The difference in action potential 

between the two sides increases in the 90 and 50% HSPG2WT CM co-culture 

conditions, showing the largest difference in the 100 and 25% CM healed 

wound. Minor difference in action potential is seen in 100, 90, 75 HSPG2+/- 

CM scratch wounds. This is increased in the 50% CM condition and further 

increased in the 25% CM condition which shows the greatest difference 

between action potential differences. After the scratch wound assay was 

complete cells were fixed and stained to determine changes in perlecan 

secreted ECM in all conditions. 

Figure 5.17 – Difference in action potential between left and right sides 

of co-culture scratch. MUSCLEMOTION contraction analysis was performed 

on each side of the co-culture scratch wound, the difference between each 

peak was calculated and plotted displaying difference in action potential. N=2 
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Conditions were stained with CM marker ACTC1 and perlecan polyclonal 

antibody CCN1 on each condition revealing a perlecan rich ECM that is 

secreted in the wound gap (Figure 5.18). Staining with ACTC1 (red) reveals 

an increased presence of CMs as the seeded percentage was increased, this 

also reveals that CMs do not migrate into the scratch wound. Perlecan staining 

(green) reveals a preferential secretion in the scratch wound by the migrating 

Figure 5.18 – Immunostaining of day 15 HSPG2WT CMs and CF co-culture 

scratch wound. Staining of cardiac marker ACTC1 (red) and perlecan (CCN1 

– green) on day 15 following co-culture scratch for each condition. Scale bar 

at 600 µm. N=1 
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cells when a low percentage of CFs are seeded alongside a high percentage 

of CMs (90/75% CMs). This trend is changed in the 50% CMs and 50% CFs 

where perlecan ECM can be seen secreted in both the scratch wound and 

regions of undamaged cells. As the percentage of CFs is increased above the 

percentage of CMs the perlecan ECM secretion becomes preferentially found 

within the undamaged regions of the scratch. One clear difference can be seen 

within the HSPG2+/- CMs co-culture immunostaining (Figure 5.19) compared 

Figure 5.19 – Immunostaining of day 15 HSPG2+/- CMs and HSPG2WT CF 

co-culture scratch wound. Staining of cardiac marker ACTC1 (red) and 

perlecan (CCN1 – green) on day 15 following co-culture scratch for each 

condition. Scale bar at 600 µm. N=1 
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to the HSPG2WT CM co-cultures. The scratch wound performed on the 100% 

CFs tore the left side of the scratch leading to no clear staining of either side 

of the scratch wound, for this reason the measurement values from the scratch 

wound performed on 100% CFs, 0% HSPG2WT CMs were used. Taking the 

perlecan immunostaining images ECM analysis could be performed using 

ImageJ plugin TWOMBLI.  

Figure 5.20 – TWOMBI ECM analysis of perlecan immunostaining of 

HSPG2WT CM and CF co-culture scratch wound. (A) CCN1 (green) 

immunostaining of scratch wound split into left, centre and right (L, C, R) 

segments. (B) ECM mask and (C) High density matrix (HDM) generated by 

TWOMBLI ECM analysis of perlecan immunostaining images. (D-F) 

TWOMBLI ECM analysis measurements calculated from mask and HDM 

images generated from perlecan immunostaining. N=1 
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Each image was split into the left, centre, and right sections of the scratch 

wound before being processed using TWOBLI ECM analysis (Figure 5.20, A). 

TWOMBLI output creates a line mask of the ECM based of predetermined 

parameters of maximal and minimal branch lengths (Figure 5.20, B). The high-

density matrix (HDM) images are created by a threshold value to determine 

which regions contained the regions of HDM perlecan ECM (Figure 5.20, C). 

TWOMBLI outputs results for the total ECM area showing how no differences 

are seen between each region in the 0, 25, 50 and 100% HSPG2WT CM co-

cultures (Figure 5.20, D). This changes in the 75 and 90% CM co-cultures 

where the centre region of the scratch has a higher perlecan ECM area than 

Figure 5.21 - TWOMBI ECM analysis of perlecan immunostaining of 

HSPG2+/- CM and HSPG2WT CF co-culture scratch wound. (A) CCN1 

(green) immunostaining of scratch wound split into left, centre and right (L, C, 

R) segments. (B) ECM mask and (C) High density matrix (HDM) generated by 

TWOMBLI ECM analysis of perlecan immunostaining images. (D-F) 

TWOMBLI ECM analysis measurements calculated from mask and HDM 

images generated from perlecan immunostaining. N=1 
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either the left or right regions. The lacunarity reflects the size of gaps found 

within the ECM mask, this shows again no difference in the low percentage 

CM co-cultures, where a high percentage of CFs creates a tight, low lacunarity 

perlecan ECM (Figure 5.20, E). The highest levels of lacunarity are shown in 

the 100% CM ECM whereby the ECM is sparse and less structured than that 

laid down by CFs. Lacunarity is also slightly increased in the left and right 

regions of the 75 and 90% CM co-cultures compared to the centre scratch. 

Quantifying the HDM reveals the results comparable to what is seen in the 

immunostaining images, the presence of both CFs and CMs in a culture 

increases the presence of perlecan ECM secretion (Figure 5.20, F). HDM 

analysis reveals a preferential secretion of perlecan HDM in the left and right 

regions of the scratch wound in 25 and 50% CM co-cultures, while this is 

switched to perlecan HDM in the centre of both 75 and 90% CM co-cultures. 

Analysing the HSPG2+/- co-culture scratch wound perlecan ECM reveals 

comparable results as seen in the HSPG2WT scratch wounds (Figure 5.21, A-

C). TWOMBLI analysis reveals results showing very little difference in ECM 

area (Figure 5.21, D) lacunarity (Figure 5.21, E) and HDM (Figure 5.21, F) 

compared to the HSPG2WT scratch wounds.  

 

These results displayed increased contractile force of CMs when co-cultured 

with a low level of CFs. A CF overpopulated culture led to a reduction in CM 

contractile capabilities. The migration of CFs after a cardiac scratch was also 

seen to be altered by co-culture composition, whereby a presence of damaged 

CMs enhances wound closure. Perlecan ECM immunostaining reveals HDM 

is preferentially secreted in the wound site of high CM populated co-cultures 

compared to the high CF populated conditions. After performing this scratch 

wound, I next wanted to investigate if the migration and wound closure was 

affected by the presence of different cytokines in the media.  

 

5.4.  Scratch wound testing anti fibrotic drugs against wound closure 

To further investigate the changes seen in migration and wound closure of 

CFs I performed a repeated scratch wound with two conditions, 100% CFs 

and 25% CFs co-cultured with 75% CMs. To each of these conditions I aim at 
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utilising different medias to effect migration, these include media that are 

conditioned by both normoxic and hypoxic CMs, and media supplemented with 

potential antifibrotic drug indole-3-carbanol (Chen et al., 2019).  

The scratch wound was performed on all cultures with brightfield images taken 

in the same location every 24 hours for 7 days (Figure 5.22). Scratch wounds 

performed on the 100% CF population wells underwent more tearing than the 

mixed populations containing 25% CFs and 75% CMs. 7 days was enough 

time for almost complete wound closure in all conditions. Using the brightfield 

images measurements were taken in five planes for each of the 24-hour 

timepoints to determine wound gap closure. 

 

 

 

Figure 5.22 – Comparing effects on media causing scratch wound 

closure. Brightfield images taken at day 0 and 7 of scratch wound closure 

under the effects of different media compositions and with and without the 

presence of CMs. Scale bar is at 600 µm. N=1 
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Measurements from the images show how all medias closed the 100% CF 

wound gap over the 7 days at a similar rate (Figure 5.23). The only difference 

in wound gap closure was found in media supplemented indole-3-carbanol. 

This wound is still closing over the 7 days although at a slower rate compared 

to the other conditions. A similar trend is seen in the mixed CF CM population, 

with rapid wound closure in all media conditions except the indole-3-carbanol 

media. Wound closure is initially stunted for the first 3 days due to indole-3-

carbanol; the wound gap is then closed to a similar level as the other three 

conditions over the remaining days showing no differences between the 

medias. The wounds were then fixed and stained to investigate changes in CF 

activation to MFs and perlecan secretion. 

 

Figure 5.23 – Wound closure comparing conditioned medias over 7 days. 

Scratch distance remaining calculated each day in multiple points for each 

conditioned media used and plotted against unconditioned (Un-con) media.

N=1, Technical N=3, significance determined through Tukey test, P-value 

<0.05 = *, <0.01 = **, <0.001 = ***. 
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Scratch wounds were immunostained for αSMA stress fibres found in 

activated MFs (Figure 5.24, A). Images reveal a higher presence of MFs in the 

borders of the scratch rather than the centre where migratory cells would be 

found. Interestingly when quantifying the intensity of αSMA immunostaining a 

higher intensity can be found in all media conditions of the mixed population 

scratch wounds compared to the 100% CFs (Figure 5.24, B). These results 

imply there is a higher level of CF activation to MFs occurring in cultures 

containing CMs compared to those that don’t. 

 

 

 

Figure 5.24 – αSMA immunostaining of scratch wound comparing 

conditioned media. (A) Staining of MF marker αSMA (green) and DAPI (blue) 

on 100% and 25% CF scratch wound healed under conditioned medias. Scale 

bar at 600 µM. (B) Intensity of αSMA immunostaining.  
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Immunostaining using perlecan polyclonal antibody was performed to 

determine any changes in perlecan ECM due to media compositions during 

scratch wound healing (Figure 5.25, A). The same level of perlecan ECM 

appears throughout the unscratched and healed areas of the scratch wound. 

Quantification of perlecan ECM intensity reveals no difference in all the 

conditions, showing over the 7 days of wound healing perlecan ECM isn’t 

affected by changes in media or culture conditions (Figure 5.25, B).  

 

 

Figure 5.25 – CCN1 immunostaining of scratch wound comparing 

conditioned media. (A) Staining using perlecan polyclonal antibody (CCN1 –

green) and DAPI (blue) on 100% and 25% CF scratch wound healed under 

conditioned medias. Scale bar at 600 µm. (B) Intensity of CCN1 

immunostaining. 
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Using these perlecan ECM immunostaining images TWOMBLI ECM analysis 

can be performed revealing any changes between the conditions. ECM 

analysis reveals similar levels of HDM found along the edges of the scratched 

wound (Figure 5.26, A). Output results from HDM analysis reveal very low 

levels of HDM in each condition, further to this no major difference between 

each condition can be seen (Figure 5.26, B). The creation of HDM seen in the 

first scratch wound could be due to the prolonged culture the assay was 

maintained for. This would imply the creation of a perlecan rich HDM is part of 

a later stage in the wound healing process, and this can’t be produced after 7 

days of wound healing but is seen after 15 days.   

