
 

Investigat ing the role of 

SNORD116 in cardiac development 

and disease  

 

By 

Terri -Lea Holmes, MSci  

 

A thesis submitted for the degree:  

Doctor of Philosophy  

 

Norwich Medical School  

The University of East Anglia, Norwich, UK  

 

 

Date of submission: 31 st  January 2023  

 

 

 

 

 

 

This copy of my thesis has been supplied on condition that anyone who consults it is 

understood to recognise that its copyright rests with the author and that use of any 

information derived there from must be in accordance with current UK Copyright Law. 

In  addition, any quotation must include full attribution.  



 

 

2 

Declaration 

I declare that the contents of this thesis entitled ñInvestigating the role 

of SNORD1 16 in cardiac development and disease ò was undertaken and 

completed by myself, unless otherwise acknowledged and has not been 

submitted in an application for another degree or qualification in this or 

any other university or institution.  

 

This thesis is approximately 70,000 words in length  

Terri -Lea Holmes  

 

 

 

 

 



 

 

3 

Acknowledgements 

Firstly,  and foremostly I must thank my supervisor James Smith for his 

brilliance  both as a scientist and as a mentor. His patience and 

encouragement were crucial in helping me to complete this thesis. He has 

taught me how to achieve excellence both as a researche r and as a 

human , and I aspire to have the same impact on others that he has had 

on me.  

 

I must also thank Ben Johnson for his wonderful support, friendship,  and 

humour , which kept me optimistic and motivated through the many 

challenges of lab life. I woul d also like to acknowledge the other 

researchers of the Bob Champion Building , who have cultivated an open 

and uplifting environment where  it is easy to feel welcome and reassured .  

 

Thank you also to Georgina Ducker and Chetan Mu kh tyar of 

Rheumatology, and Ramez Nassif and his team in ENT at the Norfolk and 

Norwich University Hospital. I would not have my life, much less my 

thesis, without their excellent care.  

 

Finally, thank you to my friends and family for their ceaseless  support  

th rough some of the most challenging years of my life so far . Thank you 

Tom for your insight and patience. Thank you to my sister Cassandra for 

your unconditional love and motivation. Thank you to my fathers Antony 

and Marc for you r calm wisdom and guidance. And thank you to my 

mother Katherine for everything you have done. You are my greatest 

champion  and my loudest advocate.    

 



 

 

4 

Abstract 

Heart disease is a condition that affects millions of people and contributes 

to countless d eaths worldwide. The underlying pathophysiology is highly 

complex and involve s many intricate cellular processes and elaborate 

signalling pathways. Non -coding RNA, specifically small nucleolar RNA  

(snoRNA)  has recently been implicated in the pathogenesis  of many 

different human diseases including cardiovascular disease. The snoRNA 

SNORD116 was recently found at elevated levels in a human induced 

pluripotent stem cell (hiPSC) model of cardiac disease. SNORD116 has 

previously been associated  with  the congen ital disease Prader -Willi 

Syndrome (PWS), where it is implicated in the dysregulation of various 

cellular, metabolic and developmental pathways.  

 

This work presents  the use of hiPSCs as a model of  heart development 

and disease. The focus of this work is t o understand the function of 

SNORD116 in a cardiac context , and to investigate how SNORD116 may 

influence  disease phenotypes . This research indicates  that SNORD116 is 

elevated during key points of card iomyocyte development , and  is 

dysregulated in response to cardiac stress. SNORD116 was shown to be 

involved in modulating the metabolism of c ells , potentially impacting how 

they respond to disease stimuli . Moreover, results presented here 

demonstrate how SNORD116 may directly interact with the mRNA of the 

desm osomal armadillo protein PKP1, and how this may impact cardiac 

development and function.  
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Chapter 2 Introduction 

2.1 SNORD116 

2.1.1 Small Nucleolar RNA 

Whilst 40% of the human genome is predicted to be transcribed into RNA, 

only 2% of the transcriptome is translated into protein (1) . The remaining 

~38% consists of non -coding RNA, which is becoming one of the most 

rapidly expanding fields of research in genetics and disease. Non -coding 

RNAs have been shown to take part in various biological processes 

including DNA methylation (2) , RNA processing and modification (3,4) , 

and protein translation, trafficking,  and activation (5,6) .  

