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ABSTRACT 

 

Hypertrophic cardiomyopathy (HCM) is an inherited cardiac condition associated with 

diastolic dysfunction and sudden cardiac death. Disease genes for HCM are traditionally 

coding for proteins involved in force generation. More recently, it has emerged that variants 

in genes coding for proteins involved in biomechanical stress-signalling can also cause 

HCM.  

One such protein is filamin C, with proposed mechano-sensing functions in the heart. Within 

the protein, the immunogloblulin-like domain 20 (Ig20) may play a crucial role in mediating 

biomechanical stress responses. While the mechano-sensing functions of filamin C have 

been investigated well in skeletal muscle, the underlying cardiac disease mechanisms are 

not completely understood. A multi-generational family affected by cardiomyopathy were 

found to carry a FLNC variant located in the mechano-sensing Ig20 – FLNC W2164C. 

 

Aim: This work attempts to provide insights into the role of filamin C in cardiac mechano-

sensing and dissect disease pathways leading to HCM in the presence of the FLNC W2164C 

variant. 

 

Methods: Using mass spectrometry, a detailed analysis of the proteome of mice carrying the 

filamin C variant, using ventricular tissue samples from 14wk old homozygous mice. An 

induced pluripotent stem cell-derived cardiomyocyte (iPSC-CM) model which harbored the 

FLNC W2164C variant was also investigated. Molecular biology techniques were utilized 

to determine the molecular phenotype of the FLNC W2164C variant in both mice and iPSC-
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CMs. iPSC-CMs were developed for improved characterization by fabricating culturing 

surfaces of physiological stiffness. 

 

Results: Mice carrying this variant recapitulate molecular features of HCM and restrictive 

cardiomyopathy in the homozygous setting and showed evidence of protein redistribution 

to the intercalated disc. An HCM molecular phenotype was also described in the iPSC-CM 

model. 

 

Conclusion: This work supports the pathogenic role of the FLNC W2164C variant in 

cardiomyopathy. This thesis highlights the importance of using both mice and iPSC-CMs 

for modelling cardiovascular disease in order to overcome individual model deficiencies.  
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Chapter 1 : INTRODUCTION 

1.1 Cardiomyopathies 

By definition, heart failure is the inability of the heart to pump an appropriate volume of 

blood around the body, usually because the heart is either too weak or too stiff (1). Reduced 

cardiac output can be caused by abnormalities in contraction, anatomy of the muscle and 

valves, heart rhythm and conduction. This primarily results in systolic and/or diastolic 

dysfunction.  

Systolic dysfunction is the reduced ejection of blood from ventricular contraction, whereas 

diastolic dysfunction is a result of improper ventricular filling during cardiac relaxation. If 

left untreated, compromised cardiac function is the result in both cases.  

In the United Kingdom, an average of one person dies every 3 minutes due to cardiac and 

vascular diseases (2). This accounts for more than a quarter of all national deaths. While 

lifestyle choices such as diet, exercise and smoking can be a major influencer on the 

development of cardiac and vascular diseases, in contrast cardiomyopathy is influenced 

primarily by genetic factors (3). Cardiomyopathies (cardio – heart, myo – muscle, pathy – 

suffering) are inherited diseases of the cardiac muscle that affect the structural and electrical 

characteristics of the heart, and can ultimately result in heart failure (4,5). Patients can 

present with features of cardiomyopathy from birth to upwards of 80 years of age (6). 

Varying morphological presentations split cardiomyopathy classification into four major 

subtypes: hypertrophic cardiomyopathy (HCM), dilated cardiomyopathy (DCM), restrictive 

cardiomyopathy (RCM) and arrhythmogenic cardiomyopathy (ACM). Although each are 

considered as distinct diseases, cardiomyopathies have phenotypic overlap which makes 

diagnosis by clinical features alone difficult: e.g. HCM and RCM both are characterised by 
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diastolic dysfunction (7). HCM is primarily characterised by left ventricular hypertrophy 

whereas DCM is defined by left ventricular dilation leading to systolic dysfunction (8). 

ACM is defined by irregular electrical signals in the heart, usually the right ventricle, 

sometimes due to abnormal levels of fatty fibrous tissue (9). Of all cardiomyopathies, HCM 

is the most prevalent affecting up to 1:344 individuals (10–14).  

1.1.1 Hypertrophic cardiomyopathy  

In 1868, initial HCM characteristics were first described by A. Vulpian as an anomaly in 

sub-aortic structure and was first termed HCM by Teare, 1958 (15,16). It was not until the 

latter half of the following century that HCM was clinically characterised as a familial 

cardiac syndrome causing hypertrophy in the ventricles and diastolic dysfunction (17–19). 

HCM is a disease that rarely manifests in the right ventricle (20) and primarily affects the 

left ventricular cardiac myocytes, defined by unexplained  hyperplasia and hypertrophy, 

with myofiber disarray and fibrosis at histology level (21–24). Cardiac hypertrophy in HCM 

is due to an increase in cardiomyocyte cell size rather than an increase in cell number. In 

addition to whole cell cardiomyocyte disarray, myofilamentous disarray within the cells 

themselves is also observed in HCM (25). 

Although HCM is the most common genetic cardiovascular disease, many people do not 

present with significant symptoms and are often undiagnosed. The symptoms a diagnosed 

HCM patient can experience are as follows: chest pain, shortness of breath, fainting and can 

even develop heart murmurs and palpitations. Left ventricular outflow tract (LVOT) 

obstruction is also a significant pathological feature of HCM (26,27). LVOT obstruction is 

the result of systolic contact between the mitral valve and interventricular septum (27). HCM 

patients with LVOT obstruction are more likely to experience more severe symptoms such 

as heart failure and sudden death (28). 
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Lacking targeted drug therapies that cure cardiomyopathy, the only treatments available to 

patients are pharmacological treatment (with beta-blockers, diuretics and ACE inhibitors), 

myectomy or septal ablation, but no specific therapies addressing the underlying molecular 

causes are routinely used. Mavacamten, a myosin ATPase inhibitor, has been developed and 

recently approved for use in the US (29). Uncovering the disease mechanisms in HCM 

caused by genetic factors is instrumental in understanding and treating HCM patients 

specifically and effectively. 

HCM is a genetically inherited disease that can be caused by a single genetic variant. Shortly 

after Jarcho et al and Solomon et al reported genetic associations in HCM patients (30,31), 

the first de novo pathogenic variants were found in the gene encoding β-myosin heavy chain 

(MYH7) (32,33). Since this initial discovery, more than 1400 pathogenic variants implicated 

in HCM have been identified in major cardiac sarcomere genes (e.g. MYH7, MYBPC3, 

TNNT2) thus postulating that HCM is a disease of the sarcomere (34–37).  

Variant type (missense/truncation) that affects protein conformation can give rise to 

different clinical outcomes. Clinically found variants such as missense mutations in MYH7 

or truncating variants in MYBPC3 result in altered contractility due to differences in 

transcription and protein incorporation into the sarcomere. Some variants however, result in 

pathology due haploinsufficiency in response to truncating variants of sarcomere proteins 

(38–40). In comparison with thick filament variants (e.g. myosin-binding protein C), 

patients with variants in thin filament proteins (e.g. troponin I and actin) are more likely to 

have left ventricular dysfunction (41). 

Genetic identification allows for greater diagnostic resolution when combined with clinical 

identification. However, many variants which are found in similar regions of the same 

protein can result in a different clinical presentation. To increase the understanding of these 
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disease genes and aide eventual HCM-specific treatments it is worth considering the cardiac 

biomolecular mechanisms that enable a healthy, functioning sarcomere and result in disease 

manifestation.  

1.1.2 HCM molecular mechanisms 

On a molecular level, there are three overlapping perspectives on the mechanisms behind 

HCM: abnormal contractility (hypocontractility and hypercontractility), energy efficiency 

and calcium handling (42). For instance, HCM patients with MYBPC3 variants display 

hypercontractility which results in hypertrophy, however, this hypercontractility is caused 

by ATPase cycle alterations or the overly accessible myosin heads for contraction to occur 

(43). Sarcomere variants may also impair cardiac output and hence contractility becomes 

load-dependent (43). On an energetic front, the mitochondrial role in cardiac disease has 

been well studied (44) and HCM has even been characterised as a disease of energetic 

deficiency (45,46).  Calcium handling abnormalities are reported in HCM and are associated 

with arrhythmogenesis and diastolic dysfunction due to increased calcium concentration 

during diastole (47).  

 

1.2 Cardiomyocyte function 

1.2.1 Contraction 

The cardiovascular system is indispensable for human body to function. The delivery of 

essential oxygen and nutrients and the removal of metabolic waste is driven by the 

cardiovascular system alongside the lungs, kidney and liver. The heart is the centrepiece of 

this system acting as the bodies mechanical pump. The heart is made up of four chambers: 

the left and right atrium and left and right ventricles (Figure 1-1). The right atria receives 
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deoxygenated blood from the body and is transferred to the right ventricle to be pumped 

through the pulmonary arteries towards the alveoli of the lungs to exchange carbon dioxide 

for oxygen (known as the pulmonary circulation). This newly oxygenated blood passes into 

the left ventricle via the left atrium. Within the left ventricle, the muscular walls contract to 

create pressure gradients hereby ejecting blood throughout the body into thin capillaries 

where the diffusion limits between circulation and surrounding tissues allow for gas and 

nutrient exchange. 

Regulating the blood flow between the chambers of the heart is instrumental for heart and 

bodily functions. Blood flow must be unidirectional, from the atria to the ventricles and out 

to the body and lungs. This is achieved by valves. During muscle relaxation (diastole), the 

valves which separate the atria and ventricles (mitral and tri-cuspid valves) open due to the 

negative pressure generated from ventricular relaxation. To prevent back-flow into the atria, 

these valves close during systole when the ventricle contracts. During cardiac contraction 

(systole), the ventricular pressure is greater than within the aorta or pulmonary circulation 

Figure 1-1 Diagram of the direction of blood flow through the veins, chambers and arteries of the heart. 

Deoxygenated blood from the body enters the RA heart via the vena cava and is pumped into the RV. The 

deoxygenated blood gets pumped out of the RV into the pulmonary arteries to undergo gas exchange at the lungs 

before returning to the LA of the heart via the pulmonary veins. The oxygenated blood enters the LV and is 

ejected into the aorta for delivery to the body. RA, right atria; RV, right ventricle; LA, left atria; LV, left ventricle. 
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and hence the aortic and pulmonary semilunar valves open to allow blood flow to the body 

and lungs. 

All four chambers contract and relax in a coordinated fashion to allow steady blood flow 

into and out of the heart (Figure 1-2). Contraction is initiated via the sinoatrial node, which 

is located in the right atria. The sinoatrial node is comprised of pacemaker cells that 

spontaneously depolarise and induce atrial contraction allowing the atria chambers to 

transfer the blood from the atria into the ventricles (48). The activation of the atrioventricular 

node leads to the depolarisation and contraction of the ventricles. Atrioventricular activation 

leads to signal propagation through the Bundle of His and to the Purkinje fibres that 

stimulate ventricular wall contraction to allow for the ejection of blood to the lungs and body 

(49). This ensures that the contraction cascade is initiated on a whole-heart level to allow 

coordinated blood flow through the heart. 

Figure 1-2 Cardiac electrical conduction pathway. The conduction pathway of the heart from the sinoatrial 

node to the atrioventricular node, down the Bundle of His and through the Purkinje fibres. 



7 
 

Between cells, contraction stimulation is regulated through electrical conduction mediation 

in stimulatory cells and between individual cardiomyocytes (CMs).  Conduction is achieved 

between CMs via the intercalated discs (ICD) which form porous junctions (gap junctions) 

which permit direct ionic transmission (50). This electric coupling allows for rapid action 

potential transmission, thus aiding in coordinated cardiac contraction. 

The ventricles have thicker muscular walls compared to the atria, and the left ventricular 

wall is thicker than the right. The atria only need to move blood into the next chamber. The 

ventricles, however, are required to generate enough pressure during systole to move blood 

to the lungs and body hence why the muscular walls are thicker. The left ventricle is thicker 

than the right for a similar reason. The right ventricle is only required to deliver blood to the 

lungs, whereas the left ventricle is tasked with delivering blood around the body. Out of all 

four chambers, left ventricular performance is of particular importance when ventricular 

arrhythmia or fibrillation occurs. Dysfunctional ventricular contractile performance is of 

concern in cardiomyopathies. 

Figure 1-3 Schematic drawing of the sarcomere.  The positions of the Z-disc, M-band, I-band and A-band are 

indicated. Taken from Azad., et al 2019. 
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1.2.2 The cardiomyocyte 

The heart muscle is composed of cardiomyocytes, cardiac fibroblasts, endothelial cells, 

smooth muscle cells, conduction cells and resident immune cells (51). Cardiomyocytes 

make up approximately 70% of the heart by volume (52). The cardiomyocyte consists of 

myofibril bundles which possess contractile properties. Within each myofibril lies the 

contracting unit of cardiac and striated muscle: the sarcomere. The sarcomere is composed 

of aligned and repeating units of myosin and actin that form thin and thick filaments giving 

rise to a striated appearance (Figure 1-3). Many sarcomeres lined into a series make up 

myofibrils which combine to make a muscle fibre. The sarcomere is defined as the 

contractile unit, being located between two Z lines and is composed of distinct areas. 

Myomesin is the key protein at the M-line within the A-band and the Z-disc splits down the 

middle of the I-band. Within these bands, the sarcomere is composed of the thick filament 

myosin, extending across the A-band and connected at the M-line whereas the thin actin 

filaments, stretch from the I-band and into the A-band.  Although actin is the main 

constituent of the thin filament, there are other proteins that also make up the thin filament 

(e.g. α-tropomyosin, troponin C and troponin I) (Figure 1-4). 

Figure 1-4 Detailed schematic diagram of the sarcomere, displaying the organisation and location of major 

proteins along the sarcomere. Taken from Mukund and Subramaniam, 2019. 



9 
 

During contraction, the globular heads on myosin (also displayed in Figure 1-4) attach and 

break from the corresponding actin binding sites to pull the thin filaments from the Z-disc 

towards the sarcomere’s centre, the M-line (cross-bridge cycles). Cell-cell contacts are the 

ICD, structurally they resemble an “end Z-disc” as they anchor thin filaments at the cell 

membrane. The ICD forms a cellular bridge between adjacent cardiomyocytes allowing the 

exchange of chemical and electrical stimuli and thus enabling cardiomyocytes to coordinate 

its function (53). The force generated by the sarcomere is transmitted via structural proteins 

(titin, filamin C, integrins, dystrophin and others) through the cytoskeleton, sarcolemma and 

to the surrounding myocardium (54,55). These proteins are implicated in mechanical load-

sensing and are also associated with hypertrophic signalling (54,55) . 

1.3 Mechano-sensing and mechano-transduction 

1.3.1 Mechano-sensing 

As previously mentioned, sarcomere genes make up the majority of clinically-found HCM 

disease genes, but a small subset affects proteins involved in mechano-sensing (BAG3, 

OBSCN, FHL1, FHL2, ANKRD1 and heat shock proteins) (56,57). Mechano-sensing is 

defined as the responsivity that a cell or cellular components may have to a mechanical 

stimulus (58). Through contraction the sarcomere is under continuous mechanical, heat and 

oxidative stress (59). Considering that the heart is estimated to beat approximately two and 

a half billion times during the average lifetime of a human, it is crucial that the heart is able 

to withstand the physical forces which are exerted on it (60). Changes in mechanical force 

can be due to increased atrial or ventricular blood volume, fibrosis leading to stiffness, 

extracellular matrix deposits. Mechanical forces change during contraction. Cardiomyocytes 
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stretch through diastole and contract during systole as pressure is generated in order to eject 

blood (61). 

Stress generated during contraction is spread from the actin-myosin complex, through the 

sarcomere and cytoskeleton to the sarcolemma.  Within the sarcomere, the Z-disc and I-band 

consists of mechano-responsive complexes which respond to changes in the cardiac 

mechanical environment and influence gene regulation and proteostasis (62,63). From the 

sarcomere, force is transmitted towards the ICD and cardiomyocytes can undergo 

ultrastructural changes in response to increased force due to volume overload (64). ICDs are 

a key site for sensing and processing mechanical stress via the fascia adherens and 

desmosomal junctions (65).  

Cardiac muscle can sense and respond to mechanical stress conditions in order to deliver 

consistent volumes of oxygenated blood to the body as well as ensuring the stability and 

thus function of the cardiomyocyte. During contraction, mechanical forces are translated 

into chemical signals, known as mechano-transduction (66). Proteins with mechano-

sensitive properties localise at adhesions, e.g. ICD, costamere, where active contractile and 

passive stiffness forces are sensed (Figure 1-5) (67–69). The mitochondria are also proposed 

to be involved in mechano-transduction and mechano-sensing as it adapts activity and 

structure based on the environmental mechanical forces to regulate calcium homeostasis 

(70). Impaired structural integrity between the mitochondria and the sarcomere can directly 

result in mechanically-induced calcium release and abnormal impulse propagation (44,70). 

Mechano-sensing adaptive responses convert perceived mechanical force into actions such 

as inducing the activation of transcription factors that regulate the expression of proteins to 

cope with the mechanical demands of the cell (71,72). 
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The underlying mechanisms behind cardiac mechano-transduction are not well understood, 

however, a number of proteins and protein complexes have been associated with mechano-

transduction. Unlike mechano-sensing which directly responds to mechanical stimuli, 

mechano-transduction is the conversion of mechanical stimuli into a biochemical response 

(73). Here, proteins, such as stretch-sensitive ion channels, respond directly to the 

mechanical stress during contraction and produce an appropriate functional, structural 

and/or signalling cellular response (73). Responses can include electrophysiological and 

calcium regulation, fibrosis and altered contractile function.   

1.3.2 Mechano-sensing and mechano-transduction in pathology 

Mechano-transduction has been labelled as a unifying molecular mechanism in the 

development of HCM phenotypes (74). Abnormal contractility can influence the gene 

Figure 1-5 Key sites of mechano-sensing in cardiomyocytes. (a) Z-disc, filamin C is located at the Z-disc periphery 

with other proteins (titin, nebulette, myotilin, calsarcin, LDB3, IGFN1, KY)  also interacting here (b) the costamere is 

involved in cell-extracellular matrix interactions (c) intercalated discs where cardiomyocytes are longitudinally connected 

have filamin C, Xin and membrane-related proteins located here. Taken from Song et al. 2022 
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expression of epicardial cells and lead to the development of structural abnormalities and 

responses that lead to cardiac muscle growth via hypertrophy (74). Mechano-sensors are 

found in different locations of the cardiac myocyte: the sarcomere, the intercalated disc, the 

sarcolemma and even the mitochondria (70). Dysfunctional mechano-sensing processes are 

believed to result in altered cellular responses to mechanical force. A failure by mechano-

sensors to recognise and clear mechanically-compromised proteins may lead to cardiac 

disease. Mechano-sensitive structures (sarcomere, ICD, sarcolemma) appear to be central to 

this process and need to be explored further to elucidate its function in disease. 

 

1.4 Chaperone-assisted selective autophagy (CASA) 

Sarcomere and cytoskeletal proteins changes their conformational state to a closed state and 

unfolds upon mechanical stress in order to protect the membrane to cytoskeleton linkage 

(75,76) and accommodate the mechanical stress required for actin contraction (75,77).  This 

continuous mechanical unfolding and refolding can result in irreversible damage due to this 

exerted mechanical stress. In skeletal muscle, damaged proteins are recognised, disposed of, 

via autophagy, and replaced with a newly synthesised protein. Autophagy is carried out by 

molecular chaperones and is vital for protein homeostasis. This muscle homeostasis is done 

via a mechanism called chaperone-assisted selective autophagy (CASA) (78).  

The CASA chaperone complex recognises protein misfolding and translates it into 

biochemical signals (76,79). This chaperone complex consists of BAG3, the key 

cochaperone that initiates CASA and is coupled to e.g. the ubiquitin ligase, CHIP (80), and 

the molecular chaperones: the heat shock proteins (HSPs) HSPB8 and HSC70 (59,81,82). 

The BAG3 complex, along with an interaction between BAG3 and myopodin (SYNPO2), 
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monitors the conformational state of filamins (and other sarcomere proteins) to recognise 

damaged proteins (83). During contraction, the conformation of filamin is open and 

extended with hidden binding sites now revealed and accessible for ligand interactions 

(84,85). Upon recognition of the damaged protein and the complex triggers filamin to be 

released from the myofilament to the cytosol for lysosomal autophagic degradation via 

CHIP/STUB-mediated ubiquitylation (Figure 1-6) (86). This induces the recruitment of p62, 

an autophagic ubiquitin adaptor, for protein clearing through the formation of an 

autophagosome (59). An upregulation of transcription and translation activity is induced to 

create a new filamin for incorporation into the Z-disc (59,83). 

1.4.1 A cardiac CASA 

An impaired CASA pathway has been implicated in diseases of the skeletal muscle such as 

myofibrillar myopathy, finding filamin C protein aggregates that deplete myofibrillar 

components from the myofilament (87,88). Although the CASA pathway is activated, it 

cannot maintain protein homeostasis due to an inability to clear the  aggregates (88,89). 

Though CASA has been found specifically in the skeletal muscle, the mechano-signalling 

mechanisms may not be limited to skeletal muscle and its myopathies.  

A growing amount of evidence points to autophagy as a key regulator of cardiac homeostasis 

and function. There are numerous forms of cardiac autophagy, some of which have specific 

targets for degradation, such as mitophagy targeting the mitochondria (90). Chaperone-

mediate autophagy is the most similar to CASA, with much of the machinery appearing to 

also be dominated by modulatory co-chaperones, such as Hsp40 and Bag1 (90,91). With 

both cardiac filamin C and small HSPs (sHSPs) present in cardiomyopathies and known to 
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interact with each other (92), these mechanosensitive domains and proteins may lay the basis 

of chaperone-mediated mechano-signalling in the heart. 

In cardiac stress conditions, autophagy acts to prevent the accumulation of toxic protein 

aggregation (93–95). Recent evidence suggests that impaired autophagy is involved in the 

pathophysiology of cardiomyopathy (especially considering the impact of misfolded 

proteins), however it is unclear whether autophagy is inhibited or enhanced (96,97). A 

CASA-like autophagy system may be present in the cardiac muscle and may provide insights 

in understanding the development of pathologic cardiac conditions from due to 

filaminopathies and may even be an option to treat cardiomyopathy in patients. 

 

1.5 Filamin C 

Although the majority of familial HCM patients possess variants in genes encoding key 

sarcomere proteins, nearly 10% of all measured familial cases are not caused by defects in 

the major sarcomere proteins (98). This, along with advances in next generation sequencing 

technologies, has led to the identification of FLNC-associated cardiomyopathies 

independent of variants in the well-established cardiomyopathy disease genes (99–101). The 

Figure 1-6 Scheme displaying the tension-induced activation of the BAG3 complex and how it leads to 

filamin synthesis and lysosomal degradation. Taken from Ulbricht et al 2013. 



15 
 

structure, function and clinical relevance of filamin C, the transcribed protein from the 

FLNC gene, will be discussed in this section. 

1.5.1 Structure and function of filamin C 

Filamin C is a member of the actin-binding filamin family, consisting of three members: 

filamin A, B and C. Filamin C is expressed in cardiac and striated muscle sarcomeres and is 

found at load-bearing sites of the muscle: Z-disc, myotendinous junctions, intercalated discs 

and costameres (Figure 1-5). Known to bind to more than 90 different binding partners, 

filamins provide structure stability and mediate crucial signalling functions to the muscle. 

Filamin C is also proposed to play a role in mechano-sensing and is a client target for the 

pre-described CASA maintenance processes in skeletal muscle (102–107).  

Encoded on chromosome 7q32.1, filamin C consists of an amino-terminal actin binding 

domain followed by 24 immunoglobulin-like (Ig) domains (Figure 1-7A - showing a shorter 

filamin from Drosophila with actin-binding domain displayed as Ig22) (108,109). Following 

from the actin-binding domain, 24 large Ig-like domains form part of the rod regions (Ig1-

15 ROD1, Ig16-24 ROD2) (109). These flexible rod regions regulate the spacing and 

orientation of F-actin cross-linkages through protein-protein interactions with cytoskeletal, 

transmembrane and cell signalling proteins (110,111). There are two filamin C isoforms – 

the shorter one lacks exon 31 which encodes for the hinge region and is thought to be a less 

flexible protein (112).  



16 
 

Of the 24 Ig-like domains and unique only to filamin C in the filamin family, is domain 20 

(Ig20). Ig20 contains an 82 amino acid insertion which is presumably a site for muscle-

specific ligand interactions e.g. with myotilin, myopodin, xin for myofibrillogenesis and 

HSPB1, aciculin for sarcomere organisational and structural (84,85,103,104,107,113–115). 

These ligand interactions include but are not necessarily limited to roles such as Z-disc 

organisation and chaperone-mediated autophagy control due to its ability to change between 

conformational states during sarcomere relaxation and contraction (Figure 1-7B) (88,116–

118). The carboxy-terminal portion of the protein consists of the dimerisation domain 24 

(Ig24), which contains membrane glycoprotein-binding properties, allowing for the 

homodimerization of FLNC to form and maintain a network of cross-linking F-actin 

filaments that binds membrane proteins to actin (108,119). Ig24 is also the site for ligand 

interactions with HSPB7 and calpain 1 (120–123). 

Figure 1-7 Schematics of Drosophila filamin during open and closed states. (a) Schematic of the conserved 

Drosophila filamin, Cheerio. Numbers represent the immunoglobulin-like domains and the mechanosensory region 

(MSR) is coloured (Ig14-19) although in humans it is between 18-21, actin binding domain (ABD). (b) The closed and 

open conformation of the MSR. Image adapted from Huelsmann et al. 2016  
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Signalling roles of filamin C include regulating the morphology and cell migration via 

binding to cell-matrix adhesion protein migfilin (124). These processes of the protein can 

modulated by phosphorylation events (125–127). In addition, filamin C plays a role in 

maintaining structural stability of the sarcolemma via interactions with sarcoglycans on the 

dystrophin-glycoprotein complex at the actin-binding domain of filamin C (128). 

Skeletal muscle functions of filamin C are well established, highlighting its role in CASA 

(mentioned in 1.4). However, the function of filamin C within the cardiac muscle is 

relatively unknown. In part this could be due to early-stage lethality in animal models 

potentially masking any cardiac implications (129,130). With the increased use of human 

genetics studies (98,131), mouse and cellular models this protein is being interrogated for 

its cardiac specific functions (132). One such example is the use of an inducible 

cardiomyocyte specific FLNC knockout mouse, which displays high rates of lethality along 

with cardiac defects, including heart dilation and systolic dysfunction.  

1.5.2 Filamin C in mechanosensing 

Evidence of cardiac mechano-sensing mechanisms has been demonstrated by the 

upregulation of sHSPs, HSPB1 and HSPB7, alongside FLNC upregulation under 

mechanical stress (107,133) (and unpublished data). HSPB1 and HSPB7 offer mechanical 

stress cardio-protection to cardiac proteins, including filamin C by stabilising Ig20 and Ig24 

of filamin C respectively, both regions suspected of mechanosensitive mechanisms 

(107,133). In addition, a phosphorylated HSPB1 plays cardioprotective roles of filamin C 

by preventing further protein unfolding during mechanical stress (107). Due to these and 

many more interactions, filamin C is therefore proposed as a central protein in cardiac 

mechano-sensing and mechano-signalling processes.  
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1.5.3 Filamin C in pathology 

Pathogenic variants of FLNC have been identified in patients with skeletal and cardiac 

myopathies as well as being closely linked to neurodegeneration (134,135). These 

conditions are termed as filaminopathies. Due to much higher levels of FLNC expression in 

the skeletal muscle compared to cardiac muscle (3.5-fold (59)), variants found in this protein 

have been predominantly been associated with neuromuscular conditions such as 

myofibrillar myopathy (MFM) (119,134,136,137). Most studies on skeletal muscle-related 

filaminopathies, however, did not thoroughly characterise cardiac phenotypes and therefore 

cardiac involvement cannot be excluded in these cases (137,138). In 2005, Vorgerd and team 

discovered the first pathogenic FLNC variant (p.Trp2710X) in patients with MFM of which 

one-third of patients present with cardiac abnormalities (137,138). Since then, FLNC 

variants have been identified in familial cardiomyopathy patients independent of MFM 

(Figure 1-8). 

Figure 1-8 Schematic of the dimeric filamin C and its associated missense variants. Variants are shown vertically, 

correlating with their relative position in rod 1 and rod 2. Variants in red, represent variants found in individuals with 

myopathy and black represent individuals with cardiomyopathy. Image taken from Wadmore et al., 2021  
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Large cohort screening and family studies utilising the advancements of whole genome 

sequencing found that in addition to skeletal muscle system pathology association, FLNC 

variants also manifest in inherited cardiomyopathies (99–101,139–141). Overall, 101 

variants have been identified by sequencing in familial DCM, RCM, ARVC, LVNC, cardiac 

arrhythmias and arrhythmogenic bileaflet mitral valve prolapse, thus providing greater 

evidence of the involvement of FLNC to cardiomyopathy (101,134,140,142). Understanding 

the way a FLNC variant may present can help improve the management of patients, 

especially considering patients carrying truncating FLNC variants have shown a higher 

proportion of sudden cardiac deaths compared to patients without FLNC variants (98,100). 

 

1.5.3.1 FLNC variant type and location 

There is a broad clinical spectrum of FLNC variant carrying patients, with some variants 

determining which organ is affected and how. The genetic location and type of variant in 

the FLNC gene may explain the different phenotypes patients present with (Figure 1-9). 

Cardiomyopathy subtype determination by variant type and site location is seen in other 

cardiomyopathy-associated genes (DES, LDB3 (143), BAG3 (144), FHL1 (145)). To date, 

95% of all FLNC variants found in HCM are missense variants whilst frameshift, in-frame, 

nonsense and splice variants resulting in a loss of function contribute to 81% of DCM-related 

filaminopathies (131). The relationship to variant type and clinical phenotype is 

strengthened when understanding the shared pathomechanisms of FLNC truncating variants. 

Truncating variants primarily result in haploinsufficiency and weaker structural adhesion 

which lead to DCM and cardiac arrhythmias (142,146,147). 
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Despite these links, it is not currently clear why some FLNC truncation and missense variants 

can cause skeletal muscle defects yet others result in exclusive cardiac phenotypes (131). 

These differences have been partially linked to the variant location determining the clinical 

phenotype. For instance, variants which affect the folding or the dimerization regions of 

filamin C often result in aggregate presentation and are found in HCM and MFM  

(87,98,137,148–150) (Figure 1-9). While this can partially explain the differences in 

phenotypes observed in filaminopathies, there are exceptions to this with many variant 

hotspots covering the same variant type but a different clinical outcome (131).  Other 

possibilities are important to consider, such as the tension-based model, which infers that 

the disease phenotype may be determined by the effect of a variant on calcium flux via 

altered sarcomere tension generation (23). 

 

Figure 1-9 A summary of FLNC genotype-phenotype relations. The type of FLNC variant leads to different 

disease mechanisms and hence different clinical phenotypic outcomes which correspond with structural 

changes which are specific to the variant subtype. Taken from Verdonschot et al. 2020 
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1.5.3.2 FLNC variants and aggregation 

The common presence of protein aggregation in patients harbouring FLNC missense 

variants is indicative of autophagy pathways being unable to maintain homeostasis. The 

activation of CASA and CASA-like pathways have been studied in cases of protein 

aggregation in MFM and report that autophagy is activated but cannot clear aggregation 

(88,89). Further studies have also observed the dispersion of FLNC binding partners which 

interferes with the stability of ligand interactions between the cytoskeleton and the 

membrane  (151–153). The resultant aggregation, combined with the depletion of 

myofilament components is a major contributor to fibre disintegration (87,89,154). The 

exact mechanisms which cause a FLNC variant to result in protein aggregation is not fully 

elucidated, however, further studies have identified additional proteins that regulate FLNC 

via autophagy (e.g. HSPB7) that may help the overall understanding of FLNC proteostasis 

(133). 

Although this work has primarily been carried out in FLNC variants affecting the skeletal 

muscle, aggregation is also observed in cardiac filaminopathies (98,100), though not as 

universally in cardiac disease (101,140,155). Since filamin C is client target of CASA, the 

presence of protein aggregation in a cardiac context may be similarly due to an impaired 

CASA (or CASA-like process) being deficient in maintaining FLNC proteostasis. 

Interestingly, immunohistochemical assessments of cardiomyopathy patients with FLNC 

missense variants reported the loss of filamin C from the ICD  (99,100,149). Evidence of 

filamin C redistribution to the ICD has been observed in models of biomechanical stress and 

may be an adaptive response in order to resist greater mechanical strain (156). As discussed 
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previously, the amino acid change and location of a FLNC variant may render it susceptible 

to unfolding and aggregation or redistribution (98–101,139–141,155). 

 

1.6 HCM-related FLNC W2164C variant 

As discussed in 1.5.2, filamin C and its genetic variants have been identified as a key player 

in the pathology of cardiomyopathies. Despite the promise of next-generation sequencing, 

assigning causality to FLNC variants identified in a clinical genetic setting remains a 

challenge. Since cohort sizes of family studies are often small, extensive segregation 

analysis is required along with the functional investigation of these variants with a lack of 

patient cardiac tissue (157).  

By combining whole genome sequencing and linkage analysis (158), a heterozygous FLNC 

W2164C missense variant was identified in a three-generation family affected by 

cardiomyopathy (159). Patients presented with HCM with features of RCM and displayed 

electrocardiogram (ECG) changes (Figure 1-10). Affected patients were identified as early 

as 15 years old. A variety of cardiac phenotypes (elements of non-compaction 

cardiomyopathy, long QT syndrome, ventricular and atrial septal defects) is observed in 

some family members. 

An ECG registers the action potentials of the heart via an ECG wave. The P wave is the 

result of atrial depolarisation with abberations associated with left atrial alterations in size, 

conduction and hypertension (160). The QRS complex represents the average depolarisation 

waves of the endocardial and epicardial cardiomyocytes (161). The T wave is the 

repolarisation of the ventricles, abnormalities related to the T wave usually involve the ST 

segment and can indicate alterations in myocardial electrophysiology (161). The recording 
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of electrical activity through the heart is done by using external electrodes places on the skin, 

the two used in these readings were both placed in the 4th intercostal space, V1 (right of the 

sternum) and V2 (left of the sternum) (161).  

In the patients possessing the FLNC W2164C variant, a partial right bundle branch block 

(RBBB) was observed due to a QRS duration of greater than 120 milliseconds and an “bunny 

ear” pattern. This prolonged QRS duration also shows a lower action potential peak and can 

indicate delays in electrical stimulation between ventricles and, thus, contraction. T wave 

inversion, as observed in V1 measurements, is correlated with apical hypertrophy, coronary 

heart disease and death (162). A bifid p-wave can assess disrupted atrial conduction and can 

indicate left atrial dilation or hypertrophy (163). The R wave represents the electrical signal 

as it is transmitted through the ventricular walls (164). Left ventricular hypertrophy has been 

reported to be the cause of R-wave abnormalities and hence may explain the dominant R-

wave in V1 (164). The evidence of a prolonged QT interval (the electrical duration of 

ventricular systole) may reflect electrical disturbances in the ventricles and is associated 

with increased risk of death (165). The ST segment represents the time between ventricular 

depolarisation and ventricular repolarisation (166). An elevation of the ST segment may be 

indicative of electrical remodelling due to left ventricular hypertrophy and can be caused by 

myocardial infarction and scarring (167).  
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1.7 Cardiomyopathy disease modelling in animal models 

Since suitable human cardiac samples are not readily available for research purposes 

(especially healthy controls), there is a need to use alternative methods to study 

cardiovascular disease. Models for disease characterisation can either be whole organisms 

or in vitro. While both have benefits and caveats, it is important that the model is able to 

recapitulate phenotypes that exist within human cardiac pathophysiology.  