Figure 5.26 – TWOMBLI ECM analysis of final scratch wound closure 

after conditioned medias. (A) Highlighted perlecan high density matrix 

(HDM) and (B) TWOMBLI HDM output measurements compared to 

conditioned medias. Scale bar at 600 µm. 
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The results from this experiment show the use of an indole-3-carbanol drug 

was able to inhibit the initial wound closure of both population conditions after 

a scratch wound. Although these results show no difference in 

transdifferentiation of CFs to MFs or perlecan ECM secretion. Results also 

show there is a higher level of CF activation in the culture containing CMs 

compared to the 100% CF population. Since the culture was only maintained 

for 7 days there was no signs of perlecan HDM implying this ECM is secreted 

over a longer period. I next aimed at using the results gained from the two 

previous scratch wounds to create a more replicable model and to investigate 

if the response of HSPG2 deficient CFs differed from the WT. 

 

5.5.  Co-culture migration of HSPG2WT and HSPG2+/- CFs towards CMs 

Following the encouraging results from these manual scratch wound assays, 

I switched to commercially available Ibidi quadrant migration chambered wells 

(Ibidi, µ-Dish 35 mm Quad, 80416) to reduce variability. These migration wells 

would create a clean gap between, each seeded cell quadrant with the same 

distance. I aimed at investigating how HSPG2+/- CFs would respond to the 

migration assays compared to HSPG2WT CFs. I seeded HSPG2WT CMs into 

two separate quadrants in the migration wells, in the remaining quadrants 

HSPG2WT and HSPG2+/- CFs were seeded. I allowed the cells to recover 

following seeding and walls between the quadrants were removed. To 

recreate the stress caused by creating a scratch on CMs in the migration 

assays I aimed at using both normoxic and hypoxic CM conditioned medias.  
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Following removal of the quadrant walls each gap left between the cell 

populations was imaged in the same location over 8 days (Figure 5.27). The 

use of hypoxic media within the migration assay shows a level of death on the 

cell surface which is not seen in the control conditioned media. The overall 

assay was continued for 14 days in the aim of creating a perlecan HDM matrix 

within the wound gap. Although, migration was only quantified for 8 days since 

the wound gap was covered by this point. 

 

Figure 5.27 – Brightfield images of migration wells at day 0 and 8. 

Brightfield images taken at same location after removal of wall between cell 

quadrants at day 0 and day 8. Scale bar at 600 µm. 
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Brightfield images taken for each section were analysed using ImageJ Wound 

Healing plugin. The remaining area of each gap is calculated for each day over 

the assay and highlighted in red (Figure 5.28, A). Images reveal how no 

migration occurred between the CMs in both the conditioned medias 

compared to the other cell populations. Analysing the wound closure 

Figure 5.28 – Wound closure measurements of migration well assay. (A) 

ImageJ wound healing plugin output highlighting unclosed regions of each 

migration well section (red) and cropped regions used for scratch analysis 

(white). Scale bar at 600 µm (B) Wound healing measurements between each 

quadrant at each timepoint during the migration well assay. N=1 
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measurements shows how the fastest gap closure occurs between HSPG2WT 

CFs and CMs (Figure 5.28, B). The gap closure between HSPG2+/- CFs and 

CMs is reduced compared to the HSPG2WT CFs, reaching a maximal closure 

of 40% after 5 days, this wound closure rate then reduces over the following 

days. Wound closure results of cells under hypoxic CM conditioned media 

show no difference in HSPG2WT CF to CM closure, interestingly the HSPG2+/- 

CFs show the same wound gap closure rate as HSPG2WT CFs. This shows 

the HSPG2+/- CFs exist in a more quiescent state than the HSPG2WT CFs 

under the presence of control conditioned media. When the HSPG2+/- CFs are 

cultured in hypoxic CM conditioned media they become activated to the same 

extent as the HSPG2WT CFs implying a switch has occurred in the HSPG2+/- 

CFs.
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Figure 5.29 – Perlecan immunostaining of CFs in migration wells and ECM analysis. (A) Perlecan polyclonal antibody staining 

(CCN1 – red) and DAPI (blue) of WT and +/- CFs in migration wells under each media condition. Scale bar at 250 µm. (B) TWOMBLI 

ECM analysis of perlecan immunostaining images. N=1 



Immunostaining was then performed on both HSPG2WT and HSPG2+/- CFs 

under both control and hypoxic CM conditioned media after the migration 

assay had finished (Figure 5.29, A). Images show how CFs in this assay 

produced a perlecan rich ECM, the ECM laid down by the HSPG2+/- CFs is 

fainter but covers a similar area as calculated by ECM analysis (Figure 5.29, 

B). When the HSPG2WT CFs are cultured under hypoxic CM conditioned 

media the intensity of perlecan ECM secreted is increased and with this the 

level of HDM is also increased. Calculating the HDM for HSPG2+/- CFs shows 

they respond in an equivalent way to the presence of hypoxic CM media 

increasing the level of perlecan HDM, although this level is the same as found 

in the control HSPG2WT CFs. Interestingly the HSPG2WT CFs show 

directionality to the ECM secretion, while the HSPG2+/- CFs don’t. This is 

potentially due to the location of the photo taken or the confluency of CFs 

involved HSPG2WT CFs to form a unidirectionality. 

 

Using TWOMBLI ECM analysis to investigate ECM alignment a clear trend is 

seen showing HSPG2WT CFs in control media having the most aligned ECM 

(Figure 5.30). Even after culturing in hypoxic CM conditioned media the 

HSPG2WT CFs show a higher level of alignment than HSPG2+/- CF conditions. 

Interestingly the alignment is increased in HSPG2+/- CFs when cultured in 

hypoxic CM conditioned media over control media.  

Figure 5.30 – TWOMBLI ECM analysis on HSPG2 WT and +/- CFs in 

control and hypoxic conditioned medias. ECM alignment score is output 

following TWOMBLI ECM analysis of perlecan immunostaining images. N = 

1 
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Figure 5.31 – Perlecan immunostaining of CMs and CFs under control or 

hypoxic conditioned medias. (A) Perlecan polyclonal antibody staining 

(CCN1 – red) of WT CMs and CFs in migration wells under each media 

composition. Scale bar at 125 µm. (B) TWOMBLI ECM analysis of perlecan 

immunostaining. N=1 
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I then wanted to compare differences in perlecan ECM between CMs and CFs, 

plus how the addition of hypoxic CM conditioned media enhanced these 

differences. Immunostaining reveals perlecan on CMs appears punctate, 

disorganised fashion localised on the cells, while CFs secrete a perlecan ECM 

throughout the culture and between cells (Figure 5.31, A). CFs cultured in 

hypoxic media show changes in perlecan ECM secretion while the CMs don’t 

show a similar response. Using TWOMBLI ECM analysis shows the CFs 

respond to hypoxic CM conditioned media by increasing the production of 

perlecan rich HDM, this is not reciprocated in the CMs (Figure 5.31, B). 

Interestingly the area of perlecan ECM is similar between both cell types, this 

could be due to the CM images being taken at a higher intensity or 

magnification due to the low levels of perlecan secreted by CM compared to 

CFs. Perlecan ECM alignment analysis shows the largest discrepancy 

between each cell type, the CMs show almost no alignment in ECM compared 

to the CFs cultured under either media. 

 

5.6.  Conclusion 

In this chapter I aimed at investigating how CMs and CFs responded to 

inflammatory TGFβ stimulation, and how this altered HSPG2 expression. To 

investigate HSPG2s role further in cardiac disease, I aimed to create co-

cultures of both cell types. These co-cultures underwent a scratch wound 

assay to investigate wound closure and if HSPG2 played a role in this.  

  

TGFβ treatment on cardiac populations 

The use of TGFβ on CMs confirmed its role as an up regulator of HSPG2 via 

the SMAD pathway (Iozzo et al., 1997). Both domain 1 and domain 5 of 

HSPG2 were upregulated in hiPSC-CMs after TGFβ treatment, along with 

COL18A1. Interestingly, the third basement membrane HSPG (AGRN), 

showed the opposing expression pattern, reducing in both cell type. COL18A1 

and HSPG2 expression follows the same trend under inflammatory assault 

implying these HSPGs may play a role in inflammatory response and therefore 

wound healing. AGRNs attenuated expression under the presence of TGFβ 

implies this HSPG may play an opposite role in the inflammatory process. The 
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expression of structural cardiac markers is altered slightly after TGFβ 

treatment. MYH7 expression increased, although MYH6 expression wasn’t 

quantified so the ratio of the two genes wasn’t able to be performed. Although 

one CM structural gene was increased (MYH7), another, TNNI3, showed no 

change and ACTC1 expression was attenuated. If the ratio of MYH6 and 

MYH7 was calculated, the increase in expression seen in MYH7 could link to 

an increased structural CM maturity, at the reduction of ACTC1 expression.  

 

Interestingly the immunostaining revealed no changes in perlecan ECM 

secretion after TGFβ treatment in both cell lines. The fibrous strands of 

perlecan ECM seen in the HSPG2+/- CMs could be created by an impure CM 

differentiation leading to creation of multiple cell types, as the fibrous ECM 

wasn’t seen in HSPG2WT CM cultures. TGFβ treatment of CFs shows an 

increase in MF marker ACTA2 and collagens COL1A1 and COL4A2 

confirming transition from an inactivated CF to an activated MF. Interestingly 

COL3A1 shows no difference in expression between hiPSCs and hiPSC-CFs, 

although CT values for hiPSC-MFs were above 40 cycles and therefore 

voided. This is most likely due to only n of 1 sample used and a technical error. 

The change in HSPG expression follows the same trend in CFs as seen in 

CMs. Both perlecan domains are increased in the activated MFs to a higher 

extent than the CMs treated with TGFβ showing a higher response to TGFβ 

stimulation. Interestingly the expression of COL18A1 is only increased 3-fold 

in activated MFs compared to the 20-fold expression increase seen in CMs 

treated with TGFβ. This shows an increase in HSPG2 in CFs is the most 

preferential HSPG expression response to inflammatory stimulant TGFβ, 

compared to CM response showing an increase in both HSPG2 and 

COL18A1.  

 

Both CMs and CFs show a similar reduction in AGRN expression, showing 

how as HSPG2 and COL18A1 expression increases AGRNs expression 

counters this response. Immunostaining targeting αSMA shows no difference 

in activation between the HSPG2 lines. Staining shows how there is a level of 

αSMA MF activation found in the CF populations without TGFβ treatment, this 

appears mostly in the compact regions of the CF culture. When treated with 
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TGFβ the expression of αSMA becomes more apparent throughout both 

cultures. Staining with perlecan monoclonal antibody CCN1 shows perlecan 

ECM secretion is localised around the clusters of CFs that were αSMA 

positive. Due to this, the level of confluency of these wells could play a role in 

extent of perlecan secreted ECM. TGFβ treatment caused an increase in MF 

presence in the cultures, this increased the perlecan ECM throughout the 

conditions, although the most intense regions were still localised around αSMA 

positive MF clusters. Following analysis of both cell types responding to TGFβ 

I then aimed at combining the two cell types as analysed their response to 

damage.  