 

SNORD116 (formally known as HBII -85) is a specific type of non -coding 

RNA called a small nucleolar RNA (snoRNA). The first snoRNAs identified 

ï U3, U8 and U13  ï were found to localise to the nucleolus (7ï9) , hence 

their nome nclature. However, subsequent studies have demonstrated 

snoRNAs can localise to multiple different cellular and extracellular 

regions (10,11) . There are two families of snoRNA categorised according 

to the presence of consensus sequence motifs. These are the C/D box 

(SNORD) snoRNAs and the H/ACA box (SNORA) snoRNAs (12) . 

SNORD116 is a member of the C/D box family. The C box consists of the 

consensus sequence RUGAUGA (where R is a purine base), and the 

shorter D box sequence is CUGA. Many C/D box snoRNAs also contain an 

additional pair of often less well conserved C and D motifs, denoted Cô 

and Dô. Figure 2-1 shows how internal base -pairing between the C and D 

motifs within the snoRNA allows the formation of a stem loop structure.   
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Canonically, C/D box snoRNAs function to fa cilitate the 2ô-O-methylation 

of ribose molecules in ribosomal RNA. Targeting is achieved through 

complementary base -pairing between the target RNA and an anti -sense 

element (ASE) or guide sequence located upstream of the D (or Dô) box 

within the snoRNA (1 3) . A snoRNA ribonucleoprotein complex (snoRNP) 

forms upon association of the C and D motifs with partner proteins Snu13, 

Nop56, Nop58 and the methyltransferase fibrillarin (14ï16) . SnoRNA -

mediated methylation of rRNA can have different cellular conseq uences 

depending on the target. For example, SNORD42A was found to 

methylate the U116 base in 18S rRNA. Upon SNORD42A knockout in a 

human cell line, U116 methylation was decreased, which lead to an 

overall decrease in  protein translation and diminished cel l proliferation 

(17) . In another example, a study in zebrafish showed that knockdown 

Figure 2-1. SnoRNA secondary structure. 
A. Predicted secondary structure of SNORD116 with each base colour coded according to 
sequence conservation (violet = 0%, red = 100. Generated by Rfam, reference number 
RF00108 (470)(447). 
B. Schematic of general snoRNA secondary structure with C/D boxes highlighted. 
Generated in MS PowerPoint. 
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of the C/D box snoRNA U26 caused loss of methylation of a ribose base 

within the in 28S rRNA, and lead to developmental abnormalities (18) . 

 

SnoRNAs are not limited to  the methylation of rRNAs. There are examples 

of snoRNAs regulating gene expression through the methylation of 

mRNA. One study found that the snoRNA SNORD89 targets the mRNA of 

the proapoptotic gene Bim , causing its methylation. Th is caused the 

downregulat ion of Bim  protein levels  which  led to a reduction of apoptosis 

(19) . Another study found that the C/D box snoRNAs U32A and U51 were 

responsible for the methylation of PXDN mRNA (20) . Combined knockout 

of U32A and U51 caused a decrease in PDXN mRNA but  an increase in 

PDXN protein levels. The results suggested that snoRNA -mediated 

methylation increased the stability of the mRNA but inhibited its 

translation.  

 

In addition to methylation, snoRNAs have also been shown to affect the 

splicing of target genes . One study showed that overexpression of 

SNORD88C caused alternative splicing of the FGFR3 gene, resulting in 

reduced levels of the D8-10 isoform of FGFR3 (21) . Interestingly, 

evidence has shown that SNORD115 ï a snoRNA located within the same 

gene cluster as SNORD116 ï may regulate the alternative splicing of 

serotonin receptor 2C (5 -HT2CR) (22) . There are two alternative 5ô splice 

sites in exon V of 5-HT2CR pre -mRNA, resulting in two potential isoforms: 

exon Va and exon Vb. Only mRNAs containing exon Vb encode a 

functional protein (23) . SNORD115 was shown to promote inclusion of 

exon Vb by binding to and blocking a silencer located within exon Vb 

(22,24) . However, a recent study conducted using a SNORD115 knockout 

mouse model demonstrated no conclusive evidence that SNORD115 is 

capable of regulating 5 -HT2CR alternative splicing, suggesting this 

mechanism may be specific to human cells (25) .  
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In humans, SNORD116 is encoded on chromosome 15  as shown in Figure 

2-2. The SNORD116 locus is a ~60,000 bp cluster of 30 paralogue 

seque nces, each ~100 bp in length. These paralogues can be divided by 

sequence similarity into three groups: group I (SNORD116 -1 to 

SNORD116 -9), group II (SNORD116 -10 to SNORD116 -24) and group III 

(SNORD116 -25 to SNORD116 -30) (26) . Orthologues of the SNORD116  

cluster have been found in other species including mouse, rat, 

chimpanzee, macaque, and rabbit, but no orthologues have been found 

outside of the class Mammalia (27) . In mice, the SNORD116 cluster is 

located on chromosome 7 and consists of ~180,000 bp. Within this 

cluster are 17 SNORD116 paralogues nearly identical in sequence (26) . 