Animal models (in particular mice) can offer valuable insights into cardiovascular function, 

providing detailed in vivo parameters such as echocardiography. The cardiac tissue from the 

mice can further be used for molecular analyses for identification of pathological pathways. 

The mouse is the model organism of choice due to 99% of human genes having direct murine 

orthologues and can recapitulate some phenotypes observed in human cardiac diseases such 

as hypertrophy. Rodent models are typically used for cardiomyopathy research in-part due 

to their shorter lifespan which allows the study of disease progression at an accelerated pace. 

Although rodents have been used in order to corroborate what is seen in the human patients, 

Figure 1-10 Pedigree of a three-generation family carrying the FLNC W2164C missense variant. (+) variant, (–

) variant absent. Unpublished data by H. Watkins. Key: Males (squares), females (circles), deceased individual (/), 

unaffected individuals (white), clinically affected (blue), unknown disease/genetic status (?). Abbreviations: RBBB, 

right bundle branch block. 
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some studies have discovered additional data that may have relevance to human disease 

mechanisms (168). Filamin C-associated cardiomyopathy studies have utilised mouse 

models considerably to give mechanistic insight into the cardiac roles of filamin C 

(98,132,155). Knockout models have shown the importance of filamin C in cardiac 

development and cardiomyopathy in adult mice (132). Key species-related differences in 

physiology (heart rate), electrophysiology (lack of certain ion channels) and protein isoform 

expression (e.g. MYH7 is dominant in human ventricles, while MYH6 is dominant in mouse 

ventricles allowing for an increased contractility rate), however, can render results non-

translatable to the human condition (169,170). The dominant FLNC isoform expressed may 

be different between models and hence influence the study of FLNC variants. Choosing the 

best disease model to answer a biological question is multifaceted and requires one to 

understand the advantages and limitations of each one. 

1.7.1 Cellular models 

To compliment rodent mice whole organism studies, in vitro models have been used: rat and 

mouse cardiac myoblasts, rat and mouse embryonic stem cells, primary adult murine 

cardiomyocytes, neonatal rat cardiomyocytes (171,172). These models enable researchers 

to gain morphological, biochemical and electrical readouts and have been used in studies for 

drug cardiotoxicity screening, cardiac development and disease modelling (171–173). 

Studies employing cellular models have been used to probe for the composition of 

aggregates observed in HCM-related FLNC variants (98). Despite the wide-use of these 

models, there are issues regarding scalability as well as rodent-human differences, without 

the advantages of being a whole organism multi-cellular organism. 
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1.8 Cardiomyopathy disease modelling in human cellular models 

Embryonic stem cells (ESCs) are pluripotent stem cells derived from embryos that are able 

to be used  to generate all somatic cell types and have proved as a valuable tool for disease 

modelling (174). The emergence of the embryonic stem cell line (ESC) and its derived 

cardiomyocytes allowed for the continuous generation and long-term culture of theoretically 

human cardiomyocytes, considering human cardiac tissue does not survive in culture for 

long. The possibility to study specific variants proposed to be implicated in mechano-

sensing or mechano-signalling however has been limited due to ethical limitations in 

genetically modifying ESCs.  

In 2006, the ethical boundaries to ESC cell-type research was overcome with the reversal of 

terminally differentiated cells of human-induced pluripotent stem cell (iPSC) technology 

(175). Takahasi et al. were able to induce pluripotency in mouse fibroblasts using as few as 

four transcription factors (cMyc, Klf4, Sox2, and Oct3/4) which have since become known 

as the “Yamanaka Factors” (175). Due to the ease of use, only one year after this publication, 

the same group generated the first human iPSCs from human endothelial fibroblasts (176). 

Similar to ESCs, iPSCs can be directed towards a specific cell-type. For studying 

cardiomyopathies, iPSCs would undergo directed differentiation into cardiomyocytes 

(iPSC-CMs). The successful generation of iPSC-CMs is reliant on upon the developmental 

pathways which are activated or inactivated during the differentiation process. Alterations 

of such pathways may lead to the differentiation into different cell types. The manipulation 

of these pathways is dependent on the use of defined factors which have been developed in 

ESCs and adapted for iPSC-CMs (176,177). Protocols drive differentiation initially towards 

a mesoderm lineage before cardiac specification by modulating the Wnt/β-catenin signalling 

pathway. This is achieved by either employing the use of Activin A and Bone Morphogenic 
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Protein 4 to enhance pathway activation or by relying on chemical inhibition of Wnt 

signalling proteins. The latter is a popular approach due to the relative ease in manipulating 

a single pathway (Figure 1-11).  

Most protocols for chemical inhibition rely on a GSK3 inhibitor (CHIR99021) which results 

in increase β-catenin production and promotes canonical Wnt signalling leading to 

mesoderm differentiation (178). To push cardiac specification, the Wnt signalling pathway 

is then suppressed by a Wnt inhibitor (IWR-1) which stabilises the β-catenin destruction 

complex (179). Further to this, the removal of insulin from culturing medium was found to 

improve the yield of generated iPSC-CMs (180). 

iPSC-CMs have been used to improve our understanding of the structure and function of 

human cardiomyocytes. Common readouts in iPSC-CM models are changes in calcium 

handling, cell size, contractility, only to name a few. Tucker et al. used the iPSC-CM model 

to show that a FLNC Ig20 variant resulted in reduced fractional shortening (155). 

1.8.1 Genetic manipulation of iPSCs 

Some earlier studies utilising patient-derived iPSCs harbouring a variant did not have patient 

mutant corrected control lines, instead using control lines from a completely different 

genetic background (181,182). Since cardiomyopathies are believed to be influenced by a 

Figure 1-11 The differentiation protocol of iPSCs to iPSC-CM. Initiation begins by the activation of WNT 

signalling pathway at day 0 to day 2 to force iPSCs into mesoderm differentiation, before cardiac specification via 

WNT signalling pathway inhibition from day 3 to 5. iPSC-CMs are enriched in glucose deprivation between days 

10 and 13. Each line represents a media change unless otherwise stated. MD = media dilution. 
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combination of common variants, it is vital that the control iPSCs have the same genetic 

background as the mutant. 

Combined with the use of clustered regularly interspace short palindromic repeat-associated 

protein 9 (CRISPR-cas9) or transcription activator-like effector nucleases (TALENs), 

specific cardiac variants can be genetically engineered into isogenic control iPSCs or iPSCs 

can be derived from patients and have their genetic abnormality repaired as a control 

(183,184).  CRISPR-cas9 edits genes by using a guide RNA sequence to direct the cas9 

enzyme to specifically cut the DNA at the precise target location, introducing double-strand 

DNA breaks (185). Genome editing is then stimulated in the damaged DNA as it undergoes 

either nonhomologous end joining or homology-directed repair (Figure 1-12) (185,186). 

 

 

Figure 1-12 Scheme of CRISPR/Cas9-assisted genome editing mechanisms. A nuclease-induced 

double-strand break is generated by Cas9 and repaired either by non-homologous end joining (NHEJ) or 

homology-directed repair (HDR). NHEJ introduces either insertion or deletion mutations at the double-

strand break site. HDR precisely introduces sequence replacement and insertion based on a donor DNA 

template. Image taken from Sander and Joung, 2014 
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Since its arrival, iPSC-CMs have been used to investigate key cardiomyopathy disease genes 

and their patient-specific variants utilising the following functional outputs: contractility, 

sarcomere length and organisation, calcium and voltage signals etc (187). In addition to now 

being able to study rare inherited diseases by isolated iPSCs from patients, iPSC-derived 

cells have enabled targeted drug development, opening the door to personalised medicine 

which is tailored to the genetic signature of the patient (89,99,155,188). 

 

1.9 A combined approach 

Rodent and iPSC-CM models for studying inherited cardiomyopathies both carry significant 

advantages and disadvantages themselves (Table 1-1).  

Rodent models are able to display adult cardiac features whereas although iPSC-CMs are 

human, they display very immature phenotypes (189–191). By using both models, reported 

phenotypes can be validated and be more likely corroborated in adult humans. 

Table 1-1 Comparative Pros and Cons list for rodent and iPSC-CM models for modelling cardiomyopathy. 

Model Pros Cons 

Rodent 

 

 

 

Ease of genetic modification 

Low cost 

 

Differences in electrophysiology 

High resting heart rate 

Shortened APD 

Different gene expression profile (N2B/N2BA, 

MYH6/MYH7) 

 

iPSC-CM Ease of genetic modification 

Patient-specific investigation – direct genotype-

phenotype association 

Comparable calcium handling properties 

 

Disorganised sarcomere structure 

Reduced cell size 

Immature gene expression (N2B/N2BA, 

MYH6/MYH7) 
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1.10 Hypothesis and Aims 

Investigating a specific variant will uncover information about how that variant causes HCM 

and the underlying disease mechanisms that may inform better personalised medicines. The 

current thesis focuses to elucidate the underlying mechanisms of HCM in a FLNC W2164C 

variant by (i) utilising a novel Flnc W2165C (equivalent to W2164C in humans) mouse 

model of HCM and (ii) a human iPSC line carrying the FLNC W2164C variant.  

The central hypothesis is that the FLNC W2164C missense variant causes cardiomyopathy 

and results in over-activated mechano-sensing processes.  

It is hypothesised that the combined use of a mouse model and the iPSC-derived 

cardiomyocyte model carrying the W2164C variant in FLNC will allow for insight into 

combined phenotypes of HCM, which may have relevance to patients carrying this mutation.  

1.10.1 Study of HCM in the Flnc W2165C mouse model  

Chapter three presents a characterisation of the mouse model harbouring this variant. By 

measuring the morphological, functional and molecular parameters of mutant mice, a 

cardiomyopathy phenotype was probed for. It is hypothesised that the mice will display a 

cardiomyopathy phenotype. 

1.10.2 Generation and characterisation of FLNC W2164C iPSC-CMs 

In the fourth chapter, the impact of this variant was characterised in the iPSC-CM model. A 

cardiomyopathy phenotype was also be probed for at a morphological, functional and 

molecular level and was predicted to result in a phenotype indicative of HCM. Due to model 

limitations, the cells will be characterised in regular 2D plastic culturing conditions, in the 

presence of a drug known to induce hypertrophy and on surfaces of a physiological stiffness. 

By culturing human iPSC-CMs on surfaces of physiological stiffness, it is hypothesised that 
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the model will be matured and hence display a phenotype which is more comparable with 

what is observed in patients harbouring this variant. 

1.10.3 Assessing mechano-sensing properties of FLNC W2164C 

The fifth chapter was conducted in parallel to both Chapter 3 and 4 and is dedicated to 

specifically probing for the impact of this filamin C variant on mechano-sensing in both 

genetically-edited mouse and iPSC-CM models. Since the clinically-relevant FLNC variant 

is located in the supposed mechano-sensing hub, Ig20, disruptions to mechano-sensing can 

be interrogated. The aim of this work is to aid in the elucidation of the mechano-sensing role 

filamin C may have and its relevance to inherited cardiomyopathies. To achieve this, the 

mouse tissue was molecularly probed and iPSC-CMs underwent functional and molecular 

interrogation. For this chapter, all iPSC-CMs were cultured on PDMS of a physiological 

stiffness, as it was hypothesised that it would unmask any mechano-sensing phenotype by 

ensuring the cells were not mechanically compromised. It is hypothesised that the FLNC 

variant alters the dynamic properties of filamin C and, thus results in constitutively active 

mechano-sensing processes.  
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Chapter 2 : MATERIALS AND METHODS 

All buffers and solutions are included in the Appendix (Table S1). Commercial kits and 

other commercial products are also summarised in the Appendix (Table S2). Instruments 

used are mentioned throughout the methods. 

2.1 Materials 

2.1.1 iPSC line 

KOLF2-C1 iPSC line (WTSli018-B-1) was derived from health male skin fibroblasts, given 

as a gift from the Wellcome Sanger Institute.   

[http://www.hipsci.org/lines/#/lines/HPSI0114i-kolf_2 ] 

2.1.2 Antibodies 

All antibodies used in this thesis are listed in Table 2-1.  

Table 2-1: List of antibodies. The concentrations used for each application are stated. Abbreviations: IF, 

immunofluorescence; WB, immunoblot; IP, immunoprecipitation; FACS, fluorescence assisted cell sorting.  

Primary antibbodies 

Antigen Host Source Catalogue No. Concentration 

GAPDH Rabbit 
Cell Signalling 

technology 
D1H11 1: 10 000 (WB) 

ACTN2 Rabbit Abcam Ab68167 
1: 5000 (WB), 1:500 

(IF) 

ACTN2 Mouse Abcam Ab9465/Ea53 1:500 (IF) 

Vinculin Rabbit ProteinTech 26520-1-AP 1: 2000 (WB) 

FLNC Rabbit 

Medical Research 

Council, Protien 

Phosphorylation and 

Ubiquitinylation 

S661B 
1: 2000 (WB) 1:100 

(IP) 

FLNC Rabbit 
Cell Signalling 

Technologies 
D1K3J 1:100 (IF) 

F-actin (Alexa 

Fluor 633  

conjugated 

phalloidin) 

- Invitrogen A22284  1:500 (IF) 

Connexin-43 Rabbit Abcam Ab11370 1: 3000 (IB) 

http://www.hipsci.org/lines/#/lines/HPSI0114i-kolf_2


33 
 

MYOT Mouse Insight Biotechnology SC-393957 1:200 (IF) 

AIF Rabbit ProteinTech  17984-1-AP 1:1000 (IB) 

NDUFV1 Rabbit ProteinTech 11238-1-AP 1:500 (IB) 

UQCRC2 Rabbit ProteinTech 14742-1-AP 1:500 (IB) 

FBLIM1 Rabbit ProteinTech 13349-1-AP 1:1000 (IB) 

BAG3 Rabbit ProteinTech 10599-1-AP 1:1500 (IB) 

MYOT Rabbit ProteinTech 10731-1-AP 
1:3000 (IB), 1:100 

(IF) 

MYOT Mouse Leica 
NCL-

MYOTILLIN 
1:100 (IF) 

LC3 Rabbit 
Cell Signalling 

Technologies 
2775 1:500 (IB) 

p62 Rabbit ProteinTech 66184-1-IG 1:1000 (IB) 

XIRP1 Rabbit ProteinTech 11896-1-AP 1:1500 (IB) 

MYH7 Rabbit ProteinTech 22280-1-AP 1:3000 (IB) 

HSPB7 Rabbit ProteinTech 15700-1-AP 1:500 (IB), 1:100 (IF) 

HSP27 (HSPB1) Mouse 
Cell Signalling 

Technologies 
2442 

1:1000 (IB), 1:100 

(IF) 

HSP70 Rabbit 
Cell Signalling 

Technologies 
4872 1:1000 (IB) 

Cadherin Mouse 
BD Transduction 

Laboratories 
610254 

1:2000 (IB), 1:400 

(IF) 

Tropoinin T 

(cTnT) 
Rabbit Abcam Ab45932 

1:2000 (IB) 1:100 

(FACS) 

MLC2V Rabbit ProteinTech 10906-1-AP 1:100 (FACS) 

Secondary antibodies 

Specificity Host Source Catalogue No. Concentration 

anti-Rabbit IgG 

IRDye 800CW 
Goat LI-COR 926-32211 1: 10 000 (WB) 

anti-Mouse IgG 

IRDye 680RD 
Goat LI-COR 926-68070 1: 10 000 (WB) 

Alexa Fluor 488-

conjugated anti-

rabbit IgG 

Goat Invitrogen A11034 1:500 (IF) 
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Alexa Fluor 488-

conjugated anti-

mouse IgG 

Goat Invitrogen A11029 1:500 (IF) 

Alexa Fluor 568-

conjugated anti-

rabbit IgG 

Goat Invitrogen A11036 1:500 (IF) 

Alexa Fluor 647-

conjugated anti-

rabbit IgG 

Donkey Invitrogen A31573 1:500 (IF) 

Alexa Fluor 647-

conjugated anti-

mouse IgG 

Donkey Invitrogen A31571 1:500 (IF) 

DAPI - Sigma-Aldrich 28718–90–3 1:500 (IF) 

 

2.1.3 Probes and primers for qPCR 

Probes and primers for qPCR are listed in Table 2-2. 

Table 2-2 Assays for qPCR. All assays were FAM-MGB TaqMan Assays (Applied Biosystems) unless stated otherwise.  

TaqMan Probes 

Transcript Species Assay ID 

ACTA1 Human 

Mouse 

Hs05032285_s1 

Mm00808218_g1 

ACTN2 Human 

Mouse 

Hs00153809_m1 

Mm00473657_m1 

ANKRD1 Human 

Mouse 

Hs00923600_m1 

Mm00496512_m1 

ANKRD2 Human 

Mouse 

Hs00220469_m1 

Mm00508030_m1 

BAG3 Human 

Mouse 

Hs00188713_m1 

Mm00443474_m1 

COL1A1 Human 

Mouse 

Hs00164004_m1 

Mm00801666_g1 

COL3A1 Human 

Mouse 

Hs00943809_m1 

Mm00802300_m1 

CRYAB Human 

Mouse 

Hs00157107_m1 

Mm00515567_m1 

CSRP3 Mouse Mm00443379_m1 

FBLIM1 Human 

Mouse 

Hs01036329_g1 

Mm00505298_m1 

FHL1 Human 

Mouse 

Hs00793641_g1 

Mm04204611_g1 

FHL2 Human 

Mouse 

Hs00991865_m1 

Mm00515781_m1 

FLNC Human 

Mouse 

Hs00155124_m1 

Mm00471824_m1 

GAPDH (VIC-MGB 

labelled) 

Human 

Mouse 

4626317E 

4352339E 

GJA1 Mouse Hs00748445_s1 
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HK2 Human Hs00606086_m1 

HSPA8 Human 

Mouse 

Hs03044880_gH 

Mm01731394_gH 

HSPA1A Human 

Mouse 

Hs03044880_gH 

Mm01159846_s1 

HSPB1 Human 

Mouse 

Hs00356629_g1 

Mm00834384_g1 

HSPB7 Human 

Mouse 

Hs00205296_m1 

Mm04210487_m1 

LOX Mouse Mm00495386_m1 

MYH6 Human Hs01101425_m1 

MYH7 Human 

Mouse 

Hs01110632_m1 

Mm00600555_m1 

MYL2  Human Hs00166405_m1 

MYL7 Human Hs01085598_g1 

MYOT Human 

Mouse 

Hs00199016_m1 

Mm00498877_m1 

NPPA Human 

Mouse 

Hs00383230_g1 

Mm01255748_g1 

NPPB Human 

Mouse 

Hs00173590_m1 

Mm01255770_g1 

PDK4 Human Hs01037712_m1 

PGM5 Human 

Mouse 

Hs00222671_m1 

Mm02031187_s1 

RCAN1 Mouse Mm00627762_m1 

TNNT Human Hs00943911_m1 

TTN Human Hs00399225_m1 

SYBR Green 

Transcript Species Sequence (5’ – 3’) 
TTN N2BA (spanning 

exons 11-12)F7-R7 

Human CCGGGAGCTCAAGAAGA

AA 

TGACTTTGGGTGTGGCA

ACT 

TTN N2BA and N2B 

(exons 49-50) F9-R9 

Human TGAGGCCTTGAATGACA

GCG 

GATCACTGGGGCAGCTC

TTT 
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2.2 Methods 

2.2.1 Mouse model 

2.2.1.1  Generation of mouse model 

C57BL/6J mice carrying the W2165C variant in the Flnc gene (the murine equivalent of the 

human W2164C) at a homozygous and heterozygous level were generated by CRISPR-Cas9 

techniques at The Transgenic Core (Dr Ben Davies), Wellcome Centre for Human Genetics, 

University of Oxford. The mouse W2165C variant is equivalent to the human W2164C 

variant in the identified HCM family. Mice were bred, maintained and culled at The 

Wellcome Trust Centre for Human Genetics, University of Oxford. Mice were culled in 

accordance with HO schedule 1 regulations by cervical dislocation followed by confirmation 

of death (cessation of circulation by cutting major blood vessel or removal of the heart). 

2.2.1.2 Echocardiography of mouse model 

Mice were initially anesthetised using 2 % isoflurane supplemented with 100 % oxygen in 

an anaesthesia box. Once suitably unconscious, the mouse was transferred to a warming 

platform with nose cone supplying anaesthesia in a supine position. Conductance gel was 

placed onto the four electrodes within the warming and paws were subsequently taped to 

monitor heart rate and ensure it is maintained at 450±50 BPM. Eye cream was applied to the 

eyes to keep them lubricated while anesthetised. A rectal probe was inserted with the aid of 

lubricant to measure core body temperature throughout the procedure. Depilatory cream 

(Nair) was applied to the chest area to remove hair from the area to be imaged. Once hair 

was been removed and area was been cleaned with warm water, pre-warmed ultrasound gel 

was applied to the area to be imaged. The system used was a Vevo 2100 system 

(VisualSonics) with a 550XD transducer.  
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The platform was tilted slightly downward and the transducer was made parallel to the 

sternum. Once the aorta was in view, the transducer was turned anti-clockwise until the left 

ventricular apex was in line with the aorta. Next the transducer was rotated 90o to visualise 

the short axis view of the left ventricle at the level of the papillary muscles. Motion mode 

(M-mode) was used to analysed the left ventricular posterior wall (LVPW), left ventricular 

internal diameter (LVID) and left ventricular anterior wall (LVAW) at both diastole and 

systole. These measurements were quantified offline using Vevolabs software 

(VisualSonics) and used to calculate the following parameters; ejection fraction, fractional 

shortening, left ventricular mass, left ventricular volume in diastole and systole.  

Left ventricular mass was also calculated using anterior wall thickness (LV mass AW 

corrected) in M-mode from measurement for the short axis view of the heart. These 

measurements were corrected by a factor of 0.8. 

Note: This method was carried out by Austin Jiang. 

2.2.1.3 Mouse gravimetry 

Mice were culled as described above. Mouse tibia length was measured and used to correct 

heart weight. Heart weight (HW), body weight (BW), and tibia length (TL) measurements 

were taken post-treatment of saline/ang-II and also at baseline.  

Mouse tibia length was measured using digital callipers following incubation of tibiae 

overnight with 0.8M sodium hydroxide (Scientific Laboratory Supplies, CHE3416) and 

removal of excess muscle, patella, and foot. Body weight and height weight were measured 

to calculate ratios of heart weight to tibia length (HW/TL), heart weight to body weight 

(HW/BW), and tibia length to body weight (TL/BW). 
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2.2.1.4 Angiotensin-II treatment 

Method for angiotensin-II (Ang-II) treatment was followed as according to ISO/PE 

treatment in Jiang et al. (192) but with Ang-II instead. On day 0, mice underwent 2% 

isofluorane anaesthesia and maintained in 100% oxygen. A small dorsal area was shaved to 

reveal an area between the shoulder blades and the mouse was covered in large tegaderm 

drape. A small, straight incision was made with blunt-ended scissors and the skin was 

dissected to make a pocket. The prepared mini-pump was inserted into the incision, and 

pushed through the skin pocket to reach the desired position. Once the mini-pump reached 

the desired location, the incision was sutured closed. The post-operative recovery of the 

mice was then measured. 

Mice were given Ang-II at a concentration of 1.1 mg/kg BW per day and the mice were 

monitored daily. Echo measurements made at baseline was conducted 2-3 days before the 

implant, then again following 2-weeks of osmotic minipump treatment. Mice were then 

culled for recording heart weight, body weight and tibia length. 

Note: Ang-II treatment and tissue collection was carried out by Austin Jiang. 

2.2.2 iPSC culture 

2.2.2.1 iPSC maintenance 

The KOLF2 isogenic human induced pluripotent stem cell (iPSC) line derived from a 

healthy individual was cultured, passaged and underwent differentiation into iPSC-derived 

cardiomyocytes (iPSC-CMs). All iPSC and iPSC-CM cell cultures (including differentiation 

protocols) were maintained in a humidified incubator at 37oC, 5% CO2, 20% O2.  

Tissue culture wells were pre-coated with an extracellular matrix to allow improved 

adhesion. Matrigel (Corning) or GelTrex (Life Technologies) was incubated in DMEM/F12 
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(Life Technologies) at a ratio of 1:200 for 4 hours at 37oC. These were for iPSC maintenance 

and iPSC-CM differentiation. 

iPSCs were maintained in mTeSR Plus (StemCell Technologies). Medium was changed 

every other day until the cells had reached 90-95% well confluence. Once confluent, cells 

were dissociated using 0.5 mM EDTA/PBS (ThermoFisher Scientific). iPSCs were collected 

and plated in mTeSR Plus with 10 μM Rho Kinase (ROCKi) inhibitor, Y-27632 (Selleck). 

ROCKi containing mTeSR Plus medium was replaced with mTeSR Plus within 20 hours of 

passage. 

For cryopreservation, 0.5 mM EDTA/PBS was used to dissociate iPSCs and resuspended in 

mFreSR (StemCell Technologies). The cell suspension was transferred into a cryovial in a 

dropwise manner at approximately 106 cells per cryovial. iPSCs were moved into the cooling 

unit “Mr Frosty” and stored at -80 oC overnight before long-term preservation in liquid 

nitrogen. 

Frozen cells were thawed at 37 oC for approximately 1 minute until a small ice crystal 

remained. The cell solution was then gently added to culturing medium and centrifuged at 

200 g for 3 minutes. The collected cell pellet was resuspended in mTeSR Plus supplemented 

with 10 μM ROCKi and plated in Matrigel/GelTrex coated tissue culture wells. 

2.2.2.2 iPSC-CM differentiation 

iPSC-CMs were generated in house based on a chemically defined differentiation protocol (Figure 2-

1)  (179). Three days prior to differentiation initiation, iPSCs were passaged and seeded at 100,000 

cells per 6-well dish. 
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Induction of cardiac differentiation began when iPSC well confluence reached approximately 90%. 

mTeSR Plus medium was replaced with RPMI 1640 medium (Gibco) with a B27 supplement lacking 

insulin (Gibco) (RPMI-MinIns) on Day 0. Parallel to the media change, the WNT signalling pathway 

was activated by the inclusion of 8 μM CHIR99021 (Selleck) in the medium solution, this was then 

diluted with RPMI-MinIns to 4 μM the following day (Day 1). On day 3, addition of 5 μM IWR-1 

(Selleck) to the medium change stimulated the inactivation of the WNT signalling pathway. A medium 

change of RPMI–MinIns was done on day 2 and day 5 to remove CHIR99021 and IWR-1. A medium 

change at day 7 of RPMI 1640 medium with B27 supplement containing insulin (Gibco) (RPMI-

PlusIns) indicates the end of directed differentiation and spontaneous contractions are expected from 

this day. All media changes from day 0 until day 7 were supplemented with 30 μM L-ascorbic acid. 

At day 10 iPSC-CMs underwent glucose deprivation until Day 12 in glucose-lacking RPMI 1640 

(Gibco) + B27 + Ins to enrich the iPSC-CM population. 

2.2.2.3 iPSC-CM maintenance and passage 

Cardiomyocytes were maintained in glucose containing RPMI+B27+Ins media, changing 

media once every two days.  

When necessary (e.g. for passage onto coverslips), iPSC-CMs were passaged. Cells were 

dissociated in TrypLE Select 10X (Life Technologies) was added to each well and incubated 

twice for 4 minutes, gently shaking the plate in between. Plating media (90 mL 

Figure 2-1 The differentiation protocol of iPSCs to iPSC-CM. Initiation begins by the activation of WNT 

signalling pathway at day 0 to day 2 to force iPSCs into mesoderm differentiation, before cardiac specification 

via WNT signalling pathway inhibition from day 3 to 5. iPSC-CMs are enriched in glucose deprivation between 

days 10 and 13. Each line represents a media change unless otherwise stated. MD = media dilution. 
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RPMI+B27+Ins, 10 mL knock-out serum replacement, 20 μl thiazovivin) inactivates the 

dissociating reagent and further dissociation was done. The cell-containing media was 

transferred into a falcon tube via 50 μm3 filter cap. Cardiomyocyte solution was centrifuged 

at 215G for 3 minutes at room temperature. Plating media was aspirated, and the cell pellet 

was resuspended for plating onto Matrigel/GelTrex DMEM/F12 (Life Technologies) coated 

6-well plates (Corning) at appropriate densities (approximately 1 million per well of 6-well 

plate). 

2.2.2.4 Isoprenaline treatment 

iPSC-CMs at 27-days old, underwent DMSO or 10 μM isoprenaline treatment daily for two 

days before being harvested at day 30 for protein and transcript analyses (193). On the day 

of harvesting, the beating frequency of iPSC-CMs was recorded by manual counting in a 

temperature uncontrolled environment. 

2.2.2.5 Treatment of iPSC-CMs for autophagic flux 

Autophagic flux was measured by treated iPSC-CMs at day 29 with either DMSO or 50 μM 

chloroquine (CQ) diluted in RPMI-B27+Ins for 24 hours. Samples were harvested after 24 

hours (day 30). iPSC-CMs were starved of glucose 48 hours before CQ treatment. 

2.2.3 Proteomics of murine cardiac tissue 

To analyse the proteomics profiles of wild-type and Flnc W2165C mutant cardiac tissue, 

proteins were extracted from ventricular tissue (n = 6 per group: 3 male, 3 female), subjected 

to subcellular fractionation and methanol/chloroform protein precipitation prior to protein 

quantification via mass spectrometry techniques.  

Organ harvest: Mice were sacrificed by cervical dislocation, the heart excised and rinsed in 

ice cold PBS. Atria were removed and ventricular tissue snap frozen in liquid nitrogen. 



42 
 

Hearts were later transported to the University of Birmingham where the molecular 

characterisation discussed in this report took place.  

2.2.3.1 Subcellular fractionation 

At 14 weeks old, ventricular tissue were excised and snap frozen to be stored at -80oC until 

needed. The frozen tissue was pulverised using the BioPulverizer (BioSpec) in liquid 

nitrogen. Powdered tissue (approx. 5 mg) was homogenised with Lysis Buffer 1 (LB1) 

(Table S1) followed by a 15 min incubation at 4oC. The volume of LB1 used was at a ratio 

of 10 μL per 1 mg tissue. The homogenate was centrifugated at 17 000 g for 30 minutes at 

4 oC. The supernatant consisting of the cytosol-enriched fraction was removed. The 

remaining pellet was resuspended with the same volume of Lysis Buffer 2 (LB2) (Table S1), 

incubated for 15 minutes at 4oC and centrifugated at 17 000 g for 30 minutes at 4oC. The 

supernatant containing the membrane-enriched fraction was collected. The myofilament-

enriched fraction was extracted by resuspending the insoluble pellet in LB2 and underwent 

an additional 15 minutes incubation at 4oC. All three fractions contained equal volumes. 

This was validated by immunoblot analysis. 

2.2.3.2 Chloroform-methanol protein precipitation 

Due to the incompatibility of the high salt content of the lysis buffer, LB2, with mass 

spectrometry equipment, the fractionated protein samples underwent chloroform-methanol 

precipitation. Per 200 μL of LB2 containing fractionated protein sample 600 μL methanol 

was added and mixed thoroughly followed by the addition of 150 μL chloroform and 450 

μL H2O. After vortex the solution which becomes cloudy with precipitate was centrifuged 

for 1 minute at 14 000 g. The precipitate forms a protein flake separating two aqueous layers. 

The top aqueous layer was removed prior to the addition of 450 μL methanol and vortex 
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before an additional centrifugation for 5 minutes at 20 000 g. Methanol was removed and 

the remaining protein pellet dried under a vacuum. 

2.2.3.3 Protein digestion, identification and quantification 

The chloroform/methanol enriched proteins were sent to the School of Biosciences, 

University of Birmingham for trypsin protein to peptide digestion, liquid chromatography 

with tandem mass spectrometry and protein identification and quantification.  

Trypsin digestion was performed using 10 µL of samples (up to 10 µg of protein) and added 

40 µL of 100 mM ammonium bicarbonate (pH 8). The samples were then incubated with 50 

µL 10 mM dithiothreitol (DTT) at 56oC for 30 minutes. After cooling to room temperature, 

cysteines were alkylated by the addition of 50 µl 50 mM iodoacetamide, mixed and 

incubated at room temperature in the dark for 30 mins. Finally, 50 µl of trypsin gold 

(Promega, 6 ng/µl) was added to the samples, which were then incubated at 37oC overnight. 

The samples were desalted using Millipore C18 ZipTips after pre-wetting in 100 % 

acetonitrile and rinsed in 2X 10 µL 0.1 % formic acid. Samples were then repeat pipetted 

through the volume of the samples ten times. The tip was then washed 3 times with 10 µL 

0.1% formic acid to remove excess salts. Peptides were eluted in 10 µL 50% 

acetonitrile/water/0.1% formic acid and dried to remove acetonitrile. All desalted samples 

were resuspended in 0.1% formic acid solution in water. 

UltiMate® 3000 HPLC series (Dionex) was used for peptide concentration and separation. 

Samples were trapped on precolumn, Acclaim PepMap 100 C18, 5 um, 100A 300um i.d. x 

5mm (Dionex) and separated in Nano Series™ Standard Columns 75 µm i.d. x 15 cm, 

packed with C18 PepMap100, 3 µm, 100Å (Dionex). The gradient used was from 3.2% to 

44% solvent B (0.1% formic acid in acetonitrile) for 30 min. The column was then washed 
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with 90 % mobile phase B before re-equilibrating at 3.2% mobile phase B. Peptides were 

eluted directly (~ 350 nL min-1) via a Triversa Nanomate nanospray source (Advion 

Biosciences) into a QExactive HF Orbitrap mass spectrometer (ThermoFisher Scientific). 

The spray voltage of QE HF was set to 1.7 kV through Triversa NanoMate and heated 

capillary at 275°C.  The mass spectrometer performed a full FT-MS scan (m/z 360−1600) 

and subsequent higher-energy collisional dissociation (HCD) MS/MS scans of the 20 most 

abundant ions with dynamic exclusion setting 15S. Full scan mass spectra were recorded at 

a resolution of 120,000 at m/z 200 and automatic gain control (AGC) target of 3×106. 

Precursor ions were fragmented in HCD MS/MS with resolution set up at 15,000 and a 

normalized collision energy of 28. AGC target for HCD MS/MS was 1x105. The width of 

the precursor isolation window was 1.2 m/z and only multiply-charged precursor ions were 

selected for MS/MS. Spectra were acquired for 56 mins. 

2.2.3.4 Downstream analysis and visualisation 

Label-free quantification was determined from raw data outputs via the MaxLFQ 

workflow(194) on the quantitative proteomics platform MaxQuant version 1.6.14. 

Downstream analysis on the free bioinformatics-based computational platform Perseus 

version 1.6.12.0 was used to uncover biologically relevant information(195). This dataset 

was split to isolate the membrane and myofilament data and subjected to false hit filtration 

(removing potential contaminants, reverse sequences and hits only identified by one site), 

median subtraction normalisation and logarithmic transformation. Since some proteins go 

unquantified due to technical and/or biological reasons, proteins with at least 3 valid 

quantified values in at least one group (WT/FLNC W2165C) were kept. All remaining 

unquantified samples were replaced with imputed values from the normal distribution. 