 

Cardiac co-cultures and models of cardiac fibrosis 

The initial co-culture was created to analyse how a presence of CFs within a 

CM population would affect the contraction of CMs. Contraction analysis on 

these co-cultures shows a low presence of CFs increased the contraction force 

generated by CMs compared to a pure population of CMs. As the level of CFs 

in the population are further increased, the ability for CMs to contract is 

attenuated. The same trend was seen in HSPG2+/- CMs co-cultured with 

HSPG2WT CFs, where a low presence increased contractile function, but an 

over population would hinder contraction. After performing a scratch wound on 

these co-cultures, the migration was monitored, and wound closure calculated. 

Results show how the scratch wound is closed to a higher extent in cultures 

containing both CMs and CFs compared to those that contain a 100% 

population of either. The population containing 25% CMs and 75% CFs closed 

the wound to a similar extent as the 100% CF scratch, while those containing 

a higher percentage of CMs with CFs fully close the wound. These results 

suggest CFs are the cell type that will migrate into a wound site after damage, 

reducing the number of CFs had no effect in limiting wound closure suggesting 

the death of CMs caused an increased migratory response.  

 

Comparing the wound closure of cultures containing HSPG2WT and HSPG2+/- 

CMs show HSPG2+/- CMs reduced the wound gap more than HSPG2WT CMs. 

The HSPG2+/- CMs on the edge of the wound gap did migrate to a small extent, 

but most of the wound gap closure was the result of CMs becoming 
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hypertrophic, taking up the empty space left behind from the scratch wound. 

Analysing contraction on both sides of the scratch wound was performed to 

determine if electrocoupling had occurred from the migratory cells over the 

scratch. Results show the scratch wounds that had healed the most also show 

the least difference between either sides action potential delta.  

 

In HSPG2WT action potential differences the 100% and 25% CMs show the 

largest variation. The 100% was fully uncoupled due to no connection to either 

side, while the 25% CM population wound gap was not fully formed and 

potentially had reduced electrocoupling. The trend is similar with HSPG2+/- 

CMs, large variation in either sides contraction recorded in the 25% CM 

population scratch wound, although here the 100% CM scratch wound 

appears to be electro coupled to the same extent as the other scratch wounds. 

On further examination the scratch performed on the 100% HSPG2+/- CM 

culture was not complete, leaving a small subsection of CMs connecting in the 

top corner of the well. This small bridge of CMs would allow both sides to 

remain electro coupled and therefore explain the lack of change in action 

potential difference seen in the HSPG2WT CM culture.  

 

Perlecan immunostaining reveals the migratory cells secreted a perlecan rich 

ECM preferentially into the healed scratch wound over the undamaged 

regions. These results suggest perlecan ECM is a crucial part of the healing 

process in cardiac damage. The level of perlecan HDM laid down follows the 

same trend as final wound closure, implying the more migration that occurred 

the more perlecan HDM is secreted in the wound. The low level of CFs co-

cultured with the CMs show preferential perlecan secretion in the wound gap 

over the undamaged regions. These results suggest when a population 

containing mostly CMs is damaged, CFs will secrete perlecan as a reparative 

ECM. As the population of CFs are increased in the co-culture, the perlecan 

ECM secretion is less focused within the healed wound and becomes secreted 

throughout the whole culture. 

 

One of the aims of this assay was to determine if HSPG2WT CFs would 

respond in a different manner depending on if they are co-cultured with 
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HSPG2WT or HSPG2+/- CMs. From the results the HSPG2WT CFs respond 

similarly to either CM showing the reduction of HSPG2 in CMs was not enough 

to cause a change on CF behaviour. CMs are not the main perlecan producing 

cell type and so would not show a significant difference in ECM secretion, but 

I theorised a lack of HSPG2 in CMs could have signalled a stress response 

from the CFs, although this was not seen.  

 

Following this scratch wound I aimed at investigating the role of media 

compositions and how these would affect migration, MF activation and 

perlecan ECM secretion. To simulate a response that would be found after 

cardiac injury I used conditioned media created from hypoxic CMs. I also 

wanted to investigate if this assay could be used as an initial drug screen for 

antifibrotic drugs. With collaboration with Andrew Chantry, UEA I used 

prototype antifibrotic drug indole-3-carbanol (Chen et al., 2019) on my scratch 

wound assay. The results show how indole-3-carbanol had a significant effect 

on reducing the wound closure of both culture conditions. Interestingly 

analysis of αSMA intensity showed no difference between the cultures 

suggesting the antifibrotic drug did not reduce activation of CFs, or the hypoxic 

CM media increase it. These results suggest the antifibrotic drug influences 

the migratory capability of CFs rather than the activation and ECM secretion 

of MFs. The assay was not performed for a long enough period to see the 

same extent of perlecan ECM as was seen in first scratch wound. Another 

complication with this assay was the seeded CFs quickly became over 

confluent. The scratch performed tore the confluent CFs, these left overhangs 

of clumped CFs that would proceed to rapidly close the wound and could 

explain the rapid gap reduction and the standard deviation seen between 

results. 

 

In the final migration assay I aimed at investigating HSPG2+/- CFs compared 

to the WT, if there was a difference in migration and perlecan ECM secretion. 

The HSPG2+/- CFs were unable to migrate into the wound gap and close the 

wound compared to the HSPG2WT CFs when under normoxic CM conditioned 

media. Although under hypoxic CM conditioned media the HSPG2+/- CFs 

migrated and closed the gap at the same rate as the HSPG2WT CFs. During 
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this assay I was also able to monitor the migration between both CF cell lines, 

these don’t fully close the wound. This highlights a preferential migration 

direction of CFs towards CMs, over other CFs. Although, this assay is not able 

to fully differentiate a difference between migration or proliferation. Due to this, 

the increased speed in wound gap closure by HSPG2+/- CFs under hypoxic 

media cannot be determined an improved migration or proliferation.  

 

Active migration and proliferation are indicative of an activated CF compared 

to a quiescent CF or MF; these results suggest the HSPG2+/- CFs exist in the 

quiescent state until activated by hypoxic CM conditioned media. ECM 

analysis of the two cell lines shows HSPG2WT CFs lay an aligned perlecan 

ECM, when the HSPG2+/- CFs became activated under hypoxic media they 

also proceeded to lay a more aligned matrix. The alignment of the ECM laid 

down appears to be higher in activated CFs compared to quiescent CFs, 

implying directionality may play a role in activated CF migration or proliferation. 

ECM analysis confirms an increase in perlecan HDM after growth in hypoxic 

CM conditioned media. This increase was not seen in the previous scratch 

wound, implying prolonged exposure to hypoxic stress signals are required to 

increase perlecan HDM production.  

 

I also wanted to compare the difference between CM and CF perlecan ECM 

secretion. ECM analysis shows how the CM perlecan ECM is punctate and 

pericellular showing no alignment, CMs also don’t increase HDM perlecan 

ECM when cultured in hypertrophic stressed media. These results suggest 

different forms of perlecan ECM are preferentially secreted depending on the 

cell type, the ECM from CFs would be structural and forms a large ECM mesh 

throughout the culture. The CM perlecan ECM appears focused around the 

cells suggesting its role may be growth factor sequestration and binding over 

a structural ECM. 
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6. Response of hiPSC-CMs to enhanced perlecan 

expression 

 

6.1.  Introduction 

Enhancing maturation of hiPSC-cardiomyocytes (CMs) is desirable for 

progressing hiPSC-CM disease models, drug screens and therapies. As such, 

many different hiPSC-CM maturation strategies have been explored. The 

culturing of hiPSC-CM as 3D tissues in vivo  induces maturation (Ahmed et 

al., 2020). Interestingly, ECM composition of implanted hiPSC-CM tissue 

significantly alters, with perlecan expression greatly increased after 12 weeks 

in vivo culture (Yokoyama et al., 2021). Furthermore, hiPSC-CMs seeded onto 

perinatal stem cell-derived ECM (enriched with perlecan), was also capable of 

enhancing CM maturation (Block et al., 2020). Although it is known that 

perlecan is essential in the developing heart, these studies highlight a potential 

role in CM maturation. The phenotyping of my perlecan deficient hiPSC-CMs 

presented (Chapter 4), were suggestive of reduced maturity, further 

supporting this hypothesis. In this chapter I will explore this hypothesis, 

investigating whether increasing perlecan signalling was indeed capable of 

enhancing hiPSC-CM maturation.    

 

Previously, I demonstrated the successful use of CRISPRi to upregulate 

expression of HSPG2 in hiPSCs (Chapter 3). Here I will attempt this same 

strategy in hiPSC-CMs, although due to CM sensitivity to electroporation, an 

alternate lipofection transfection method will be used (Bodbin et al., 2020). 

Furthermore, I will investigate the effect of switching the substrate used for the 

10-day maturation period from the routinely used vitronectin peptide to a 

synthetic perlecan peptide (PER-P). 

 

6.2.  hiPSC-CM and CRISPRi upregulation of HSPG2 

Upregulation of HSPG2 was previously achieved in hiPSCs using CRISPRi 

(dCas9) and electroporation (chapter 3). To transfect hiPSC-CMs with dCas9 
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plasmids I opted for lipofection (Viafect) transfection method, previously 

optimised for hiPSC-CMs (Bodbin et al., 2020).  

 

To confirm transfection efficiency, I opted to transfect super fold GFP (sfGFP) 

into hiPSC-CMs. Indeed, dCas9 plasmids contained a GFP sequence, 

although for quantifying transfection efficiency through GFP intensity, sfGFP 

provides a brighter signal (Pédelacq et al., 2005) (Figure 6.1, A). ImageJ 

quantification confirms 68.1 ±4.40% of hiPSC-CMs are expressing GFP after 

sfGFP transfection, and 48.6 ±5.97% after dCa9 plasmid transfection (Figure 

6.1, B). Following confirmation of successful transfection of hiPSC-CMs I 

performed qRT-PCR to analyse expression of HSPG2 and if this was 

Figure 6.1 – Transfection of hiPSC-CMs with CRISPRi. (A) Fluorescent 

imaging of transfected hiPSC-CMs with sfGFP or dCas9 plasmids. Scale bar 

at 600 µm. (B) Quantified transfection efficiency with ImageJ analysis of GFP 

area. (C) qRT-PCR fold change of HSPG2 expression in transfected dCas9 

hiPSC-CMs at day 3 and day 10 normalised to sfGFP hiPSC-CMs on 

representative timepoints. n=3, significance determined through t-test, P-value 

<0.05 = *, <0.01 = **, <0.001 = ***. 
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maintained over prolonged culture.  Indeed, transfection of dCas9 plasmids 

into hiPSC-CMs upregulated HSPG2 expression post 3 days transfection by 

3.38 ±0.72-fold change (Figure 6.1, C). Although, over prolonged culture the 

overexpression deteriorated whereby expression of HSPG2 was equivalent to 

the sfGFP transfection control (1.11 ±0.077-fold change). 