The majority of snoRNAs are usually located within the intron of a host 

gene (28) . According to the RefSeq database (29) , SNORD116 is located 

within the host gene Small  Nucleolar RNA Host Gene 14 (SNHG14)  

alongside several other snoRNAs such as SNORD115, and ubiquitin 

protein ligase E3A (UBE3A) . SNHG14 also shares a promoter with the 

SNRPN (small nuclear ribonucleoprotein polypeptide N) and SNURF 

(SNRPN Upstream Reading Frame) genes. Unlike canonical snoRNAs, 

SNORD116 does not show sequence complementarity to other non -

coding RNAs and has not been shown to modify rRNAs, so is therefore 

classed as a non -canonical or orphan SNORD (30) . Despite this, 

SNORD116 has been show n to associate with the snoRNP 

methyltransferase fibrillarin (31) , suggesting it may engage in RNA 

methylation.  

 

In an effort to better understand the function of SNORD116, a  study using 

the now defunct  bioinformatic software snoTARGET searched for potential 

SNORD116 targets based on complementarity with its predicted ASE 

(32) . Half of the targets showed potential binding sequences within exons 

of genes that undergo alternative splicing, and many were located close 

to alternatively spliced junctions. This indicated that, similar to 

SNORD115, SNORD116 could play a role in regulating the alternative 

splicing of target genes.  
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2.1.2 SNORD116 in Prader-Willi Syndrome 

In the literature, SNORD116 has been investigated mostly in the context 

of its role in the congenital disorder Prader -Willi Syndrome (PWS). PWS 

is a multisystem disorder characterised by a number of physical and 

behavioural abnormalities. It has a reported  international prevalence of 

1 in 30,000 births (33) , classing it as a rare disease. Presenting in early 

infancy, PWS patients experience abnormalities in a range of biological 

systems from appetite control to sleep regulation. Motor, language and 

cognit ive development are generally delayed, and the majority of patients 

suffer with growth hormone deficiency and infertility (33) . PWS is 

currently one of the leading genetic causes of obesity in children (34) .  

 

The disease itself arises due to loss of expression of genes within the 

locus 15q11.2 -q13  on the paternally inherited chromosome 15, which is 

shown in Figure 2-2. Many of the genes within this locus (including 

SNORD116) are paternally imprinted. This means that the maternal copy 

of the gene is silenced, in this case via histone methylation (35,36) . There 

are two types of deletion that hav e been observed in PWS patients: Type 

I (~6.6Mb) spans the entire 15q11.2 -q13  region whereas Type II (~5.3 

Mb) spans from the MKRN3 gene to the HERCC2 gene (37) . Patients with 

the Type II deletion perform better in behavioural and academic 

assessment tha n Type I individuals (38) . Importantly, SNORD116 

expression is lost in both types of PWS. Chromosome deletion is not the 

only cause behind loss of expression of this region; approximately 25% 

of PWS cases are caused by maternal disomy of chromosome 15, w here 

there are two silenced maternal copies of the chromosome,  and the 

paternal copy is not present (39) . Crucially, smaller microdeletions 

specifically within the SNORD116 locus have been shown to cause PWS, 

thus reinforcing the implication of the snoRN A in PWS pathogenesis (40ï

42) . 