Statistical quantification was determined by a 2-sample T-test whereby the permutation-
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based false discovery rate (FDR) was used. An FDR threshold of 0.05 was set. Perseus 

outputs for membrane and myofilament datasets were visualised using RStudio version 

1.2.1335. Since the permutation-based FDR value has been shown to overestimate the FDR 

value, setting a relaxed threshold was also used (Fold change<2, q-value < 0.05 thus -logP 

< 1.301)(196,197), STRING analysis was performed alongside using the Functional 

Annotation Tool (DAVID Bioinformatics Resources 6.7) to pull out KEGG pathway and 

gene ontology information and visualised via REVIGO. 

 

2.2.4 Protein extraction and immunoblotting 

Cells were harvested as cell pellets before further use at day 30. TryPLE Select 10X was 

used as the dissociation reagent before collecting cells in PBS in an Eppendorf tube. iPSC-

CM containing Eppendorfs were centrifuged at 13 000 g for 5 minutes at 4 oC. PBS was 

aspirated and cell pellet was stored in -80 oC freezer until needed. 

Cell pellets were denatured in 2X SDS-SB and fractionated tissue solutions were denatured 

with equi-volume of 2X SDS-SB for 3 minutes at 100 oC. Protein samples underwent 

sonication.  

Protein samples were separated by 4-15% polyacrylamide SDS-PAGE gel (Biorad) and 

transferred to nitrocellulose membranes via iBlot 2 Gel Transfer Device (Invitrogen). 

Ponceau S solution (Sigma-Aldrich) was applied to the membrane to allow visualisation of 

total protein for imaging. Ponceau S solution was washed off in deionised water. 

The membranes were blocked in 5% semi-skimmed milk powder in tris-buffer saline 

(Sigma-Aldrich) supplemented with 0.1% Tween-20 (VWR) (TBST) for 1 hour. 

Subsequently, primary antibodies were incubated in fresh 5% milk supplemented TBST for 
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16 hours at 4 oC. The membrane was washed with 0.1% TBST 5 times for 5 minutes each 

on a rocking platform. Bound primary antibodies were detected by fluorescently labelled 

goat anti-rabbit or anti-mouse secondary antibodies diluted in the 1% semi-skimmed milk 

powder in TBST at room temperature for 1 hour (concentrations found in Table 2-1). Protein 

bands were detected on the Odyssey Fc Imaging System (LI-COR) by fluorescence at 700 

nm and 800 nm. Protein bands were quantified by densitometry on ImageJ software (version 

1.53c). 

2.2.5 RNA extraction, cDNA synthesis and quantitative polymerase chain reaction (PCR) 

Cells were harvested as cell pellets before further use at day 30. TryPLE Select 10X was 

used as the dissociation reagent before collecting cells in PBS in an Eppendorf tube. iPSC-

CM containing Eppendorfs were centrifuged at 13 000g for 5 minutes at 4oC. PBS was 

aspirated and cell pellet was stored in -80oC freezer until needed. 

Total RNA was extracted from iPSC-CMs using TRIzol Reagent (Invitrogen) in a fume-

cupboard and followed the Directzol RNA MiniPrep Kit (Cambridge Bioscience) protocol. 

Potential contaminant genomic DNA was removed by RNase-Free DNase Set (Qiagen) with 

400 μL wash buffer. 

Reverse transcriptase-PCR was used to synthesise cDNA by following the High-Capacity 

cDNA Reverse Transcription Kit protocol (Applied Biosystems). 

Quantitative real-time PCR was carried out using TaqMan™ probes Fast Advanced Master 

Mix 2X (Thermo Fisher) protocol on the Applied Biosystems 7500 Fast Real-Time PCR 

system. Analysis of transcripts N2B and N2BA was performed using PowerUP SYBR Green 

Master Mix (Applied Biosystems). Transcript expression was displayed as a fold change, 
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calculated by means of ∆∆Ct (2-∆(∆Ct) using either GAPDH, ACTN2, or cTnT, as 

normalisation genes. TaqMan and SYBR green probes are presented in Table 2-2.  

 

2.2.6 Immunofluorescence 

Cells and cryo-sectioned tissues were washed in PBS, fixed in 4% paraformaldehyde for 15 

minutes at room temperature. The cells were then washed with PBS and were stored in 

0.01% sodium azide at 4 oC. 

Fixed samples were permeabilised in 0.2% triton-X-100/PBS for 15 minutes at room 

temperature and blocked for 1 hour in 5% bovine serum albumin (BSA) (Sigma-Aldrich). 

Primary antibodies were diluted (as according to Table 2-2) in 5% BSA and applied to the 

sample overnight at 4 oC. The primary antibodies were subsequently washed off in PBT 3 

times and incubated with secondary antibodies diluted in 5% BSA for 1 hour. Stained wells 

were washed in PBT and mounted onto a lean glass slide containing Hydromount mounting 

medium (National Diagnostics).  

All samples were assessed and imaged by confocal microscopy (Zeiss LSM780) with the 

solid-state laser illumination sources using either a 40X water-immersion and 63X oil-

immersion objective lens at 1024*1024-pixel resolution with 7.5X zoom factor.  

2.2.6.1 CellPose 2.0 

Cell area was determined by CellPose 2.0, a deep-learning algorithm (198). iPSC-CMs 

were stained with a sarcomere marker (ACTN2/F-actin) and underwent automatic 

segmentation on CellPose 2.0. Segments were corrected manually and images were 

processed again to train the model. Cell segment masks were processed on ImageJ to 

obtain the estimated cell area. 
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2.2.6.2 Z-line detection 

For measurements pertaining Z-line length and myofibrillar skewness, the iPSC-CMs were 

stained with ACTN2/F-actin and underwent instruction of the script ‘ZlineDetection’ on 

MATLAB version 9.5.0.1033004 (R2018b) (199). 

2.2.7 Flow cytometry 

To maximise cell numbers for flow cytometry analysis, iPSC-CMs were cultured for a 

maximum of day 30.  

iPSC-CMs underwent dissociation by incubating in accutase (Life Technologies) for 4 

minutes at 37.5 oC, swirling and incubating for a further 4 minutes prior to inactivation with 

1 mL PBS and forceful dissociation via P1000 tip. After dissociation, iPSC-CMs underwent 

a 3-minute 200 g centrifugation and the cell pellet was resuspended in 200 μL PBS. Samples 

were washed with 200 μL 1% BSA/PBS, transferred into assigned 96-wel Eppendorf tubes 

and was centrifuged for 5 minutes at 500 g at 4 oC.  

Fixation took place on ice, using 2% PFA/0.1% Triton-X-100/PBS for a 20-minute 

incubation. This was followed by addition of 0.1% Triton-X-100/PBS solution and 

centrifuged as described. An additional 0.1% Triton-X-100/PBS solution and centrifugation 

were done before 50 μL 0.1% Triton-X-100/PBS solution resuspension. 

The primary antibodies were added directly to the Eppendorf tube (concentrations found at 

Table 2-2) and incubated for approximately 16 hours at 4 oC. The secondary antibodies were 

incubated for 30 minutes on ice after 3 washes in 0.1% Triton-X-100/PBS solution. 

Secondaries were then washed three times in 0.1% Triton-X-100/PBS solution. Fixed cells 

were run on the Beckamn Coulter Cytoflex and analysed on FlowJo version 10.8.1. 
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2.2.8 Live-cell imaging 

2.2.8.1 Adenoviral transduction and SarcTrack contractility analysis 

At least 7 days before contractility measurement, iPSC-CMs were seeded at approximately 

1 x 105 cells per 3.5 cm glass bottomed culture dish. The cells were transduced with 

adenoviral vectors containing a mScarlet-ACTN2 cassette for 1 hour at a dilution of 1: 10 

000 (from stock) before changing medium to RPMI-PlusIns. After 48 hours, medium was 

changed to Tyrode’s HEPES solution. Contraction videos were acquired on the Olympus 

IX81 microscope using a 100X oil-immersion lens at 37 oC at 50 frames per second. The 

mScarlet-ACTN2 adenoviruses used were generated by Dr Violetta Steeples. Contractility 

of the sarcomere was analysed by SarcTrack scripts in collaboration with Professor Chris 

Toepfer, Dr Yiangos Psaras and Dr Violetta Steeples (200). 

2.2.8.2 Mitochondrial membrane potential 

JC-10 Mitochondrial Membrane Potential Kit (Sigma-Aldrich), was used to measure 

potential across membrane potential in live iPSC-CMs. Prior to JC-10 incubation, cells were 

seeded at roughly 40 000 cells/well of a 4-chamber Ibidi slide. JC-10 Dye was added to 

RPMI-PlusIns for 1-hour incubation. Fluorescence intensity was measured at λex = 490 nm, 

λem = 525 nm and λex = 540nm, λem = 590 nm for ratio analysis. The ratio of red/green 

fluorescence intensity was used to measure mitochondrial membrane potential. Videos were 

acquired in an incubation chamber (37 oC, 5% CO2) using the LSM880 confocal microscope 

with the 63X oil-immersion objective lens. Image data was processed using ImageJ 

software. 
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2.2.8.3 Lysosomal assessment 

The LysoTracker red DND-99 fluorescent probe (Invitrogen) was incubated for 1 hour at 75 

nM in RPMI-PlusIns. Videos were acquired in an incubation chamber (37 oC, 5% CO2) 

using the LSM880 confocal microscope with the 63X oil-immersion objective lens.  

2.2.9 Autophagic flux assessment 

iPSC-CMs were treated with either DMSO or with 20 uM of chloroquine for 24 hours. 

Protein was extracted from cells as described above and immunoblotting was performed to 

determine the p62, LC3-I and LC3-II expression relative to GAPDH. Quantitation was 

performed using densitometry on ImageJ. 

2.2.10 Polydimethylsiloxane generation 

Polydimethylsiloxane (PDMS) substrates with tuneable stiffnesses were prepared using 

Sylgard 184 and Sylgard 527 (Dow Corning) used at 2 different Sylgard 184:527 mass ratios 

(1:10 and 1:20). These were blended and applied to plasma-treated coverslips by vacuum 

assisted spin coating (Spin150i, Polos) at 1000 rpm for 40 seconds to create a thin PDMS 

layer on the coverslip (Figure 2-2). PDMS-coated coverslips were cured at 65oC for 8-12 

hours before undergoing ethanol sterilisation and PBS leeching washes to remove 

unpolymerized silicone.  

 

Figure 2-2 Schematic of spin-coating a PDMS mixture of defined stiffness from droplet to a thin even PDMS 

layer. 
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Standard ECM coating procedures beforementioned were followed prior to seeding. iPSCs 

were cultured and differentiated into iPSC-derived cardiomyocytes on standard tissue 

culture plastics. Post-glucose starvation, iPSC-CMs were passaged onto PDMS-coated or 

uncoated coverslips and cultured until day 30 in this environment. 

Due to the practicalities of characterisation by immunofluorescence, iPSC-CMs on PDMS-

coated coverslips were compared with glass coverslips as a control with an estimated 

stiffness to be in the GPa range.  

 

2.3 Data analysis and statistics 

All statistical analyses were performed using GraphPad Prism software (version 9.4.1). For 

a two-group comparison, a Student t-test was used on normally distributed data. If not 

normally distributed, then a Mann-Whitney U-test was used. When measuring 2 groups of 

more, a one-way ANOVA. When testing the effect of two or more treatments, normal 

distributed data underwent a two-way ANOVA with multiple comparisons. Non-parametric 

data underwent a Kruskal-Wallis test. 
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Chapter 3 Flnc W2165C IN THE MOUSE MODEL 

3.1 Introduction  

As outlined in Chapter 1, FLNC has emerged as a novel HCM disease gene and contains a 

region (Ig18-Ig21, including the insertion in domain 20) which is proposed to play a role in 

mechano-sensing and signalling (102–107). By combining WGS and linkage analysis, a 

heterozygous FLNC W2164C missense variant was identified in a three-generation family 

affected by cardiomyopathy (158). These patients displayed HCM with features of 

restrictive cardiomyopathy and displayed electrocardiogram (ECG) changes indicative of 

remodelling. This tryptophan to cysteine amino acid change at position 2164 is located in 

the insertion within the Ig-domain 20 which is involved in targeting the protein to the Z-disc 

(201). The variant is predicted to render filamin C to be less structured and result in 

misfolding, hence altering the structure and function of the cardiomyocyte, potentially 

through hypertrophic remodelling. Along with structural roles, this region is predicted to 

have additional functions in aiding how cardiomyocytes sense and respond to changes in 

mechanical stress by engaging with molecular chaperones (98).  

With advances in next-generation sequencing, more genetic testing is done in clinical 

settings and more genetic variants in FLNC are identified. However, assigning causality to 

FLNC variants identified in such clinical genetic settings remains a challenge. Family cohort 

sizes are often small due to the extensive segregation analysis required (157). Also, 

determining the functional significance is limited due to a lack of available, variant-relevant 

patient cardiac tissue. This challenge remains when assigning causality and functional 

relevance to the FLNC W2164C variant. Therefore, relevant disease models are required for 

in-depth functional investigation. 



53 
 

The mouse is the model organism of choice due to 99% of human genes having direct murine 

orthologs and can recapitulate some phenotypes observed in human cardiac diseases such as 

hypertrophy.  

3.1.1 Hypothesis and Aims 

The FLNC W2164C missense variant is hypothesised to cause a cardiomyopathic phenotype 

in mutant mice and will display molecular features of hypertrophy and structural 

remodelling.  

The objective therefore was to elucidate the cardiomyopathic role of the HCM-disease 

associated Flnc W2165C variant in an adult mouse model (3-months). A mutant mouse 

model harbouring the Flnc W2165C variant (the mouse equivalent of the human FLNC 

W2164C variant) was previously generated by employing homology directed repair-based 

CRISPR-Cas9 methodology. The presence of the mutation in the edited mouse model was 

validated by Sanger sequencing. 

In this chapter, the hypotheses are tested through the following: 

1. To measure the in vivo cardiac phenotype of 3-month old mutant mice at baseline 

and in response to chronic AngII stimulation. 

2. To assess alterations of proteins involved in filamin C related mechano-signalling by 

unsupervised proteomics and validate these findings. 

3. To perform follow-up molecular characterisation of these changes in the mutant 

mouse at transcript level, at protein level and with regards to protein localisation. 

Note: Live mouse work was carried out by Austin Jiang and Sophie Broadway-Stringer. 

Molecular characterisation and data handling were carried out by myself. 
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3.2 Analysis approach for the proteomics data set 

Liquid chromatography mass spectrometry-driven proteomics (LC-MS) generates large 

amounts of high-quality data which allows for the identification and relative abundance 

determination of individual proteins. As described in the materials and methods section, 

proteins were digested into peptides which were in turn analysed by mass spectrometry. 

Based on the unique set of tryptic peptide patterns, the protein sequence was assembled and 

identified from MS/MS data in a process called peptide mass mapping. The subsequent 

dataset produced from the LC-MS experiments requires downstream analysis methods to 

extract the biological meaning from these datasets. Bioinformatics tools enable this large-

scale data processing. 

3.2.1 Data filtering 

Downstream analysis on the bioinformatics-based computational platform Perseus version 

1.6.12.0 was used to uncover biologically relevant information (195). The dataset was split 

to isolate the membrane and myofilament data and subjected to false hit filtration: removing 

potential contaminants, reverse sequences and hits only identified by one site. The 

abundance of a protein identified by LC-MS quantitation may be determined by as few as 

one peptide. Therefore, a cut-off is required to improve reliability - proteins with at least 3 

valid quantified values in at least one group (WT or Hom) were kept. Normalisation of the 

raw quantitative data removed non-biological related variations and aligned the data across 

the samples. Since the distribution of protein abundance is significantly skewed towards 

zero, logarithmic transformation on the intensity values was performed prior to 

normalisation by median subtraction (202). Due to stochasticity in sampling during the LC-
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MS experiment, the raw quantitative data may possess missing values (203). Missing values 

were replaced with imputed values based on the normal distribution of all proteins detected 

(204). MA plots (microarray plot) and hierarchical clustering were evaluated individually to 

determine the effectiveness of the data filtering and cleaning pre-processing steps. 

3.2.2 Determining significance 

To determine the significant protein level changes between WT and Hom fractionated tissue, 

statistical analysis by a 2-sample student t-test was performed. However, due to limited 

multiplexity, the sample sizes in proteomics data is small hence reducing the statistical 

power of the commonly used t-test. Since multiple hypotheses were being tested 

simultaneously, a false discovery rate (FDR) threshold was set up to reduce the number of 

false positives detected in this statistical analysis (205). The Benjamini-Hochberg adjusted 

FDR was chosen.  

3.2.2.1 Setting significance thresholds 

A minimum fold change (FC) was determined at >2 selecting a threshold at the inflection 

point of the graph to ensure the fold-change cut-off was neither too permissive or restrictive 

and Benjamini-Hochberg adjusted FDR (FDR<0.05). Since the -log(FDR) has been shown 

to overestimate the FDR value, setting a relaxed threshold was also used (Fold change<2, 

FDR < 0.05 thus -logP < 1.301) – the relaxed threshold (196,197). Perseus outputs for 

membrane and myofilament datasets were visualised using RStudio version 1.2.1335. 

3.2.3 Enrichment analysis 

Enrichment analysis was performed to identify pathways which are over- or 

underrepresented which may share common functions or have a role in the same pathway. 

Enrichment analysis was determined using the hits from the relaxed threshold of both 
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fractions combined and run on Gene Ontology (GO) Resources with Panther 17.0 to pull out 

GO Enrichment Analysis. 

Prior to analysis, a subset of proteins of interest was defined (Table 3-1). These proteins 

were chosen based on their location to the Z-disc, where filamin C is located, as well as 

proteins which have shown to interact with filamin C. HCM-associated proteins and those 

involved in the mechano-sensitive process of chaperone-assisted selective autophagy were 

also selected.  

Table 3-1 Proteins of interest prior to proteomics mass spectrometry experiment. Proteins displayed in the table came 

under four categories: Z-disc proteins, filamin C interactors, HCM-associated proteins and proteins involved in chaperone-

assisted selective autophagy. HCM, hypertrophic cardiomyopathy. 

Z-disc proteins Filamin C Interactors HCM-associated 

proteins 

Chaperone-assisted 

selective autophagy 

Titin (TTN) Myopodin (SYNPO2) FHL1, FHL2 Heat shock proteins 

(HSPs, HSPBs) 

Alpha actinin (ACTN2) Myotilin (MYOT) ACTA1 Cochaperones: CHIP, 

STIP1, BAG3 

Muscle LIM Protein 

(MLP) 

Aciculin (PGM5) MYH7 Transcriptional co-

activators: YAP, TAZ 

Myopalladin Xin actin-binding protein 

(XIRP1/2) 

ANKRD1/2 (CARP) Autophagy-related: 

NBR1, LC3, p62, LATS 

Z-disc stability: ZASP, 

Cypher, FATZ 

Filamin interacting 

protein (FILIP-1) 

RCAN (DSCR1) Alpha crystallin B 

(CRYAB) 
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3.3 Results 

3.3.1 Assessing the baseline cardiac phenotype of heterozygous and homozygous mice 

The cardiac phenotype of heterozygous (Het) and homozygous (Hom) Flnc W2165C mice 

was assessed relative to their wild-type (WT) littermates by echocardiography and 

gravimetry. Data derived from both male and females were combined for this section. 

At baseline, Hom Flnc W2165C mice displayed no significant trend in systolic function with 

fractional shortening unchanged (WT = 30.1±0.9 %; Hom = 28.9±1.1 %) (Table 3-2). Left 

ventricular volumetric dimensions did not appear to be affected at systole or diastole (Table 

3-2). Interestingly, the mean corrected left ventricular mass was lower in the HCM-

associated Hom mutant mice (97±4 mg) than in WT (101±3 mg) and Het (102±3 mg) mice, 

though this was not significant. When the heart weight was corrected to tibia length, the 

heart weight and ventricular weight was significantly reduced in Hom mice (HW/TL, 

7.80±1.42 mg/mm; VW/TL 5.93±01.08 mg/mm) compared to WT mice (HW/TL, 8.70±1.47 

mg/mm; 6.57±1.18 mg/mm). Atrial weight relative to tibia length was significantly 

increased in Hom mice (WT = 0.42±0.09 mg/mm; Hom = 0.48±0.09 mg/mm). 
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Table 3-2 Echocardiographic and gravimetry parameters of WT, Het and Hom W2165C mouse hearts at baseline 

at 3 months. Asterisks are shown if significant relative to WT (p<0.05, *). Parameters shown as a mean ± SEM, at 3 

months old. All parameters underwent a one-way ANOVA, except for gravimetry results which underwent an unpaired t 

test. Abbreviations: LVID.D, left ventricular internal diameter end-diastole; LVID.S, left ventricular internal diameter end-

systole; LVAW.D, left ventricular anterior wall thickness end-diastole; LVAW.S, left ventricular anterior wall thickness 

end-systole; LVPW.D, left ventricular posterior wall thickness end-diastole; LVPW.S, left ventricular posterior wall 

thickness end-systole; LV mass AW corr, left ventricular mass corrected to anterior wall thickness; LV vol.D, left 

ventricular volume end-diastole; LV vol.S, left ventricular volume end-systole; HW/TL, heart weight/tibia length ratio; 

BW/TL, body weight/tibia length; VW/TL, ventricular weight/tibia weight; AW/TL, atrial weight/tibia length; SEM, 

standard error of the mean. 

 

 

 

 

 

 

 3 months 

WT Het Hom 

Number n 19 29 21 

Body weight g 24.5±0.7 24.4±0.5 23.9±0.6 

Heart rate bpm 462±6 466±5 470±3 

Baseline 

Fractional 

shortening 

% 30.1±0.9 29.1±0.9 28.9±1.1 

LVID.D mm 3.92±0.05 3.91±0.05 3.82±0.05 

LVID.S mm 2.74±0.06 2.78±0.07 2.73±0.06 

LVAW.D mm 0.84±0.03 0.85±0.02 0.80±0.02 

LVAW.S mm 1.29±0.02 1.28±0.03 1.23±0.03 

LVPW.D mm 0.88±0.02 0.89±0.02 0.92±0.03 

LVPW.S mm 1.23±0.03 1.22±0.03 1.25±0.04 

LV mass AW corr mg 101±3 102±3 97±4 

LV vol.D µl 67±2 67±2 63±2 

LV vol.S µl 28±2 29±2 28±2 

Gravimetry 

HW/TL mg/mm 8.70±1.47 - 7.80±1.42 * 

BW/TL mg/mm 1.63±0.32 - 1.52±0.30  

VW/TL mg/mm 6.57±1.18 - 5.93±1.08 * 

AW/TL mg/mm 0.42±0.09 - 0.48±0.09 * 
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3.3.2 Assessing the cardiac phenotype of heterozygous and homozygous mice under hypertensive 

stimulation 

Body weight and heart rate remained consistent across genotypes both under saline and Ang-

II treatment (Table 3-3). Ang-II challenge was designed to increase mechanical demand via 

pressure overload. 

3.3.2.1 Assessing the cardiac phenotype of heterozygous and homozygous mice under 

hypertensive stimulation 

In the presence of chronic hypertensive stimulation by Ang-II for 2 weeks (1.1mg/kg per 

day, osmotic pump), Het and Hom mice displayed a significant hypertrophic response to 

Ang-II compared to the WT as indicated by LV mass differences between saline and Ang-

II treatment (WT = +27mg, Het = +39mg, Hom =+42mg) (Table 3-3). When the heart weight 

was corrected to tibia length, all mice treated with Ang-II had increased heart weights.  

All left ventricular wall thickness and internal diameter measurements trended towards an 

increase when mice were exposed to Ang-II relative to saline treated mice. This reached 

significance in LV posterior wall thickness end-diastole (LVPW.D) (Het and Hom vs WT) 

and LV anterior wall thickness end-diastole (LVAW.D (Het vs WT).  

Fractional shortening trended towards reduction in both WT (28.4% → 19.4%) and mutant 

hearts (Het, 29.7%→ 23.4%; Hom, 25.7% → 20.0%) in response to hypertensive 

stimulation. Left ventricular volume end of systole was also increased in Ang-II mice, 

correlating with reduced fractional shortening percentages, indicating a trend towards 

impaired systolic function in Ang-II treated mice. 
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Table 3-3 Echocardiographic and gravimetry parameters of WT, Het and Hom W2165C saline and Ang-II treated mouse hearts at 3 months. Parameters shown as a mean ± SEM 

and underwent a two-way ANOVA. Abbreviations: LVID.D, left ventricular internal diameter end-diastole; LVID.S, left ventricular internal diameter end-systole; LVAW.D, left ventricular 

anterior wall thickness end-diastole; LVAW.S, left ventricular anterior wall thickness end-systole; LVPW.D, left ventricular posterior wall thickness end-diastole; LVPW.S, left ventricular 

posterior wall thickness end-systole; LV mass AW corr, left ventricular mass corrected to anterior wall thickness; LV vol.D, left ventricular volume end-diastole; LV vol.S, left ventricular 

volume end-systole; HW/TL, heart weight/tibia length ratio; BW/TL, body weight/tibia length ratio. Asterisks are shown if significant relative to WT of the same treatment. # is shown if 

significance is found between treatments Sal vs Ang-II in the same genotype. 

 Saline Ang-II 

WT Het Hom WT Het Hom 

Number n 8 15 9 11 14 12 

Body weight g 25.9±0.9 25.9±0.7 25.5±1.1 25.1±0.7 25.0±0.6 23.9±0.6 

Heart rate bpm 484±4 477±6 484±8 486±6 482±6 484±5 

Fractional shortening % 28.4±2.2 29.7±1.4 25.7±1.5 19.4±2.6 23.4±2.2 20.0±1.8 

LVID.D mm 4.02±0.08 3.84±0.07 3.80±0.13 3.92±0.09 3.84±0.08 4.07±0.07 

LVID.S mm 2.88±0.12 2.69±0.08 2.83±0.13 3.17±0.15 2.95±0.11 3.26±0.11 

LVAW.D mm 0.81±0.03 0.86±0.03 0.81±0.03 0.97±0.03 1.06±0.05 ### 0.95±0.05 

LVAW.S mm 1.24±0.06 1.33±0.04 1.23±0.04 1.32±0.06 1.47±0.05 1.35±0.06 

LVPW.D mm 0.80±0.03 0.89±0.04 0.98±0.04 1.02±0.03 1.14±0.07 ### 1.16±0.06 # 

LVPW.S mm 1.14±0.05 1.26±0.05 1.27±0.06 1.24±0.02 * 1.43±0.06 1.34±0.06 

LV mass mg 97±6 100±5 101±6 124±8 139±8 ### 143±8 ## 

LV vol.D µl 71±3 64±3 63±5 67±4 64±3 73±3 

LV vol.S µl 32±3 27±2 31±3 41±4 35±3 44±3 

Gravimetry 

HW/TL mg/mm 7.2±0.1 7.2±0.1 7.0±0.2 9.1±0.5 ## 9.3±0.3 #### 8.6±0.4 ## 

BW/TL mg/mm 1.46±0.04 1.44±0.03 1.37±0.02 1.52±0.05 1.56±0.05 # 1.48±0.06 # 
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3.3.3 Assessing the gender-based differences in cardiac phenotype in the presence of the FLNC 

variant 

Studies have reported significant sex differences in the cardiac phenotype that is observed in genetically 

modified mice (206). With both sexes included, this might disguise sex-related differences in the 

cardiac response therefore sexes were separated and compared in the following figures (Figure 3-1 to 

Figure 3-4).  

 

 

3.3.3.1 Gravimetry 

When separating female and male mice, significant Ang-II differences emerged in corrected 

heart weight tibia length (Figure 3-1), though differences in genotype were not present in 

left ventricular mass. All Ang-II treated males had an increased heart weight to body weight 

ratio, whereas this only reached significance in Ang-II Het female mice. Interestingly, 

mutant male mice had a greater reduction in body mass (relative to tibia length) in response 

to Ang-II than WT male mice (Figure 3-1). 
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Figure 3-1 Comparing the corrected heart and body weights when treated with saline or Ang-

II. The data displayed separates both female and male data. Hearts were investigated at 3-months 

old, n=4-7 per group. 2-way ANOVA multiple comparisons test was conducted on normally 

distributed samples. Significant changes are observed in the hearts of W2165C mice (p<0.05, *; 

p<0.01, **; p<0.001, ***, p<0.0001, **** versus WT). Abbreviations: HW/TL, heart weight/tibia 

length ratio; HW/BW, heart weight/body weight ratio; BW/TL, body weight/tibia length ratio. 
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3.3.3.2 Dimensions, wall thicknesses and fractional shortening 

In both sexes, the left ventricular wall thicknesses showed varied genotype effects when 

treated by Ang-II as seen in Figure 3-2. There were no significant trends observed in 

fractional shortening, though relative to females, the males had a larger percentage drop in 

Ang-II treatment compared to saline (Figure 3-2). No differences in internal diameters were 

observed in either female or male mice, regardless of treatment.  

The LVAW.d increased significantly in Ang-II treated Het female mice but did not reach 

significance in any other parameters (Figure 3-3).  The LVPW.d measurements showed an 

increasing trend when under Ang-II treatment, but this only reached significance in Het 

female mice (Figure 3-3).  
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Figure 3-2 Comparing the internal diameters and fractional shortening of the left ventricle during 

diastole and systole when treated with saline or angiotensin-II. The data displayed separates both 

female and male data. Hearts were investigated at 3-months old, n=3-7 per group. 2-way ANOVA 

multiple comparisons test was conducted on normally distributed samples. Significant changes are 

observed in the hearts of W2165C mice (p<0.05, *; p<0.01, **; p<0.001, ***, p<0.0001, **** versus 

WT). Abbreviations: LVID.D, left ventricular internal diameter end-diastole; LVID.S, left ventricular 

internal diameter end-systole. 
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Figure 3-3 Left ventricular wall thicknesses during diastole and systole when treated with saline or 

angiotensin-II. The data displayed separates both female and male data. Hearts were investigated at 3-months 

old, n=4-7 per group. 2-way ANOVA multiple comparisons test was conducted on normally distributed samples. 

Significant changes are observed in the hearts of W2165C mice (p<0.05, *; versus WT).  Abbreviations: 

LVPW.D, left ventricular posterior wall thickness end-diastole; LVPW.S, left ventricular posterior wall thickness 

end-systole; LVAW.D, left ventricular anterior wall thickness end-diastole; LVAW.S, left ventricular anterior 

wall thickness end-systole. 



66 
 

3.3.3.3 Volumes and left ventricular mass 

Left ventricular volumes in diastole and systole showed no trends between genotype or 

treatment (Figure 3-4). There was a positive non-significant treatment- female mice, though 

there was a significant increase between saline and related trend in corrected LV mass for 

male mice (Figure 3-4). The same is true for Ang-II treated Het mice. 

 

 

Figure 3-4 Comparing the left ventricular wall volume during diastole and systole and the 

corrected LV mass when treated with saline or angiotensin-II. The data displayed separates both 

female and male data. Hearts were investigated at 3-months old, n=4-7 per group. 2-way ANOVA 

multiple comparisons test was conducted on normally distributed samples. Significant changes are 

observed in the hearts of W2165C mice (p<0.01, **; versus WT).  Abbreviations: LV vol.D, left 

ventricular volume end-diastole; LV vol.S, left ventricular volume end-systole; LV, left ventricular. 
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3.3.4 Proteomics profiling and pathway analysis of whole heart tissue in mutant mice 

The goal of performing liquid chromatography mass spectrometry (LC-MS) of WT and Hom 

murine ventricular tissue was to identify proteins which were differentially expressed, here 

known as differentially expressed proteins (DEPs). LC-MS on both membrane- and 

myofilament-enriched samples (n = 6 per group: 3 male, 3 female) revealed a number of 

proteins to be significantly expressed differentially between WT and mutant mouse hearts 

that met the fold-change cut-off criteria (>2) described in methods. 

3.3.4.1 Validation of fractionation 

Immunoblot validation was needed to confirm that the subcellular fractionation was 

successful prior to the LC-MS experiment. The detergent-based subcellular fractionation 

approach on ventricular tissue was chosen to highlight any protein redistribution and 

increase detection coverage of complex samples during detection. The protocol resulted in 

3 subcellular fractions: cytosol-enriched fraction, membrane-enriched fraction and 

myofilament-enriched fragment (Figure 3-5).  

As expected, the sarcomeric protein, α-actinin, appears to be expressed in both whole tissue 

and notably the myofilament-enriched fraction was present. γ-catenin, a membrane protein 

localised at adheren junctions, appears to be absent from all fractions except in the 

membrane-enriched fraction. As expected, the cytoplasmic protein, Gapdh, was found 

exclusively in the cytoplasmic-enriched fraction and whole tissue samples. 

Figure 3-5 Protein expression of 14-week old WT mouse hearts after subcellular fractionation. α-actinin 

(ACTN2), γ-catenin and GAPDH were blotted due to their localisation to the myofilament, membrane and 

cytoplasmic fractions respectively. 
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3.3.4.2 Membrane-enriched fraction 

In the membrane-enriched fraction 11 out of 850 total proteins were significant DEPs as 

according to the stringent FDR cut-off criteria described in 3.2.2.1 (Figure 3-6). In total 90 

proteins were significant as according to the relaxed significance criteria. 

Analyses of the significant membrane DEPs showed a reduced comparative abundance of 

mitochondrial proteins and an enrichment in filamin binding (Figure 3-6). 8 of the 9 

comparatively downregulated DEPs were mitochondrial proteins: NADH dehydrogenase 

[ubiquinone] flavoprotein 1 (Ndufv1), NADH dehydrogenase [ubiquinone] 1 α subcomplex 

subunit 10 (Ndufa10), NADH dehydrogenase [ubiquinone] iron-sulfur protein 3 (Ndufs3), 

NADH dehydrogenase [ubiquinone] 1 subcomplex α subunit 3 (Ndufa3), NADH 

dehydrogenase [ubiquinone] 1 β subcomplex 5 (Ndufab1), ubiquinol-cytochrome C 

reductase core protein 2 (Uqcrc2), Apoptosis-inducing factor 1 (Aifm1), monoamine oxidase 

B (Maob). The 2 filamin-binding proteins, filamin-binding LIM protein 1 (Fblim1) and 

aciculin (Pgm5) were the only positively expressed DEPs in this comparison. The remaining 

DEP revealed in the Membrane-enriched fraction was reticulon 2 (Rtn2) found to be 

decreased in mutant mice.  

Out of the pre-identified proteins (Table 3-1), 6 proteins (HCM: Calm1, Csrp3; FLNC-

binding partner: Pgm5; Z-disc protein, Actn2; CASA, Bag3, Hspb2) were identified to be 

differentially expressed as according to the relaxed threshold (LogFC=+2, 

LogFDR=+1.301) with Pgm5 (aciculin) (LogFC=4.307, LogFDR = 3.28) being the only one 

to reach the strict thresholds (Table 3-4).  