 

Due to hiPSC-CMs being non-proliferative the CRISPRi system has been 

shown to maintain overexpression for prolonged periods of culture (Bodbin et 

al., 2020). Unfortunately, here HSPG2 upregulation was only seen early after 

transfection, where ideally a stable HSPG2 upregulation would be maintained 

throughout culture. Since this system did not maintain overexpression in 

culture, I opted to focus on a synthetic perlecan surface for the maturation 

period of hiPSC-CM culture. 

 

6.3.  hiPSC-CMs on PER-P 

To investigate if hiPSC-CMs showed increased maturation on a perlecan rich 

surface, PER-P plates were used. After 14 days of culture on PER-P hiPSC-

CMs displayed abnormal morphology compared to hiPSC-CMs cultured on 

vitronectin (VTN). Fluorescent imaging of hiPSC-CMs revealed less defined 

borders between cells cultured on PER-P compared to VTN (Figure 6.2, A). 

PER-P cultured hiPSC-CMs also displayed excessive multinucleation, an 

indication of hypertrophic growth (Figure 6.2, B). A high content imaging 

algorithm was used to calculate nuclear quantity on both substrates, previously 

validated for hiPSC-CMs (Mosqueira et al., 2019). hiPSC-CMs seeded on VTN 

show 90.1% ±2.8 mononucleated CMs, compared to 75.1% ±1.5 on PER-P. 

Binucleated and multinucleated CMs were more present on PER-P, (9.0% 

±2.3 to 18.8% ±1.2 respectively) compared to VTN (0.9% ±0.5 to 5.7% ±0.5 

respectively) (Figure 6.2, C). 
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Figure 6.2 – hiPSCs seeded on vitronectin and perlecan peptide. (A) 

hiPSC-CMs seeded on vitronectin (VTN) and perlecan peptide (PER-P). 

Fluorescent images highlighting α-Actinin (green) sarcomere banding and 

nuclear stain DAPI (blue). Multinucleation identified in several hiPSC-CMs on 

PER-P (circles). Scale bar 100 µm. (B) Magnified zoom of multinucleated 

hiPSC-CMs identifying clusters of 8+ nuclei. Scale bar 20 µm. (C) Image 

analysis quantifying nuclear count per cell is split between mononuclear, 

binuclear, and multinuclear. n=3, significance determined through multiple t-

tests, P-value <0.05 = *, <0.01 = **, <0.001 = ***. 
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Following morphological changes observed, I investigated the expression of 

cardiac structural markers between hiPSC-CMs on both substrates using qRT-

PCR (Figure 6.3). 

Both TNNI1 and TNNI3 are downregulated in hiPSC-CMs cultured on PER-P, 

0.41 ±0.052 and 0.76 ±0.044-fold change respectively. Interestingly, both α 

and β isoforms of cardiac myosin heavy chain (MYH6 and MYH7) are 

upregulated in hiPSC-CMs cultured on PER-P (2.32 ±0.115 and 3.59 ±0.25 

respectively). To determine if MYH7 was expressed to a higher magnitude 

than MYH6 the ratio was plotted between the genes showing no significant 

difference. qRT-PCR of sarcomeric cardiac actin marker ACTC1 found no 

significant difference between hiPSC-CMs cultured on VTN and PER-P. I next 

wanted to investigate HSPG expression in hiPSC-CMs following maturation 

on PER-P substrates (Figure 6.4). 

Figure 6.3 – qRT-PCR of structural cardiac genes. Fold change expression 

of hiPSC-CMs after 14 days of culture on PER-P compared to VTN.  n=3, 

statistical test performed using t-test. P-value <0.05 = *, <0.01 = **, <0.001 = 

***. 
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After culture of hiPSC-CMs on PER-P expression of all three HSPGs (HSPG2, 

AGRN, COL18A1) were increased. Of the 3 HSPGs, COL18A1 expression 

was enhanced the greatest compared to VTN (27.8 ±3.51). Expression of both 

HSPG2 and AGRN was statistically increased in hiPSC-CMs after culturing on 

PER-P (5.74 ±0.46 and 7.01 ±1.94-fold change respectively). hiPSC-CMs 

cultured on PER-P have increased expression of HSPG2, I next wanted to 

investigate if metabolic genes had abnormal expression. 

 

Figure 6.5 – qRT-PCR of metabolic genes. Fold change expression of 

hiPSC-CMs after 14 days of culture on PER-P compared to VTN.  n=3, 

statistical test performed using t-test. P-value <0.05 = *, <0.01 = **, <0.001 = 

***. 

Figure 6.4 – qRT-PCR of key HSPGs. Fold change expression of hiPSC-

CMs after 14 days of culture on PER-P compared to VTN.  n=3, statistical test 

performed using t-test. P-value <0.05 = *, <0.01 = **, <0.001 = ***. 
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Expression of fatty acid metabolic gene ATP citrate lysate (ACYL) is 

expressed at 6.79 ±1.25-fold change in hiPSC-CMs cultured on PER-P 

compared to VTN (Figure 6.5). Interestingly, expression of surface marker 

CD36, involved in fatty acid binding and transportation, was attenuated in 

hiPSC-CMs cultures on PER-P (0.048 ±0.00073). Glycolytic genes (LDHA, 

HK2, SLC2A1, SLC2A4) investigated all show statistical upregulated 

expression in hiPSC-CMs on PER-P (LHDA 1.85 ±0.23, HK2 2.31 ±0.20, 

SLC2A1 2.84 ±0.25, SLC2A4 1.61 ±0.25-fold change). The increased 

expression of glycolytic genes combines with attenuation of CD36 would 

suggest the hiPSC-CMs cultured on PER-P are less mature than those on 

VTN (Poon et al., 2020). Although, upregulation ACYL would suggest 

increased fatty acid metabolism and therefore more mature hiPSC-CMs. 

 

Figure 6.6 – qRT-PCR of integrin and calcium genes. Fold change 

expression of hiPSC-CMs after 14 days of culture on PER-P compared to 

VTN.  n=3, statistical test performed using t-test. P-value <0.05 = *, <0.01 = 

**, <0.001 = ***. 
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Due to hiPSC-CMs cultured on PER-P showing hypertrophic morphological 

changes I opted to investigate potential integrins and biomarkers in 

cardiomyopathy (Zhuang et al., 2017) (Figure 6.6). ITGB6 expression is 

significantly attenuated in hiPSC-CMs cultured on PER-P (0.014 ±0.00023-

fold change), while ITGB1BP2 expression is increased to 1.59 ±0.086-fold 

change. CASQ2 and RYR2 are both involved in calcium handling in CMs, here 

hiPSC-CMs cultured on PER-P have adverse expression of these genes (0.58 

±0.07 and 1.99 ±0.14-fold change respectively). 

 

Since NNAT expression was attenuated in HSPG2+/- cell lines throughout 

cardiac differentiation I investigated expression after hiPSC-CM culture on 

PER-P. Expression of NNAT was increased by 13.01 ±1.81-fold change in 

hiPSC-CMs on PER-P. These results suggest NNAT expression could be 

regulated by HSPG2. 

 

6.4.  Conclusion 

CRISPRi has previously shown to enhance the expression of HSPG2 in 

hiPSCs, although this led to cell clumping and detachment. hiPSC-CMs were 

successfully transfected with dCas9 plasmids, upregulating HSPG2 up to 3 

days post transfection. The overexpression system deteriorated over the 

remaining culture leading to no change between control and CRISPRi hiPSC-

CMs, therefore an alternate solution was sought. 

Figure 6.7 – qRT-PCR of NNAT. Fold change expression of hiPSC-CMs after 

14 days of culture on PER-P compared to VTN.  n=3, statistical test performed 

using t-test. P-value <0.05 = *, <0.01 = **, <0.001 = ***. 

 



 245

Use of a synthetic perlecan peptide created an artificial perlecan rich surface 

in which to culture hiPSC-CMs. Indeed, the perlecan synthetic surface would 

not represent a physiological ECM but provides a controlled method of 

investigating cellular response to increased perlecan binding. Following 14 

days of culture on PER-P, hiPSC-CMs displayed morphological characteristics 

of hypertrophic growth. The hiPSC-CMs on PER-P had increased 

multinucleation compared to hiPSC-CMs cultured on VTN.  

 

Following birth, CMs cease cell division (hyperplastic growth) and switch to 

hypertrophic growth to continue developmental heart expansion. Thereby the 

process of hypertrophic growth can be considered part of physiological 

maturation. Multinucleation also occurs following birth, remaining cell cycle 

activation and inhibition of cell division results in polyploid cells, this process 

is also a characteristic of CM maturation (Denning et al., 2016; Yuan and 

Braun, 2017). Increased multinucleation and hypertrophic growth of hiPSC-

CMs on PER-P therefore suggests phenotypic maturation.  

 

Despite morphological changes, qRT-PCR analysis of hiPSC-CMs on PER-P 

does not indicate increased maturation of the CMs. The expression of both 

myosin heavy chains (MYH6 and MYH7) increased while troponin genes 

(TNNI1 and TNNI3) were statistically reduced. Overall glycolytic (LDHA, HK2, 

SCL2A1 and SLC2A4)  and fatty acid (ACYL) metabolic genes were increased 

suggesting PER-P hiPSC-CMs had a total increase in metabolism. Although, 

reduction of CD36 suggested these hiPSC-CMs were less mature of PER-P 

than VTN. Both perlecans LDL receptor and CD36 bind and import fatty acids, 

therefore the reduction of CD36 expression could be linked to the synthetic 

perlecan rich culture surface. Indeed, metabolic analysis using BioLog 

Mitoplates would be a more useful measurement to determine enhanced or 

reduced metabolic maturity. 

 

Interestingly, the three ECM HSPGs were statistically upregulated in hiPSC-

CMs cultured on PER-P. In a model of hiPSC-CM hypertrophy perlecan was 

one of 23 proteins found to be differentially expressed (Johansson et al., 

2022). The increased expression of HSPG2 in hypertrophic hiPSC-CMs on 
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PER-P corelate with this data. COL18A1 expression has also been reportedly 

increased in fibronectin induced cardiomyocyte hypertrophy (Chen et al., 

2004), again reconfirming expression of hypertrophic hiPSC-CMs on PER-P. 

Post myocardial damage induced cardiac hypertrophy in pig hearts was 

reduced after treatment with recombinant human agrin (Baehr et al., 2020). 

This result suggests increased agrin reduces hypertrophy, unlike HSPG2 and 

COL18A1. Overall, the literature here supports increased HSPG gene 

expression seen in hypertrophic hiPSC-CMs on PER-P with models of induced 

CM hypertrophy.  