 

 

 

Figure 2-2. Map of chromosome region 15q11.2-q13. 
Genes coloured blue are paternally imprinted and associated with Prader-Willi Syndrome. Genes coloured red are maternally imprinted and associated 
with Angelman Syndrome. Genes coloured green are non-imprinted. The purple arrows indicate regions that are deleted in type I and type II PWS. 
Adapted from Gabriel et al., 1999 and Stefan et al., 2005. Generated using MS PowerPoint. 
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Extensive effort has been put into generating mouse models to 

investigate PWS. The mouse ortholog ue of 15q11.2 -q13 is similar to its 

human counterpart. Located on chromosome 7C, this region in mice 

contains homologues of genes found in the human 15q11.2 -q13 region, 

with the exceptions of C15ORF2, SNORD108 and SNORD109A/B which 

are absent in mice (43) . The mouse orthologues appear in the same order 

but are reversed in sequence (telomere to centromere). Many of the 

orthologues (including the snoRNAs) maintain the same paternal 

imprinting pattern seen in humans. In developing mice embryos, 

SNORD116 is e xpressed predominantly in the brain and spinal cord (44) , 

suggesting it plays a role in the development of these structures. In the 

adult mouse SNORD116 expression is highest in specific regions of the 

brain, namely the hypothalamus (45) . However, in h umans, SNORD116 

expression is detected not only in the brain, but also in other tissues 

including the heart, ovary, prostate, thyroid and kidney (46,47) . This 

indicates that SNORD116 may function in tissue -specific ways that are 

unique to humans. It is important to note that not all the SNORD116 

transcripts are expressed equally . Demonstrative of this,  group 1 

(SNORD116 -1 to SNORD116 -9) were found to have a 20 - fold higher 

expression in human hypothalamic tissue  than the other two groups (46) . 

 

Deletion of the entire region corresponding to 15q11.2 -q13 in mice 

resulted in neo -natal lethality, with the affected pups displaying 

hypotonia and failure to thrive (48)  The mutant mice also showed lower 

levels of vit al metabolites including plasma triglycerides, liver glycogen, 

glucose and glucagon. The authors postulated that the mice survived in 

utero  due to plasma exchange with the placenta, but post -birth the 

dysregulation of hormone pathways important in feeding and metabolism 

resulted in lethality (48) . This was a notable indication that SNORD116 

may have a metabolic role.  
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Several clinical cases of PWS have been identified involving 

microdeletions of the SNORD116 cluster (49) , which led to the hypothesis 

that selective loss of SNORD116 contributes to the PWS phenotype. A 

SNORD116 m+/pī mouse model was generated using loxP/C RE 

recombinase (27,49,50) , which caused growth retardation but only 

~15% neonatal lethality. The majority of mutant mice survived to 

adulthood, although remaining smaller in weight than their wild - type 

counterparts. The mRNA and protein levels of IGF -1 ( an important growth 

hormone) were lower in the mutant mice liver tissue but in pituitary 

tissue, levels were comparable to wild type. This suggests that the 

SNORD116 knockout caused a growth hormone deficiency secondary to 

a hypothalamic dysregulation that  could explain the growth retardation.  

 

The mutant mice displayed phenotypes seen in PWS patients such as 

increased anxiety/fear, motor learning deficiency and hyperphagia, but 

key characteristics such as obesity, lower muscle tone and infertility were 

no t observed. This could suggest that loss of SNORD116 alone may not 

be sufficient to induce the full phenotype of PWS in mice. However, it also 

reflects the limitations of using animal systems to model PWS. As stated 

previously, SNORD116 expression is not d etected highly outside the 

central nervous system of mice, whereas in humans it is expressed in 

other tissues. For example, humans express SNORD116 in gonadal 

tissue, suggesting it may be involved in reproductive processes. This 

differential expression pat tern may explain why loss of SNORD116 

expression causes infertility in humans but not in mice. Due to the 

differences between human and mouse expression, extensive research  

into SNORD116  has also been conducted using primary human tissue  and 

cell lines . 
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A study performed t ranscriptional analysis  on hypothalamic  tissue 

samples from the brains of four PWS patients compared to four age -

matched controls (51) . In total, 658 genes were significantly differentially 

expressed. In terms of obesity - related gene changes, Agouti - related 

protein (AgRP)  expression was found to be 3 - fold higher in the PWS 

samples. Given Agrp is an appetite stimulant (52) , its  upregulation is 

likely an important contributor to the obesity phenotype in PW S patients. 

Several inflammation - related genes were also found to be upregulated 

including TNF a and S100b. Genes important in neurone development and 

maintenance, namely BDNF and TrkB , were found to be downregulated 

in PWS. Disruption of these genes caused  developmental and behavioural 

problems in mice and humans similar to those seen in PWS (53) . In the 

same study, the SNORD116 cluster was deleted using CRISPR -Cas9 in a 

neuroblastoma cell line, resulting in reduced neuronal differentiation, cell 

proliferation, and  surviva l compared to the WT line (51) . However, 

treatment of the knockout line wi th BDNF resulted in a ~13% higher 

percentage of neurites compared to untreated cells. This indicated that 

loss of SNORD116 could cause neurodegeneration via reduction of the 

BDNF signalling pathway.  