69 
 

 

Figure 3-6 Volcano plot visualising unsupervised proteomics results of the membrane-enriched fraction comparing protein quantity between WT and mutant 

mouse hearts. At Difference = 0 it is expected that there is no difference between the WT and mutants. Data is taken from the membrane-enriched fraction, displaying 

11 proteins to be significantly differentially expressed compared to the WT. Key: Significance = Red, Relaxed threshold = Green, Proteins of interest = Blue (as 

indicated in Table 1). n=6 per genotype. 
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Table 3-4 List of proteins down or upregulated in both the Membrane-enriched Fraction. Proteins were selected by their T-test fold change and -LogP value. The localisation, function 

and pathology association as according to Pubmed searches. Red highlighted protein symbols represent the proteins that Perseus data handling deemed significant as according to the BH-

based false-discovery rate (FDR). Significant proteins as according to the relaxed criterion are highlighted in italics. Abbreviations: LQTS, long QT syndrome; MFM, myofibrillar myopathy; 

AD, Alzheimer’s disease; PD, Parkinson’s disease; T2DM, Type-2 diabetes mellitus; CHD, coronary heart disease; 

Protein 

symbol 

Protein Name Expression 

location 

Function Pathology association Interaction with 

Filamins 

Log2 (Fold 

Change) 

-log10 

(FDR) 

Ref 

Significant proteins 

Ndufv1  Ubiquinone 

Oxidoreductase Core 

Subunit V1 

Mitochondria Mitochondrial 

respiration 

Cardiomyopathy 

Leigh syndrome 

Leukodystrophy 

No known direct 

interactions 

-11.071 7.52 (207–209) 

Aifm1 Apoptosis-inducing 

factor 1 

Mitochondria Regulates apoptosis 

Mitochondrial 

respiration 

Cardiomyopathy 

MFM 

Mitochondrial disease 

No known direct 

interactions 

-8.627 6.71 (210–212) 

Ndufs3  Ubiquinone 

Oxidoreductase Core 

Subunit S3 

Mitochondria Mitochondrial 

respiration 

Leigh Syndrome 

Cancers 

 

No known direct 

interactions 

-9.903 6.26 (213,214) 

Uqcrc2 Cytochrome b-c1 

complex subunit 2 

Mitochondria Mitochondrial 

respiration 

Mitochondrial diseases 

Cancers 

No known direct 

interactions 

-13.114 6.23 (215) 

Ndfuab1 NADH-ubiquinone 

oxidoreductase 

complex subunit ab1 

Mitochondria Mitochondrial 

respiration 

Mitochondrial diseases No known direct 

interactions 

-7.889 2.27 (207–209) 

Ndufa10 NADH-ubiquinone 

oxidoreductase 

complex subunit a10 

Mitochondria Mitochondrial 

respiration 

Mitochondrial diseases No known direct 

interactions 

-10.129 1.72 (216) 

Ndufa3 NADH-ubiquinone 

oxidoreductase 

complex subunit a3 

Mitochondria Mitochondrial 

respiration 

Mitochondrial diseases 

Cancer 

No known direct 

interactions 

-8.167 3.40 (217) 

Rtn2 Reticulon 2 Endoplasmic 

reticulum 

Intracellular vesicular 

transport 

Spastic paraplegia 

MFM 

Co-localised in 

MFM plaques 

-7.637 5.54 (218) 

Maob Monoamine oxidase B Mitochondria Catabolises neuroactive 

amines 

Heart failure  

AD & PD 

 

No known direct 

interactions 

-8.181 4.87 (219,220) 
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Fblim1 Filamin binding Lim 

protein 1 (Migfilin) 

Cell-ECM and 

cell-cell 

adhesion sites 

Interacts with filamin to 

aid integrin-

cytoskeleton linkages 

Cardiomyopathy 

Esophageal cancer 

Interaction at the 

N terminal 

domain 

5.847 6.23 (76,221,222) 

Pgm5 Aciculin Cell junctions Myofibril assembly and 

maintenance  

Liver cancer Interaction in 

ICD and Z-discs 

4.307 3.28 (113,223,224) 

Proteins of interest 

Acta1 Actin alpha-1 Cytoplasm Actin cross-linking Cardiomyopathy 

MFM 

No known direct 

interactions 

1.776 0.94 (225) 

Actn2 Alpha-actinin 2 Z-disc Crosslinks actin and 

titin from Z-disc 

Cardiomyopathy Interaction via 

myopodin at 

Ig20-21 

-7.284 2.93 (91,226,227) 

Bag3 Bcl2-associated 

athanogene 3  

Cytosol 

Sarcomere 

CASA co-chaperone for 

Hsp70 and Hsc70.  

Skeletal and cardiac 

myopathies 

Filamin C 

proteostasis 

5.782 2.34 (228,229) 

Calm1 Calmodulin-1 Skeletal muscle Calcium – binding 

messenger protein.  

Controls Ca across SR 

thus affects contraction 

Arrhythmia 

Long QT syndrome 

Regulates 

filamin-actin 

binding 

-5.701 2.93 (230–232) 

Capza2 

 

Capping actin protein 

of muscle Z-line 

subunit alpha 2 

Z-disc Actin network 

maintenance 

Neurodevelopmental No known direct 

interactions 

-0.884 0.32 (233) 

Capzb Capping actin protein 

of muscle Z-line 

subunit beta 

Z-disc Actin network 

maintenance 

Cardiomyopathy No known direct 

interactions 

-0.238 0.06 (234) 

Cryab Crystallin alpha B Cytosol  

Sarcomere 

Molecular chaperone 

activity  

Cardioprotection 

MFM  

Cardiomyoapthy 

Cataracts 

Neurodegeneration 

Interaction found 

in Drosophila 

0.4644 0.05 (137,235) 

Csrp3 Muscle LIM Protein ICD Positive regulator of 

myogenesis 

Cardiomyopathy No known direct 

interactions 

6.767 1.47 (55,236,237) 

Fhl2 Four and a half LIM 

domains 2 

Myocardium Anti-hypertrophic 

adaptor 

Cardiomyopathy No known direct 

interactions 

2.700 0.54 (238) 

Gja1 Connexin-43 ICD Intercellular 

communication 

Arrhythmia, DCM Enhance actin 

network 

0.802 0.14 (239,240) 
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Hspb1 Heat shock protein 

beta 1 

Cytosol 

Sarcomere 

Molecular chaperone 

activity  

Cardioprotection 

Neuropathy 

Cardiomyopathy 

MFM 

Interaction at 

Ig18-21 

2.767 0.69 (241–243) 

Hspb2 Heat shock protein 

beta 2 

Cytosol 

Sarcomere 

Molecular chaperone 

activity  

Cardioprotection 

Mitochondrial disease Interaction at 

Ig24 

3.395 2.65 (244,245) 

Hspb7 Heat shock protein 

beta 7 

Cytosol 

Sarcomere 

Cardiac development  Cardiomyopathy Interaction at 

Ig24 

1.503 0.36 (133,246) 

Hspb8 Heat shock protein 

beta 8 

Cytosol 

Sarcomere 

Cardioprotection 

Molecular chaperone 

activity 

Cardiomyopathy 

Motor neuropathy 

Filamin C 

proteostasis 

-0.786 0.49 (247) 

Hspa8 Heat shock protein 

family A member 8 

Cytosol  

Sarcomere 

Molecular chaperone 

activity 

CHD 

Immune disorders 

Myopathy 

Filamin C 

proteostasis 

3.220 0.58 (248) 

Ldb3 LIM domain binding 3 Sarcomere Z-disc structural 

integrity 

MFM 

Cardiomyopathy 

Interacts at 

mechano-sensing 

domain 

0.540 0.07 (249) 

Nebl Nebulin Sarcomere Actin-binding protein Cardiomyopathy 

 

Interaction at 

Ig20-24 

-0.094 0.08 (250) 

Stip1 Stress-induced-

phosphoprotein 1 

(Hsp70/Hsp90-

organising protein) 

Nucleus 

Cytosol 

Regulates chaperones Cardiomyopathy No known direct 

interactions 

-0.048 0.01 (251) 

Ttn Titin Sarcomere Structural support Cardiomyopathy Enhance 

sarcomere 

stability 

0.908 0.17 (92,106,252) 

Xirp1 Xin-actin binding 

repeat-containing 

protein 1 

ICD Protects actin filaments 

from depolymerisation 

Cardiomyopathy Interaction at 

Ig20-21 

0.211 0.09 (87,113,253) 
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3.3.4.3 Myofilament-enriched fraction 

Data from the Myofilament-enriched fraction found 10 significant DEPs (out of a total of 

681 proteins) which met the stringent cutoff criteria to be considered significantly different 

in mutant mice compared to WT (Figure 3-7). When relaxing the significance criteria 46 

proteins were classified as a significantly DEP. The results show enrichment of proteins 

involved in actin binding: filamin C (Flnc), myotilin (Myot), β-myosin heavy chain (Myh7), 

leiomodin-2 (Lmod2), synaptopodin-like protein 2 (Synpo2l) and α-II spectrin (Sptan1). In 

addition, many of the DEPs localise at the Z-disc Flnc, Myot, Myh7, Synpo2l, Sptan1, 

obscurin (Obscn) and ArgBP2 (Sorbs2). Cardiac gap junction protein, connexin-43 (Gja1) 

was the final DEP in the Myofilament-enriched fraction which was found downregulated.  

Out of the pre-identified proteins (Table 3-1), 5 proteins (HCM: Csrp3, Fhl2; CASA: Hspb7; 

FLNC-binding protein: Synpo, Xirp1) were identified to be differentially expressed as 

according to the relaxed threshold (LogFC=2+, LogFDR=+1.301) (Table 3-5). 
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Figure 3-7 Volcano plot visualising unsupervised proteomics results of the myofilament-enriched fraction comparing protein quantity between WT and mutant 

mouse hearts. At Difference = 0 it is expected that there is no difference between the WT and mutants. Data is taken from the myofilament-enriched fraction, displaying 10 

proteins to be significantly differentially expressed compared to the WT. Key: Significance = Red, Relaxed threshold = Green, Proteins of interest (as indicated in Table 1) = 

Blue. n=6 per genotype. 



75 
 

 

Table 3-5 List of proteins down or upregulated in both the Myofilament-enriched Fraction. Proteins were selected by their T-test fold change and -LogP value. The localisation, 

function and pathology association as according to Pubmed searches. Red highlighted protein symbols represent the proteins that Perseus data handling deemed significant as according to 

the BH-based false-discovery rate (FDR). Significant proteins as according to the relaxed criterion are highlighted in italics. Abbreviations: DCM, dilated cardiomyopathy; T2DM, type-2 

diabetes mellitus; MFM, myofibrillar myopathy; ICD, Intercalated Disc.  

Protein 

symbol 

Protein Name Expression 

location 

Function Pathology 

association 

Interaction with 

Filamin C 

Log2 (Fold 

Change) 

-log10 

(FDR) 

Ref 

Significant proteins 

 Myh7 Myosin heavy 

chain 7 

Z-disc Actin-cross-linking, 

reorganising actin 

cytoskeleton 

Skeletal myopathy 

Cardiomyopathy  

 

Co-localised in the 

sarcomere 

11.508 7.31 (254,255) 

Flnc  Filamin C Z-disc Actin-cross-linking Skeletal myopathy 

Cardiomyopathy  

 

N/A 9.210 6.96 (98,100,136,137) 

Myot Myotilin Z-disc Actin network organisation Skeletal myopathies Direct interaction 

within the Z-disc 

7.682 8.20 (256–258) 

Sorbs2 Sorbin and SH3  

Domains-

containing  

Protein 2 

Costamere Cell adhesion and cytoskeletal 

formation 

Cardiomyopathy 

Cancer 

Co-localised in the 

ICD 

7.738 4.63 (259) 

Obscn Obscurin Sarcoere Myofibrillogenesis of A-bands Skeletal myopathy 

Cardiomyopathy  

Cancer 

Co-localised in the 

Z-disc 

7.664 3.32 (260,261) 

Sptan1 Spectrin alpha 

chain 

Cytoskeleton Actin crosslinking and 

molecular scaffold.  

Cardiac defects 

Encephalopathy 

No known 

interactions 

7.662 3.62 (262,263) 

Synpo2l Synaptopodin 2-

like protein  

Z-disc Interacts with actin and alpha 

actinin proteins at Z-disc  

Heart failure 

Atrial fibrillation 

Interaction with 

actin filaments in 

the Z-disc 

6.508 4.74 (264) 

Lmod2 Leiomodin-2 Sarcomere Actin filament regulation 

 

DCM No known direct 

interactions 

4.680 4.83 (265) 
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Prdx1 Peroxiredoxin-1 Cytosol 

Nucleus 

Cytoprotective antioxidant in 

the myocardium 

Heart failure 

T2DM 

No known direct 

interactions 

-4.188 4.94 (266) 

 Gja1 Connexin-43 ICD Intercellular communication Arrhythmia, DCM Enhance actin 

network 

-5.050 3.83 (239,240) 

Proteins of interest 

Acta1 Actin alpha-1 Cytoplasm Actin cross-linking Cardiomyopathy 

MFM 

No known direct 

interactions 3.873 

0.86 (225) 

Actn2 Alpha-actinin 2 Z-disc Crosslinks actin and titin from 

Z-disc 

Cardiomyopathy Interaction at Ig20-

21 1.403 

0.18 (91,226,227) 

Bag3 Bcl2-associated 

athanogene 3  

Cytosol 

Sarcomere 

CASA co-chaperone for 

Hsp70 and Hsc70.  

Skeletal myopathy 

Cardiomyopathy  

Filamin C 

proteostasis 

4.478 1.15 (228,229) 

Capza2 Capping actin 

protein of muscle 

Z-line subunit 

alpha 2 

Z-disc Actin network maintenance Neurodevelopmental No known direct 

interactions 

-1.860 

0.43 

(233) 

Capzb Capping actin 

protein of muscle 

Z-line subunit 

beta 

Z-disc Actin network maintenance Cardiomyopathy No known direct 

interactions 

1.400 

0.25 

(234) 

Cryab Crystallin alpha B Cytosol  

Sarcomere 

Molecular chaperone activity 

Cardioprotection 

MFM  

Cardiomyopathy 

Neurodegeneration 

Interaction found in 

Drosophila 

2.672 

0.46 

(137,235) 

Csrp3 Muscle LIM 

Protein 

ICD Positive regulator of 

myogenesis 

Cardiomyopathy No known direct 

interactions 

5.185 1.50 (55,236,237) 

Fhl2 Four and a half 

LIM domains 2 

Myocardium Anti-hypertrophic adaptor Cardiomyopathy No known direct 

interactions 

6.992 1.92 (238) 

Hspb1 Heat shock 

protein beta 1  

Cytosol 

Sarcomere 

Molecular chaperone activity 

Cardioprotection 

Neuropathy 

Cardiomyopathy 

MFM 

Interaction at Ig18-

21 

0.942 

 

0.19 (241–243) 

Hspb6 Heat shock 

protein beta-6 

Cytosol Molecular chaperone activity Heart failure 

AD 

Indirect interaction 

via BAG3 

2.450 0.53 (267) 

 Hspb7 Heat shock 

protein beta 7 

Cytosol 

Sarcomere 

Cardiac development  Cardiomyopathy 

CHD 

Interaction at Ig24 4.640 3.07 (121,133,246,268) 
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Hspb8 Heat shock 

protein beta 8  

Cytosol 

Sarcomere 

Cardioprotection 

Molecular chaperone activity 

Cardiomyopathy 

Motor neuropathy 

Filamin C 

proteostasis 
3.358 

0.95 (247) 

Hspa8 Heat shock 

protein family A 

member 8 

Cytosol  

Sarcomere 

Molecular chaperone activity CHD 

Immune disorders 

Myopathy 

Filamin C 

proteostasis 

0.703 

0.10 

(248) 

Ldb3 LIM domain 

binding 3 

Cytosol 

Sarcomere 

Z-disc structural integrity MFM 

Cardiomyopathy 

Interacts at 

mechano-sensing 

domain 

0.354 

0.08 

(249) 

Nebl Nebulin Cytosol 

Sarcomere 

Actin-binding protein Cardiomyopathy 

 

Interaction at Ig20-

24 

0.543 

0.07 

(250) 

Synpo Myopodin Z-disc Actin binding Cardiomyopathy 

MFM 

Interaction with 

actin filaments in 

the Z-disc 

4.611 1.65 (103,269) 

Ttn Titin  Sarcomere Structural support Cardiomyopathy Enhances 

sarcomere stability 0.865 

0.07 (92,106,252) 

Xirp1 Xin-actin binding 

repeat-containing 

protein 1 

ICD Protects actin filaments from 

depolymerisation 

Cardiomyopathy Interaction at Ig20-

21 

3.570 

1.50 (87,113,253) 
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3.3.4.4 Combined analysis 

Individually the fraction-specific data provides useful information – however, the fractions 

within the cardiomyocyte do not function completely independently. Using the relaxed 

criteria threshold, proteins from both membrane (91 out of 850 proteins) and myofilament 

fractions (46 out of 681 proteins) which reached the relaxed criteria threshold were used for 

GO pathway enrichment analysis (Figure 3-8). A large proportion of downregulated 

membrane proteins that reached the relaxed criteria threshold were mitochondrial subunits 

and hence resulting in a negatively significant enrichment in activities related to the electron 

transport chain (ETC). When DEPs from both fractions were combined, a significant 

positive enrichment in sarcomere proteins and sarcomere-relative activities (SC) was 

observed. The remaining data displayed were grouped as “mixed function” (MF).  

Figure 3-8 GO pathway enrichment analysis for proteomics hits based on the relaxed threshold. Y-axis 

represents the enriched GO terms; X-axis represents the enrichment of each activity. The colour and size of each 

bubble represents enrichment significance (FDR) and gene ratio. Each activity is coloured by functional type – ETC is 

electron transport chain. MF is mixed function, SC is sarcomere. 
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3.3.5 Validation of proteomics findings 

Findings from the proteomics were validated by immunoblot. By performing immunoblots 

on targets in cytoplasmic, membrane and myofilament fractionated samples as well as whole 

tissue, additional information on whether DEPs were fraction-specific or globally changed 

were probed for. 

3.3.5.1 Cytoplasmic fraction immunoblots 

Although the cytoplasmic fraction did not undergo proteomics, the samples were used to 

understand if changes in protein abundance was fraction-specific. In the cytoplasm, Flnc 

was significantly upregulated, and Myot and Hspb7 showed no significant changes (Figure 

3-9). 

 

 

Figure 3-9 Immunoblotting and quantification of mouse tissue. Displayed are immunoblots conducted on the 

cytoplasmic fraction, normalised to Gapdh. Samples were normally distributed and underwent a t-test. (p<0.05, 

*; versus WT).  n = 6 mice per genotype, 14-weeks old. 
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3.3.5.2 Membrane fraction immunoblots 

Of the membrane proteins analysed, none had significantly different expression between 

WT and Hom samples (Figure 3-10). Aifm1, Uqcrc2, Ndufv1 and Fblim1 which were found 

to be differentially expressed to a significant degree, were unchanged when membrane 

fractions underwent immunoblotting. There were no visual trends observed in any of the 

parameters which reached significance in membrane-enriched fractionation (Figure 3-10). 

 

 

Figure 3-10 Immunoblotting and quantification of mouse tissue. Displayed are immunoblots conducted on the 

membrane fraction, normalised to Vcl, vinculin. Samples were normally distributed and underwent a t-test.  n = 

6 mice per genotype, 14-weeks old. 
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3.3.5.3 Myofilament fraction immunoblots 

Consistent with the validation of subcellular fractionation, the sarcomere based filamin C 

was not found in the membrane fraction in WT or Hom tissue. In the myofilament fraction, 

Myot, and Myh7 were significantly upregulated, however, in contract to the proteomics 

findings there were no significant differences in FLNC expression in the myofilament 

immunoblots (Figure 3-11). Hspb7 was also found to be significantly upregulated. 

 

 

 

 

Figure 3-11 Immunoblotting and quantification of mouse tissue. Displayed are immunoblots 

conducted on the myofilament fraction, normalised to Actn2 except for HSPB7 which was normalised 

to cTnT. Samples were normally distributed and underwent a t-test. (<0.0001, **** versus WT).  n = 6 

mice per genotype, 14-weeks old. 
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3.3.5.4 Whole tissue immunoblots 

Complementing the myofilament upregulations, in the whole tissue, Flnc, Myh7 and Myot 

were significantly upregulated. Both Flnc and Myh7 had negligible expression in the WT 

samples (at times undetectable) (Figure 3-12).  

Figure 3-12 Immunoblotting and quantification of mouse tissue. Displayed are immunoblots 

conducted on whole tissue, normalised to Gapdh. Samples were normally distributed and underwent 

a t-test. (p<0.05, *; <0.001, *** versus WT).  n = 6 mice per genotype, 14-weeks old 
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3.3.6 Analysis of protein localisation in cardiac muscle sections  

In models of biomechanical stress, filamin C relocalises towards the intercalated disc and 

the Z-disc, both load-bearing sites (270). Frozen sections of ventricular tissue from WT and 

Hom mice were stained for the protein of interest (Flnc, Myot, Hspb1, Hspb7) and 

counterstained to visualise sarcomeric structures (F-actin) and either the Z-disc (Actn2) or 

the intercalated discs (γ-catenin).  

In Hom hearts, Flnc was located at intercalated discs at a greater abundance than WT based 

on fluorescence intensity – consistent with previous studies of Flnc localisation (Figure 3-

13) (107,156).  

Sporadically, Myot was also found to localise towards the intercalated disc at a greater 

abundance in Hom mice but this was not omnipresent (Figure 3-14). 

The localisation of Hspb7 was analysed in cardiac sections to test which heat shock protein 

associated with Flnc changed localisation in cardiac tissue (271–273). At the intercalated 

disc, Hspb7 was found at a relative greater abundance in Hom cardiac sections (Figure 3-

15). 

Both Flnc and Myot were shown to be expressed at the intercalated disc in both WT and 

Hom sections (Figure 3-16). 
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Figure 3-13 Frozen sections of ventricular tissue from WT and Hom Flnc W2165C mice with line intensity plots. Sections were stained for Flnc (rabbit, D1K3J) and 

counterstained to visualize sarcomeres (phalloidin 488) and intercalated discs (mouse, γ-cadherin 610154). FLNC is primarily localized at intercalated in the Hom tissue. Line intensity 

plots for WT and Hom displaying the fluorescence intensity for both channels 
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Figure 3-14 (A) Frozen sections of ventricular tissue from WT and Hom Flnc W2165C mice with line intensity plots. Sections were stained for Myot (rabbit, 10731-1-

AP) and counterstained to visualise the intercalated discs (mouse, γ-cadherin 610154, orange). Myot is primarily localized at intercalated discs in the Hom tissue. (B) Line 

intensity plots for WT and Hom displaying the fluorescence intensity for both channels. Line intensity plots for WT and Hom displaying the fluorescence intensity for both 

channels. 
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Figure 3-15 Frozen sections of ventricular tissue from WT and Hom Flnc W2165C mice with line intensity plots. Sections were stained for Hspb7 (rabbit, 15700-1-AP) and 

counterstained to visualize sarcomeres actin) and intercalated discs (mouse, γ-cadherin 610154). HSPB7 is primarily localized at intercalated discs and appears more abundant in 

the Hom tissue. Line intensity plots for WT and Hom displaying the fluorescence intensity for both channels. 
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Figure 3-16 Frozen sections of ventricular tissue from WT and Hom Flnc W2165C mice. Sections were stained for FLNC (mouse RR90) and MYOT (rabbit 10731-1-

AP). In Hom mice there is greater colocalization of Flnc and Myot at the intercalated disc. (B) Line intensity plots for WT and Hom displaying the fluorescence intensity for 

both channels. 
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3.3.7 Transcriptome profile of W2165C mice 

3.3.7.1 Baseline transcript profile 

A targeted approach in addressing the transcriptome level of WT and mutant mice was used 

to gain specific insight into the molecular changes underlying the Flnc W2165C phenotype. 

At baseline, the induction of the fetal gene programme in W2165C hearts (induction of 

Nppa, Acta1, Myh7) was also observed. Transcripts implicated in hypertrophic signalling 

(Fhl1, Ankrd1) also displayed significant increased expression profiles in mutant mice 

(Figure 3-17). However, incongruous with the proteomics data, Flnc was not statistically 

significantly changed at transcript level.
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Figure 3-17 qPCR indicating the baseline induction of the fetal gene programme, a hallmark of cardiomyopathy, and 

hypertrophic signalling, in 3-month old WT and Hom Flnc W2165C mice. Values are normalised to Gapdh and made relative 

to WT group. Hearts were investigated at 3-months old, n=4-7 males per group. A one-way ANOVA was conducted on all samples 

except for Myh7 and Actn2 which underwent a Kruskal-Wallis multiple comparisons test as they were not normally distributed. 

Significant changes are observed in the hearts of W2165C mice (p<0.05, *; p<0.01, **; p<0.001, ***, versus WT). 
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3.3.7.2 Ang-II transcript profile 

Next, the molecular response of mice which underwent saline or chronic Ang-II treatment 

were investigated at transcript level. In agreement with the proteomics data (increased 

Myh7), a targeted RNA expression approach revealed a trend towards the induction of the 

fetal gene programme in Ang-II treated mice, with an upregulation of Nppa, Nppb, Myh7, 

and Acta1 (Figure 3-18). Myh7 was also increased in saline-treated Hom mice. WT and Het 

mice showed a significant treatment effect in these markers, all increasing in respond to 

Ang-II.  

 

Figure 3-18 qPCR of fetal gene programme markers in 3-month old WT and Hom Flnc W2165C mice treated 

with either saline or Ang-II. Values are normalised to Gapdh and made relative to the saline WT group which was set 

to 1 hearts were investigated at 3-months old, n=8 per group. A Kruskal-Wallis multiple comparisons test was conducted 

on these samples since they were not normally distributed. 2-way ANOVA multiple comparisons test was conducted on 

normally distributed samples.  Significant changes are observed in the hearts of W2165C mice (p<0.05, *; p<0.01, **; 

versus WT). 
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Contrary to baseline transcript expression of Flnc, this data revealed statistically significant 

increases in Flnc at a transcript level in both saline and Ang-II treatment in Hom mice 

relative to WT (Figure 3-19A). A significant positive induction of Myot was shown in Hom 

mice in both saline and Ang-II treatment (Figure 3-19B).  Pgm5 was found to decrease in 

WT and Hom mice after Ang-II treatment (Figure 3-19C). Actn2 showed a positive induction 

in Hom saline treated mice relative to WT mice, however, this difference was not seen in 

Ang-II treated mice (Figure 3-19D). No differences were observed in Fblim1 expression 

(Figure 3-19E). Compared to saline treated Het mice, Ang-II treated Het mice displayed a 

significant increase of the gene for the FLNC-binding protein Xirp1 (Xirp1) (Figure 3-19F). 

In response to Ang-II stimulation, WT and Het mice displayed a positive induction of 

fibrotic signalling transcripts (WT and Het: Col1a1, Col3a1, WT only: Lox) (Figure 3-20A-

C). Hypertrophic signalling proteins, Fhl1 and Rcan1 showed significant differences (Figure 

3-20D&F). Fhl1 was significantly induced in Ang-II treated Het and Hom mice, while 

Rcan1 was increased in Ang-II treated WT and Het mice relative to their saline-treated 

counterparts.  

Overall, the use of Ang-II helped to unmask genotype responses to the treatment at transcript 

level, however, a strong HCM molecular phenotype was not observed in the Hom mice, 

likely due to variability. Differences were also seen in saline treated mice.
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Figure 3-19 Targeted assessment of transcriptional changes of filamin C and binding partners of filamin C interactors by qPCR in 3 month old WT, Het and 

Hom W2165C mice with Saline/Ang-II treatment. Values are normalised to Gapdh and made relative to the saline WT group which was set to 1. Hearts were 

investigated at 3-months old, n=8 per group. A 2-way ANOVA multiple comparisons test was conducted.  Significant changes are observed in the hearts of W2165C 

mice (p<0.05, *; p<0.01, **; p<0.0001, **** versus WT) 



93 
 

A B C 

D 
E 

 

F 

G H I I 

 
Gja1 

 

Figure 3-20Targeted assessment of transcriptional changes of hypertrophic signalling markers by qPCR in 3 month old WT, Het and Hom W2165C mice with 

Saline/Ang-II treatment. Values are normalised to Gapdh and made relative to the saline WT group which was set to 1. Hearts were investigated at 3-months old, n=8 

per group. A Kruskal-Wallis multiple comparisons test was conducted on not normally distributed data (Col1a1, Col3a1, Lox, Fhl2, Rcan). 2-way ANOVA multiple 

comparisons test was conducted on normally distributed samples. Significant changes are observed in the hearts of W2165C mice (p<0.01, **; versus WT).   
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3.4 Discussion 

3.4.1 Aims of chapter 

Numerous pathogenic variants in a variety of genes coding for sarcomere proteins are HCM-

causing, however, the contribution and mode of action of HCM-linked FLNC variants are 

currently unknown. The FLNC variant W2164C was found to co-segregate in a HCM 

family. Patients presented with electrocardiogram features and structural cardiac 

abnormalities typical of HCM with features of restrictive cardiomyopathy. A mouse model 

previously generated carrying the HCM-variant W2165C in the Flnc gene was used for both 

in vivo and ex vivo investigation.  

This chapter presents a physiological and molecular characterisation of this mouse model. 

Key readouts to assess the in vivo cardiac function were performed: mouse heart volumes 

and gravimetry measurements, echocardiography. These measurements were taken at 

baseline and with saline/Ang-II treatment to measure the response to chronic pressure 

overload. Additional ex vivo experiments were done to measure the molecular phenotype in 

the presence of this FLNC missense variant.  

3.4.2 Cardiac structure 

While at baseline there were no genotype-related cardiac phenotypes observed, Ang-II 

stimulation resulted in an altered diastolic ventricular wall thicknesses in heterozygous and 

homozygous mice. In the presence of Ang-II treatment, FLNC variant-carrying mice 

displayed more drastic increases in ventricular wall thicknesses (LVPW.d and LVAW.d) 

(Table 3-3), indicating an aggravated hypertrophic response.   

It is known that there are sex-related differences in heart disease from diagnosis to mortality 

(274). For instance, females have lower ventricular wall thicknesses and have higher levels 
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of diastolic dysfunction compared to males (275,276). Females also display lower mortality 

rates relative to males and have less severe evidence of hypertrophy (277). This is likely due 

to the differential regulation of estrogen which acts as a cardiac protector but also along with 

testosterone level results in reduced physical activity for female mice – hence reducing 

cardiac stress (278–280).To understand whether the phenotypes observed are driven by one 

sex, data was separated by sex.  

Interestingly, although significance was lost – likely due to reduced n numbers – most of the 

observed trends remained (Figure 3-1 to Figure 3-4) such as increased LV wall thicknesses 

(Figure 3-4) and corrected LV mass in response to Ang-II treatment. In female mice, ang-II 

treatment-related significance was only found in the heterozygous mice, although this could 

be due to variability in the Homs obscuring significance. However, some variables, such as 

LVID.s (Figure 3-3), had trends which were conflicting between sexes suggesting sex may 

be a relevant biological variable for some measurements in this FLNC missense variant 

dataset, at least upon Ang-II stimulation. 

Although sex differences were observed in this chapter, there was no indication that one sex 

had a more pronounced genotype-phenotype relationship compared to another sex. This is 

not wholly surprising since the variant presents itself in both female and male patients 

affected by cardiomyopathy. As mentioned earlier, females do have lower rates of 

cardiovascular mortality, however, post-menopause females have an acceleration to 

mortality (281). This is likely due to the reduction of estrogen-induced cardiac protection in 

post-menopause females – therefore, it would be interesting to see if there are any sex-related 

differences in older mice (12-month) (Figure 3-21) (282). 
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3.4.3 Proteomics-led findings 

One of the main advantages of using LC-MS is the ability to compare alterations of protein 

abundance across multiple samples without requiring isotopic labels. Proteome quantitation 

by unsupervised LC-MS allows for a greater understanding of the often-complex protein 

dynamics in biological systems. By performing label-free proteomics on both the 

myofilament-enriched and membrane-enriched fractions, potential affected molecular 

pathways were identified: proteins involved in sarcomere protein binding was upregulated, 

while proteins involved in the electron transport chain were downregulated (Figure 3-8). 

Fraction-specific molecular changes in homozygous mice were found, which is particularly 

Figure 3-21 Scheme comparing human and mouse lifespan. Taken from: https://www.jax.org/news-and-

insights/jax-blog/2017/november/when-are-mice-considered-old 
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important due to the highly compartmentalised structure of many proteins residing in the 

cardiomyocyte.  

Due to the statistical measures applied to the data to produce a list of protein identifications, 

the data quality can vary despite metrics such as the FDR being in place to minimise false 

positives. There is no standardised way of treating proteomics data, with papers electing for 

considerably lower thresholds than used in this thesis (p-value threshold = 0.05; no fold 

change threshold) (91). For this reason, comparative quantitative validation by immunoblot 

for LC-MS data is instrumental in tying the exploratory approach of LC-MS with an 

informed and targeted validation method. Targeted immunoblotting confirmed some 

upregulations, such as Myh7, but also indicated whether protein relocalisation was occurring 

between cardiomyocyte fractions, as was the case for Hspb7. Given the sensitive nature of 

LC-MS, performing these follow-up immunoblotting experiments in all three fractions 

(cytoplasm, membrane and myofilament), as well as whole tissue, allowed for altered 

proteins to be shown as false hits, such as Flnc upregulation in the myofilament fraction.  

The interpretation of these findings will be discussed in the following sections: energetic 

deficiency, myofilament role, and stress-induced adaptive responses. 

3.4.3.1 Energetic deficiency 

The heart is an energy demanding tissue which requires an abundance of mitochondria 

occupying almost one third of the cardiomyocyte volume in order to produce ATP through 

oxidative phosphorylation to sustain cardiac contraction and relaxation (283). HCM is a 

disease of inefficient energy usage (45,284). In heart failure and HCM there is an energy 

deficiency which is in part contributed by a partial metabolic shift from fatty acids to glucose 

as its metabolic substrate of use (285). 
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Proteomics of the Hom membrane-enriched fraction, which is expected to contain cell 

membranes as well as the mitochondria, showed a reduction in numerous mitochondrial 

proteins (Figure 3-6). Many of the downregulated proteins are involved in the mitochondrial 

respiratory chain – a crucial ATP synthesis process. Identified mitochondrial respiratory 

chain proteins, such as Ndufv1, Ndufs3, and Uqcrc2, have been linked to a cardiomyopathic 

phenotype due to a dysfunctional ATP synthesis process leading to hypoxic conditions and 

poor contractile performance (208,209,211,286).  

The changes observed in this proteomics data may reflect a compensatory mechanism to an 

energetic imbalance (244).  Reduced expression of these proteins may affect the stability of 

mitochondrial complex I, resulting in inefficient oxidative phosphorylation and hence result 

in ATP depletion. ATP depletion in-turn contributes to the prolonged opening of the 

mitochondrial permeability transition pore resulting in altered myocardial function and 

structure. Decreased expression has also been found to increase the production of reactive 

oxygen species, which can further inhibit complex I activity (209,287,288). These changes 

lacked immunoblot validation and would require comprehensive analysis to confirm the 

functional effect of the FLNC W2164C variant on mitochondrial function i.e. Seahorse 

metabolic assay or metabolomics (289).  

3.4.3.2 Myofilament role 

Myh7 is the predominantly expressed isoform in the developing mouse heart, however, 

Myh6 is the dominant isoform in the adult mouse with Myh7 only expressed in mice during 

disease (290). These Myh genes encode for myosin heavy chains which are actin-based 

motor proteins that drive motile processes, such as muscle contraction, via mechanical force 

(291). Myh7 was highly upregulated in proteomic and immunoblot analysis in whole tissue 

verifying that it was a global upregulation and indicating a shift from the predominant adult 
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isoform Myh6 (290). Myh7 re-expression is part of the fetal gene programme and is 

consistent with earlier studies which found a shift in MHC isoforms (MYH7 → MYH6 in 

humans) in response to cellular stress (292,293). This finding is suggestive of a maladaptive 

cardiac response when under cardiac stress conditions which has been linked cardiac 

hypertrophy and heart failure (294,295). 