 

Investigating integrin and calcium genes associated with cardiomyopathies 

revealed contradictory results to the literature. ITGB6 is upregulated in both 

hypertrophic and dilated cardiomyopathy KEGG pathways but is drastically 

attenuated in hiPSC-CMs cultured on PER-P. Interestingly ITGB1BP2, also 

known as Melusin, overexpression protects the heart from dilated 

cardiomyopathy (de Acetis et al., 2005) with ablation impairing hypertrophy 

(Palumbo et al., 2009). ITGB1BP2 expression is increased in PER-P hiPSC-

CMs, this response is expected in left ventricular hypertrophy and therefore 

reconfirming hypertrophic growth in PER-P hiPSC-CMs. RYR2 is a major part 

of calcium release from the sarcoplasmic reticulum, mutations in this channel 

are known to cause hypertrophic cardiomyopathy (Tang et al., 2012). hiPSC-

CMs on PER-P have increased expression of RYR2, therefore not coinciding 

with hypertrophic cardiomyopathy in the literature (Zhuang et al., 2017). 

Increased RYR2 expression is linked to cardiomyocyte maturation and 

therefore the increased expression in PER-P hiPSC-CMs could suggest 

increased maturation (Guo et al., 2022). CASQ2 associates with RYR2 

(Knollmann et al., 2006), although interestingly, hiPSC-CMs on PER-P have 

reduced expression of CASQ2, thereby suggesting overall calcium handling 

wasn’t improved in the CMs. 
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7. Discussion 

 

7.1. General discussion 

As the impact of cardiovascular disease worsens, the need for improved 

treatment and prevention strategies are becoming of increased importance 

(Gheorghe et al., 2018). The development of hiPSC technology allows for 

generation of adult tissue types, giving rise to more relevant models of human 

development and disease investigation (Giacomelli et al., 2020; Lippi et al., 

2020). The combination of hiPSC plasticity, with improved genetic 

manipulation methods (such as CRISPR/Cas9), provides researchers with a 

powerful tool to investigate the role of genes in specific tissue types. 

 

Indeed, one of the major findings of this thesis was the role of HSPG2 in 

altering metabolic function of cardiac populations. All RT-qPCRs were 

performed against the housekeeper gene GAPDH, an enzyme involved in 

glucose metabolism. Although, analysing the RNA sequencing dataset found 

no statistical difference between the expression of GAPDH at any of the 

timepoints taken over the CM differentiation.  

  

Unfortunately, a major limitation of hiPSCs in the investigation of 

cardiovascular disease is the immaturity of hiPSC-CMs (Lyra-Leite et al., 

2022). Countless studies are performed with the aim of creating a mature 

hiPSC-CM, although these fall short of achieving the same characteristics of 

an adult CM (Guo and Pu, 2020). Immature CMs provide unsatisfactory 

outputs for drug screening and disease models, and due to insufficient electro 

handing and increased risk of arrhythmias, cannot be used to repopulate post 

infarcted hearts (Karbassi et al., 2020).  

 

Despite confirmation as an essential ECM component of the heart, the role of 

perlecan remains understudied. HSPG2 KO cause embryonic lethality due to 

weakened basement membranes (Sasse et al., 2008a). Perlecan is also 

shown to increase in the heart during maturation stages of cardiomyocyte 

development (Roediger et al., 2009a), suggesting a crucial role during this 
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process. Since CMs are not the main ECM secretory cell of the heart I also 

aimed at investigating the cardiac fibroblast (CF), known for ECM turnover and 

a crucial cell type in the response to heart disease (Travers et al., 2016). 

Perlecan ECM is also known to increase in the infarct following myocardial 

damage, showing HSPG2 is a preferential component of cardiac development 

and healing (Nakahama et al., 2000). 

The aim of my research is to expand the current knowledge of HSPG2 and its 

role in the cardiac environment in both development and disease. The 

literature confirms its presence is essential in the developing heart and 

appears in response to cardiac damage showing HSPG2 as an overall crucial 

component of the cardiac environment. 

 

7.2. Key findings 

7.2.1. HSPG2 regulation is essential for hiPSC survival 

The generation of a full HSPG2 KO hiPSC cell line was not able to be 

performed during my PhD. Despite attempting multiple different CRISPR/Cas9 

targeting strategies, on different hiPSC lines, no full HSPG2 KOs were 

created. Over one hundred heterozygous HSPG2 clones were created and 

identified, giving me confidence that the inability to generate a homozygous 

clone was not due to a lack of technical ability, but most likely hindered by 

biological factors. Perlecan is known to sequester growth factors to the cell 

surface, of the growth factors, FGF signalling relies on co-operation with 

perlecan (Chang et al., 2015; Chuang et al., 2010). FGF2 is one of the 

essential factors used in hiPSC culture to maintain cell pluripotency 

(Mossahebi-Mohammadi et al., 2020). In the culture conditions we use, FGF2 

is one of the main components of E8 supplement. The E8 supplement consist 

only of the essential components required to maintain hiPSCs in culture, these 

compounds include L-ascorbic acid, selenium, FGF2, insulin, transferrin, 

TGF1, NaHCO3 in DMEM/F12.  

 

Indeed, perlecan also has roles in ECM binding, essential to the basement 

membrane of the heart (Sasse et al., 2008), and potentially essential to the 

adherence of hiPSCs. My culture conditions rely on hiPSC adherence to 
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vitronectin peptide coated surfaces. Vitronectin is one of the many 

components found in an alternate surface coating, Matrigel. The main 

components found in Matrigel consist of laminins, collagens, entactin and 

perlecan. Due to the presence of perlecan in Matrigel, it was not used as part 

of my culture system. In hindsight, the use of Matrigel would have been an 

effective way to determine if the lack of full HSPG2 KO clones was due to 

surface coatings vs media composition. Furthermore, use of hiPSC HSPG2KO 

culture on PER-P could be implemented to replace the lack of HSPG2, 

although if hiPSCs can survive on PER-P is unknown. The combination of 

using a minimal defined supplement media, E8, and a single peptide, 

vitronectin, for cell attachment may provide an answer as to why no full HSPG2 

KO hiPSCs were generated. 

 

HSPG2 upregulated in hiPSCs using CRISPRi hindered survival via cell 

compaction. The clumping and detachment seen following upregulation is a 

clear sign of an overproduced, restrictive EMC, whereby the cells were 

proliferating in an enclosed capsule of ECM. The cell count and RNA content 

was shown to be like control transfected hiPSCs, showing proliferation was 

unchanged, just the capability of the hiPSCs to remain attached to the surface. 

Interestingly, if the hiPSCs with upregulated HSPG2 were dissociated using 

TrypLE and reseeded, they returned to the same phenotype as control 

hiPSCs. This shows once the ECM that was constricting and causing 

detachment is removed the hiPSCs were able to resort back to a 

phenotypically normal morphology. This also highlighted the short half-life of 

HSPG2 upregulation in hiPSCs using CRISPRi, although no qRT-PCR was 

performed to confirm an expression profile change. 

 

WT and HSPG2+/- hiPSCs appeared morphologically comparable.  Markers of 

proliferation and pluripotency were unchanged, with investigation into the 

metabolism of these hiPSC lines identifying slight differences between the two 

lines. One noticeable difference was a reduction in fatty acid metabolism, 

possibly due to the lack of perlecan LDL receptors, reducing fatty acid uptake 

(Kallunki and Tryggvason, 1992; Zhang et al., 2016). By utilising RNA 

sequencing in-depth analysis of genetic differences can be highlighted 
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between the lines. 27 DEGs were identified between the two cell lines, 12 

genes were upregulated, while 15 were downregulated in the HSPG2+/- hiPSC 

line. Gene ontology (GO) cluster analysis of the 27 DEGs highlighted two 

terms, whereby HS-GAG biosynthesis was downregulated, and MGMT-

mediated DNA damage reversal upregulated in the HSPG2+/- hiPSC. These 

terms were only highlighted due to a small number of altered genes, and 

therefore, not as reliable as terms containing a larger pool of altered genes. 

Indeed, RNA sequencing shows HS6ST3 to be amongst the most 

downregulated DEGs in HSPG2+/- hiPSCs. Although, gene counts reveal the 

highest expressed DEGs altered by HSPG2 gene-editing to be NNAT 

(Neuronatin), and HSPG2 as expected. 

 

Overall, these results suggest a full reduction of HSPG2 is detrimental to 

hiPSCs, either reducing viability, or adherence to vitronectin peptide coated 

surfaces. The upregulation of HSPG2 was also detrimental to hiPSC culture, 

causing clumping and detachment of colonies. Very few differences were seen 

between WT and HSPG2+/- hiPSCs, with RNA sequencing highlighting only 27 

DEGs and metabolic analysis revealing a minor decrease in fatty acid 

metabolic potential. The relationship between HSPG2 and the regulation of 

NNAT expression is an interesting finding that warrants further investigation. 

 

7.2.2. HSPG2 increases through the differentiation of hiPSCs to both 

cardiomyocytes and cardiac fibroblasts 

Using hiPSCs we can recapitulate human cardiac specific development in 

vitro. Immunostaining and western blotting performed on cell populations over 

the cardiac differentiation show variable outcomes. Perlecan immunostaining 

was performed using two monoclonal antibodies to cover both the C and N 

terminus of perlecan. Quantification of staining shows a steady increase from 

hiPSCs to day 15, whereby over the following days expression plateaus. While 

western blotting using the monoclonal antibodies shows a substantial increase 

in intensity between hiPSCs and day 10, although no further increase is seen 

following this timepoint. Intensity of western blotting bands shows a 

comparable trend, with perlecan intensity increasing as hiPSCs are 
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differentiated to CMs. Although, most bands increase between hiPSCs and 

day 10 followed by a plateau, compared to the day 15 plateau recorded 

through immunostaining. Western blotting using polyclonal CCN1 shows 

perlecan intensity levels increasing at comparable timepoints to monoclonal 

immunostaining, a gradual increase over the differentiation. Since these 

westerns were only an N of 2 trends could be identified and theorised, although 

no statistical data can be concluded as such.  

 

Through both qRT-PCR and RNA sequencing the expression of HSPG2 

mRNA increases during the differentiation. Interestingly, in both qRT-PCR and 

RNA sequencing, HSPG2 mRNA is attenuated at day 15 compared to the 

previous timepoint. This is due to the CMs going through the final stages of 

lactate purification, where-by the harsh environment appears to attenuate 

expression of all HSPGs. RNA sequencing shows the counts of HSPG2 

decrease in day 30 CMs, compared to the qRT-PCR suggesting this timepoint 

is the highest level of HSPG2 expression. One theory for this, is the 

differentiations could be in distinct stages of development, potentially the CMs 

used for qRT-PCR samples were at a lower level of maturation. Another 

possibility is due to the level of CM purity, changes in the total percentage 

population could account for the differences seen here. 

 

A comparable trend was seen performing qRT-PCR on hiPSC-CF timeline 

samples, whereby HSPG2 increases in expression in the later timepoints. 

Interestingly, in these samples HSPG2 expression does not increase between 

hiPSCs and day 15 cells showing epicardial progenitor cells do not express 

high levels of HSPG2. Only during the finial differentiation to a CF does 

HSPG2 expression increase, highlighting the CFs role in ECM generation, and 

specifically and ECM containing perlecan. 