 

A transcriptome -wide search for alternative splicing re vealed that genes 

involved in microglial and inflammatory pro cesses showed the highest 

level of alternative splicing in PWS neurones (54) . The study concluded 

that genes in the 15q11.2 -q13 region ï particularly the snoRNAs ï may 

be in part responsible fo r regulation and / or splicing of genes important 

to neurone survival.  
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As this study demonstrates, much of the research into PWS using human 

tissue has focused on brain tissue and neurological cell types. This 

coheres with t he high level of SNORD116 expression in the brain, 

however it fails to explore the other systems that are affected by 

SNORD116, for example in cartilage. A recent study showed that cartilage 

extracted from osteoarthritic mice showed a higher level of SNORD 116 

compared to controls (55) . The upregulation of SNORD116 in 

osteoarthritis was confirmed in a separate study in which osteoarthritis 

was induced in mice through surgical destabilisation of the medial 

meniscus (56) . These results show that SNORD116 i s clearly capable of 

playing a role in diseases outside of the nervous system.  

 

Clinical assessment of PWS patients has shown that other systems are 

affected by the loss of SNORD116, particularly the cardiovascular system. 

Although much of the cardiac dys function in PWS patients is associated 

with obesity - related factors, there are broader effects on the 

cardiovascular system that can present in advance of the onset of obesity 

in PWS patients (57) . The most prevalent cause of death in PWS adults 

is cardi ovascular disease resulting from complications that can present in 

early childhood (58ï61) . Echocardiogram testing on children with PWS 

found that over half of the patients exhibited cardiac dysfunction, which 

was not seen in any of the healthy age -match ed controls (62) . Studies 

have shown that left ventricular mass and internal diameter are reduced 

in PWS individuals, and even when compared to obese controls PWS 

patients have decreased cardiac muscle mass causing decreased cardiac 

output efficiency (57 ,63,64) . This indicates that SNORD116 may have a 

specifically cardiac function, leading to cardiovascular defects when its 

expression is disrupted.     
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2.1.3 SNORD116 in the heart 

Although there is considerable clinical evidence suggesting that 

SNORD116 has a function in the heart, there is a distinct lack of research 

exploring this. Previous work has shown  that cardiac stress caused 

increased packaging of SNORD116 into exosomes, which are important 

vesicles involved in paracrine and autocrine signalling (65ï67) . The 

exosomes released from two isogenic lines of human induced pluripotent 

stem cell -derived cardiomyocytes (hiPSC -CMs) were compared. The lines 

were genetically identical except that one contained a genetic mutation 

(ACTC1-E99K) causing Hypertrophic Cardiomyopathy (HCM). 

Transcriptomic analysis of exosome content revealed that multiple 

SNORD116 paralogues were packaged at a >2 - fold higher abundance in 

the HCM line compared to the non -mutant line. Both lines were subjecte d 

to electrical pacing of 1 V/2 Hz with a 2ms impulse duration for 24 hours 

to increase their contraction rate. This caused an increase in overall 

exosome output, but importantly SNORD116 levels were increased 

relative to the number of exosomes released. I nterestingly, the stress 

induced by electrical pacing compounded the effect of the genetic 

mutation, causing an even greater level of SNORD116 packaging (65) . 

Overall, the presence of both cardiac stresses combined caused 

SNORD116 -23, SNORD116 -25 and SNO RD116 -29 to be packaged 8 - fold, 

10 - fold and 11 - fold higher compared to unstressed controls (65) . These 

results implicate a cardiac signalling role of SNORD116 that may 

contribute to cardiovascular conditions . 

 

A poster presentation at the International S ociety for Stem Cell Research 

2022 conference presented work demonstrating the role of SNORD116 in 

response to myocardial infarction in mice (Poster number 863) (68) . The 

research presented used a mouse model wherein SNORD116 had been 

conditionally knock ed out in cardiac tissue. Mice lacking cardiac 

SNORD116 expression underwent less pathological remodelling after 

surgery - induced myocardial infarction. These mice also developed less 
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fibrotic scar tissue compared to their wild - type littermates. When 

subjec ted to ischaemia , SNORD116 - / - myocardial tissue showed improved 

recovery to diastolic baseline compared to SNORD116 -expressing 

myocardium. Additionally, p roteomic analysis of left ventricle tissue 

showed that the expression of several metabolism -related pr oteins was 

dysregulated by the loss of SNORD116, suggesting a role in cardiac 

metabolism.  