A protein previously identified, Hspb7, might play a role in the turnover and localisation of 

filamin C. Increased levels of Hspb7 were reported by immunoblotting in the Myofilament-

enriched fraction. Along with this, both Hspb7 and Flnc were upregulated and appeared to 

show increased abundance at the intercalated disc. Hspb7 may bind to mutant Flnc between 

Ig18 and Ig21, in addition to the binding domain, Ig24, where Hspb7 typically binds (133). 

When overstretched, mutant W2164C filamin C could expose Ig18-21 recognition for Flnc-

Hspb7 binding and subsequently could competitively inhibit Flnc-Hspb1 binding, therefore 

interrupting the refolding and degradation functions Hspb1 has on Flnc. This is correlated 

with changes found at transcript level, mutants display higher levels of Flnc at transcript 

level whether under hypertensive Ang-II stimulation or not. If the Flnc missense variant 

results in altered incorporation into the sarcomere, it would make sense that at transcript 

level, Flnc increases to meet the demand. Due to increased levels of Flnc at transcript level, 

protein turnover cannot keep up. Transcript expression were not measured for Hspb1 or 

Hspb7, though would be of interest to observe this effect. 

With evidence of altered protein localisation in Flnc and its binding partners, as well as an 

upregulation in Hspb7, it is attractive to assume that altered proteostasis is occurring in the 

presence of the Flnc W2165C variant in mice. Proteins linked to stress-related responses 

appeared to be upregulated in the proteomics data, supporting the hypothesis of an altered 

cardiac mechano-sensing response in the presence of this FLNC variant: Hspb7, Fblim1 and 
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Mlp (79,121,236). Binding to d24 of FLNC, an increase HSPB7 has been associated with 

cardiomyopathy and also as a potential biomarker for myocardial infarction (296).  

In pathogenic skeletal myopathies, Flnc and its binding partners (Myot, Fblim1, Actn2) are 

found in aggregates indicative of a dysfunctional proteostasis via CASA (79,148,153), 

however, aggregates have not been probed for in this study. To date, myotilin has only been 

associated with skeletal muscle pathologies, though myotilin aggregates were found in 

embryonic chick cardiomyocytes (297,298). In skeletal filaminopathies, an impaired CASA 

pathway results in aggregates of filamin C and myotilin and are predicted to result in loss-

of-function at the Z-disc due to protein deficiency and hence impaired myofibrillar structural 

integrity (153). Though aggregates are not found in this mutant mouse and the Z-discs appear 

intact, both filamin C and myotilin translocate towards the intercalated disc (Figure 3-13 & 

Figure 3-14). As myotilin directly binds filamin C through domains 19-21, it is hypothesised 

that the interaction between myotilin and filamin C has increased affinity due to the W2165C 

variant, however, this was not tested (115).  

Here we also present that filamin C and myotilin appear to be co-upregulated under models 

of biomechanical stress (Figure 3-16) indicating a relationship with filamin C and myotilin 

in cardiac conditions.  Skeletal myopathies are often associated with features of 

cardiomyopathy so its role in HCM warrants further investigation (297).  Although protein 

aggregation has not been observed in the mutant mouse yet, taken together, the proteins 

presented in this section suggest it is possible that these aggregate-associated proteins could 

be linked to a disrupted protein turnover mechanism. This mechanism may be related to a 

mechano-sensing system, and will be explored in Chapter 5 (299).  
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Filamin C is found in several cellular compartments: in the intercalated disc, in the plasma 

membrane, as well as in the Z-discs. These are all load bearing structures. In the data 

presented in this chapter, mutant Flnc appears to be significantly upregulated in the 

myofilament fraction proteomics, however, by immunoblot validation this was only 

significantly increased in the whole tissue and cytoplasm, indicating a cellular re-localisation 

of filamin C. Filamin C was observed to show a greater abundance at the membrane-

associated intercalated disc by immunofluorescence (Figure 3-13), however, this was not 

found at detectable levels via membrane-enriched fraction immunoblotting. Since the Flnc 

W2165C variant is found in Ig20, close to the intradomain insert which aids filamin C in 

targeting it to the Z-disc (131), the variant may affect its ability to properly localise at the Z-

disc. In models of biomechanical stress, increased localisation of filamin C to the 

intercalated disc is associated with its role in organising thin filaments which have to resist 

greater mechanical strain (156). This affected localisation could be acting by disrupting 

domain-related ligand binding to Ig20 of filamin C and hence result in the relocalisation of 

some FLNC-bound proteins (Myotilin and Hspb7). Together this data evidences a potential 

adaptive response towards biomechanical stress in homozygous mice, however, 

biomechanical stress itself was not directly tested. 

3.4.3.3 Stress-induced adaptive responses 

Cardiac hypertrophy is a morphological and functional adaptive response to stress induced 

from pressure and/or volume overload (300). At a molecular level, a network of stress-

induced pathways are employed to compensate with the pressure and/or volume overload 

(300). The proteomics findings in this chapter displayed a molecular indication of a stress-

induced adaptive response. 
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Unsupervised proteomics identified 11 proteins which were differentially expressed in the 

membrane-enriched fraction (Figure 3-6): Ndufv1, Ndufa10, Ndufs3, Ndufa3, Ndufab1, 

Uqcrc2, Rtn2, Aifm1 and Maob were all downregulated whereas Fblim1 and Pgm5 were 

found to be upregulated. No other membrane proteins, especially the mitochondrial ones, 

reported as significant in proteomic analysis have a known direct interaction with filamin C; 

therefore, expression changes are likely to be secondary, and may reflect an adaptive 

response. Immunoblotting also failed to validate the observed downregulation of the 

mitochondrial apotosis-inducing factor Aifm1, despite it supporting an earlier study which 

found expression to decrease with increasing severity of cardiac hypertrophy (301). The 

same study also found deficiency of this protein to stimulate maladaptive remodelling of the 

LV during mechanical stress, mediating cardiac hypertrophy and fibrosis, implicating it in 

HCM (301). Combined fraction GO term enrichment analysis of proteomics data highlighted 

a significant downregulation of GO term activities related to the electron transport chain. 

Whilst these mitochondrial hits individually may represent experimental noise given their 

abundance in tissues and lack of immunoblot validation, together the role the mitochondria 

cannot be completely discounted given the importance of the mitochondria in the healthy 

and diseased heart (302).  

Interestingly, the only proteins to be significantly upregulated in Membrane-enriched 

fraction were filamin C binding partners migfilin (Fblim1) and aciculin (Pgm5). Otherwise 

known as filamin-binding LIM protein 1, migfilin binds to filamin C’s domain 19, which 

neighbours the intradomain insert harbouring the variation (76). This protein has been 

reported to be upregulated in pressure overload to mediate hypertrophy and fibrosis, 

suggesting that it is increased in response to increased stress on the heart (303). In the 

intercalated disc, filamin C also interacts with aciculin, with which it is also co-localised in 
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Z-discs (113). Aciculin and filamin C have roles in myofibrillar repair and remodelling 

(113). Immunoblot data failed to validate the highly significant observation of Fblim1 or 

Pgm5 as found in proteomic analysis. This correlates well with no genotype differences in 

Fblim1 and Pgm5 observed at transcript level (Figure 3-19).  

Adaptive proteins towards hypertrophy were also affected though to varying levels of 

significance: Synpo2l, Fhl2, Calm1 and Obscn. Synpo2l  is essential in the developing 

skeletal and heart muscle and is linked to the induction of hypertrophy and could imply a 

translocation of the protein (264,304,305). Fhl2 is involved in the hypertrophic response, 

however, it is usually down-regulated in cardiac disease (265,306). Calcium handling 

proteins Calm1 and Obscn were also downregulated in the membrane-enriched fraction. 

Changes in calcium handling proteins may affect muscle contraction regulation via altered 

cardiac action potential generation (230). A downregulation of the major gap junction 

protein Gja1  (Cx43) is found in heart failure and hypertrophic models (240,304). Cx43 

regulates electrical signalling propagation, a reduction at the intercalated disc has been 

shown to slowdown conduction which could correlate with the ECG phenotype seen in 

FLNC W2164C patients however was normally expressed on immunoblots.  

Collectively, this data would suggest that in the W2165C mouse heart, there is an activation 

of hypertrophic pathways and alterations in calcium handling. Thin filament proteins Lmod2 

and Tnnt2 are both downregulated in proteomics findings. Lmod2 downregulation is 

associated with disrupted filament assembly and cardiac failure (265). Although Tnnt2 

pathogenic variants account for around 3% of familial HCM, the pathomechanisms are not 

well understood (307,308). 
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3.4.4 Angiotensin-II treatment 

Ang-II plays an important role in cardiovascular disease by acting within the renin-

angiotensin-aldosterone system (309). Treatment in mice has been shown to induce 

premature senescence and promote cardiac hypertrophy and remodelling (310). Transcripts 

which encode proteins involved in the signalling (Fhl1, Rcan1) and structure (Flnc, Xirp1) 

of the sarcomere did appear to have a more pronounced increase in mutant mice.  Chronic 

Ang-II stimulation of mice resulted in treatment-based changes, however, for most, 

treatment did not appear to aggravate a significant molecular phenotype in Hom mice on a 

transcript level. This is likely due to variability and the difference in the statistical measures 

used compared to baseline (baseline: one-way ANOVA, Saline/Ang-II treatment: two-way 

ANOVA).  

Interestingly, there were differences between baseline and saline treatment (Table 3-2 & 

Table 3-3). Although unlikely, the differences may be in-part due to fluid overload or stress 

from surgery in the saline treated mice and hence also affect the Ang-II treatment - masking 

potential genotype-related differences induced by Ang-II treatment. Since mice around 3-

months old are only young adults, it is reasonable to suggest that more mature mice (approx. 

12-months) would have a greater phenotype, considering HCM pathology is often late-onset 

in humans (91,192).  
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3.5 Conclusion 

This work demonstrates that the patient derived W2164C FLNC variant has a significant 

impact on a protein and transcript level in a mouse model. The homozygous expression of 

the variant was found to affect the total abundance and re-localisation of proteins involved 

in hypertrophic signalling. The impact of some of these changes are indicative of being 

protective mechanisms against increased cellular stress and contributing to an HCM 

phenotype. Although some findings were not validated by immunoblot, the proteome of the 

Hom mouse suggests dysfunctional mitochondria and cardiac-specific autophagy pathway 

could be a contributor to the in vivo observations. Guided by these findings, additional work 

has been done in the mutant iPSC-CM model and will be discussed in the next chapter.  
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Chapter 4 FLNC W2164C IN THE IPSC-DERIVED 

CARDIOMYOCYTE MODEL 

4.1 Introduction 

Humans are complex organisms. Through a highly regulated network of hormones, 

circulating factors, intercellular and intracellular cross talk, a distinct physiological function 

is achieved. Biological methods to interrogate function is largely done using disease models. 

Relevant disease models are vital to aid the understanding of cardiac physiology and 

pathology. The question “What is the most relevant disease model to study human 

cardiovascular disease?” is often posed as a discussion. It is a relevant one to the field in 

advancing the understanding of cardiovascular-focussed science (311). 

Since suitable human samples are not readily available for cardiovascular research due to 

difficulties in obtaining primary cardiac myocytes, particularly from non-failing hearts, 

animal models (in particular, rodents) have been used. Animal models offer valuable insights 

into cardiovascular function, providing detailed in vivo and ex vivo parameters e.g. electrical 

and conduction activity by echocardiography and cardiac optical mapping respectively. 

Cardiac tissue from mice can be further used for molecular analyses which can help elucidate 

which pathways may be affected in a level of detail which is otherwise unavailable with the 

limited human material. The knowledge gained from studying rodent models in controlled 

environments has been instrumental in identifying and characterising the function of a large 

number of genes, many of which can be directly correlated to human pathology. 

4.1.1 The iPSC-CM model 

Large whole organism models, such as pigs, could provide more translational research due 

to their phenotypic resemblance to humans (anatomical, hemodynamic, 

electrophysiological), however these pose impractical hurdles regarding ethics, cost and 
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scalability (312). Although unable to completely recapitulate the organs physiological 

functions and systemic interactions between organs, the development of cell culture 

technology, which attempt to mimic the complex structures of cardiac tissue, represent 

significant scientific progress. The emergence of iPSCs and its derived cardiomyocytes has 

allowed the continuous generation and long-term culture of human cardiomyocytes, 

considering human cardiac tissue does not survive in culture for long (313–315). The 

opportunity to study specific patient-found variants proposed to be implicated in 

cardiomyopathy makes this cellular model potentially very insightful (175). Since its arrival, 

iPSC-CMs have been used to investigate key cardiomyopathy disease genes utilising the 

following functional outputs: contractility, calcium and voltage sensing as well as standard 

molecular biology outputs. iPSC-CMs have been shown to recapitulate key cardiac 

abnormalities found in cardiomyopathies (182,316–319). 

4.1.2 Limitations of the iPSC-CM model 

Limitations exist in all disease models. Optimising model selection and experimental design 

are instrumental. The field of iPSC-CM disease modelling is still in its infancy relative to 

animal models and there is potential to overcome its limitations in order to better answer the 

biological question in focus.   

iPSC-CMs grown in standard culturing conditions express phenotypes that are characteristic 

of fetal human cardiomyocytes in terms of cardiac isoform expression and cell morphology 

(187). In humans, the mechanical and electrophysiological genes are expressed differentially 

throughout development to adulthood (181,320). Since most cardiac diseases present during 

adulthood, these immature iPSC-CM phenotypes raise questions over whether iPSC-CMs 

are comparable with adult cardiomyocytes, a similar issue seen for isolated cardiomyocytes 

from rodent models (321).  Methods have been used to provoke a contractile and 



 

108 
 

hypertrophic phenotype through challenge e.g. the use of a beta-adrenergic agonist such as 

isoprenaline (ISO) has been used in iPSC-CM studies (322).  

Many methods attempt to mature the iPSC-CM model through 3D culture (engineered heart 

tissue, engineered heart muscle, microtissues) (Table 4-1).  A number of review discuss the 

efforts made to mature this model (323,324). 

Table 4-1 Brief overview of some of the maturation methods used to improve iPSC-CM disease modelling. 

 

4.1.3 Use of iPSC-CM to study FLNC W2164C 

In the previous chapter, the mutant Flnc W2165C mouse model was used to highlight the 

effects of this missense variant at a physiological and molecular level. The findings from 

this chapter showed some changes at a morphological level and a molecular phenotype 

indicative of cardiomyopathy via an induction of the fetal gene program. However, despite 

the mouse having approximately 95 % of genes in common with humans, key physiological 

differences in physiology, electrophysiology and protein isoform expression can render 

results non-translatable to the human condition (169,343,344). Species-related differences 

Method  Effect of approach Ref 

Prolonged culture Increased cell size and action potential amplitudes 

Improved sarcomere organisation  

Improved Ca2+ handling  

(187,189) 

Maturation media Increases in aerobic respiration, sarcomere reticulum Ca2+, 

force production 

Improved sarcomere structure 

Increased mitochondria number 

(325–327) 

Tuning substrate 

properties 

Improved sarcomere alignment 

Improved sarcomere structure 

Expression of more mature sarcomere isoform ratio 

(62,328–330) 

Electrical stimulation Improved sarcomere structure 

Increased intracellular Ca2+ levels 

Upregulation of cTnT 

(331,332) 

Biochemical cues Increased cell size and sarcomere length 

Increased rate of Ca2+ release,  

(325,333) 

3D and co-culture 

approaches 

Improved sarcomere structure and alignment 

Electrophysiological maturation  

Improved energy metabolism 

(238,334–341) 

In vivo maturation Partially mature sarcomere structures (342) 
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between rodent and human compensatory mechanisms may result in a different molecular 

phenotype which may not be human-specific, as has been reported previously (345). 

Therefore, for robustness, the use of genetically-edited iPSC-CMs is required to validate the 

trends reported in the rodent.  

As mentioned in the introduction chapter, to study patient-found variants in iPSC-derived 

cells two approaches can be employed: (1) using a patient-derived iPSCs with disease-

associated variant being repairs to form a control iPSC or (2) using iPSCs derived from a 

healthy individual as a control and inserting the disease-associated variant into this line. In 

this thesis, the FLNC W2164C missense variant was introduced into iPSCs Kolfc2 line 

which were derived from a healthy individual by employing CRISPR-cas9. Silent mutations 

were also inserted into the FLNC W2164C edited and WT lines to ensure the effects 

observed are not due to off-target effects generated during CRISPR-cas9. The insertion of 

the variant in edited iPSC lines was validated by Sanger sequencing (Figure 4-1). 

 

 

Figure 4-1 Sequencing of genomic DNA fragments from WT and FLNC W2164C iPSCs, displaying the 

presence of the knock-in missense variant (G→C). Additional silent variants were also inserted (G→T) and 

C→T). 
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4.1.4 Hypothesis and aims 

As demonstrated in Chapter 3, the mouse model for the FLNC W2164C missense variant 

provided insights into the effect of this variant on morphology and at a molecular level. The 

previous chapter reported that the mutated filamin C was suggested to be implicated in a 

cardiomyopathic phenotype though it had no morphological pathology on echocardiography 

but did display a molecular phenotype.  

It is hypothesised that in the human iPSC-CM model, the FLNC W2164C variant will show 

an overt cardiomyopathic phenotype in both Het and Hom iPSC-CMs both molecularly and 

functionally with evidence of altered proteostasis. 

The objective of this chapter is to characterise the FLNC W2164C variant in the generated 

mutant human iPSC-CM model in an attempt to validate the reported findings from the 

mouse model.  

In this chapter, the molecular and functional characterisation of the mutant iPSC-CM lines 

was achieved through the following: 

1. To measure the in vitro cardiac phenotype of FLNC W2164C iPSC-CMs at baseline 

and in response to chronic isoprenaline stimulation in an attempt to induce cardiac 

hypertrophy 

2. To follow-up characterisation of changes reported in the mutant mouse at a 

morphological, functional, transcript and protein level and with regards to protein 

localisation. 

3. As a way to unmask hidden mechano-sensing FLNC W2164C phenotypes related to 

the immaturity and mechanical environment of regularly cultured 2D iPSC-CM 

monolayers, cells were cultured on PDMS surfaces of tuneable mechanical stiffness. 
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4.2 Methodological approach: Generation of surfaces of tuneable stiffness 

Cardiac tissue is able to continuously respond to biophysical changes in order to regulate its 

growth and maintenance (346). Key components within the cardiomyocyte can sense 

mechanical cues from the extracellular matrix and consequently can trigger intracellular 

cascades for inducing proteostasis or pro-inflammatory/pro-fibrotic phenotypes (62).  

The standard plastic in vitro environmental stiffness for culturing iPSC-CMs influences the 

structural and functional properties of the cell. The stiffness of an elastic material is 

measured by the Young’s modulus by calculating the stress to strain ratio. The Young’s 

Modulus of cell culture plastic is >1 GPa and in glass that figure can be in excess of 70 GPa, 

while the stiffness of the healthy myocardium is much lower, typically between 8-50 kPa 

(347,348). Given that increased myocardial stiffness is associated with a higher risk of 

cardiac pathologies, it is therefore vital that the culturing environment of iPSC-CMs is not 

mechanically compromised (71). The mechanical environment of the cell is hypothesised to 

play an important role in inducing iPSC-CM maturation and may mask any cardiomyopathic 

phenotype.  

To produce an environment which mimics the native physiological and pathological 

mechanical stiffnesses, iPSC-CMs were cultured on polydimethylsiloxane (PDMS) 

mixtures of tuneable stiffness. PDMS was chosen due to ease of use regarding tuning its 

mechanical properties (349). PDMS is nontoxic, optically clear and is biocompatible 

(349,350). There is evidence of iPSC cardiac differentiation being enhanced when cultured 

on PDMS surfaces relative to conventional culturing conditions (351–353). A considerable 

limitation of PDMS, however, is that they have high hydrophobicity properties and require 

surface modification (via ECM coating) for cell attachment (354). 
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To mimic the adult healthy and cardiomyopathic physiological stiffness, PDMS mixtures 

were generated to have a Young’s Modulus of 20 kPa and 130 kPa respectively. The healthy 

physiological stiffness of 20 kPa was chosen due to a reported human adult cardiac stiffness 

range between 8 kPa and 50 kPa (347,348). PDMS at 130 kPa was chosen based on cardiac 

wall stiffnesses reported to be in excess of 100 kPa in patients with congestive 

cardiomyopathy (355–358). 

Prior to large-scale use, 3 batches of PDMS-coated coverslips of each desired stiffness (each 

made on 3 different days) underwent nanoindentation to test for reproducibility in 

production. Each specimen was indented at 3 different contact areas per coverslip at room 

temperature using the diamond spherical conical indenter of the NanoTest Vantage 

(MicroMaterials Ltd,UK) which pressed into the material up to a peak load of 1 mN and 

then was unloaded. Using the peak load over the contact area, the hardness of the specimen 

can be calculated and the slope of the unloading curve (slope = dP/dh) was used to determine 

the elastic modulus as only elastic displacements are assumed to be recovered during 

 Figure 4-2 Curve of a typical load-displacement cycle during nanoindentation. The elastic modulus is 

derived from the slope of the unloading curve. Abbreviations: h, the indentation depth or displacement; P, the 

measure of load applied to the sample; hf, residual displacement depth. 
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unloading (Figure 4-2) (359). The measured Young’s modulus for two predicted PDMS 

mixes (20 kPa and 130 kPa) was within an acceptable range for desired use thus confirming 

consistent PDMS fabrication (Table 4-2). At 130 kPa the range was 125.6±8.3 kPa which 

still is within fibrotic range (355,358). 

Table 4-2 PDMS Sylgard-type composition mix ratios to generate a predicted Young’s modulus. Nanoindentation 

was used to determine the mean measured modulus on 3 points of a coverslip. 3 coverslips were analysed per production 

batch with a total of 3 different production batches. 

 

 

 

 

 

PDMS mix 

Sylgard 184:Sylgard 527 

Predicted Young’s 

modulus 

Mean 

Measured 

Modulus 

1:0 1 kPa 1.3±1 kPa 

1:10 20 kPa 19.7±1 kPa 

1:20 130 kPa 125.6±8 kPa 
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4.3 Results 

4.3.1 Characterisation of generated iPSC-CMs 

4.3.1.1 Proof of iPSC-CM generation 

iPSCs were cultured and differentiated into iPSC-CMs successfully. iPSC-CMs 

demonstrated the expected simultaneous twitches and displayed the sarcomere marker α-

actinin in well-organised sarcomeric structures (Figure 4-3).  

Directed differentiation from iPSCs to iPSC-CMs was achieved with reasonable efficiency 

(Table 4-3). Out of all the clones, 2 clones of each genotype were found to have a comparable 

differentiation efficiency and started twitching around the same age. These clones were 

chosen for variant interrogation.  

Table 4-3 Success rates for initial differentiation (characterised by the spontaneous twitching of cells). In bold are 

the clones which were used for further analysis. 

 Clone Successful iPSC-CM 

differentiations 

Age of twitching onset 

(days) 

Wild-type C3 82%  9.2 

C8R 89%  8.8 

 

FLNC W2164C Het 

C4 75%  12.9 

C11 85%  8.3 

C26 89%  8.7 

 

FLNC W2164C Hom 

C36R 84%  8.8 

C72R 73%  13.5 

C82R 80%  10.1 

Figure 4-3 Myofibrillar organisation of a wild-type iPSC-CM clone stained at day 30 post-differentiation. 

α-actinin (red) is an indicator of the sarcomere. 
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Differentiation success is variable however, hence normalisation to sarcomere transcripts 

may be more accurate. Therefore, a relevant cardiac control is necessary. For instance, the 

conventional use of GAPDH may account for non-cardiomyocytes that may exist within a 

well of iPSC-CMs. When using cardiac markers, ACTN2 or TNNT2, compared to the 

conventionally used GAPDH control the spread of results can change (Figure 4-4). ACTN2 

was chosen as the cardiac control for all iPSC-CM qPCR data presented in this due to the 

reduced variable distribution seen in Figure 4-4 and subsequent chapters as it aided in 

differentiation variability correction. 

 

 

 

 

 

 

Figure 4-4 Quantitative RT-PCR of wild-type cardiac TTN transcript expression across three WT iPSC-CM 

differentiations (coloured appropriately). Transcript expression was normalised to either GAPDH, ACTN2, or 

TNNT2 (cTnT) and expression of each marker was made relative to iPSC (Day 0). Each dot represents a result for an 

individual well.  

Figure 4-5 Quantitative RT-PCR of wild-type cardiac gene expression. WT C3 iPSC clones are shown as circles, 
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4.3.1.2 Time course of differentiation in wild-type iPSC-CMs  

The ventricular-specificity and maturity of generated iPSC-CMs was measured by the 

expression of specific cardiac transcripts and proteins in wild-type iPSC-CMs over time. 

The time-course experiment also presented an opportunity to determine the best point to 

conduct experiments on the mutant lines.  

Undifferentiated wild-type iPSCs (Day 0) expressed no cardiac specific genes (Figure 4-5). 

At day 10, expression for all transcripts is observed. From day 20 onward, cardiac maturation 

and stabilisation is displayed. α-actinin (ACTN2), an indicator for sarcomere assembly 

activity, was expressed at a consistent rate post-differentiation. Both ventricular (MYL2, 

MYH7) and atrial (MYL7, MYH6) markers were expressed and enriched post-differentiation. 

Mirroring the differentiation success rates, there was no indication that the different iPSC 

WT clones had distinct iPSC-CM transcript profiles – validating the use of both iPSC-CM 

clones for further interrogation as a control. In contrast, there were distinct differences 

between individual iPSC-CM differentiation batches (Figure 4-5). 
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Figure 4-5 Quantitative RT-PCR of wild-type cardiac gene expression. WT C3 iPSC clones are 

shown as circles, WT C8R iPSC clones were shown as squares. Each colour represents a matched 

differentiation batch, the dotted line represents the mean of the WT C3 iPSC clone, the solid line 

represents the mean of the WT C8R iPSC line. n/d=2/3. Abbreviations: n/d = number of wells per 

differentiation/number of differentiations per genotype. 
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As with the transcript data, there was large variation between batches of iPSC-CMs 

at a protein level (Figure 4-6).  The batch variability correlated with MLC2V and α-

actinin expression – indicating the quality of the differentiations. From day 20, iPSC-

CMs largely expressed proteins to the same level and hence day 20 and day 30 were 

chosen for reasonable time points for interrogating mutant iPSC-CMs. Day 20 

represented early stage of sarcomerogenesis and day 30 as an accepted timepoint 

comparable with the literature (188,200,360). 

 

 

Figure 4-6 Protein expression in wild-type iPSC-CMs from Day 0 differentiation initiation 

and aged until 60 days. Samples are labelled as according to their differentiation batch (A, B, 

C) and age (Day 0 – iPSC). GAPDH was the control.  
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4.3.1.3 Flow cytometry characterisation 

Flow cytometry analysis was done to quantify the expression of cardiac and ventricular-

specific markers in 10 000 generated WT iPSC-CMs. Troponin T (cTnT), myosin light chain 

2 (MLC2V) were present in all iPSC-CM lines at +90%, indicating a high iPSC-CM 

percentage purity. Data found 94 % positive staining for TNNT2 when compared to the 

negative control. Further flow cytometry data found the marker for MLC2V to be expressed 

in 96 % of cells (Figure 4-7).  

 

 

Figure 4-7 Fluorescent activated cell counting data in 30-day old WT iPSC-CMs. Cells were fixed and stained 

for TNNT (cTnT) and MLC2V.  

Figure 4-7 Fluorescent activated cell counting data in 30-day old WT iPSC-CMs. Cells were fixed and stained 



 

120 
 

4.3.1.4 Sarcomere and myofibrillar organisation 

To confirm the structural integrity of the sarcomere and protein localisation relative to the 

sarcomere, WT iPSC-CM lines were immuno-stained for α-actinin, a marker for 

cardiomyocyte sarcomeres (Z-discs), which have a striated appearance. Regular α-actinin 

striations were observed in all generated cardiomyocytes with varied myofibrillar 

organisation within each well (Figure 4-8).  

 

4.3.2 Interrogation of mutant iPSC-CMs 

4.3.2.1 Changes at a transcript and protein level 

Quantitative real-time PCR was done on WT, Het and Hom iPSC-CMs both at day 20 and 

at day 30. These dates were chosen as the mutant FLNC may interact differently with actin-

rich pre-myofibrils (estimated to be at day 20) compared to the more mature sarcomeres at 

the widely used timepoint (day 30) (182,330,342,361).  

Markers of the fetal gene programme: MYH6, MYH7, ACTA1, NPPA and NPPB, did not 

change between genotypes or age of iPSC-CM (Figure 4-9). FLNC W2164C variant carrying 

iPSC-CMs showed no differences of FLNC expression at transcript level at both day 20 and 

day 30 (Figure 4-10). Out of the remaining targets, MYOT, HSPB1, HSPB7, FHL1 and 

WT 

Figure 4-8 Myofibrillar organisation variation within the same WT iPSC-CM well. (α-actinin, red)  

Aligned Intermediate 

 

Non-aligned 
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ANKRD1 showed no changes either at day 20 or day 30. There were no significant changes 

at transcript with differentiation day or genotype. 

 

Figure 4-9 Targeted assessment of transcriptional changes of markers of the fetal gene programme in iPSC-CMs at 

day 20 and day 30. All measurements are normalised to ACTN2 and presented as Mean+SEM; n/d=1-2/4-5 per group. 2-

way ANOVA multiple comparisons test was conducted on normally distributed samples, no significant changes were 

observed. Abbreviations: n/d = number of wells per differentiation/number of differentiations per genotype. 
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Figure 4-10 Targeted assessment of transcriptional changes of markers of FLNC, MYOT and 

hypertrophic markers in iPSC-CMs at day 20 and day 30. All measurements are normalised to ACTN2 and 

presented as Mean+SEM; n/d=1-2/4-5 per group. 2-way ANOVA multiple comparisons test was conducted on 

normally distributed samples, no significant changes were observed . Abbreviations: n/d = number of wells per 

differentiation/number of differentiations per genotype. 
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Immunoblotting of cells at day 30 found only XIRP1 to be differentially expressed in mutant 

iPSC-CMs. XIRP1 was found to be significantly reduced in both Het and Hom iPSC-CMs 

relative to WT cells. Relative to ACTN2 abundance, the abundance of FLNC and MYOT in 

Het iPSC-CMs trended towards an increase, in agreement with the mouse model immuno-

blots, though this was not significant (Figure 4-11). Significance was only found in the 

reduction of XIRP1 in Het and Hom iPSC-CMs. No significant differences were found in 

MYH7. Again, although not significant, HSPB1 and HSPB7 trended towards an 

upregulation in only Hom iPSC-CMs. To note, ACTN2 staining for Hom iPSC-CMs was 

not consistent and is likely to be skewing the results.  
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Figure 4-11 Immunoblots of WT, Het and Hom iPSC-CMs at day 30. Densitometry was used to quantify the values and was normalised to ACTN2. One-way ANOVA 

was used to analyse normally distributed data, n/d=1/4, Hom C has been excluded from analysis due to a lack of expression of the cardiac control marker Actn2. (p<0.01, 

**; versus WT). Abbreviations: n/d = number of wells per differentiation/number of differentiations per genotype. 
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4.3.2.2 Myofibrillar arrangement  

The Z-line length represents the width of each singular Z-disc and the mean sarcomere 

length is the length between two Z-discs and is determined by α-actinin staining (red). 

Between WT, Het and Hom iPSC-CMs, both of these parameters were found to be 

unchanged (Figure 4-12). The regular α-actinin staining indicates that Z-disc sarcomere 

integrity is maintained between WT (1.10±0.08 µm), Het (1.10±0.11 µm) and Hom 

(1.11±0.08 µm) lines, though are much shorter than mature sarcomere length ~2 μm (362). 

The Z-line skewness, a measure of myofibrrilar arrangement, was unaffected in cells 

harbouring the FLNC W2164C variant. 

 

Figure 4-12 Z-line and sarcomere continuous lengths in WT, Het and Hom iPSC-CMs. iPSC-CMs were stained for 

alpha-actinin (red) at Day 30 and underwent a one-way ANOVA. n/d = 2-3/4. Abbreviations: n/d = number of wells per 

differentiation/number of differentiations per genotype. 

WT Het Hom 
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4.3.2.3 Cell size 

The FLNC W2164C variant results in HCM in patients. A hallmark of HCM is myocyte 

hypertrophy (363), therefore, performing cell size analyses using machine learning tools 

such as CellPose 2.0 on immunofluorescent images of iPSC-CMs can provide an unbiased 

and accurate determination of cellular hypertrophy (Figure 4-13).  

Across 153 WT and 147 Hom iPSC-CMs, there were no significant differences observed in 

cell size (Figure 4-14). A large variation in cell size was seen, with cell size ranging between 

400 µm2 and 2384 µm2. iPSC-CMs generated in this thesis are mostly smaller than adult 

ventricular cardiomyocytes which have a cell area between 2000 µm2 and 5250 µm2 (364). 

 

 

 

 

 

Figure 4-13 Example image of CellPose 2.0 data pre-processing from raw image (left) to full mask (right).  (1) showing 

the input raw image. (2) using a neural network, a mask is predicted by CellPose to segment the cells and undergo gradient 

tracking. (3) All pixels that converged to an identical fixed point as identified by the gradient tracking are assigned to the 

same mask. Cells are stained with ACTN2, a sarcomere marker (red), myotilin (green) and DAPI (blue).  CellPose 2.0 only 

used the sarcomere marker and DAPI as a reference point for data processing. 
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WT Hom 

Figure 4-14 Image of WT and Hom iPSC-CMs and the CellPose 2.0 estimated cell area. (A) Raw image of a WT 

and Hom iPSC-CM for CellPose 2.0 data processing.  (B) Box and whiskers plot to show the output of Cell Area as 

predicted by CellPose 2.0 between genotypes.  iPSC-CMs were cultured on glass coverslips with GelTrex coating. 

Cells are stained with ACTN2, a sarcomere marker (green). CellPose 2.0 only used the sarcomere marker and DAPI 

as a reference point for data processing. N/n/d = 80-154/1-3/3. Significance was measured by a Student’s t test. 

Abbreviations: N/n/d = number of cells anlysed per condition/number of wells analysed per differentiation/number of 

differentiations per genotype. 

A 

B 
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4.3.2.4 Analysis of contractile parameters 

To assess whether iPSC-CMs harbouring the homozygous FLNC W2164C variant had 

altered function, the sarcomere lengths were tracked using SarcTrack (200) to measure the 

contraction and relaxation durations, peak contracted and peak relaxation SLs and percent 

contraction (Video 1). SarcTrack works by using a MatLab algorithm to track these 

parameters on live-cells which have undergone adenoviral transduction to express Actn2 

GFP to visualise the Z-disc and hence measure contraction as the Z-discs are pulled.  

Many of the iPSC-CMs reported a resting frequency above 1 Hz, therefore pacing was 

required at 2 Hz which may affect the cardiomyocyte when in relaxation. When comparing 

WT and Hom iPSC-CMs, there were no differences or observable trends reported in average 

contraction (WT = 276±58 ms, Hom = 279±55 ms) and relaxation times (WT = 291±51 ms, 

Hom = 290±50 ms) (Figure 4-15). The average contracted (WT = 1.73±0.09 µm, Hom = 

1.73±0.08 µm) and relaxed sarcomere lengths (WT = 1.89±0.08 µm, Hom =1.89±0.08 µm) 

also showed no differences although were very different compared to the numbers observed 

by zline-detection (Figure 4-12). No trends between WT and Hom iPSC-CMs were reported 

by SarcTrack in contraction percentage (WT = 8.4±2.2 %, Hom = 8.2±2.3 %). 