 

Previous literature has shown perlecan increases as in vivo CMs undergo 

developmental maturation (Roediger et al., 2009). Here, I differentiate hiPSCs 

to both CMs and CFs, highlighting as these cells develop, perlecan expression 

increases. Not only does this result highlight the hiPSC model recapitulated 

human cardiac developmental gene expression instilling confidence in future 
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experiments. But also, confirms both cardiac populations express perlecan in 

later stages of development, insinuating HSPG2 has a role in later stage 

cardiac maturation. 

7.2.3. HSPG2 has different splice variants and forms between hiPSCs 

and cardiomyocytes 

Previous analysis highlighted transcript and protein size expression changes 

over cardiac differentiation. By combining both transcripts count identified from 

RNA sequencing and western blotting I aimed to investigate the forms of 

perlecan expressed is cardiac populations and how these changed from 

hiPSCs. 

 

Following RNA sequencing, the splice variant transcripts of HSPG2 were 

calculated at each of the timepoints. Of the transcripts that had any expression 

above 10 counts, no transcript was higher in hiPSCs than CMs. Most the 

transcripts followed a similar trend as seen in full length HSPG2, showing 

peaks of expression at day 10 and day 20. Only one transcript shows its 

highest count at day 30, suggesting this may be a form of HSPG2 involved in 

the later stages of CM maturation. Interestingly, one of the other transcripts 

spikes at day 10 and 15, followed by attenuation over the remaining 

differentiation. These results suggest this transcript may be crucial in early 

cardiac development but are not required in later stage development. The 

transcripts found only code for small sections of HSPG2, not accounting for 

the banding sizes found in the western blots performed. 

 

Western blotting using monoclonal antibodies found multiple different bands 

formed throughout the differentiation. hiPSCs highlight five different perlecan 

bands, between ~90 kDa and ~35 kDa, compared to the seven bands found 

in CMs. Only one perlecan band is unique to hiPSCs, found around ~65 kDa, 

this band was only highlighted using monoclonal perlecan antibodies, and not 

shown in western blots using polyclonal CCN1. No perlecan bands are above 

~55 kDa using monoclonal antibody A76, suggesting none of the larger bands 

found contain the region of domain 1 that A76 binds to. Most of the larger 

bands are only found using polyclonal CCN1 (~90, 100, >300) suggesting 
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either these bands don’t contain the fragments of domain 1 or domain 5 that 

A76 and A74 would identify. The exception to this, is a band at ~270 kDa 

identified by both A74 and CCN1, but not A76, implying this fragment would 

contain domain 5 of perlecan, but lack domain 1. 

Combining the transcript results from RNA sequencing, and the banding 

patterns found from western blots, it can be presumed mRNA splice transcripts 

combine, generating the lengths and sizes of perlecan bands reported. 

Thereby, explaining the several fragments of perlecan identified through 

western blotting that lack specific domains. Indeed, these sized fragments can 

be created due to post translation protein cleavage, although the western 

blotting should still identify the uncleaved protein too. Therefore, mRNA 

splicing is a potential source of generating the perlecan banding patterns 

recorded in this thesis. Different band patterning of hiPSCs vs cardiac cells 

hypothesises the role of perlecan changes between cell types, and this is due 

to changes in spliced forms generated. Jung et al has shown different banding 

of perlecan in mast cells whereby forms are produced that lack domain III, 

although this has yet to be investigated in cardiac tissue until now (Jung et al., 

2013). Perlecan is suggested to be ~500 kDa at full length, depending on GAG 

attachment, although the western did not highlight any bands at this length. 

Indeed, the ladder used for western blotting here was not appropriate, due to 

the maximum weight marker of 250 kDa.  

 

These results highlight several splice variants of HSPG2 that are expressed 

at different timepoints of the CM differentiation process. Western blotting 

shows banding patterns of perlecan in hiPSCs differs from CMs, therefore 

suggesting an alternate function. Over the course of CM differentiation 

perlecan splice variant length and protein banding sizes do not align, therefore 

suggesting a more complex system may be regulating HSPG2. I theorise this 

involves enhanced post transcriptional HSPG2 mRNA manipulation, 

combining both splicing and stitching before translation to perlecan fragments 

of varied sizes. More in-depth analysis is needed to investigate these forms of 

perlecan found in both the mRNA and protein banding to determine the role 

each plays, and how they are generated. Three bands were found in hiPSC-
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CMs that were not in hiPSCs, these could be cardiac specific bands and 

crucial in cardiac development, therefore worthy of further investigation. 

7.2.4. HSPG2 alters the metabolic capacity of cardiac cell populations 

In both CMs and CFs, HSPG2 deficiency significantly altered cellular 

metabolism. Using mitoplate metabolite and seahorse metabolic flux assays I 

was able to assess the metabolic function of both CMs and CFs. During early 

CM differentiation the HSPG2+/- cells had a higher level of substrate 

metabolism over the HSPG2WT line, although in later stage day 30 CMs this 

was reversed. 

  

RNA sequencing over early CM differentiation identified NNAT expression to 

be greatly reduced in HSPG2+/- cell lines. Indeed, during brain development 

NNAT generates Ca2+ signals for differentiation and synaptic development. 

NNAT also has a role in regulating calcium pump SERCA and promoting 

insulin secretion, thereby highlighting NNATs role in maintaining glucose 

homeostasis (Braun et al., 2020b). Pei and colleagues show HSPG2 deficient 

osteoblasts cannot co-localise with calcium sensitive channels (Pei et al., 

2020). A recent pre-print showed perlecan binding to α2δ1 subunit of voltage-

sensitive calcium channels to be involved in bone mechanotransduction 

(Reyes Fernandez et al., 2022). Attenuation of NNAT is an initial indicator of 

metabolic dysfunction of early HSPG2 deficient differentiating CMs, although 

the prevalent difference in metabolism was identified in fully differentiated cell 

populations.  

 

SLC2A1 (GLUT-1) was identified as one of the 361 DEGs found between WT 

and HSPG2 deficient day 30 CMs. Interestingly, NNAT has also been 

implicated in regulation of SLC2A1 through activation of PI3K-Akt2 signalling 

pathways (Gao et al., 2016). These results suggest the loss of HSPG2 

attenuated expression of NNAT, and thereby altered downstream glucose 

handling genes, further deforming metabolic output. Indeed, both seahorse 

and mitoplate assays performed on day 30 HSPG2+/- CMs highlighted an 

increased reliance on glycolysis, implying the reduction of HSPG2 also 

inhibited other metabolic pathways. 
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The LDL-receptor of perlecan has been implicated in sequestering and 

regulation of lipoproteins, thereby assuming a downregulation of HSPG2 

would attenuate lipid handling. HSPG2 deficient CMs and CFs both shows 

attenuated fatty acid substrate metabolism through mitoplate assays 

compared to the WT. Controversially, HSPG2 KOs in mice show increased 

lipid metabolism in adipose tissue, showing the inverse trend to that found in 

CMs and CFs. Indeed, these results highlight perlecan has tissue-specific 

roles, whereby perlecan may hinder lipid metabolism in adipose tissue, but 

enhance this in cardiac tissues.  

 

However, culture of hiPSC-CMs on synthetic perlecan peptide (PER-P) 

drastically attenuated expression of fatty acid transporter CD36, although 

upregulated expression of fatty acid metabolic gene ACYL. The presence of 

PER-P would simulate a perlecan rich ECM, therefore, sequestering fatty 

acids could be controlled by the LDL-receptor and the requirement for CD36 

reduced. Increased expression of ACYL suggests the hiPSC-CMs would have 

a higher fatty acid metabolism, reinforcing the trend of perlecan altering fatty 

acid metabolism. Indeed, mitoplate assays revealed day 30 HSPG2+/- hiPSC-

CMs had an overall reduced metabolism, while hiPSC-CMs cultured on PER-

P have increased metabolic gene expression (SLC2A1, SCL2A4, HK2, LDHA, 

ACYL). Expression of NNAT in PER-P hiPSC-CMs was increased, thereby 

confirming the increased level of NNAT correlated with enhanced glycolytic 

SLC2A1 expression. 

 

Overall, these results confirm HSPG2s involvement in metabolism of hiPSC-

CMs. The expression of NNAT, correlating with HSPG2 regulation, alters 

glycolytic gene SLC2A1. HSPG2 is an essential co-localiser of calcium 

channels in other cell types, and through regulation of NNAT, a SERCA 

regulator, demonstrates calcium signalling control in a cardiac environment. 

Use of synthetic PER-P surfaces increases fatty acid gene ACYL, potentially 

due to enhanced fatty acid surface sequestering from synthetic perlecan, 

replacing the role of CD36. Indeed, metabolic dysfunction is a hallmark of 

cardiovascular disease whereby a metabolic switch from mature to foetal 



 256

occurs (Bae et al., 2021). The findings showing perlecan could regulate a 

developmental switch from glycolytic to fatty acid metabolism during 

maturation. Thus, may provide therapeutic avenues for further investigation 

into metabolic dysfunction in heart disease.  
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7.2.5. HSPG2 and cardiomyocyte maturation 

As described in previous chapters alterations of matrix can enhance 

maturation of hiPSC-CMs. One such matrix from perinatal stem cells has 

increased levels of perlecan and can enhance hiPSC-CM maturation (Block et 

Figure 7.1 – Perlecan in hiPSC-CM maturation. (A) From Block et al, 

2020. (B) From Yokoyama et al, 2021. 

A 
 

A 
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al., 2020) (Figure 7.1, A). Furthermore, hiPSC-CMs undergo in vivo maturation 

following implantation into rat hearts, including an upregulated perlecan ECM 

(Yokoyama et al., 2021) (Figure 7.1, B). 

 

The overall results following RNA sequencing and metabolic analysis of day 

30 hiPSC-CMs suggested HSPG2+/- CMs are less mature than HSPG2WT. The 

DEGs found between each cell line highlight the largest difference is recorded 

during hiPSC-CM maturation stages, between day 20 and 30. Upregulated 

DEGs in WT hiPSC-CMs are categorised into cardiac structural and 

developmental pathways suggesting a more mature CM.  

 

RNA sequencing of HSPG2+/- day 30 CMs highlighted several upregulated 

lipoprotein genes, APOC1, APOC3 and APOA4. The lack of HSPG2 in early 

cardiac differentiation created dysfunction in metabolic handling potentially 

through NNAT signalling. Abnormal metabolic function of the developing CMs 

could hinder maturation and development, creating a negative feedback loop 

whereby lipoprotein genes are upregulated during later stages of maturation. 

Encapsulating hiPSC-CMs into engineered heart tissues (EHTs) was 

performed to enhance maturation and exacerbate differences between lines. 