 

Although limited, current research into the role of SNORD116 in the heart 

suggests an exciting novel signalling pathway that merits further 

investigation. However, it is important to understand the molecular and 

physiological changes that occur during heart disease in order to 

understand the potential involvement of SNORD116.  
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2.2 Heart disease 

In 2020, one in every five deaths in the United  States occurred as a result 

of heart disease (69) . Heart and circulatory diseases are estimated to 

generate an annual healthcare cost of £9 billion in the UK (70) . The term 

óheart diseaseô generally refers to any abnormality or ailment occurring 

in the heart or its associated blood vessels, impairing the function of the 

organ. There are many different forms of heart disease that can arise due 

to various factors both genetic and environmental, but all result in 

diminished cardiac function, poor health, and reduced quality of life. As 

one of the leading causes of death in the western world, there is a 

substantial  demand for research into the molecular and signalling 

mec hanisms that underlie cardiovascular disease. Although there are 

many different cell types that populate the heart and may contribute to 

disease, this work will focus largely on cell types that compose the heart 

musculature ï namely  the  cardiomyocytes and cardiac fibroblasts.  

Further work should be done exploring the other major cell types, 

including the vasculature, from which many forms of heart disease such 

as coronary heart disease can arise.  

 

Most forms of heart disease are characterised by changes in gene 

transcription and metabolism. These changes reflect a shift away from 

adult -associated characteristics to more foetal - like phenotypes. 

Generally, most forms of heart disease coincide with a reactivation of the 

foetal gene program (71ï74) . In additio n, cardiomyocyte metabolism 

shifts from primarily fatty acid oxidation , or  FAO, to relying more on 

glycolytic metabolism (75) . Foetal  cardiomyocytes are exposed to a low 

oxygen environment and rely heavily on oxygen - independent forms of 

metabolism such a s glycolysis (76) . However,  during peri -  and post -natal 

development, cardiomyocytes undergo a metabolic switch to (FAO) 

(77,78) . Compared to glycolysis, FAO yields more ATP per mole of 

substrate oxidised, and is therefore better able to support the gre ater 

energy demands of the post -natal heart (79) . The regression of 
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cardiomyocyte metabolism during heart disease contributes to an overall 

energy deficit wherein cardiomyocytes have a reduced capacity to cope 

with increased workload and greater energy d emands. In this section, 

various  cardiac conditions will be explored to identify commonalities 

occurring across different pathologies and to better understand the 

complex mechanisms contributing to heart disease.  

 

2.2.1 Inherited Cardiomyopathies 

2.2.1.1 Hypertrophic Cardiomyopathy 

There are many forms of heart disease that exist due to genetic variation . 

Hypertrophic cardiomyopathy (HCM) is one of the mo re  commonly 

occurring genetic heart disease s, affecting 1 in 500 people (8 0) . The 

disease is characterised by hypertrophic expansion of the myocardium as 

shown in Figure 2-3, which is often accompanied by left ventricular 

outflow obstructi on, diastolic dysfunction and cardiac fibrosis (81) . HCM 

Figure 2-3. Hypertrophic Cardiomyopathy. 
A. Diagram depicting the heart and myocardium of a (i) normal and (ii) HCM heart. 
Generated using Servier Medical Art. 
B. Elements of an ECG trace. Generated using MS PowerPoint. 
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can usually be detected by abnormalities in an electrocardiogram (ECG) 

trace, shown in Figure 2-3. Commonly  observed characteristics include 

high voltage  narrow QRS complex es, deep T -wave inversions and 

abnormal rhythm (82) . Cardiovascular magnetic resonance (CMR)  is a 3D  

imaging  technique used to measure the left ventricular size and septal 

thickness , which in HCM is generally larger than 13 -15 mm (83) . It is also 

useful for detecting other HCM -related attributes such as fibrosis and 

diastolic dysfunction (84) . Similarly, echocardiography is an ultrasound 

technique that can be used in conjunction with ECG  and CMR to examine 

the heartôs structure and function. 