 

Video 4 QR code linking to a video of WT and Hom 
iPSC-CMs contracting with their sarcomeres tagged 
for Actn2 GFP visualising the Z-disc expressed via 
adenoviral transduction. Cells were paced at 2 Hz for 
recordings. 

 

Thesis SarcTrack Video - YouTube 

 

https://www.youtube.com/watch?v=Vz_9WLEDaNY&feature=youtu.be
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Figure 4-15 Contractile parameters between WT and Hom iPSC-CMs while being paced at 2 Hz and 

assessed via the SarcTrack algorithm. The average contraction and relaxation times were assessed as well as the 

average sarcomere lengths for both contraction and relaxed. The average percent contraction was also measured. 

n/d = Significance was determined by a Student’s t test. Abbreviations: n/d = number of wells analysed per 

differentiation/number of differentiations per genotype. 



 

130 
 

4.3.2.5 Mitochondrial function of mutant iPSC-CMs 

To follow-up the suggested downregulation of mitochondrial proteins in the membrane-

enriched fraction of murine cardiac tissue (Figure 3-7), a basic mitochondrial function 

experiment was performed on live iPSC-CMs. The JC-10 dye detects mitochondrial 

membrane potential based on the formation of aggregates in the mitochondrial matrix where 

it fluoresces as red or stains cells green in apoptotic cells as the monomeric JC-10. Mutant 

iPSC-CMs showed comparable functional mitochondrial activity (displayed as red) with 

WT iPSC-CMs (Figure 4-16) and neither group showed relative increases in inactive 

organelles (displayed as green). As seen on the JC-10 fluorescence ratio plot (Figure 4-16B), 

iPSC-CMs showed a higher amount of low membrane potential compared to high membrane 

potential in the cells but between genotypes there was no difference in fluorescence ratio. 

This suggests normal mitochondrial activity in the mutant cells. 
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Figure 4-16 Mitochondrial staining with JC-10 dye on the 30th day of iPSC-CM in-vitro differentiation culture. High membrane potential is displayed 

red, while low membrane potential is shown as green. 6 cells of each of the 3 independent differentiation batches per genotype were tested. 
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4.3.3 Characterisation of mutant iPSC-CMs with isoprenaline treatment 

Isoprenaline (ISO) is a nonselective beta-adrenergic agonist which is widely used to induce 

heart failure in mice and can mimic stress-induced cardiomyopathy (169,365). ISO (100 µM 

for 3 days) was used to unmask potential differences between genotypes. Basic 

characterisation was performed. This work was carried out in parallel to the decision to 

switch to use only WT and Hom iPSC-CMs for characterisation. Therefore, this work shows 

the characterisation of Het iPSC-CMs under ISO while some parameters in the previous and 

subsequent sections do not. 

4.3.3.1.1 Beating frequency 

Firstly, the beating frequency was characterised by counting the number of beats in a timed 

interval within 2 minutes of removing from the incubator. In the presence of ISO, there was 

no statistically significant difference in beating frequency across 4 batches of differentiations 

each (Figure 4-17). To note, a small increase in beating frequency was observed in ISO-

treated cells compared to DMSO though this was not found to be statistically significant.  

Figure 4-17 Beating frequency of WT and Hom iPSC-CMs at day 30 when under DMSO or ISO 

treatment. n/d=13/4. Abbreviations: n/d = number of wells per differentiation/number of differentiations per 

genotype. 
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4.3.4 Gene expression in iPSC-CMs under ISO 

Transcript expression of the mutant iPSC-CMs after DMSO treatment (Figure 4-18 & Figure 

4-19) showed no trends compared in iPSC-CMs at baseline (Figure 4-19 & Figure 4-20). 

Genes involved in the fetal gene programme (NPPA, NPPB, MYH7 ACTA1) remained 

unchanged as did FLNC and MYOT. Markers linked to hypertrophic signalling (ANKRD1, 

ANKRD2, FHL1) showed no significant trends.  

Figure 4-18 Targeted assessment of transcriptional changes of markers of the fetal gene programme in iPSC-

CMs under DMSO or ISO treatment. All measurements are normalised to ACTN2 and presented as Mean+SEM; 

n/d=1-2/4 per group. 2-way ANOVA multiple comparisons test was conducted on normally distributed samples. 

Abbreviations: n/d = number of wells per differentiation/number of differentiations per genotype. 



 

134 
 

Figure 4-19 Targeted assessment of transcriptional changes of markers of hypertrophic markers 

and FLNC and MYOT. Normalised to ACTN2 and presented as Mean+SEM; n/d=1-2/4 per group. 2-

way ANOVA multiple comparisons test was conducted on normally distributed samples. Abbreviations: 

n/d = number of wells per differentiation/number of differentiations per genotype. 
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4.3.5 Protein levels in iPSC-CMs under ISO 

At a transcript level there were no significant trends observed when iPSC-CMs were treated 

with ISO. Except for FBLIM1, the same was true when looking at immunoblots, no trends 

or differences in protein levels appear to be present in iPSC-CMs when treated with ISO 

compared to DMSO treatment (Figure 4-20). FBIM1, which was found to be significantly 

reduced in Hom mice by proteomics (3.3.4.2), was found to be significantly reduced in 

response to ISO in WT iPSC-CMs. Significant genotype differences were not observed in 

FBLIM1. The three significantly upregulated proteins from the proteomics in the 

myofilament fraction (Flnc, Myh7, Myot) were also measured at transcript level in iPSC-

CMs with either DMSO or ISO treatment though no clear trends were observed in Het or 

Hom iPSC-CMs relative to WT counterparts. 

Note: From this point onwards, all comprehensive characterisation was normalised to 

cardiac troponin T (cTnT), for both immunoblotting and transcript analysis.  

 

 

 



 

136 
 

Figure 4-20 Targeted assessment of protein changes of markers of FLNC, MYOT, FBLIM1 and hypertrophic markers in iPSC-CMs under DMSO or 

ISO treatment in WT and Hom cells. All measurements are normalised to cTnT and presented as Mean+SEM; n/d=1/3 per group. Data was normally 

distributed and underwent a 2-way ANOVA. (p<0.01, **; versus WT). Abbreviations: n/d = number of wells per differentiation/number of differentiations per 

genotype. 
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4.3.6 Interrogation of mutant iPSC-CMs on physiological stiffness 

In this part of the chapter, iPSC-CMs were cultured on PDMS substrates of physiological 

adult healthy (20 kPa) and fibrotic (130 kPa) stiffnesses. Glass coverslips were the chosen 

stiff control surface for all work for practical consistency. All work on iPSC-CMs cultured 

on PDMS was conducted on WT and Hom FLNC W2164C cell lines only. Cardiomyocytes 

underwent molecular and functional characterisation as described previously. 

4.3.6.1 iPSC-CM maturation on PDMS substrates 

To test if culturing iPSC-CMs on PDMS substrates of variable stiffness induced maturation, 

maturation markers at a transcript level were chosen to indicate the various maturation 

levels: ratios of the titin isoforms (N2BA/N2B) and myosin heavy chain isoforms 

(MYH7/MYH6) markers indicate sarcomere maturation and the decrease of HK2 and increase 

of PDK4 indicate metabolic maturity.  

Wild-type iPSC-CMs cultured on PDMS still predominantly express the N2BA isoform of 

titin, though relative to cell culture on glass, the N2BA/N2B ratio was significantly reduced 

(Figure 4-21). Though not significant, the relative MYH7/MYH6 ratio increasing when 

cultured on the less rigid PDMS surfaces. The mitochondrial enzyme linked to enhanced 

fatty acid oxidation, pyruvate dehydrogenase lipoamide kinase isozyme 4, encoded by the 

gene PDK4, increased significantly when on PDMS of 130 kPa. The gene HK2, encoding 

hexokinase 2, is reduced in mature cardiomyocytes, however, did not show any significant 

trend when cultured on soft substrates. 
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4.3.6.2 Transcript expression of mutant iPSC-CMs on PDMS 

The same targets were probed for in the iPSC-CMs on PDMS of varying stiffnesses to 

provide direct comparisons between other experiments used in this chapter. Additional 

targets were identified since initial characterisation on 2D plastics or ISO experiments, and 

were also probed for at transcript level. There was a significant induction in genes related to 

the fetal gene programme (Figure 4-22). Relative to glass-cultured cells, when cultured on 

20 kPa, Hom iPSC-CMs showed an increased level of significance compared to the WT 

counterparts (NPPA, MYH7, ACTA1). Genes linked to hypertrophic signalling were 

unaffected on either glass or PDMS surfaces (ANKRD1, ANKRD2, FHL1) (Figure 4-23). 

Figure 4-21 Transcript expression of cardiac maturity markers on 30-day old WT iPSC-CMs. Data was relative 

to glass WT and expression was relative to cTnT. Samples underwent a one-way ANOVA. n/d = 2/4. (p<0.05, *; 

versus WT).  Abbreviations: n/d = number of wells per differentiation/number of differentiations per genotype.  
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The expression of MYOT and FLNC did not change between genotypes or stiffness at a 

transcript level (Figure 4-23). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-22 Targeted assessment of transcriptional changes of markers of the fetal gene programme in iPSC-CMs 

when cultured on either 130 kPa or 20 kPa PDMS surfaces. All measurements are normalised to cTnT and made relative 

to WT; n/d=1-2/4 per group. 2-way ANOVA multiple comparisons test was conducted on normally distributed samples. 

(p<0.05, *; p<0.01, **; p<0.001, ***; p<0.0001, ****; versus WT).  Abbreviations: n/d = number of wells per 

differentiation/number of differentiations per genotype. 
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Figure 4-23 Targeted assessment of transcriptional changes of hypertrophic markers markers in iPSC-

CMs when cultured on either 130 kPa or 20 kPa PDMS surfaces. All measurements are normalised to cTnT 

and made relative to WT; n/d=1-2/4 per group. 2-way ANOVA multiple comparisons test was conducted on 

normally distributed samples. Abbreviations: n/d = number of wells per differentiation/number of 

differentiations per genotype. 
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4.3.6.3 Protein expression of mutant iPSC-CMs on PDMS 

Cells cultured on physiological healthy (20kPa) and fibrotic (130kPa) stiffnesses were 

immunoblotted for markers identified in Chapter 3. FLNC showed a trend towards increase 

in 20 kPa conditions, however, this did not reach significance (Figure 4-24). Significance 

was reached when measuring MYH7 at 20 kPa between WT and Hom cells, comparable to 

the mouse. Both HSPB1 and HSPB7 displayed significant increases between WT and Hom 

cells at 130kPa. As stiffness is reduced from 130 kPa to 20 kPa, Hom iPSC-CM protein 

expression of HSPB1 and HSPB7 is comparable with WT and significantly lower than Hom 

iPSC-CM expression at 130kPa. MYOT and FBLIM1 was not found to be altered between 

130 kPa or 20 kPa in either genotype.
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Figure 4-24 Targeted assessment of protein changes of markers FLNC, MYOT, FBLIM1 and hypertrophic markers in iPSC-CMs when cultured on either 

130 kPa or 20 kPa PDMS surfaces. All measurements are normalised to cTnT and made relative to WT 130.kPa. Data is presented as Mean+SEM; n/d=1/3 per 

group. Data was normally distributed and underwent a 2-way ANOVA. (p<0.05, *; p<0.01, **; versus WT). Abbreviations: n/d, number of wells per 

differentiation/number of differentiations per genotype; PDMS, polymethyldioxysilone.  
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4.3.6.4 Beating rate of mutant iPSC-CMs on PDMS 

The beating frequency of iPSC-CMs on PDMS was significantly reduced compared to glass-

cultured iPSC-CMs (Figure 4-25). In a stiffness-dependent manner, both WT and Hom cells 

beat with a reduced frequency correlative with decreased surface stiffness as well as 

increased maturity. 

  

 

 

 

 

 

Figure 4-25 Beating frequency of WT and Hom iPSC-CMs cultured on different surfaces characterised 

by their Young’s modulus. Frequency was recorded by counting on 30-day old cells, n/d = 6/4, data underwent 

a 2-way ANOVA, significance is shown by asterisks. Abbreviations: n/d,  number of wells analysed per 

differentiation/number of differentiations per genotype. 
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4.3.6.5 Cell size of mutant iPSC-CMs on PDMS 

As mentioned in 4.3.2.3, cell size is expected to change in HCM, however, in the HCM-

related FLNC mutant cells, there was no significant change in cell size. Culturing iPSC-CMs 

on softer stiffnesses may allow the cells to grow in size and hence be more comparable to 

adult cardiac myocytes (190). iPSC-CMs cultured on glass, 130 kPa PDMS and 20 kPa 

PDMS had comparable cell sizes, with trend of size increase on the softest substrate (20 kPa) 

(Figure 4-26 & Figure 4-27). Hom FLNC W2164C iPSC-CMs cultured on 20 kPa were 

significantly larger than Hom cells cultured on glass. 

 

 

 

 

Figure 4-26 Box plot displaying the cell area of WT and Hom iPSC-CMs cultured on glass, 130 kPa 

PDMS and 20 kPa PDMS. Cell area was calculated via CellPose 2.0 on 30-day old cells, n/d = 1-2/4, 

data underwent a 2-way ANOVA, significance is shown by asterisks. (p<0.05, *; versus WT). 

Abbreviations: n/d, number of wells per differentiation/number of differentiations per genotype. 
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Figure 4-27 Immunofluorescent images used to calculate cell area via CellPose 2.0 of WT and Hom iPSC-CMs 

cultured on glass, 130 kPa PDMS and 20 kPa PDMS. Images were taken on 30-day old cells, n/d = 1-2/4, and 

were stained with DAPI, ACTN2 (red) and HSPB7 (green). For cell area analysis, only the ACTN2 stain was 

analysed by CellPose 2.0 
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4.3.6.6 Protein localisation of mutant iPSC-CMs on PDMS 

In the mouse model, homozygous mutants displayed an increased expression of filamin C 

and HspB7 at the intercalated disc. The intercalated discs were not found to regularly 

expressed or show regular morphology in iPSC-CMs so localisations were assessed 

independently and relative to actin or α-actinin only. To maximise the use of each image, all 

cardiomyocytes which were stained with actin or α-actinin were used for cell size imaging 

above.  

The variant did not affect the localisation of filamin C (Figure 4-28), myotilin (Figure 4-29), 

HspB7 (Figure 4-30) or HspB1 (Figure 4-31) in the mutant iPSC-CMs cultured on 20 kPa 

PDMS. Staining of actinin-2 was displayed with striated lines in all samples and shown via 

intensity plots. Filamin C, myotilin, HspB7 and HspB1 showed evidence of regular Z-disc 

localisation, though high background staining of the FLNC antibodies made assessment 

difficult. Intensity plots show an increased abundance of myotilin at the Z-disk (Figure 4-

29), however this is likely due to differences in image acquisition and quality. 
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Figure 4-28 Immunofluorescent images of filamin C staining in WT and Hom iPSC-CMs cultured on 20 kPa PDMS. Images were taken on 30-day old cells, n/d = 1-2/4, and were 

stained with, ACTN2 (red) and Filamin C (green). Line intensity plots for the respective images on the right showing relative changes in FLNC localisation towards the Z-disk. 
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Figure 4-29 Immunofluorescent images of myotilin staining in WT and Hom iPSC-CMs cultured on 20 kPa PDMS. Images were taken on 30-day old cells, n/d = 1-2/4, and 

were stained with, ACTN2 (red) and myotilin (green). Line intensity plots for the respective images on the right showing relative changes in myotilin localisation towards the Z-disk. 
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Figure 4-30 Immunofluorescent images of Hspb7 staining in WT and Hom iPSC-CMs cultured on 20 kPa PDMS. Images were taken on 30-day old cells, n/d = 1-2/4, and were 

stained with, ACTN2 (red) and Hspb7 (green). Line intensity plots for the respective images on the right showing relative changes in Hspb7 localisation towards the Z-disk. 
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Figure 4-31 Immunofluorescent images of Hspb1 staining in WT and Hom iPSC-CMs cultured on 20 kPa PDMS. Images were taken on 30-day old cells, n/d = 1-2/4, and 

were stained with, ACTN2 (red) and Hspb1 (green). Line intensity plots for the respective images on the right showing relative changes in Hspb1 localisation towards the Z-disk. 
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4.4 Discussion 

This chapter aimed to utilise the iPSC-CM as a model to better understand the contribution 

that the FLNC W2164C variant has towards a cardiomyopathy phenotype. With work 

already done in the mouse model (Chapter 3), a particular focus was to observe whether this 

human in vitro model can validate findings from the mouse model and provide additional 

insights. WT iPSC-CMs were assessed first to optimise the best experimental conditions. 

WT and mutant iPSC-CMs were tested under normal optimised culture conditions, ISO 

treatment and when cultured on PDMS surfaces of physiological stiffness. 

4.4.1 Variant characterisation on iPSC-CMs on 2D-plastics and ISO treatment 

4.4.1.1 Model validation 

The iPSC-CM model was confirmed as a relevant model by conducting initial 

characterisation experiments. The WT kolf2 iPSC line successfully differentiated into 

spontaneously beating iPSC-CMs. These iPSC-CMs were found to expressed key cardiac 

markers, including filamin C, at transcript and protein level as they underwent 30 days of 

culture. The generated iPSC-CMs expressed the ventricular marker MLC2V at 94% and pan 

cardiac marker,  cTnT at 96% when analysed by flow cytometry, confirming a high 

cardiomyocyte purity, comparable with other studies (91,366). MLC2V is usually found to 

be dominantly expressed in ventricular cardiomyocytes, whilst it is considerably lower in 

non-ventricular cardiac cells (367). Since neither MLC2V or cTnT is 100%, it is likely that 

non-ventricular and non-cardiomyocytes are influencing results, hence the need for a cardiac 

gene for relative expression in qPCR and immunoblotting.  

As a proof of principle, when cultured on 2D tissue culture-treated plastics, iPSC-CMs 

displayed a drastic variability in myofibrillar organisation even within the same well. This 

makes studying myofibrillar arrangement difficult and subject to selection bias. Automated 
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analysis tools for studying sarcomere structural integrity were identified as a way to 

overcome these limitations and was used to a limited degree in this study (199). Despite the 

large batch-to-batch variability observed, the level of maturity due to time in culture 

plateaued between day 20 and day 30 – thus day 30 was chosen as the primary point of 

variant interrogation, a timepoint comparable with other studies (91,368). Mutant 

cardiomyocytes had comparable iPSC-CM differentiation success rates to WT cells (Table 

4-2). 

4.4.1.2 Effect of the FLNC W2164C variant 

Filamin C is associated with maintaining sarcomere stability (369) and de novo sarcomere 

assembly with FLNC known to be expressed at early myocyte differentiation (128,156). The 

FLNC W2164C variant is located in a region involved in thin filament assembly, and 

therefore a mutant FLNC may have an impaired assembly process resulting in less mature 

sarcomeres.  Day 20 was identified as a stable time point for measuring the effect of the 

variant on sarcomere assembly and therefore can inform on the potential development of the 

pathology the FLNC W2164C variant has on iPSC-CMs. As patients harbouring this variant 

present in adulthood, drastic changes in sarcomere assembly were not expected as this would 

be expected to be likened to paediatric disease. Filamin C has also been proposed as a fast 

myofibrillar repair responder protein (116).  

A mutant FLNC may not operate properly in myofibrillar repair and affect the 

cardiomyocyte function, hence the majority of work investigating cardiomyocyte structure 

was carried out at day 30 post-sarcomere assembly when mature sarcomeres are formed. 

Though sarcomeres have been formed at this point, the sarcomere remains highly dynamic 

with sarcomere disassembly and reassembly. 
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At a structural level, the myofibrillar structure of the cardiomyocyte appeared consistently 

irregular with no indication of altered sarcomere formation or structure at day 30. Sarcomere 

lengths were unchanged when analysed both by Z-line detection and by SarcTrack, though 

the absolute values of sarcomere length differed between the method. This may be due to 

the nature of data acquisition, fixed cell imaging (Z-line detection) and live cell imaging 

(SarcTrack), perhaps due to initial characterisation normalised immunoblots to ACTN2, 

however, the ACTN2 levels at day 30 varied considerably especially in Hom iPSC-CMs. 

Alone this could indicate altered sarcomere stability, however, these cells continued to beat 

and immunofluorescence of ACTN2 in iPSC-CMs at this timepoint showed regular 

sarcomere structure across genotypes. In addition to this, the variant does not affect Z-disc 

architecture with both the Z-line length and mean sarcomere length remaining unaffected by 

the variant. It is likely that differences found by immunoblotting, are due to variabilities 

between iPSC-CM generation batches (370–373). 

Confirming this at a molecular level, transcript interrogation of the variant at day 20 showed 

no changes in genes related to sarcomere development (ACTN2, MYH7) relative to wild-type 

samples, suggesting that the filamin C variant does not affect the development and early 

maintenance of the sarcomere.  

The FLNC W2164C variant does not show evidence suggesting that sarcomere development, 

maintenance or stability are affected in 2D cultured at either day 20 or day 30.  

4.4.1.3 FLNC W2164C variant on hypertrophy 

The hallmark feature of HCM, is the enlargement of ventricular cardiac muscle cells (355). 

It was therefore expected that the HCM-associated FLNC W2164C variant should induce a 

change in cell area in Hom iPSC-CMs. To increase the likelihood of a genotype-related 
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phenotype, ISO was used to induce hypertrophy via β-adrenergic stimulation. By employing 

ISO, the idea was to mimic stress-induced cardiomyopathy as is used in mice as a chronic 

model of human advanced heart failure (169,365). 

There were however no differences in cell area between WT and Hom. Though these cell 

areas are comparable between genotypes, the large degree of variation reported suggests 

room for improvement in measuring this parameter. Cell density is known to have a 

hypertrophic effect on cell size and especially in 2D culture cell area is affected by serum 

supplementation, time in culture (374,375). Previous studies reported that hypertrophy can 

be induced due to increased expression of hypoxia inducible factor 1-α (HIF1A) in iPSC-

CMs cultured in the presence of glucose or lack of fatty acids in the culturing media due to 

(182,376–378), though this is not universally found (181,379). Using fatty acids in culturing 

media has been shown to mature iPSC-CMs, suppress HIF1A-induced hypertrophy and has 

allowed for an induction of hypertophy to be measured in response to pro-hypertrophic 

agents or genetic mutations (378). In the presence of an additional hypertrophic inducer, 

such as ISO and mechanical stretching, hypertrophic features may also be found in iPSC-

CMs harbouring the Hom variant (182,378,380–382). 

ISO incubation had a significant effect on cell size as determined by CellPose 2.0 proving 

the treatment worked, however there was no genotype related difference. While this method 

proved useful, less than 200 cells were analysed in total per genotype, with few 

differentiation batches and technical replicates. Other studies have analysed thousands of 

cells using FACs (91,375,383). 

Variability within the transcript expression dataset is the dominating feature. For 

comparison, all trends observed in the mutant mouse were not replicated in the baseline 
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iPSC-CM study at either day 20 or day 30. Markers of the fetal gene programme and 

hypertrophic signalling were unaffected. Other hypertrophic markers could have been 

measured at transcript level, such as CaMK II (384)  At the protein level, differences which 

were striking in the mouse proteomics and immunoblot data (e.g. upregulation of MYH7) 

were found to have no trends in Hom iPSC-CMs. Only XIRP1 expression was found to be 

downregulated in both Het and Hom iPSC-CMs. Low n-numbers, batch-to-batch variability 

and the use of a cardiac control which may be affected by the FLNC W2164C variant 

(ACTN2) may be factors into the contradictory findings in baseline iPSC-CMs. 

The FLNC W2164C variant does not appear to affect the expression of markers related to 

cardiomyopathy at transcript or protein level in 2D cultured and ISO treated iPSC-CMs.  

 

4.4.1.4 FLNC W2164C variant on cardiac function 

Patients with hypertrophic cardiomyopathy have a thickening of the left ventricular wall 

which stiffens and patients experience diastolic dysfunction. Baseline cardiac output was 

measured in 2D plastic-cultured iPSC-CMs by SarcTrack and displayed no differences in 

any of the measured parameters. Consistent with the Z-disc line detection analysis, there 

were no differences in sarcomere lengths in either relaxed or contracted states. Since some 

of the measured iPSC-CMs had an intrinsic spontaneous beating rate above 1 Hz, all cells 

were paced at 2 Hz which may have introduced problems when observing phenotypes: 

Pacing at 2 Hz all may not allow the cells to completely relax in diastole, hence resulting in 

almost identical sarcomere lengths, contraction times and contraction percentages, and 

masking genotype effects. Interestingly, even though the pacing was at a high rate, a 

reasonable amount of variability is still observed when considering the contraction times and 
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percentages. Differences in these parameters may be linked to differences in intrinsic paces 

influencing how accustomed cells are to the higher pacing. Ideally it would be possible to 

make comparisons between cells that naturally beat at a similar rate but the endogenous 

beating rates of both genotypes were very variable and hence limited the ability to measure 

this. Contractile function was looked at simplistically by counting beats per minute in ISO 

treated iPSC-CMs. The beating frequencies under ISO treatment were not significantly 

different.  

The FLNC W2164C variant does not appear to affect iPSC-CM cardiac function in the 

parameters measured on 2D cultured and ISO treated cells.  

4.4.2 ISO characterisation assessment 

The use of ISO in this study was primarily to induce a similar phenotypic effect on the 

molecular level as Ang-II had on the FLNC mutant mouse. Contrary to evidence found in 

mice, ISO treatment did not aggravate phenotypes either in the Het or Hom iPSC-CMs. To 

date, differences between mouse models and human iPSC-CM disease models have been 

reported previously and is not surprising given the stark physiological and molecular 

differences between the two models (383,384). While the differences could be explained by 

model differences as well as different modes of action between Ang-II and ISO (385), the 

contradictory findings with the mouse make interpretation difficult. This will be discussed 

in the Final Discussion chapter in greater detail.  

4.4.3 PDMS characterisation 

Cells which are cultured on overly rigid substrates, such as tissue culture plastics or glass, 

may employ a diverse panel of regulation mechanisms in order to compensate for the 

mechanical environment (386), and hence override any regulatory mechanisms that may lead 
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to a phenotype due to the FLNC variant itself.  Given no differences were seen under normal 

2D plastic culturing conditions and ISO treatment, iPSC-CMs were cultured on surfaces of 

physiological stiffnesses. This approach questioned whether iPSC-CMs were already 

mechanically compromised due to the high tensile forces induced by regular 2D culturing 

on plastics that masked a genotype-related phenotype. Therefore, PDMS surfaces were 

employed to reach physiologically healthy (20 kPa) and fibrotic (130 kPa) conditions. 

Culturing iPSC-CMs on physiological surfaces was also predicted to induce a more mature 

phenotype and hence aid in studying the effects of the FLNC variant in a system more 

equivalent to the adult heart.  

4.4.3.1 Cardiac maturation on PDMS 

Firstly, maturation of the iPSC-CMs was observed at a transcript level when on a PDMS 

surface compared to glass. This was seen with a reduction in titin isoform ratio N2BA:N2B 

on both 130 kPa and 20 kPa PDMS surfaces. While the isoform switch occurred to a 

significant degree in titin, the MYH7:MYH6 isoform switch was not found to be significantly 

upregulated – likely due to the variability. Since HCM is a disease of altered energetics and 

a metabolic switch also occurs, the effect of surface tension was measured on genes involved 

in metabolism: PDK4 and HK2 (387). PDK4, which is involved in fatty acid oxidation, was 

significantly upregulated at a transcript level when on 130 kPa PDMS with a similar but 

non-significant trend observed in 20 kPa, indicating that metabolic maturation occurs in 

altered mechanical environments (388). 

4.4.3.2 Hypertrophic induction on PDMS 

Hypertrophy was measured in mutant iPSC-CMs cultured on PDMS. Surface tension has 

been known to influence iPSC-CM cell size (368). Unlike what was observed in the mouse 
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model and iPSC-CM model so far, morphological evidence of hypertrophy was observed in 

Hom cells. The cell area of Hom FLNC W2164C iPSC-CMs was significantly increased 

when cultured on 20 kPa PDMS surfaces relative to glass-cultured Hom iPSC-CMs.  

Genotype differences started to be found after passaging cells onto either glass or PDMS.  

In Hom cells there is evidence of a reactivation of genes linked to the fetal gene programme 

(NPPA, NPPB, MYH7, ACTA1), an indicator of cardiac hypertrophy (389). This finding is 

consistent with findings in Chapter 3 and suggests that the FLNC variant may be inducing 

structural remodelling, although evidence of this was not interrogated for (390). Unlike the 

mouse model, genes linked to hypertrophic signalling (ANKRD1, ANKRD2, FHL1) were 

unchanged between WT and Hom regardless of their culturing substrate. The same was also 

observed with MYOT and FLNC both of which were found to be significantly upregulated 

in Hom mice both at saline and under Ang-II treatment.  

Immunoblot data showed a stiffness dependent effect on protein expression. As also 

observed in the mutant mouse, MYH7 transcript expression increases in Hom iPSC-CMs on 

20kPa (Figure 3-17 & Figure 4-22). MYH7 is often found to increase in HCM (389). HSPB1 

and HSPB7 expression is increased in Hom iPSC-CMs when exposed to fibrotic conditions 

and returning to WT levels at healthy mechanical conditions. This is not surprising since 

these heat shock proteins are known to respond to stress and carry cardioprotective properties 

(121,270). Since FLNC was not significantly increased in Hom iPSC-CMs, it could be that 

these heat shock proteins are upregulated in order to stabilise FLNC (242,270,391). 

Protein localisation changes were observed in the mutant mouse. FLNC, MYOT and HSPB7 

appeared to show increased abundance at the intercalated disc. This is a finding that is 

indicative of cardiac stress, as has been found in other models (107,154). When cultured on 
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glass and 20 kPa, no changes were observed in protein localisation. The interpretation of this 

is limited by the lack of successful intercalated disc staining. iPSC-CMs do not have fully 

mature intercalated discs (392) and in humans, the intercalated disc assembles postnatally 

(393,394). The intercalated disc was attempted to be displayed by N-cadherin, a 

transmembrane protein that mediates for cell-cell adhesion. The intercalated disc was not 

found to be consistent with the antibodies used in this thesis and hence limited comparable 

relocalisation assessment in this chapter.  

Overall, culturing Hom iPSC-CMs on physiological surface stiffnesses displayed some 

aspects of a hypertrophic molecular phenotype, indicating that iPSC-CMs were sensitive to 

the mechanical culturing environment and helped unmask a Hom phenotype. However, 

genotype differences were also observed in iPSC-CMs cultured on glass as well as at fibrotic 

stiffness. This could be due to the more stringent iPSC-CM selection criteria resulting in less 

iPSC-CM quality driven phenotype-masking. Evidence of hypertrophy was not found on 

PDMS surfaces when analysed by CellPose 2.0. 

4.4.3.3 Cardiac function on PDMS 

Contractile function was looked at simplistically by counting beats per minute on PDMS-

cultured cells. Similar to other studies, differences were observed when culturing iPSC-CMs 

on PDMS compared to glass (330). WT iPSC-CMs observed a stiffness-dependent reduction 

in beating frequency when cultured on glass (GPa+) and PDMS of 130 kPa and 20 kPa. 

Although Hom iPSC-CMs were also found to have significantly reduced beating frequencies 

between glass and 20 kPa PDMS, there were no differences found between genotypes at the 

same stiffness. The high stiffnesses of rigid glass surfaces may prevent cell-adherence and 

hence result in shorter contraction durations while the longer contraction durations of cells 

on softer PDMS surfaces may be due to cells being more adherent and pulling at the gel. The 
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induction of intrinsic cellular effects may be responsible for the changes in contractile 

function (395). The FLNC W2164C variant does not appear to affect beating frequency in 

this model on PDMS surfaces. 

4.4.4 FLNC W2164C variant on energetics 

A key finding in the mouse proteomics data was a significant reduction in the presence of 

proteins involved in mitochondrial function. HCM is a disease indicative of an energetic 

imbalance and mitochondrial dysfunction (396,397). Aberrant mitochondrial function may 

lead to an apoptotic or necrotic cell as reduced membrane potential may be central in the 

release of apoptotic factors (396,397).  

In both the mouse and PDMS-treated iPSC-CM dataset, there was an induction of the fetal 

gene programme in mutants, indicative of a hypertrophic response (398). This induction may 

also correlate with a metabolic switch in order to meet with energetic demands and result in 

a mitochondrial adaptive response (284). It was hypothesised that the mutant iPSC-CMs 

would express lower membrane potential as a result of reduced expression of proteins 

involved in the electron transport chain, as suggested by the membrane-enriched fraction 

proteomics experiment (Figure 3-7).  

Live-cell imaging of the 20 kPa PDMS-cultured Hom FLNC W2164C iPSC-CMs incubated 

with the membrane potential dye displayed no abnormal patterns in activated mitochondria. 

The total number of mitochondria detected via this method were also not significantly 

different in Hom iPSC-CMs. Although this measure is not a direct indicator of mitochondrial 

function, the fact that the number of activated and total mitochondria were unchanged in 

Hom cells, casts doubt onto whether the FLNC variant results in an energetic imbalance 

related to mitochondria number. While other iPSC-CM models of HCM have found evidence 
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of mitochondrial dysfunction, the methods used in this thesis did not detect any changes 

(91,399). Though more extensive techniques, such as the Seahorse system, can be used to 

directly assess mitochondrial energetics (400). 

This assessment of membrane potential indicates that mitochondrial dysregulation is 

unlikely to be affected in the mutant iPSC-CMs. 

4.4.5 Limitations 

This chapter aimed to use the iPSC-CM model harbouring the FLNC W2164C variant to 

validate findings in the mouse model and provide additional insight which was not explored 

in the mutant mouse. While this was partially achieved, limitations to the approach of this 

study exist. 

4.4.5.1 Variability 

The key feature of this chapter highlights the stark variability that is present in iPSC-CMs 

which confounds interpretation. The variability between batches of differentiations means 

that with the relaxed selection criterion, the effect of the variant was not being isolated. 

Increasing n-numbers could improve this, however, the differentiation quality would still be 

measured rather than the variant itself specifically. The biggest cause of variability has been 

the iPSC-CM selection criteria. Despite having high percentage purity and multiple glucose-

starvation rounds, a visual assessment of generated iPSC-CMs showed a range in levels of 

beating with some showing clusters of twitching and others beating as a full sheet.  

A potential considerable impact to the variability observed in molecular studies is the cardiac 

control used, ACTN2. By simple PCR analysis it appeared to be a reasonable choice as a 

cardiac marker, however, mid-way through this work, proteomic analysis revealed α-actinin 

may be upregulated. Even though this was not found to be significant according to the 
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stringent criteria, efforts were made to correct the findings to cTnT wherever possible. It 

may however be more consistent to normalise protein analysis to total protein 

ISO treatment functions by stimulating β1-adrenorceptors (401) and prior to testing this on 

mutant iPSC-CMs, it was hypothesised ISO treatment would induce a hypertrophic response 

in Hom iPSC-CM more than WT iPSC-CMs. ISO treatment in fact only appeared to 

exaggerate the variability that already existed. In iPSC-CMs, the expression of β1-

adrenorceptors has been shown to alter in time (401,402). Different batches of iPSC-CMs 

are likely to differentially express this receptor representing sarcoplasmic reticulum 

immaturity (403) thus resulting in a batch-specific response to ISO rather than measuring 

the genotype effect. 