Interestingly, all HSPG2+/- EHTs underwent cardiac remodelling, becoming 

thinner and stretched. These remodelled EHTs produced less force than the 

WT per contraction. Although, due to remodelling, the reduction of force 

recorded cannot be attributed entirely to just HSPG2 reduction. Indeed, the 

lack of HSPG2 appears to induce cardiac remodelling in EHTs, comparable to 

cardiac basement membrane remodelling reported in HSPG2 deficient mice 

(Sasse et al., 2008). Reduction of force can also initiate cardiac remodelling 

(Davis et al., 2016), therefore the HSPG2+/- hiPSC-CMs may produce less 

force, and remodelling is a response and not the cause. Furthermore, 

distinction between hypertrophic and dilated cardiomyopathy induced by 

R312-ACTC variants has been linked to contractile abnormalities (Jones et al., 

2022). 

 

Overall, the results suggest HSPG2+/- CMs are less mature than the WT, 

although the mechanism behind this is yet to be concluded. Reduced 
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metabolic function through NNAT attenuation during development could 

generate a more immature CM, although how HSPG2 is regulating NNAT is 

unclear. Glycolysis is the major metabolic output during neonatal CM 

development, although HSPG2 reduction did not seem to effect early CM 

differentiation. HSPG2+/- cells during day 10 of cardiac differentiation had 

higher overall metabolism than the HSPG2WT. Suggesting the HSPG2 

deficient hiPSCs accelerate differentiation to CMs over the WT, but due to lack 

of perlecan development, later stage maturation is inhibited while WT progress 

normally. 

 

Perlecan is not found in the basement membrane of gestational week 6/7 CMs 

(Roediger et al., 2009a), suggesting it is not required for early development, 

reconfirming my results. The difference between the hiPSC-CM lines is 

exacerbated during the last stages of differentiation, suggesting the HSPG2 

reduction hinders the final maturation process. Combined with evidence from 

previous studies suggesting a role for perlecan in hiPSC-CM maturation (Block 

et al., 2020; Yokoyama et al., 2021). My data provides further evidence to 

support this hypothesis. Methods of enhancing hiPSC-CM maturation are 

critical for disease modelling and drug screening (Guo and Pu, 2020), 

therefore targeting perlecan may be worthy of further investigation. 

 

7.2.6. HSPG2 in cardiomyocyte multinucleation and hypertrophic 

growth 

Multinucleation and hypertrophic growth are hallmarks of postnatal 

cardiomyocyte maturation and development. These phenotypic changes in 

hiPSC-CMs would suggest development of a more mature CM in culture. 

Indeed, RNA sequencing results and metabolic analysis suggest the HSPG2+/- 

hiPSC-CMs are less mature than the WT. Although, culture on PER-P 

substrate did not show expression changes expected in mature hiPSC-CMs. 

Instead, a hypertrophic growth phenotype was identified with PER-P hiPSC-

CMs having enlarged morphology and enhanced multinucleation. Indeed, 

although enhanced HSPG2 expression is correlated with hypertrophic hiPSC-

CMs (Johansson et al., 2022), the opposite output is recorded in mice 
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chondrocytes and smooth muscle cells. HSPG2 deficient mice have enhanced 

hypertrophy in smooth muscle cells (Xu et al., 2010) and chondrocytes (Ocken 

et al., 2020), reconfirming HSPG2’s role is tissue specific. 

 

Expression of NNAT is increased in PER-P hiPSC-CMs, and indeed NNAT 

regulates SLC2A1 expression, but is also a mediator of NF-κβ signalling (Yang 

et al., 2019). NF-κβ signalling pathway upregulates inflammatory cytokines 

and is hypothesised to regulate CM hypertrophy (Yamamoto et al., 2001). 

Therefore, the increased NNAT expression generated from hiPSC-CM culture 

on synthetic PER-P surfaces could enhance expression of pro-inflammatory 

and hypertrophic cytokines through NNAT mediated NF-κβ signalling. This 

theory would account for the hypertrophic growth observed and lack of 

enhanced CM maturation. As discussed previously, NNAT is implicated in 

regulation of calcium signalling. An indicative phenotype of hypertrophic 

cardiomyocytes is abnormal calcium signalling, and enhanced expression of 

CASQ2 (Bhagwan et al., 2020). Although hiPSC-CMs cultured on PER-P have 

attenuated expression of CASQ2, further suggesting the response seen is not 

hypertrophic cardiomyopathy. 

 

Indeed, hypertrophic growth is an essential switch during cardiac 

development, but also a response to myocardial damage. Therefore, the 

question remains if hiPSC-CMs on PER-P were undergoing hypertrophic 

growth towards development, or an injury response. And, if in vitro 

hypertrophic growth is an essential step towards CM maturation, further 

recapitulating the developmental phenotype. PER-P is a synthetic fragment of 

perlecan with customisable GAG attachment, therefore with optimisation, the 

fragment, concentration, and bound GAG could be manipulated to enhance 

maturation over hypertrophy. 

 

7.2.7. The switch between perlecan and agrin 

A proposed mechanism for the role of perlecan in maturation of CMs is through 

the binding to the aDGC (Figure 7.2). Agrin-aDGC binding in CMs reduces 

maturation of CMs and enhances their proliferative capabilities (Bassat et al, 
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2017). Binding of ECM components to the aDGC is regulated by binding 

affinity, whereby higher affinity proteins are preferentially bound over others. 

Perlecan has a higher binding affinity to the aDGC over agrin (Dempsey et al., 

2019), therefore as perlecan ECM is enhanced, so too is the formation of a 

perlecan-aDGC complex (Figure 7.3). 

 

Indeed, perlecan is lowly expressed during early hiPSC cardiac development, 

but increases over differentiation, compared to the stable expression of agrin. 

Suggesting as differentiation occurs, higher binding affinity perlecan replaces 

agrin in the aDGC complex, reducing proliferative capabilities of CMs and 

therefore increasing maturation. Perlecan is a multifunctional HSPG, binding 

to the aDGC complex would not only hinder the agrin-aDGC complex 

formation, but also enhance downstream perlecan specific functions.  

Figure 7.2 – Agrin-aDGC induced proliferation in CMs. An increase of agrin 

bound to the aDGC complex on CMs show an increased proliferative capability 

to the detriment of maturation. This response is reversed when another ECM 

component is bound to the aDGC over agrin. Adapted from Bassat et al, 2017
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7.2.8. HSPG2 deficient cardiac fibroblasts are quiescent compared to 

the WT 

Generation of HSPG2 deficient CFs had comparable proliferation capabilities 

compared to the WT, although following culture passages, revealed an 

increased sensitivity to activation in HSPG2+/- CFs. Indeed, prolonged culture 

of hiPSC-CFs did enhance activation to a myofibroblast in both cell lines, the 

HSPG2+/- CFs show accelerated activation. These results suggest HSPG2+/- 

hiPSC-CFs have a higher sensitivity to culture conditions, leading to 

accelerated activation and quiescence. 

 

Metabolic analysis of hiPSC-CF lines identified HSPG2+/- CF, like HSPG2+/- 

CMs, have overall attenuated substrate metabolism compared to the WT. The 

reduced metabolic function of the HSPG2+/- hiPSC-CFs could account for 

increased activation of hiPSC-CFs in culture. Indeed, metabolic shift 

increasing glycolytic reliance encourages transdifferentiation of CFs to MFs 

(Bernard et al., 2015; Xie et al., 2015). Therefore, the HSPG2 deficiency 

induced metabolic changes that may encourage myofibroblast activation over 

sensitivity to culture conditions. 

 

Through quadrant migration wells I investigated CF migration of both cell lines. 

The initial results highlight hiPSC-CFs preferentially migrate towards hiPSC-

Figure 7.3 – Perlecan and agrin binding affinity to aDGC. Affinity scale 

showing how LG1, LG2 and LG3 have the highest binding affinity to the 

aDGC compared to agrin. Adapted from Dempsey et al, 2019. 
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CMs, suggesting a role of endocrine signalling between the two cell types 

encouraging migration. Interestingly, HSPG2+/- hiPSC-CFs did not migrate to 

the same extent as the WT hiPSC-CFs, indicative of a more quiescent CF. 

Indeed, the difference in migration could also be accounted by a loss of 

proliferative capability in HSPG2+/- hiPSC-CFs. Following culture in hypoxic 

CM media the HSPG2+/- CFs migrated across the wound gap at the same rate 

as WT. This further suggests the HSPG2+/- CFs were in a quiescent state, and 

exposure to stress cytokines induced an activated response. Although, these 

results were only N of 1 and therefore should be treated as such. 

 

Both cell lines in culture lose proliferative capabilities and undergo 

transdifferentiation towards a myofibroblast, HSPG2+/- CFs respond at a faster 

rate, potentially due to mechanical sensitivity or attenuated metabolism. In 

hiPSC-CMs my findings suggest perlecan is in involved in a phenotypic switch 

in cardiomyocyte maturation. These results suggest HSPG2 may be involved 

in the phenotypic switch between activated and non-activated CFs and 

therefore worthy of further investigation as a potential mechanism in fibrotic 

heart disease. 

 

7.2.9. Perlecan is preferentially secreted following cardiac damage 

Following myocardial damage perlecan ECM is secreted by fibroblasts in the 

wound site around 7 days following injury, with full coverage of the infarct zone 

by day 14-28 (Nakahama et al., 2000). During matrix breakdown perlecan is 

one of the most sensitive ECM components, with a decrease occurring up to 

1 hour post damage (Kang and Yao, 2020). Reduction of perlecan ECM is 

rapid, 37% to 61% within 2 hours of damage, compared to agrin which shows 

a gradual decline over 24 hours (Baumann et al., 2009). Since agrin is rapidly 

turned over in a healthy environment and perlecan is rapidly lost after damage, 

generation of perlecan over would healing would be essential to replenish 

damaged ECM.  

 

Combining hiPSC-CMs and CFs in a scratch wound model I revealed 

preferential perlecan secretion in the wound site following migration from CFs. 
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This confirmed function use of my model for recapitulating cardiac damage 

and early stages of recovery. The initial model was maintained for 14 days in 

culture allowing the generation of a perlecan rich ECM in the wound site, while 

the repeated scratch was only performed for 7 days. In this assay only low 

levels of perlecan were reported, reconfirming results from the literature. 

Interestingly, the migration and pro perlecan ECM secretion into the scratch 

wound was not mediated by macrophages, therefore suggesting death of CMs 

was enough to initiate the response. 

 

Indeed, perlecan ECM secretion into a wound site following myocardial 

damage has been reported in animal models. Here I confirm a comparable 

response in a hiPSC cardiac models utilising scratch wounds and migration 

assays. Although, each model was only repeated once, so trends can be 

theorised, but not guaranteed. Since perlecan ECM is rapidly degraded in 

damage, preferential replenishment is logical, although perlecan’s role in this 

process requires more investigation. 