Due to the troubling variability which had confounded interpretation, this led to a tightening 

of the iPSC-CM selection procedure for studying the effect of the variant in iPSC-CMs when 

cultured on PDMS surfaces of tuneable stiffness. For studying the effect of PDMS only 

iPSC-CMs which were beating as a full sheet were selected for passage and later study. 

While this did not eliminate the observed variability, a more stringent and defined 

cardiomyocyte quality control process aids in the iPSC-CM production consistency  (370–

372). The implementation of this quality control process contributed to the discovery of 

genotype differences which were comparable with the mutant mouse. Further morphological 

variability can be minimised by culturing cells on nanopatterned PDMS surfaces or 

engineered heart tissues (EHTs) (324,330). 

4.4.5.2 Immaturity 

Immaturity is a hallmark feature of iPSC-CMs: iPSC-CMs lack t-tubules (404,405), are 

small and round morphologically and resemble fetal CMs (361,406). They also display fetal-
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like isoform expression (191). With most HCM cases affecting patients in later life, the 

immaturity of the cellular model makes relative findings difficult to judge. For instance, the 

induction of the fetal gene programme may be due to differences in maturation development 

rather than the reactivation of these genes as part of the pathogenic alterations.  

4.5 Conclusion 

Disease modelling is largely dependent on the model one uses. Human iPSC-CMs have been 

used as a disease model and have been shown to recapitulate phenotypes observed in the 

patient (407). Studies employing in silico models of iPSC-CM features call for caution over 

the clinical interpretation of iPSC-CM findings which have not been validated in alternative 

formats (408,409). Throughout the course of the iPSC-CM characterisation, variability 

dominated the findings thus confounding any interpretation. Efforts to limit this were 

reasonably successful, such having a characterised selection of cardiomyocytes for 

experimentation and using reference genes for relative expression calculations which should 

not be impacted by the FLNC missense variant. The use of PDMS surfaces of physiological 

stiffness successfully unmasked differences between genotypes and guided further 

experiments in investigating the FLNC variant in a mechano-sensing context (to be discussed 

in the next chapter). This chapter highlights the versatility of the iPSC-CM model, as well 

as providing an assessment of its use as a model to study cardiomyopathy variants alongside 

mouse models. Discerning whether the lack of differences is due to the limitations of the 

cellular model or if results reported in the mouse model are false positives is an element that 

introduces uncertainty into the impact of the FLNC W2164C variant. This will be discussed 

in further detail in the Final Discussion. 
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Chapter 5 : FLNC W2164C ON MECHANO-SENSING 

5.1 Introduction 

While the majority of HCM-causing disease genes are sarcomere genes, implicated in altered 

cardiomyocyte structure, a small subset affect genes involved in mechano-sensing, such as, 

Bcl2-associated athanogene 3 (BAG3) (391,410,411). Mechano-sensing is a process which 

allows the cardiac myocyte to respond appropriately to mechanical stress – in this case due 

to sarcomere contraction (98). Through constant contraction the sarcomere is under 

continuous mechanical, heat and oxidative stress. Cardiac muscle, in particular the 

cardiomyocyte, can sense and respond to mechanical load stress conditions in order to 

deliver consistent volumes of oxygenated blood to the body. This ensures the stability and 

subsequent function of the cardiomyocyte.  

Sarcomere and cytoskeletal proteins such as filamin C change their conformation between 

folded and unfolded state (75,76) and accommodate the mechanical stress required for actin 

contraction (75,77).  This continuous mechanical unfolding and refolding can result in 

irreversible damage due to exerted mechanical stress. In skeletal muscle, damaged proteins 

are recognised by the exposure of bindings sites during unfolding and are disposed of and 

replaced with a newly synthesised protein (59,88,412). The muscle homeostasis of filamin 

C is done via a mechanism called chaperone-assisted selective autophagy (CASA) (78). In 

skeletal muscle, filamin C is a target client of CASA, which is able to identify, remove and 

replace misfolded filamin C (59). 

5.1.1 CASA 

The CASA chaperone complex recognises protein misfolding and translates it into 

biochemical signals (76,79). This chaperone complex consists of BAG3, the key 
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cochaperone that initiates CASA and is coupled to the ubiquitin ligase named C-terminus of 

Hsc70-interacting protein (CHIP) (encoded by STIP1) (80), and molecular chaperones: heat 

shock proteins, especially HSPB8 and HSC70  (59,81,82). The BAG3 complex monitors the 

conformational state of filamins (and other sarcomere proteins) to recognise damaged 

proteins. When in an open conformation during filamin extension, hidden binding sites 

accessible by synaptopodin-2 are revealed (84,85). When filamins are damaged due to over-

stretching, the BAG3 complex triggers filamin to be released from the myofilament into the 

cytosol for lysosomal degradation via CHIP/STUB-mediated ubiquitylation (86). This 

induces the recruitment of p62, an autophagic ubiquitin adaptor, for protein clearing through 

the formation of an autophagosome via LC3 (59). A new filamin is then synthesised and 

incorporated into the Z-disc to maintain regular skeletal myocyte function (59,83,412). 

Though CASA has been found specifically in the skeletal muscle, these mechano-sensing 

mechanisms may not be limited to skeletal muscle and its myopathies. A CASA-like system 

may also exist in cardiac muscle and may provide insights into understanding the 

development of pathologic cardiac conditions. Variants in both cardiac filamin C and small 

HSPs (sHSPs) present in cardiomyopathies (92). Since they are both known to interact with 

each other via mechano-sensitive domains, aberrant chaperone-mediated mechano-sensing 

may be the basis of some cardiomyopathies (92).  

The Coordinated Lysosomal Expression and Regulation (CLEAR) motif proteins may also 

be involved and activated by chaperone-mediated processes similar to CASA. As their name 

suggests, CLEAR proteins are known to be involved in the regulation of lysosomal protein 

expression (413). 
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So far, the mouse model equivalent of the FLNC W2164C missense variant has reported 

evidence of altered protein abundance and distribution. Since one of the roles of filamin C 

is to mediate the spatial and orientation of F-actin filaments through protein-protein 

interactions, a dysfunctional protein turnover of filamin C could have significant effects on 

the function of the cardiac myocyte and hence alter Z-disc organisation (110,111). 

5.1.2 Hypothesis and aims 

Since filamin C is thought to form a cardiac mechano-sensing complex at domain 20, this 

pathogenic variant is hypothesised to render its mechano-sensing functions to be 

constitutively active and thus cause a cardiac phenotype.  

The objective of this chapter is to elucidate the role of the HCM-disease associated FLNC 

W2164C variant on mechano-sensing. In this study, this is achieved using both mouse and 

iPSC-CM models through the following aims: 

- Assess for changes in mechano-sensing targets in the mutant mouse via unbiased 

proteomics analysis and targeted molecular follow-up 

- Assess for changes in mechano-sensing targets in the mutant iPSC-CM model via 

targeted molecular characterisation and assessment of autophagic capacity 
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5.2 Results 

5.2.1 CASA targeted proteomic analysis 

In chapter 3, unbiased proteomics was carried out in WT and Hom FLNC mice. Proteomics 

profiling of CASA and lysosomal markers were interrogated in fractionated tissue as a sub-

analysis (Table 5-1).  

Using the relaxed threshold (fold-change = 2+ and Log(FDR) = +1.301), described in 

Chapter 3, proteins were identified which were significantly altered in Hom mice. When 

exploring the mouse proteome for CASA specific targets, 2 of the 3 main interactors, BAG3 

and HSP70 (gene name: Hsp12b), were significantly upregulated in the membrane fraction 

in Hom mice. CASA-related proteins were identified based off two main publications by 

Martin et al 2021 (414) and Fang et al (415). In addition to an increase of the CASA client 

Flnc, additional proposed clients of CASA were also found to be significantly overexpressed 

(Sptan1, Xirp1) or under-expressed (Actn2) (414). Mitochondrial clients of CASA were also 

observed to be significantly under-expressed (Immt, Slc25a4, Uqcrc2) (414). The remaining 

CASA-linked proteins were located in the intermediate filament (Plec), actin cytoskeleton 

(Sorbs2), sarcomere (Myom2, Myh7) or elsewhere (Atp2a2, Cox6c) (414).  

Additional targets were probed for (Table S3). Two HSPs associated with a cardioprotection 

and autophagic response were enriched in the Hom membrane fraction only (Hspb2, 

Hspd1/Hsp60). The activation of the CLEAR motif was also investigated using identified 

peptides (Table S3) (413). Proteins which are linked to CLEAR (Ctsd, Lamp1, Lamp2, Psap, 

Scarb2, Tpp1) showed no significant changes, nor were consistent trends observed in mouse 

proteomics data.  
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Table 5-1 List of proteins involved in CASA found to be increased/decreased in myofilament and membrane fraction proteomics analysis. Proteins were selected by their T-test 

fold change and -LogP value. The localisation, function and pathology association as according to Pubmed searches. Red and italics highlighted protein symbols represent the proteins that 

had a fold-change of greater than 2 and Log(FDR) =1.301. Abbreviations: ECM, extracellular matrix; ICD, intercalated disc. 

Protein 

symbol 

Protein Name Function Membrane 

Log2(Fold 

Change) 

Membrane 

-Log10(FDR)  

Myofilament 

Log2(Fold 

Change) 

Myofilament 

-Log2(FDR) 

Ref 

CASA key proteins 

Bag3 Bcl2-associated 

athanogene 3  

Chaperone for Hsp70 and 

Hsc70.  

 

5.782 

2.34 4.478 1.15 (228,229) 

Hspa12b Heat Shock Protein 

Family A Member 

12B 

Cardioprotection 

Molecular chaperone activity 

3.544 1.71 0.786 0.21 (416) 

Hspb8 Heat Shock Protein 

Beta-8 

Cardioprotection 

Molecular chaperone activity 

-0.786 0.49 3.358 0.95 (417) 

Potential CASA clients 

Actn2 

α-actinin 2 Crosslinks actin and titin from 

Z-disc 
-7.284 2.93 1.403 0.18 

(91,226,227) 

Des 
Desmin Cytoskeletal support 

-0.865 0.12 -2.863 0.41 

(418) 

Flnc 

Filamin C Cytoskeletal support 

Mechano-sensing 
-1.888 0.39 

9.210 6.96 (98,100,136,137) 

Mybpc3 

Myosin binding 

protein C3 

Sarcomere organisation and 

maintenance -3.198 0.71 1.859 0.21 

(419,420) 

Myom1 

Myomesin 1 Sarcomere assemply 

Contractility regulation -3.680 0.77 2.724 0.51 

(421) 

Myoz2 

Myozenin 2  

(calsarcin 1) 

Inhibits pathological cardiac 

response by binding ACTN2 -0.336 0.17 3.530 0.71 

(422) 

Sptan1 

αII spectrin Actin crosslinking and 

molecular scaffold. 3.124 0.88 7.662 3.62 

(262,263) 

Xirp1 Xin Actin Binding 

Repeat Containing 2 

Protects actin filaments from 

depolymerisation 

0.211 0.09 3.570 1.50 (423,424) 

Potential CASA interactors 
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Actc1 

Actin alpha cardiac 

muscle 1 

Thin filament component 

-4.281 0.59 -0.671 0.05 

(425) 

Alb 

Albumin Circulatory protein involved 

in maintaining fluid dynamics 4.145 0.66 0.0866 0.01 

(426) 

Atp2a2 

Sarco-endoplasmic 

reticulum Ca2+ 

ATPase  

(SERCA2) 

Ca2+ reuptake and Ca2+ 

signalling 

-8.257 1.64 -3.800 0.62 

(320,328) 

Casq2 
Calsequestrin 2 Storage and transport of Ca2+ 

0.830 0.13 0.3615 0.06 

(427) 

Ckm 

Creatine kinase M-

type Energetic homeostasis 0.643 0.08 -2.123 0.34 

[428] 

Col1a1 

Collgen type I alpha 

1 chain Component of collagen Undetected 3.475 1.12 

[429] 

Col6a3 

Collagen type VI 

alpha 3 chain 

Component of ECM 

0.315 0.18 1.659 0.22 

[430] 

Cox6c 

Cytochrome C 

oxidase subunit 6C 

Oxidative phosphorylation 

-7.345 1.86 0.118 0.01 

[431] 

Cryab 

 

Crystallin Alpha B Cardioprotection 

Molecular chaperone activity 

-0.136 0.03 2.672 0.46 [432] 

Dsp 

Desmoplakin Structural and mechanical 

support of junctions -1.296 0.94 4.121 0.83 

[433] 

Fbn1 

Fibrillin-1 Structural and mechanical 

support of ECM -0.047 0.01 -0.331 0.05 

[434] 

Hadha 

Mitochondrial 

trifuncional protein 

Cardiolipin synthesis 

-1.149 0.1 -6.572 1.30 

[435] 

Hspb1 Heat Shock Protein 

Beta-1 

Cardioprotection 

Molecular chaperone activity 

2.767 0.69 0.942 0.19 [107] 

Immt 

MIC60 Mitochondrial organisation, 

ATP generation, 

transportation, apoptosis -7.197 2.03 1.324 0.18 

[436] 
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Jup 

Junction plakoglobin Development and 

maintenance of the ICD 1.838 0.37 3.538 0.88 

[437] 

Ldb3 LIM domain binding 

3 

Z-disc structural integrity 0.540 0.07 1.031 0.13 [438] 

Myh6 

Myosin heavy chain 

6 

Cardiac contraction 

-2.806 0.56 6.181 0.65 

[439] 

Myh7 

Myosin heavy chain 

7 

Actin cross-linking 

Cytoskeleton organisation -2.746 0.60 11.508 7.32 

[254], [255] 

Myl3 
Myosin light chain 3 Regulates muscle contraction 

-3.300 0.49 1.671 0.15 

[440] 

Myl12b 

Myosin light chain 

12B 

Regulates muscle contraction 

Undetected 2.148 0.90 

[441] 

Myom2 

Myomesin-2 Sarcomere assemply 

Contractility regulation -7.549 1.98 -0.449 0.05 

[87], [421] 

Nebl Nebulette Actin-binding protein -0.094 0.08 0.543 0.07 [442] 

Nnt 

Nicotinamide 

nucleotide 

transhydrogenase 

Heart development 

3.829 0.41 3.119 0.44 

[443]  

Plec 

Plectin Scaffolding protein 

-2.522 1.53 -4.315 0.65 

[444] 

Slc25a3 

Mitochondrial 

phosphate transporter 

Transports inorganic 

phosphate -1.492 0.14 -1.607 0.33 

[445] 

Slc25a4 

ADP/ATP 

Translocase 1 

Associates with Bag3 for 

mitochondrial apoptosis 

regulation -10.287 1.72 -4.696 0.63 

[446] 

Sorbs2 

Sorbin and SH3  

Domains-containing  

Protein 2 

Cell adhesion and cytoskeletal 

formation 

1.849 0.53 7.738 4.63 

[259] 

Stip1 Stress Induced 

Phosphoprotein 1 

Molecular chaperone 

activities 

-0.048 0.01  Undetected [447] 

Tnnc1 
Troponin C1 Calcium binding 

-2.508 0.48 3.638 0.49 
[448] 
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Tnni3 
Troponin I3 Binds to actin/tropomyosin 

-2.046 0.4 4.689 0.66 

[448] 

Tpm1 
Tropomyosin 1 Regulates muscle contraction 

-1.951 0.24 4.861 0.55 

[449] 

Trap1 

 

T3  Receptor 

Auxiliary Protein 

Cardioprotection -1.278 0.17 Undetected [450] 

Uqcrc1 

Cytochrome b-c1 

complex subunit 1 

Mitochondrial respiration 

-6.090 0.93 -4.010 0.68 

[215] 

Uqcrc2 

Cytochrome b-c1 

complex subunit 2 

Mitochondrial respiration 

-13.114 6.18 -4.333 0.70 

[215] 

Vim Vimentin Maintains cellular integrity 2.139 0.31 -0.110 0.01 [451] 
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5.2.2 CASA induction 

The induction of CASA targets at transcript level was checked after mice underwent saline 

or chronic Ang-II treatment (Figure 5-1). As mentioned in Chapter 3, Ang-II treatment aims 

to challenge the mice via hypertension by acting within the renin-angiotensin-aldosterone 

system and promotes cardiac hypertrophy and remodelling in mice [310]. Ang-II mice are 

under pressure overload conditions and therefore may exhibit a greater mechano-sensing 

response. Ang-II treatment resulted in an increased transcript expression of Hspb1 for all 

genotypes. In control (saline) treated animals, Hspa8 and Hspb7 showed significant 

increases in Hom mice compared to WT though this effect was not significant in Ang-II 

treated mice. The gene encoding the protein Hsp70, Hspa1a, was significantly upregulated 

in Ang-II treated Hom mice relative to Ang-II treated WT mice.
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A B 

 

B 

C 

 

C 

D 

 

E 

 

F 

Figure 5-1 Assessment of changes at a transcript level in the heart of 14-week old FLNC W2165C mice under saline and AngII treatment. All measurements 

were normalised to Gapdh. Significant changes are observed and displayed with astericks. Data was not normally distributed and underwent a Kruskal-Wallis test 

followed by Wilcoxon rank sum test. n = 8, mixed sex. Significant changes are observed in the hearts of W2165C mice (p<0.05, *; p<0.01, **;  p<0.001, ***; versus 

WT). 
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Analysis of proteins involved in CASA were also investigated, specifically by immunoblots 

in the myofilament and membrane fraction as well as whole tissue. 

No significant changes of CASA-linked proteins were observed in whole tissue (Figure 5-

2). The myofilament fraction showed an upregulation in Hom mice in 2 key proteins 

involved in filamin C binding and stabilisation: HSPB7 and XIRP2 while a key CASA 

interactor, BAG3, remained unchanged. HSPB1 trended towards upregulation in the Hom 

mouse myofilament fraction, but this did not reach significance (Figure 5-3). No significant 

changes were observed in HSPB1, HSPB7 and BAG3 in the membrane fraction (Figure 5-

3). 

 

Figure 5-2 Assessment of changes at a protein level in the membrane fraction of heart tissue as 

well as whole tissue from 14-week old FLNC W2165C mice. A) BAG3, HSPB7, HSPB1 measured 

in the membrane fraction and normalised to vinculin as a membrane specific marker.  BAG3, HSPB7, 

HSPB1 measured in the whole tissue and normalised to GAPDH. Significant changes are observed and 

displayed with asterisks. Data was not normally distributed and underwent Mann Whitney U test. n = 

6, mixed sex. 
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Figure 5-3 Assessment of changes at a protein level in the myofilament (A) and membrane (B) fraction of heart tissue from 14-week old FLNC 

W2165C mice. Myofilament measurements were normalised to cTnT and membrane measurements to vinculin (VCL). Data was not normally distributed 

and underwent Mann Whitney U test. n = 6, mixed sex. Significant changes are observed in the hearts of W2165C mice (p<0.01, **; p<0.0001, ****; 

versus WT).  

A A 

B B 
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5.2.3 CASA in iPSC-CMs 

Due to the mechanical environment iPSC-CMs are under in regular 2D culturing conditions 

(Chapter 4) and its effect on the mechano-sensitive process of CASA, iPSC-CMs were 

cultured on surfaces of tuneable stiffnesses (Figure 5-4). iPSC-CMs that were cultured on 2 

different stiffnesses, both compared to matched controls cultured on regular tissue-culture 

treated glass. The comparison between a healthy (20kPa) and fibrotic (130kPa) stiffness, 

enables one to observe if a CASA-like system is aggravated in a fibrotic environment.  

An increased expression of heat shock proteins and co-chaperones was found in iPSC-CMs 

on PDMS of a physiological stiffness (20 kPa). Hom FLNC W2164C iPSC-CMs displayed 

significant transcript differences when changing culturing surface stiffness (HSPB7, 

CRYAB, BAG3, HSPA1A, HSPA8), this was absent in wild-type iPSC-CMs on surfaces of 

tuneable stiffness.  
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Figure 5-4 Assessment of changes at a transcript level of 30 days old FLNC W2164C iPSC-CMs on 

substrates of defined stiffness. All measurements were normalised to cTnT. Significant changes are 

observed and displayed with asterisks. Data underwent a two-way ANOVA. n/d = 2/4. Abbreviations: 

n/d = number of wells per differentiation/number of differentiation batches. Significant changes are 

observed in the hearts of W2165C mice (p<0.05, *; p<0.01, **; versus WT). 



 

178 
 

At protein level, CASA interactors (BAG3, HSP70), clients (Xirp1) and mechano-sensitive 

heat shock proteins (HSPB1, HSPB7) were measured in iPSC-CMs on 130 kPa and 20 kPa 

surfaces (Figure 5-5). Correlating with observations in transcript data, BAG3 trended 

towards an increase in Hom cells but this did not reach significance. HSPB1 and HSPB7 

was found to significantly increase in Hom iPSC-CMs relative to WT cells on 130 kPa, but 

on 20 kPa substrates, both levels remained comparable to WT cells. No significant 

differences were observed in either XIRP1 or HSP70. 

Figure 5-5 Assessment of changes at a protein level in CASA targets in 30-day old iPSC-CMs 

harbouring the FLNC W2164C variant cultured either on 130 kPa or PDMS of 20kPa stiffness. All 

measurements were normalised to cTnT. Significant changes are observed (p<0.05, *; versus WT). Data 

underwent a 2-way ANOVA. n/d = 1/3. Abbreviations: M = Marker; n/d = number of wells per 

differentiation/number of differentiation batches.  
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5.2.4 Autophagic flux in iPSC-CMs 

The FLNC W2164C variant is hypothesised to affect CASA-dependent proteostasis, 

therefore mutant iPSC-CMs could display altered activity of autophagic pathways. An 

indirect indicator of CASA activity is evidence of autophagic activity. This was measured 

in iPSC-CMs cultured on 20 kPa PDMS surfaces by analysing the autophagic flux and 

measuring lysosomal content within live-cells.  

Since autophagic pathways are highly dynamic, it is difficult to get steady-state 

measurements of autophagy markers, such as LC3 and p62, at either transcript or protein 

level [452]. LC3 exists in two forms: LC3-I is the cytosolic form which is converted into the 

membrane-bound form, LC3-II, in order to initiate autophagosome formation and elongation 

[453]. The ubiquitin-binding protein, p62, is the classical autophagic flux marker and is 

involved in targeting degradation of misfolded proteins during selective autophagy [453]. 

Autophagic flux experiments were setup by using chloroquine, which is known to inhibit 

autophagic flux in cells by decreasing the fusion of the autophagosome and lysosome [454].  

In response to chloroquine treatment, Hom cells exhibited a significant increase in the level 

of LC3-II relative to LC3-I (Figure 5-6). WT cells did show a trend towards increase but 

this did not reach significance, suggesting that Hom iPSC-CMs are more sensitive to 

autophagic inhibition. With a range of variability, no significant genotype differences were 

found in p62 expression.   
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Figure 5-6 Assessment of changes at a protein level of 30 days old FLNC W2164C iPSC-CMs on 20 

kPa stiffness under different DMSO or chloroquine (CQ) treatment. All measurements were 

normalised to GAPDH. Significant changes are observed and displayed with asterisks. Data underwent a 

Kruskal-Wallis test with multiple comparisons. n/d = 1/3-4. Significant changes are observed in mutant 

iPSC-CMs (p<0.05, *; versus WT). Abbreviations: M = Marker; n/d = number of wells per 

differentiation/number of differentiation batches.    

 

M 
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5.2.5 Lysosome expression in iPSC-CMs 

In response to processes such as autophagy and protein transport, the lysosomal machinery 

is activated to degrade intracellular molecules [455]. The size and/or number of organelles 

may change as a result of increased lysosomal protein levels in FLNC W2164C iPSC-CMs 

cultured on 20 kPa surfaces. The LysoTracker Deep Red dye was used to directly visualise 

lysosomes and show active lysosomal movement in live WT and Hom iPSC-CMs. There 

was evidence of active lysosomal movement of the LysoTracker in both WT and mutant 

iPSC-CM lines (Video 2), indicating that these acidic organelles were dynamically mobile 

[456]. Some videos demonstrate the movement along a linear path, other cells did not display 

this linear movement. 

The quantification of LysoTracker staining showed no differences in size or number of 

LysoTracker structures (Figure 5-7). The LysoTracker particle number was calculated by 

field of view and was not normalised to the number of nuclei however so this result should 

be treated with caution. 

 

Video 2 LysoTracker Deep Red labeling (red) videos of WT and Hom iPSC-CMs showing active 

lysosomal transport. (scale bar=20 μm). 
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WT 

 

WT 

Hom 

Figure 5-7 Confocal images of LysoTracker Deep Red labeling (red) show comparable lysosome content in 

Wild-type and mutant iPSC-CMs (scale bar=20 μm). Quantification of Lysotracker-stained particles. 

Quantification of Lysotracker-stained particle size. Student’s t test, N/n/d = 3/1/3, age Day 30 ±1 day. 

Abbreviations: N/n/d = number of cells per well/number of wells per differentiation/number of differentiations. 
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5.3 Discussion 

The previous chapters described a hypertrophic molecular response in mice and iPSC-CMs 

(induction of fetal gene programme). Evidence of altered proteostasis was first indicated in 

the mouse model in Chapter 3 with increased abundance and evidence of changed 

localisation of filamin C and its binding partners. This was interesting because pathogenic 

cardiac and skeletal myopathies have been implicated to affect proteostasis [59], [94], [107], 

[121], [457]. The exact mechanisms believed to cause altered proteostasis responses are not 

well defined in a cardiac setting, but molecular chaperones (BAG3, HSPB1, HSPB7, 

CRYAB) are likely to be implicated due to their involvement in maintaining cellular health 

through regulation of protein synthesis, folding, incorporation and degradation [59], [107], 

[121]. 

This chapter attempted to elucidate the contribution of mechano-sensing leading to impaired 

proteostasis and subsequent cardiomyopathic phenotypes. A CASA-like process was 

hypothesised to be constitutively active in mutant FLNC mice due to improper protein 

folding resulting in an overexposure of sites for CASA ligand-binding. To test whether 

CASA was over-activated in mutant mice and iPSC-CMs, general autophagic markers and 

lysosome expression were analysed in addition to specific investigation. 

5.3.1 Induction of autophagy 

Chaperone-mediated autophagy is the process for protein degradation which is based on the 

translocation of a targeted protein towards the lysosome membrane.  Autophagic flux was 

determined in iPSC-CMs to assess the increased induction of autophagy in mutant cells. 

Autophagy is involved in the degradation of proteins to ensure stasis. Measuring the rate of 

autophagy is possible by blocking a step in the autophagy pathway and measure the rate of 
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accumulation in the substrate which is inhibited in that step. This is often by blocking the 

degradation of LC3 using chloroquine [438]. 

LC3 is in the autophagy-related protein family which initiates the formation and lengthening 

of the autophagosome. It is post-translationally modified from LC3-I to form LC3-II once it 

is part of an autophagosome and therefore is a suitable metric for autophagy [438]. The level 

of LC3-II relative to LC3-I was assessed by immunoblot in iPSC-CMs during inhibition of 

LC3-II degradation (via chloroquine) under glucose deprivation as glucose is known to 

inhibit autophagy induction [458].  If autophagy is over-activated due to the FLNC W2164C 

variant, LC3-II should be increased.  

Autophagic flux as measured by LC3-II trended towards upregulation after chloroquine 

treatment in both WT and FLNC W2164C iPSC-CMs. There was a significant upregulation 

of relative LC3-II in chloroquine-treated Hom cells compared to control Hom cells which 

was not present in the WT counterparts suggesting that mutant iPSC-CMs are more sensitive 

to autophagic inhibition and have a significantly increased autophagic flux. Although an 

upward trend in Hom cells, there was not a genotype effect on p62, an additional marker for 

autophagy. 

Despite the lack of significance found in p62, the significant increase in LC3-II in Hom cells 

indicates that the presence of mutant FLNC has increased autophagic activity 

5.3.2 Lysosomal activity 

The depletion of proteins involved in autophagy initiation, phagophore nucleation, 

phagophore expansion, cargo sequestration, membrane sealing and autophagosome 

maturation may reflect an increase level of autophagy due to the consumption of such 

components [459]–[461].  Therefore, upon deeper inspection of the proteomics data, 



 

185 
 

CLEAR motif proteins were identified in both the myofilament and membrane fractions 

(Table 5-1). 

Lysosomes play an instrumental role in the assembly and maintenance of the sarcomere 

through Z-disc protein turnover [360], [462]. Lysosomal proteins such as, LAMP2 

(encoding lysosomal-associated membrane protein-2) have a central role in lysosome-

mediated degradation, and murine studies have shown their essential role to Z-disc stability 

[59], [462]. A recent study demonstrated that a truncated FLNC protein, which results in 

FLNC accumulation, leads to an increase in lysosome expression [360]. Alongside the 

increased autophagic flux observed in mutant FLNC W2164C iPSC-CMs, increased 

lysosomal involvement may indicate an overactive response to prevent FLNC protein 

aggregation. 

CLEAR motif proteins identified through the mouse proteomics data were lysosomal 

enzymes and proteins involved in mediating lysosomal acidification (Ctsd, Lamp1, Lamp2, 

Psap, Scarb2, Tpp1) [413]. CLEAR motif proteins are partially responsible for the regulation 

of lysosomal gene expression [413]. If there is an overactive induction in autophagic and 

lysosomal activity in order to present filamin C aggregation, CLEAR motif proteins would 

also increase with accumulation from the mutant filamin C protein. There was no evidence 

of lysosomal protein expression enrichment in the mouse proteome. Similar findings in 

lysosomal expression were found in homozygous FLNC-null iPSC-CMs or FLNC G1674C 

Hom iPSC-CMs, and could suggest that the lysosomal pathway is not overtly activated in 

by FLNC variants [360].  

Live-cell imaging of lysosomes in iPSC-CMs failed to show genotype-related alterations 

with lysosome particle number and lysosome size as in other studies on the iPSC-CM 
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platform [360], [463]. Lysosomal motility also appeared to be unaffected, with both WT and 

Hom cells showing active lysosomal movement, however this was not assessed 

quantitatively. Due to technical difficulties in obtaining the data for lysosome particle 

number, the lysosome number could not be normalised to nuclear number and presents a 

major limitation to the interpretation of this work.  

Cumulatively, this data does not show a direct lysosomal role in mice or iPSC-CMs carrying 

the homozygous FLNC W2164C variant. Additional work is being carried out to determine 

the autophagic flux status of mutant mice. 

5.3.3 Activation of CASA 

The activation of a chaperone-mediated autophagy system was measured by running a 

targeted interrogation on both models guided by the proteomics experiment.  

Analysing the proteome of the mice showed a significant induction of key CASA complex 

proteins (Bag3, Hspa12b/Hsp70), CASA interactors (Sorbs2, Myh7) and clients (Actn2, 

Flnc, Sptan1, Xirp1) as defined my Martin et al. [414]. In response to proteotoxic stress, the 

CASA complex is found to upregulate and localise towards the sarcomere Z-disc [464].  

At a proteome-wide level in the mutant mouse Bag3 and Hspa12b (a member of the Hsp70 

family), were significantly upregulated. BAG3 is a highly expressed co-chaperone protein 

in the heart, in which its expression is induced by stress and is central to CASA [465], [466]. 

In response to stress, BAG3  plays an additional role in cardioprotection and aids in 

preventing cell death [467]. HSP70 is known to have cardioprotective functions that is 

involved in cardiac remodelling and maintains endothelial integrity in response to 

myocardial ischemia injury [416], [468], [469]. HSP70 activity is modulated by the BAG3 

gene, therefore the co-upregulation is not surprising. Both proteins form a BAG3-HSP70 
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complex in response to stress and can inhibit the assembly of the apoptosome [467], [470]. 

An additional CASA interactor [414], HSPB1, was found to be significantly upregulated 

when probed for by immunoblotting. HSPB1 has been known to interact with the mechano-

sensitive domain of FLNC and is involved in processing protein aggregates [107], [471]. 

HSPB2, which was found to be significantly upregulated in the membrane fraction of Hom 

mice (+3.395 fold relative to WT), is another heat shock protein which demonstrates weak 

binding to BAG3, acting as a binding competitor of HSPB8 [472].  

The upregulation of CASA complexes correlates with the upregulation of CASA clients 

FLNC, SPTAN1 and XIRP1. XIRP1 directly interacts with FLNC in the region of Ig18-21 

and earlier studies show an increased interaction of FLNC W2164C with XIRP1 

[unpublished, Carin de Viliers’ work], and may result in making filamin C less mobile and 

extending the half-life of the protein. The downregulation of ACTN2 observed in the 

membrane fraction proteomics data, however is not wholly understood, the high turnover of 

filamin C and increased activity of CASA may lead to poor incorporation of ACTN2 into 

the sarcomere without the stabilising effect of proper functioning FLNC. The function of 

mutant filamin C has not been assessed so interpretation of this result is limited. 

BAG3 has been reported to modulate mitochondrial activity by promoting mitophagy in 

depolarised mitochondria [473]. Interestingly, one of the mitochondrial proteins identified 

in Chapter 3 as significantly under-expressed (Uqcrc2) is found in CASA complexes [414]. 

Alongside other mitochondrial proteins (Slc25a4), these reductions may be due to increased 

mitochondrial fragmentation from increased Bag3 levels [464]. Also found to be increased, 

Hsp60, facilitates the folding and degradation of mitochondrial proteins and its 

overexpression is associated with reduced mitochondrial cytochrome c hence potentially 

explaining the reduction of mitochondrial proteins observed in this work [474]. 
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The transcription of heat shock proteins and CASA chaperones in both the Hom mouse 

(Hspa8, Hspb7, Hspa1a) and iPSC-CMs (HSPB7, CRYAB, BAG3, HSPA1A, HSPA8) 

showed increases relative to WT counterparts suggesting an increased level of chaperone 

activity. iPSC-CMs also showed a genotype response in 20kPa Hom cells with increased 

transcript in CASA related genes (BAG3, CRYAB, HSPA1A, HSPA8). The molecular 

phenotype appears to be induced by the variant itself rather than in response to changes 

between healthy (20 kPa) and fibrotic (130 kPa) conditions.  Out of the proteins which 

underwent immunoblotting, these findings were not corroborated at a protein level, with one 

exception (HSPB7), indicating that some of these proteins may be under increased rates of 

turnover themselves.  

Together with an increased level of autophagy occurring in iPSC-CMs as assayed by flux 

experiments (Figure 5-6), the significant changes observed from mouse proteome analysis 

indicate a possible induction of chaperone-mediated autophagy activity in the mutant 

cellular and mouse models. Strengthening this, a transcript induction of CASA interactors 

was also observed.  

While this data does not show direct evidence of CASA involvement, this data suggests a 

potential role of CASA and future steps will include CASA-specific target probing via a co-

immunoprecipitation experiment. This would allow one to measure changes in protein 

binding complexes between WT and mutant FLNC. Furthermore, other parameters, such as 

ubiquitination levels, can be informative to decipher whether a ubiquitin-dependent 

proteasome system is activated [475] or whether a different protein turnover system is 

employed such as macroautophagy, microautophagy or a different chaperone-mediated 

autophagy (CMA).  
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5.3.4 Role of heat shock proteins 

The FLNC W2164C variant, located in the mechanosensitive region, was hypothesised to 

result in overactive chaperone-mediated autophagy due to an overexposed binding site of 

filamin C’s Ig20.  Aggregates were not observed in the mouse model or in iPSC-CMs, 

implying that there is adequate clearance of FLNC and its binding partners in the presence 

of the variant. The increased relative protein abundance (FLNC, MYOT) at the intercalated 

disc however is still not well understood. This thesis has identified an upregulation of a heat 

shock protein, HSPB7, which has not been previously implicated in CASA [107]. Heat 

shock proteins may play a mechano-sensing role in the phenotype observed in the FLNC 

W2164C variant. 