 

7.3.  Limitations 

hiPSC are a promising strategy in replacement of animal models and creating 

in vitro models, although they have their limitations. The ideal model would 

utilise both hiPSCs and mice models to instil confidence in the hiPSC models 

generated. Further to this, in vitro models cannot recapitulate in vivo 

responses, therefore inclusion of in vivo experiments is also required to further 

investigate the role of HSPG2 in a cardiac environment. Due to this, any 

findings of the role of HSPG2 in this thesis should be reconfirmed with in vivo 

animal models. 

 

Before generation of cardiac populations from hiPSCs I aimed at creating a 

HSPG2 deficient hiPSC line. Despite multiple retargeting attempts and 

generation of over 100 heterozygous clones, no homozygous knockouts were 

produced. Generation of a full HSPG2 KO may show additional or enhanced 

differences to the HSPG2+/- providing further confidence in HSPG2s role. 

Indeed, upregulation of HSPG2 in hiPSCs would provide further insight into 



 265

the role of HSPG2, although this overexpression instigated cellular clumping 

and detachment. Therefore, both stable overexpression and, complete 

reduction of HSPG2 was not achieved, leaving crucial areas to be researched 

still. 

 

As previously mentioned, hiPSC-CMs generated represent a less mature, 

foetal like CM, compared to an adult CM. CM immaturity due to a HSPG2 

reduction is one of the key findings of this thesis, therefore generation of 

immature hiPSC-CMs in both cell lines only highlights small differences in 

maturity. Ideally, hiPSC-CMs could be matured to adult CMs, whereby the 

maturation deficit caused by HSPG2 deficiency would be exacerbated. 

Indeed, I attempted to enhance maturation of the hiPSC-CMs by 

encapsulation into EHTs. Indeed, the HSPG2 deficiency instigating EHT 

remodelling is an interesting finding. Remodelling altered gene expression and 

contractility outputs, thereby adding more variables to the system and reducing 

confidence in maturation differences. As such, alternate maturation methods 

should have been employed for further quantification of HSPG2 deficiency 

inducing hiPSC-CM immaturity. 

 

The hiPSC-CMs cultured on PER-P had initial morphological changes 

comparable to those seen in hypertrophic CMs. This claim from 

immunostaining, although visually confirming, was yet to be statistically 

quantified through actual area and size measurements (Mosqueira et al., 

2019). Therefore, without quantifying hypertrophic measurements the PER-P 

hiPSC-CMs cannot be termed as hypertrophic CMs. Indeed, I suggest 

hypertrophic growth occurred, which again should be quantified with size 

measurements that were not yet performed. 

 

In the progression of maturation, hiPSC-CMs loose proliferative capabilities, 

therefore less mature hiPSC-CMs should have enhanced proliferative 

capabilities. In both attenuated and overexpressed HSPG2 I did not 

investigate the proliferative capabilities of hiPSC-CMs, instead focusing more 

on maturity status. In the hypertrophic like hiPSC-CMs, the transition between 
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proliferative and hypertrophic growth could have been investigated had I 

performed cardiomyocyte proliferation assays, such as S-phase staining. 

One of the most consistent and interesting findings throughout HSPG2 

downregulation and PER-P culture was regulation of NNAT. The data 

suggests a clear link between HSPG2 regulation of NNAT, although the 

mechanism behind this regulation was yet to be discovered. Both NNAT and 

HSPG2 have multifaceted roles, suggesting many of the changes recorded in 

altered HSPG2 cells could coincide with NNAT regulation. Investigation into 

how HSPG2 regulates NNAT would provide further insight into ECM regulation 

of cardiac intracellular metabolic and calcium functions. 

 

During CM differentiation I investigated novel forms of perlecan through both 

western blotting and RNA sequencing transcript analysis. These results 

revealed a potential switch in forms of perlecan found in hiPSCs and cardiac 

cell populations. Although due to limitations in technical capabilities and time, 

further investigation into quantifying the perlecan fragments was not 

performed. Identification and quantification of novel forms of perlecan could 

provide insight into the protein’s specific role in each cell type, and when this 

shift occurs over differentiation. 

 

Despite perlecan ECM being mainly secreted and maintained by CFs in the 

heart, the generation and investigation of HSPG2 deficient CFs was lacking 

the same intensity as CMs. Generation of CFs from hiPSCs was initially a 

challenging task compared to optimisation of CM differentiation. CFs 

generated also quickly lost proliferative capabilities in culture and underwent 

apoptosis, having a limited total culture length. Quantification of CF markers 

revealed high expression of WT1 in hiPSC-CFs compared to primary CFs. 

WT1 expression is linked to both endothelial cells and CFs, it could be 

presumed hiPSC-CFs generated were still in an endothelial stage, suggesting 

more work was required in optimising CF differentiation. Indeed, I show 

HSPG2 deficient CFs have abnormal metabolism, migration, proliferation, and 

activation. Although the work here needs to be both repeated and investigated 

further to determine how HSPG2 deficiency is instigating these alterations. 
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7.4.  Future Work 

Through collaboration with Andreia Bernardo at the Francis Crick institute I 

gained access to techniques including RNA sequencing and EHT generation. 

Future plans aimed to build on this collaboration and combine our hiPSC-CMs 

with in vivo mouse models. To investigate the transition from agrin to perlecan 

rich ECM, and further binding to the aDGC, mouse heart histology slices from 

the Francis Crick institute are planned. Immunostaining will be performed on 

these slices to determine both co-localisation of ECM components to the 

aDGC, but also the transition from agrin-aDGC to perlecan-aDGC theorised 

to occur over development. For further quantification ECM-aDGC complexes, 

immunoprecipitation will be used to isolate agrin and perlecan-aDGC 

complexes for in-depth sequencing and analysis. Not only will this be 

performed on mice hearts through development, but also on hiPSC cardiac 

differentiation samples, to confirm limited species differences in HSPG2. 

 

Generation of a homozygous HSPG2 knockout is essential to fully investigate 

HSPG2s role in human cardiac populations. One of the theories to why I was 

unable to generate HSPG2 null hiPSCs was due to stringent culture conditions 

inhibiting hiPSC survival without perlecan. The culture conditions could be 

altered to accommodate for the HSPG2 deficiency in the hiPSC state, through 

use of Matrigel culture substrate, which contains perlecan, or more complex 

media such as mTeSR compared to E8. These culture conditions could be 

maintained while clone quantification was performed to identify full knockouts, 

then removed to confirm culture conditions are not sustainable without 

HSPG2. If perlecan altered pluripotency through FGF signalling, the culture 

conditions would be essential to ensure maintenance of HSPG2-/- hiPSCs. 

Following differentiation these conditions would not need to be maintained and 

when removed, the difference between cell lines could be examined. Instead 

of altering culture conditions for hiPSC survival, a conditional knockout method 

could be utilised. Here HSPG2 could be removed following differentiation, 

thereby alleviating issues with HSPG2 null hiPSC survival. 

 

Through western blotting I revealed distinct banding patterns of perlecan in 

different antibodies, with both hiPSCs and hiPSC-CMs. Ideally, complete 
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proteomics could be performed for in depth perlecan analysis. Alternatively, 

the different perlecan fragments identified through western blotting could be 

isolated and extracted for proteomic analysis. Through sequencing of perlecan 

fragments, mRNA splice variants could be aligned, and further investigation 

would identify how and why perlecan fragments were generated.  

 

To determine if hiPSC-CMs cultured on PER-P were hypertrophic, more 

investigation is required (Mosqueira et al., 2019). To quantify size of hiPSC-

CMs flow cytometry would be performed, calculating cell volume. Further qRT-

PCR analysis of hypertrophic markers is required due to previous variable 

results not confirming either state. Using ImageJ plugins, sarcomere alignment 

can be analysed, thereby confirming hypertrophic sarcomeric disarray (Cao et 

al., 2022; Neininger-Castro et al., 2023). Further analysis using seahorse 

assays would confirm mitochondrial changes comparable to hypertrophic 

CMs, and indeed would be interesting in investigating if the opposite response 

is seen to HSPG2+/- hiPSC-CMs. 

 

Since alterations to NNAT expression appear to correlate with perlecan 

expression I want to investigate the mechanism of this regulation. HSPG2 can 

regulate cell surface calcium channels in osteoblasts, inhibited through 

gabapentin (Reyes Fernandez et al., 2022.). Therefore, use of gabapentin in 

a cardiac cell population should inhibit perlecan binding to voltage-sensitive 

calcium channels, potentially regulating NNAT. NNAT expression is 

associated with calcium induced responses in β-cells and medulloblastomas 

(Li et al., 2010), therefore a comparable response in cardiac populations is 

feasible. Indeed, NNAT has been studied in brain development, adipocytes, 

and osteoblasts, although further investigation is required for how NNAT 

functions in the cardiac environment. 

 

7.5.  Final Remarks 

In this thesis I show regulation of HSPG2 is crucial for maintenance and 

survival of hiPSCs. Overexpression caused detachment due to constricted 

growth and clumping, while the mechanism behind HSPG2 null hiPSC demise 
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is yet to be investigated. HSPG2 reduction in both CM and CF attenuated total 

metabolic output and increased reliance on glycolysis in HSPG2+/- cardiac 

cells.  

 

HSPG2 deficient CMs are less mature than the WT, showing reduced cardiac 

structural and metabolic function. RNA sequencing confirmed 11 DEGs 

consistently altered throughout early cardiac differentiation due to HSPG2 

deficiency. Of the 11 DEGs besides HSPG2, NNAT had the highest transcript 

count, and expression was altered throughout differentiation, representative to 

HSPG2 expression. After culturing CMs on PER-P surfaces NNAT expression 

was increased further confirming HSPG2 is a regulator of NNAT. PER-P CMs 

had enhanced multinucleation and signs of hypertrophic growth. These results 

suggest regulation of NNAT during cardiac development could assist in later 

stage maturation of CMs, and that HSPG2 is a major regulator.  

 

Perlecan ECM is slowly developed over the course of cardiac differentiation 

compared to agrin. A possible mechanism of perlecan influencing 

development could occur through binding to the aDGC, whereby higher affinity 

perlecan replaces bound agrin. Agrin binding to the aDGC induces 

proliferation in CM, therefore replacement by perlecan would reduce 

proliferation and enhance maturation. Utilising a co-culture scratch wound 

assay, I show preferential perlecan ECM secretion in the recovering wound 

gap, comparable to the literature, and furthermore confirming perlecans 

involvement in wound healing. Overall, I theorise perlecan is required for CM 

maturation, potentially linked through metabolic regulation and hypertrophic 

growth (Figure 7.4) HSPG2 expression correlates to NNAT expression, 

initiating regulation of both metabolic channels and NF-κβ signalling pathways, 

thereby regulating key maturation factors. 
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Figure 7.4 – Graphical summary. Early CM differentiation found increased 

agrin expression shifting to increased perlecan expression. RNA sequencing 

comparing between lines over the course of CM differentiation show most 

differences occur at day 30. Culture of CMs on a perlecan peptide enhanced 

multinucleation compared to those cultured on a vitronectin surface.  
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