HSP70, HSPB1, HSPB2, HSPB7 and HSPD1 (HSP60) were found to all significantly 

increase in mutant mice. The increased levels of apoptosis inducers, such as Hsp60, must be 

treated with caution as myopathy and congestive heart failure can lead to apoptosis as a 

secondary induction rather than the cause. While HSP70, HSPB1 and HSPB2 may interact 

with CASA machinery, HSPB7, was the only other validated protein to be significantly 

upregulated [414].  

Together, with the lack of aggregation found in the mouse model, the increased myofilament 

expression of HSPB7 is a novel finding. HSPB7 was not expected to be upregulated as it 

normally binds to a different region of filamin C, the dimerization domain, Ig24 [133]. The 

expression of the chaperone HSPB7 increased significantly in the myofilament fraction and 

was found to localise closely to the intercalated disc as reported in Chapter 3. HSPB7, along 

with HSPB1, aids filamin C localisation and folding [107], [121]. In the absence of HSPB7, 

disrupted FLNC localisation, increased aggregation, cardiac myocyte dysfunction and 
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myopathy have been reported [121], [133], [246]. In addition, the lack of HSPB7 is 

associated with increased autophagy [133].  

Within a chaperone-mediated autophagy context, it was proposed that HSPB7, along with 

HSPB8, could interact with BAG3 and aid in the transportation of denatured proteins to 

autophagosomes [268], [476], [477]. Recent data shows HSPB7 has been regularly reported 

to operate independent of machinery involved in CASA [272], [415].  In addition, a direct 

HSPB7-BAG3 interaction has been disproved [476], [478]. However, HSPB7 has also been 

reported to be involved in protein aggregate clearance [479], [480] and is found to increase 

in mouse models of dystrophy [481], [482]. While a knockout of HSPB7 is found to result 

in FLNC aggregates [133], [268], other studies have demonstrated that damaged FLNC is 

not cleared by HSPB7 alone [83]. There is no consensus of the action of HSPB7 on FLNC. 

The increase of HSPB7 may represent a different mechanism of action for FLNC protein 

turnover resulting in the co-redistribution of HSPB7 and FLNC towards the intercalated 

disc. A BAG3-independent process has been proposed in which HSPB7 limits actin 

polymerisation to minimise protein aggregation, however, this has not been described in 

vivo [478]. 
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With mutant FLNC known to be overextended, the domain 20 may be increasingly exposed 

and recognised for degradation. Structural analysis by collaborators demonstrated that the 

mutant FLNC has an extended native conformation and misses transition states between 

folding and unfolded conformations [unpublished – Benesch group]. The binding of HSPB1 

to WT FLNC increases the energy required to unfold filamin C relative to HSPB1-

mutFLNC, confirming that HSPB1 has a stabilising effect on WT FLNC [Figure 5-8 

unpublished – Benesch group].  

HSPB7 may have increased off-target binding to the free cysteine residue in domain 20 of 

FLNC W2164C as HSPB7 is known to have disulphide-crosslinking properties [483]. If 

HSPB7 is binding to Ig20 instead of Ig24, it would make sense that HSPB7 expression at 

transcript and protein level is increased to ensure HSPB7 is performing the dimerization 

stabilisation properties in Ig24. In support for altered HSPB7 function in this variant, HSPB1 

may be restricted in binding to Ig20 of mutant FLNC due to HSPB7 binding competition 

and hence impair the bind to Ig20 and hence result in a reduction of the energy needed to 

unfold mutant FLNC. While this is speculative, in the future, the technique of 

Figure 5-8 Coulomb force unfolding of WT and W2164C FLNC d18-21. Arrows point at differences in the 

unfolding pathways, with W2164C exhibiting destabilized intermediate states. [Unpublished – Benesch Group, 

University of Oxford. 
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hydrogen/deuterium exchange monitored mass spectrometry could be utilised to test if a 

disulphide bond forms between HSPB7 and a mutant construct of FLNC Ig20 [484].   

5.4 Conclusion 

To conclude, this data shows indirect evidence that the FLNC W2164C variant results in a 

chaperone-mediated autophagy which is constitutively active. The first indication of an 

active proteostasis system, was the lack of FLNC aggregation observed in mice and iPSC-

CMs. Partners of CASA appear to be significantly affected in this variant, with HSPB7 

posing as a player in a potential CASA-independent function. Further biochemical analysis 

is needed to understand the binding affinities of filamin C with heat shock proteins and 

measuring the mobility of mutant filamin C would be particularly informative as an indicator 

of protein turnover rate. 
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Chapter 6 : FINAL DISCUSSION 

 

6.1 Summary of results 

Every week, 12 people under the age of 35 die in the UK due to undiagnosed heart 

conditions, with inherited cardiomyopathies estimated to affect approximately 260 000 

people in the UK alone [485]. Although diagnosis has been improved with the use of genetic 

screening which targets the known cardiomyopathy-associated genes (e.g. MYH7, TTN, 

TNNT2, MYBPC3, FLNC), the interpretation of the identified variants, such as FLNC 

missense variants remains a challenge as they are often classified as a variant of unknown 

significance.  

FLNC is a novel disease gene encoding for the protein filamin C which possesses a unique 

Ig-like domain 20 [98].  This domain, within the mechano-sensitive region between d18-

d21, may play a crucial role in relaying signals in response to mechanical stress via 

interaction with the stress-inducible heat shock protein B1 (HspB1) [270]. A missense 

variant in FLNC W2164C was found in this domain to co-segregate in a three-generation 

family affected by cardiomyopathy. This thesis attempted to characterise the effect of the 

potentially pathogenic FLNC W2164C missense variant in relation to cardiomyopathy using 

genetically modified mice and iPSC-CMs. The primary aims of this thesis were: 

- Understand the role of an Ig20 missense variant in cardiomyopathy 

- Interrogate the role of filamin C in mechano-sensing and how it is perturbed by 

W2164C 

- Explore the use of iPSC-CMs in modelling this cardiomyopathy-related FLNC 

missense variant 
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6.1.1 Chapter 3: Mouse Model 

In Chapter 3, the initial characterisation of the FLNC W2164C variant in a mouse model 

was undertaken: the cardiac morphology of the mice was described along with the molecular 

phenotype. Hypertrophy was not observed morphologically, however, an RCM phenotype 

was observed when measuring hypertrophy parameters (LVPW.d and LVAW.d) and 

considering atrial weight increased in mutant mice while ventricle weight/size remained 

unchanged. Increased atrial weight could represent impaired diastolic ventricular filling – 

however ventricular volumes were not altered. To confirm this, it would be beneficial to 

obtain colour Doppler, tissue Doppler and a long axis 4-chamber view ultrasound.  

The RCM phenotype is in agreement with other studies highlighting the mutational hotspot 

with numerous RCM-associated missense variants in Ig20 [155], [486], [487] and in the 

intradomain insert [100].  

Since filamin C re-localisation is observed in the presence of HCM- and RCM-related FLNC 

missense variants (FLNC V123A, V2297M), the quantity and distribution of filamin C and 

its binding partners were probed for in fractionated murine cardiac tissue via proteomics 

[98], [155]. Although this variant is heterozygous in patients, a mild phenotype was only 

observed in homozygous mice. Proteomics on these samples found mitochondrial proteins 

in the membrane fraction were less abundant in Hom mice, but also showed an increased 

abundance in some sarcomere proteins in the myofilament fraction (Flnc, Myh7, Myot). 

This finding was congruous with a molecular phenotype describing HCM as a disease of 

energetic deficiency and sarcomere disruption [284]. The mitochondrial differences, 

however, could not be validated by immunoblotting. Filamin C and its binding partner 

Hspb7 were found to be upregulated in the myofilament fraction and localised towards the 

intercalated disc. 
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Since at a transcript level, FLNC abundance remained the same between genotypes, it was 

proposed that any differences observed at protein level and localisation level are due to 

altered protein turnover. One such method of protein turnover, CASA, was probed for in 

Chapter 5 due to this process targeting filamin C as a client in skeletal muscle [59]. 

6.1.2 Chapter 4: Human-induced pluripotent stem cell-derived cardiomyocytes iPSC-CM 

model 

Chapter 4 investigated this same variant in the cellular iPSC-CM model. With immaturity 

being a major concern in iPSC-CM research [488]–[490], an end point for experiments 

needed to be determined when cells reached a consistent cardiomyocyte structure and 

function which allowed for disease characterisation. This day was determined to be 30 days 

after differentiation induction. This time point has already been used in other studies of 

modelling cardiomyopathy in iPSC-CMs [360], [383]. Findings from the mouse model, 

namely upregulation of filamin C and its binding partners (such as myotilin), protein 

relocalisation (such as myotilin, HspB7), could not be recapitulated in the iPSC-CM model 

in plastic 2D culture or in the presence of ISO. This is likely due to the poor iPSC-CM 

selection criteria applied initially as discussed mentioned in Chapter 4.0. When cells were 

cultured on soft substrates using PDMS, however, a genotype-related phenotype was 

observed. Here, the cells were found be more mature at molecular level and showed a 

reduced beating frequency, associated with maturity, but were still found to have a 

disorganised myofibrillar arrangement and no genotype-related differences were observed 

at a morphological level. Homozygous cells cultured on 20 kPa PDMS showed an induction 

of markers for the fetal gene programme (NPPA, NPPB, MYH7, ACTA1). Unlike earlier 

observations in the mutant iPSC-CMs, on 2D plastics or on glass coverslips, the cells also 
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showed an induction of HSPB7 at transcript level. This is likely due to a more stringent 

quality control process which was implemented later in the PhD to minimise variability. 

6.1.3 Chapter 5: Effects of FLNC W2164C mutant on mechano-sensing 

Chapter 5 specifically targeted the effect of the missense variant on mechano-sensing in both 

disease models. Markers which are implicated in mechano-sensing with filamin C were 

probed for at a transcript level by qPCR and protein level by immunoblotting in mutant mice 

and iPSC-CMs. Homozygous mice and iPSC-CMs were found to have an induction of 

HSPB7 both at a transcript and protein level.  

Since there is no induction of the filamin C gene but a significant difference seen in 

proteomics data, it was hypothesised that this could be due to an impaired CASA complex 

resulting in altered autophagy activity. Autophagic flux and lysosomal content were 

measured in iPSC-CMs, however no significant differences were reported. This filamin C 

missense variant was not found to affect CASA or other forms of autophagy in the 

parameters measured in this study.  

The summary of results can be split into three themes (Table 6-1): 

- An evaluation of the cardiomyopathy-related missense FLNC W2164C variant 

- The effect of FLNC W2164C to mechano-sensing 

- An evaluation of models to study cardiomyopathy. 
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Table 6-1 Summary of changes observed in mutant mice and in mutant iPSC-CMs. Abbreviations: HW, 

heart weight; ICD, intercalated disc; NI, not investigated; ETC, electron transport chain.  

 Mutant Mouse  Mutant iPSC-CMs 

Heart measurements Increased HW with Ang-II 

treatment (same in WT) 

No changes in cell size or 

organisation 

Hypertrophy markers Fetal gene programme Fetal gene programme 

Protein localisation FLNC/HSPB7/MYOT 

localised at ICD 

FLNC, MYOT colocalised 

No changes observed 

CASA and autophagy Upregulation of CASA 

markers (Bag3, Hspa12a) 

Increased autophagic flux 

Regular lysosomal activity 

Energetic dysfunction Downregulation of ETC 

components 

No changes observed 

 

6.2 FLNC W2164C and cardiomyopathy  

Filamin C has been increasingly associated with cardiomyopathies independent of skeletal 

muscle involvement. Variant positioning has been reported to play a role in the 

cardiomyopathy subtype, however, a pathway has not been elucidated. Variants found 

between Ig18-21 have been proposed to play a role in altered mechano-sensing and -

signalling. The FLNC variant assessed in this thesis lies within this region, at Ig20, and was 

found in a multi-generational family affected by cardiomyopathy.  

Despite HCM being the primary cardiomyopathy in patients carrying this variant, 

morphological and contractile assessment in the mouse displayed a subtle phenotype 

resembling RCM, though this needs follow-up confirmation. The RCM phenotype is not 

surprising since other FLNC variants near FLNC W2164C have been reported in RCM 

patients [155], [491]. In partial agreement with the RCM filaminopathy, Tucker et al. 

described that  filamin C protein continues to localise towards the ICD in RCM patients with 
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a  FLNC V2297M missense variant , however, in contrast, the disappearance from the Z-

disc described in their case was not observed in this thesis [155].  

A molecular phenotype indicative of HCM was reported at transcript level in both models, 

and at a protein level in the mouse. By performing proteomics on fractionated tissue, 

genotype-specific alterations were identified at a protein level. Greater sensitivity was 

achieved in protein abundance changes between genotypes in fractionated samples. These 

changes guided follow-up experiments to determine whether changes were localised to the 

fraction, evidence of redistribution between fractions or if they were global changes. The 

increased level of HSPB7 in the myofilament fraction highlighted the importance of the 

fractionation, as immunoblot validation showed normal protein levels of HSPB7 in whole 

tissue and in the membrane fraction, and therefore is a fraction-specific upregulation.  

6.3 FLNC W2164C to mechano-sensing  

Mechano-sensing and -signalling have been proposed to be key functions of filamin C. The 

effect of the FLNC W2164C variant on this was briefly probed for. Although genes (and 

their transcribed proteins) implicated in proteostasis or mechano-sensing (HSPB1, HSP70, 

HSPB7, FLNC) were found to be increased in mutant mice and/or in iPSC-CMs, autophagic 

activation was not convincing in mutant iPSC-CMs. It could be that the variant is more 

readily refolded since it is found to be more elongated in the relaxed conformation [Elena 

Holden, unpublished, Justin Benesch group]. This would in turn result in an increased 

transcription of chaperones, such as HSPB7, but would not explain the protein re-localisation 

or increase in filamin C abundance. The FLNC W2164C variant clearly has an effect; 

however, the nature of this effect is unknown with no distinct pathway being identified in 

this work. 
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FLNC variants are found to possess a phenotypic spectrum of conditions: HCM [98], [141], 

DCM [99], [101], [140], RCM [100], [155] and atrial fibrillation [98], [141], [492]. Variants 

may act in conjunction with other genetic factors as described in a recent review on the 

impact of common variants to HCM and is likely to be the case for other cardiomyopathies 

[493]. In the mouse model, the FLNC W2164C variant was shown to induce a significant 

molecular phenotype indicative of HCM, though was not able to induce a consistent 

morphological or functional phenotype. This muted phenotype may suggest mouse-human 

differences or imply that additional genetic or environmental factors are involved that result 

in the patient found phenotype. 

 

6.4 Models to study cardiomyopathy 

Every model has its strengths and limitations. When data from different models are 

contradictory to each other, it is important to assess where data reliability and validity lie. 

The interpretation of such data therefore needs to be treated with caution. 

Comparing findings between in vivo and in vitro models is difficult since there are intrinsic 

differences in how data is obtained and the conditions that are set. For instance, recording 

animal cardiac parameters required the mouse to be under general anaesthesia, which 

reduces heart rate, whereas iPSC-CMs were paced at a frequency above their intrinsic one. 

Both female and male mice were used for data collection, with sex-differences observed, 

whereas the iPSC-CM model was of male origin only with sex-differences also found to be 

present in other studies using the iPSC-CM model [494].  

The molecular phenotype of iPSC-CMs when cultured on PDMS agreed with the molecular 

findings of the murine model; an induction of the fetal gene programme was observed in 
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both. This finding on the PDMS-coated iPSC-CMs may be due to a combination of the 

maturation effect of culturing cells on physiological stiffnesses as well as an improvement 

in the mechanical environment [330], [495]. Data generated beforehand was incongruent 

with the mouse findings and this made interpretation difficult. iPSC-CM data became 

comparable with the mouse model after improved quality control, and the maturation 

method of using PDMS were implemented. 

By using both models, a molecular phenotype indicative of cardiomyopathy and altered 

autophagy was displayed in the mutants, however, iPSC-CMs failed to replicate the changes 

observed in the mouse model regarding protein localisation. This was in-part due to the lack 

of mature intercalated discs in 2D-cultured iPSC-CMs (Figure 8-1) [E.Ehler unpublished 

data]. For the purpose of validation, characterising both animal and cellular models has 

allowed for a more robust scientific approach and has identified deficiencies which would 

have otherwise been unnoticed with only one model. The deficiencies of the use of these 

models will be discussed in the following segment. 

 

6.5 Study limitations 

Trends were observed in this study indicating a hypertrophic response. This thesis benefits 

from the use of both mouse and iPSC-CM models to study cardiomyopathy. Though changes 

were identified and new hypotheses have been made, a specific molecular pathway was not 

identified. Attempts to gain insightful data on proposed protein interaction disruptions were 

unsuccessful, such as a co-immunoprecipitation of filamin C. No disease model is perfect, 

and while attempts were made to negate model weaknesses and optimise experimental 

methods, this thesis possesses limitations. These drawbacks will be discussed. 
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6.5.1 Mouse limitations 

For financial and practical reasons, all work presented in the mouse model was done on mice 

of 14-weeks old, equivalent to a young adult [496]. Since this disease presents itself most 

severely in late-adulthood in humans, it is not a surprise that only a mild morphological and 

functional phenotype was observed. Multiple mouse models of cardiomyopathies have 

shown little or no phenotype when mice are around 3 months but develop phenotypes as 

they were aged or exposed to high fat diet [192], [497]–[499]. Further to this, clinically 

relevant electrical parameters were not measured in the mouse for this thesis, despite an 

altered protein content being observed at the intercalated disc, a site of cardiac conduction 

[500]. 

Given the importance sex plays in heart disease [501]–[504], all transcript and protein work 

is underpowered due to the combination of both sexes. 

6.5.2 Proteomics thresholds 

Setting a specified and stringent threshold is crucial for any -omics experiment in order to 

minimise false positives [505]. This was the case when analysing data from the proteomics 

experiment. Processing of the data with the aim of removing any contaminants or false reads 

minimised the impact of single samples skewing the data completely. Some proteins were 

not identified in some sample runs and therefore showed no quantified value for protein 

abundance, these are known as missing values. The minimum number of valid quantified 

values in at least one group, either WT or mutant, was set at a threshold of three. This 

resulted in a reduction of n-numbers from six to three samples in one group, and the other 

group as low as one sample for some of the identified proteins. This can have a large effect 

on the relative fold changes when comparing between WT and mutant and lead to 

exaggerated or disguised differences. Although six samples per group were used, the real 
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number per measurement is likely to be different and inconsistent between identified 

proteins, highlighting the need for validation. Data imputation of invalid values was used in 

an attempt to negate the negative effect of missing values which limits statistical power and 

interference as well as biological interpretation. The handling of missing values is not a 

standardised procedure [506], with multiple quality control thresholds and handling 

approaches in place to improve the handling process [506]–[508]. 

Being a label-free proteomics experiment, each sample was measured in a separate mass 

spectrometry run, therefore run conditions (including the temperature, column condition) 

may differ as well as the altered handling, losses in protein digestion/separation [506]. The 

effect of this could have been minimised by running a TMT-labelled proteomics experiment, 

where each sample is first chemically/metabolically labelled and combined into one sample 

for a single mass spectrometry run.  

6.5.3 iPSC-CM limitations 

Variability affected iPSC-CM results prior to use on PDMS. This rendered any definitive 

interpretation of the results difficult. The introduction of an iPSC-CM quality control 

process correlated with the use of PDMS as soft substrate. The quality control was 

determined at the point of cell harvest (day 30) by the following criteria: cells must be 

beating synchronously as a sheet (no clusters) at a beating rate between 30-90 times per 

minute, a comparative PCR was run on each differentiation batch for cardiac troponin T, 

data obtained from any batches which did not reach the threshold were excluded.  

After quality control was implemented, genotype differences began to be observed, even in 

cells cultured on glass, which was hypothesised to mask phenotypes due to the rigid 

mechanical environment. This data did not entirely remove variability, but allowed for a 



 

203 
 

greater understanding behind the source of the variability. While this resulted in reduced 

variability in subsequent data, this data lies separate from all iPSC-CM data generated 

beforehand (e.g. contractility parameters from SarcTrack). 

Immaturity of iPSC-CMs is a well-documented concern with their use in cardiovascular 

disease modelling. iPSC-CMs resemble fetal human cardiomyocytes regarding cardiac 

isoform expression and cell morphology [187]. Previous studies have suggested prolonged 

iPSC-CM culture improves maturation and better disease characterisation, however, the 

relative improvement from Day 30 to Day 90 is minimal [187], [189], [509]. The use of 3D 

cultures, in particular EHTs or engineered human myocardium (EHM), are found to mature 

the cells morphologically, functionally and molecularly [334], [510]. When these 

bioengineering approaches are coupled with electrical stimulation, enhanced cardiac gene 

expression improves along with structural and electrophysiological properties [511]–[514]. 

Maturation media have also been reported to improve the function of iPSC-CMs for disease 

modelling, such as media consisting of low glucose and high fatty acid content [515]. 

Additional maturation methods (e.g. co-cultures, biochemical cues) have also been 

described with limited success [324], [515].  

For practical reasons regarding optimisation and the characterisation of individual or 

combined maturation methods, manipulating substrate stiffness with PDMS was the method 

chosen. The FLNC W2164C variant was proposed to have disrupted mechano-sensing 

properties. For mechano-sensing properties to be observed, it is important that the cultured 

cells are not mechanically compromised. The approach of using PDMS of varying surface 

stiffnesses, allowed for a potential unmasking of mechano-sensing phenotypes in Hom cells. 

Using this approach resulted in a maturation effect of sarcomere and metabolic markers on 

PDMS surfaces, though morphologically they remained unaltered. Nanopatterning or 
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creating microgrooves on PDMS surfaces has been attempted [516]. The benefit of this is 

mostly related to the cardiomyocyte appearance as well as the presence of more mature 

intercalated discs. 

 

6.5.4 Inconsistencies across both models 

As has been discussed previously in Chapter 3 and Chapter 4, both models carry their own 

limitations. The individual limitations of each model were minimised by comparing the 

mouse data with the data derived from the iPSC-CM model. When found in agreement, this 

strengthened the validity of the data, such as an altered proportion of HSPB7 and transcript 

markers of CASA. When the data from both models was contradictory, interpretation was 

limited and difficult to assess.  

Further to this, treatments which attempted to induce a more striking phenotype differed 

between mouse and cellular models. The mouse underwent Ang-II treatment whereas the 

iPSC-CMs were treated with ISO. Both Ang-II and ISO increase the stress on the heart and 

are known to induce markers of cardiac hypertrophy, though for this induction they both 

have distinct mechanisms of action [385]. Due to the timeline of the work conducted in this 

thesis, the cardiac controls used for normalising immunoblotting data were different 

between the mouse model and PDMS-cultured iPSC-CMs. This was also influenced by 

using fraction specific controls in mouse cardiac tissue. 
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6.6 Future work 

This thesis aimed to characterise the effect of the FLNC W2164C variant in order to better 

understand the role of filamin C to cardiomyopathy and the potential mechano-sensing 

functions of filamin C’s Ig20. This was assessed in this thesis with molecular and functional 

experimentation, finding molecular trends in both models. This thesis has identified areas 

which require additional follow-up experiments to uncover the molecular functions that may 

lead to these trends.  

Mutant mice of 14 weeks old proved to have a significant molecular phenotype, but only a 

subtle morphological and functional phenotype – even in the presence of Ang-II. This 

provides justification to age mice up to 18 months of age, closer to the equivalent age of 

disease presentation in humans, though ethics would still need to be approved to do so. Mice 

could undergo serial echocardiography readings at 6, 12 and 18 months to establish a 

phenotype timepoint in the first cohort before more in depth morphological and molecular 

study. Since this thesis did not touch on the electrical phenotype of either the mutant mice 

or iPSC-CMs, it would be of interest to follow this clinically relevant phenotype up in aged 

mice but also in the cellular model. Interrogation of the mouse and iPSC-CMs can be done, 

such as measuring the action potentials in iPSC-CMs and calcium conduction of mutant 

mouse hearts via optical mapping [170], [517], [518].  

Physiological differences and iPSC-CM model limitations may have a role to play in the 

phenotypes observed in this thesis. As discussed in the introduction (1.5.3.1), patient 

phenotypic differences could be due to variant type and genetic location. It is possible that 

the phenotypic impact of the FLNC W2164C variant may be affected by the FLNC isoform 

expressed in the disease models. It is currently unknown whether FLNC isoform expression 

varies in these models compared to adult human cardiac tissue. An increased expression of 
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the more flexible longer FLNC may modify the ability of FLNC and key structures to 

respond to increased cellular stress [112]. Future work could assess the FLNC isoform 

expression levels in mutant mouse cardiac tissue and iPSC-CMs.  

As mentioned in the previous section, this thesis considered the possibility that mutant 

filamin C may have altered proteostasis, however, to-date determining altered motility of 

the mutant protein has not proved successful. It is of interest, particularly because it is not 

clear whether this mutant results in increased or decreased protein turnover. Considering 

filamin C is already a highly mobile protein [116], it would be of interest to run a fluorescent 

recovery after photobleaching (FRAP) experiment to determine this [519]. A WT and 

mutant GFP-construct of filamin C would need to be transfected into sarcomere-containing 

cardiac cells. Images are taken to determine the initial fluorescence on a confocal laser 

scanning microscope before a region of interest is photobleached using a high intensity 

setting on the laser. The region of interest would be erased of fluorescence and sequential 

images taken to observe the diffusion of unbleached filamin C GFP-molecules from the 

surrounding area into the region of interest, the fluorescent recovery. The iPSC-CM model 

can be a good cellular model to use this experiment to display mobility changes in the FLNC 

W2164C variant. 

Further to this, altered binding affinities have not been mentioned in this work. Collaborators 

have shown that compared to the WT protein, mutant filamin C has weaker binding to 

HSPB1 (Elena Holden in Justin Benesch group, Oxford University), which also correlated 

with an increased amount of energy required to unfold WT filamin C relative to mutant 

filamin C. A co-immunoprecipitation experiment on mouse tissue would be beneficial in 

determining the role of HSPB1, HSPB7 and even MYOT in the presence of the W2164C 

FLNC mutant. Although HSPB1 and HSPB7 levels may be increased as a cardioprotective 
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manner to stabilise mutant FLNC, another hypothesis was also formed. In Chapter 5, it was 

proposed that HSPB7, may in fact bind with a free cysteine residue in d20 and competitively 

prevent HSPB1 binding. With structural biology collaborators, the interaction between 

mutant FLNC and HSPB7 can be directly interrogated by expressing HSPB7 with FLNC 

W2164C protein fragments to measure any disulphide bond formations.  

As already discussed in the limitations section, much of the iPSC-CM characterisation was 

done before a stringent quality control process was introduced. This meant many efforts to 

report or induce a phenotype were overwhelmed with variation from the initial 

differentiation itself. In addition, the use of PDMS substrates appeared to have a beneficial 

effect both for inducing cardiac maturation and a genotype-related phenotype. The iPSC-

CM model could be used to its full potential by repeating these experiments, such as 

SarcTrack and ISO treatment, with this quality control process in place and where practically 

possible, on PDMS substrates of physiological stiffness. Further to this, additional 

techniques can be employed in the iPSC-CM model, such as high-resolution stochastic 

optical reconstruction microscopy [520] which can give a more details understanding of 

disrupted protein localisation. 
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6.7 Concluding remarks 

The exact role of filamin C within a cardiac context is still largely unknown and this thesis 

focussed on elucidating the function of the mechano-sensing region of filamin C in the heart. 

This thesis evaluates the effect of a clinically-relevant FLNC variant found in patients 

affected by HCM with RCM features in two disease models (mouse and iPSC-CM) and adds 

to the work done on filaminopathies by previous researchers. This work supports the 

pathogenic role of the FLNC W2164C variant in cardiomyopathy. While a mechanism was 

not identified, targets and follow-up experiments have been identified to better elucidate the 

filamin C’s role in cardiomyopathy and mechano-sensing pathways. 

Genetically-edited iPSC-CMs for cardiovascular disease modelling hold potential to 

uncover pathologies which may otherwise be unknown in alternative models. This thesis 

demonstrates the deficiencies of many standard practices used in the culture of iPSC-CMs. 

The use of PDMS on the FLNC W2164C iPSC-CMs highlights the positive effect of 

manipulating the substrate stiffness on observable phenotypes. The field of iPSC-CMs is 

still in its relative infancy compared to animal use but it is rapidly developing with many 

maturation techniques being tested. Much work is still needed to be able to accurately study 

adult cardiovascular pathology and the continued use of iPSC-CMs will aide in the 

understanding of inherited cardiomyopathies and the mechano-sensing role filamin C plays 

in the heart.  

Finally, the work presented here shows the benefit of using both murine and iPSC-CMs for 

modelling cardiovascular disease in order to overcome individual model deficiencies. 

Insight into disease mechanisms of cardiomyopathy variants may lead to an improved and 

personalised approach to treating patients with inherited cardiomyopathy. 
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Chapter 8 Appendix 

 

Table S 1 Recipes of buffers and solutions 

Buffer Composition 

2X SDS sample 

buffer 

100mM, Tris-HCl (pH 6.8); 4% w/v, sodium dodecyl sulfate; 0.2% w/v, 

bromophenol blue; 200mM, dithiothreitol; 20% v/v, glycerol 

Lysis Buffer 1 50mM, Tris-Base (pH 7.5); 2mM, EDTA; 5mM, EGTA; 5mM, dithiothreitol; 

0.05% w/v, digitonin; 1 tablet, protease inhibitor; 1 tablet, phosphatase inhibitor 

Lysis Buffer 2 1mM, Tris-Base (pH 7.5); 2mM, EDTA; 5mM, EGTA; 5mM, dithiothreitol; 

10% v/v, triton-X-100; 0.05% w/v, digitonin; 1 tablet, protease inhibitor; 1 

tablet, phosphatase inhibitor 
Table S 2 List of commercial products 

Products Company and catalogue number 

4-15% Polyacrylamide gels BioRad #415-076 

B27™ Supplement  Gibco #17504-044 

B27™ Supplement, minus insulin  Gibco #A18956-01 

CHIR-99021  Selleck #S2924 

DNAse I  NEB #M0303S 

Dulbecco’s Modified Eagle 

Medium/F12  

Gibco #11320033 

cOmplete™, EDTA-free Protease 

Inhibitor Cocktail 

Roche #4693132001 

Fetal bovine serum  Gibco #A4766801 

FuGENE6®  Promega #E2691 

IWR1  Selleck #S7086 

JC-10 Mitochondrial Membrane 

Potential Kit 

Sigma-Aldrich #MAK159 

KnockOut™ Serum Replacement  Gibco #10828010 

LysoTracker Red DND-99 Invitrogen #L7528 

mFreSR STEMCELL #05855 

mTeSR Plus STEMCELL #100-0276 

Opti-MEM™ I Reduced Serum 

Medium  

Gibco #31985062 

PBS, pH7.4  Gibco #10010023 

Reduced Growth Factor, Phenol Red-

free Matrigel  

Corning #356231 

RPMI-1640  Gibco #11875-093 

RPMI-1640, no glucose  Gibco #11879020 

TaqMan™ Fast Advanced Master 

Mix 

Applied Biosystems #AA35 

Thiazovivin  Selleck #S1456 

Nitrocellulose transfer stacks  

TRIzol™  Invitrogen #15596026 

TrypLE™ Express Enzyme (1X), no 

phenol red  

Gibco 

Tween-20 (Polyoxyethylene-20-

Sorbitan Monolaurate)  

VWR #9005-64-5 

Vitronectin (VTN-N) Recombinant 

Human Protein, Truncated  

Gibco #A14700 

Y-27632 (Dihydrochloride)  STEMCELL #72302 
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Table S3 List of heat shock proteins and CLEAR motif proteins with their relative abundance in myofilament and membrane fraction proteomics analysis. Proteins were 

selected by their T-test fold change and -LogP value. The localisation, function and pathology association as according to Pubmed searches. Red and italics highlighted protein symbols 

represent the proteins that had a fold-change of greater than 2 and Log(FDR) =1.301. Abbreviations: ECM, extracellular matrix; ICD, intercalated disc. 

Protein 

symbol 

Protein Name Function Membrane 

Log2(Fold Change) 

Membrane 

-Log10(FDR) 

Myofilament 

Log2(Fold Change) 

Myofilament 

-Log2(FDR) 

Ref 

Heat shock proteins 
Hsp90ab1 Heat Shock Protein 

90 Alpha Beta 

Family Member 1 

Cardioprotection 

Molecular chaperone 

activity 

-0.472 0.08 -0.411 0.08 [521] 

Hsp90b1 Heat Shock Protein 

90 Beta Family 

Member 1 

Cardioprotection 

Molecular chaperone 

activity 

-0.299 0.04 -1.391 0.45 [522] 

Hspa5 Heat Shock Protein 

Family A Member 5 

Refolds denatured 

proteins 

-1.625 0.23 -2.985 0.73 [523] 

Hspa8 Heat Shock Protein 

Family A Member 8 

Cardioprotection 

Molecular chaperone 

activity 

3.221 0.58 0.703 0.10 [524] 

Hspa9 Heat Shock Protein 

Family A Member 9 

Cell proliferation 

control 

-1.757 0.26 -2.617 0.61 [525] 

Hspb2 Heat Shock Protein 

Beta-2 

Cardioprotection 

Molecular chaperone 

activity 

3.395 2.65 Undetected [244], 

[245] 

Hspb6 Heat Shock Protein 

Beta-6 

Cardioprotection 

Molecular chaperone 

activity 

3.273 0.72 2.450 0.53 [526] 

Hspb7 Heat Shock Protein 

Beta-7 

Cardioprotection 

Molecular chaperone 

activity 

1.503 0.36 4.640 3.07 [121], 

[133], 

[246], 
[268] 

Hspd1 Heat Shock Protein 

Family D Member 1 

Cardioprotection 

Molecular chaperone 

activity 

5.146 1.41 -1.771 0.37 [474], 

[527] 

Hspe1 Heat Shock Protein 

Family E Member 1 

Cardioprotection 

Molecular chaperone 

activity 

2.532 0.47 -0.328 0.09 [474], 
[528] 
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Xirp2 Xin Actin Binding 

Repeat Containing 2 

Protects actin 

filaments from 

depolymerisation 

Undetected Undetected [423], 
[424] 

CLEAR Proteins 

Ctsd Cathepsin D Lysosomal protease 1.593 0.28 -0.402 0.25 [529] 

Lamp1 Lysosomal-associated 

membrane protein 1 

Maintain lysosomal 

catabolism 

0.300 0.05 Undetected [530], 

[531] 

Lamp2 Lysosomal-associated 

membrane protein 2 

Maintain lysosomal 

catabolism 

0.141 0.04 Undetected [530], 

[531] 

Psap Prosaposin Lysosomal lysosomal 

degradation 

-2.177 0.58 Undetected [532] 

Scarb2 Lysosomal integral 

membrane protein 

type-2 

Lysosomal 

organisation 

-2.239 0.91 Undetected [533] 

Tpp1 Tripeptidyl Peptidase 

1 

Lysosomal protease -0.498 0.11 Undetected [534] 
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Figure 8-1 The intercalated disc formation within the generated iPSC-CMs in this study. 

Stained with plakoglobin as the intercalated disc marker on day 30 iPSC-CMs. 
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