 

HCM is an autosomal dominant disorder with a highly variable disease 

penetrance. The most common symptoms presenting in ~80% of patients 

are tiredness, shortness of breath and dizziness, along with angina and 

palpitations (85) . Symptoms are often worsene d with physical activity, 

reflecting the limited cardiac output of the diseased heart. HCM can 

present more severely with symptoms such as syncope, arrythmia and 

sudden cardiac death. Indeed, HCM is one of the primary causes of 

sudden cardiac death in youn g adults and athletes (86) . The clinical 

heterogeneity of HCM is hypothesised to arise from poorly understood 

genetic and epigenetic mechanisms (87ï89) . 

 

Over 1,400 unique genetic variants have been associated with HCM (90) . 

The top eight most common  pathogenic variants found in HCM patients 

are in sarcomeric genes (91) . Figure 2-4 shows the sarcomere in detail.  
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Figure 2-4. Structure of the cardiomyocyte. 
A. Heart muscle fibres made up of cardiomyocytes. 
B. A single nucleated cardiomyocyte 
C. The sarcomere made up of actin (red) and myosin (blue) Z= Z disk, M = M line. 
D. Detailed model of the proteins that make up the sarcomere. Components with HCM-
causing gene mutations are labelled. Generated using Servier Medical Art. 
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The two major structures composing the sarcomere are the thick and thin 

filaments, made up of myosin and actin respectively. The sarcomere is 

anchored at either end within a dense fibrous structure called the Z -disk. 

The M - line runs down the centre of the sarcomere and acts an anchorage 

point for the thick filaments.  

 

According to the sliding filament theory (92,93) , during contraction the 

thick filament is pulled along the thin filament to cause a shortening of 

the sarcomere in a process called the cross -bridge cycle. This is shown in 

Figure 2-5. At the start of contraction, calcium - induced -calcium -release 

from the sarcoplasmic reticulum causes the cytoplasmic Ca 2+  

concentration to increase. Ca 2+  binds to troponin -C, causing a shift in the 

complex that exposes myosin bin ding sites within actin filaments. The 

subsequent association between myosin and actin causes myosin, which 

was previously associated with adenosine diphosphate (ADP) and 

phosphate (Pi), to release the Pi molecule. This induces a conformational 

change whic h causes myosin to undergo a power stroke movement, 

shifting it 5 -10 nm closer to sarcomere centre (94) . Upon this movement, 

ADP dissociates from myosin and ATP binds in its place. Myosin detaches 

from the actin filament and ATP is then hydrolysed, causi ng another 

conformation change restoring myosin to its original position.  

 

The process of contraction is highly controlled by the movement of Ca 2+ . 

Under low cytoplasmic Ca 2+  conditions, troponin -C is bound weakly to 

troponin - I, which is bound strongly to actin and causes tropomyosin to 

block the myosin binding sites (95) . Under high cytoplasmic Ca 2+  

conditions, Ca 2+  binds to troponin -C, strengthening the binding 

interaction  between troponin -C and troponin - I. This causes troponin - I to 

pull away from the actin filament, shifting the position of tropomyosin 

and exposing the myosin -binding sites, allowing the cross -bridge cycle to 

commence (96) .  



 

 

 

Figure 2-5. The cross-bridge cycle. 
A. The cycle begins with myosin dissociated from actin and Ca2+ ions binding to troponin-C 
B. Myosin is bound to ADP and Pi. Upon Ca2+ binding to troponin, myosin binds to the actin filament and releases Pi 
C. Release of Pi initiates a power stroke manoeuvre within the myosin filament. ADP dissociates and ATP binds in its place. 
D. Myosin dissociates from the actin filament and ATP is hydrolysed. Rendered using Servier Medical Art. 
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Around 80% of HCM -causing mutations are within the genes for myosin 

heavy chain 7 ( MYH7) and cardiac myosin binding protein C ( MYBPC3) 

(97) . Other most commonly identified genes include MYL2, MYL3, TNNT2 , 

TNNI3 , ACTC1 and TPM1 (98) . Mutations in any of these genes can affect 

the function of the sarcomere and dysregulate processes such as actin -

myosin binding, Ca 2+  sensitivity, generation of the power stroke and the 

anchorage of the sarcomere itself  (99,100) . The majority of HCM - linked 

genetic variants are caused by  nucleotide substitution, leading to 

destabilisation of the protein structure or binding affinity (101) . The 

exception to this is the MYBPC3 gene, wherein the majority of variants 

are frameshift mutations that cause truncation and non - functionality of 

the protein (102) .  

 

Biochemical analysis has been undertaken to better understand the 

molecular consequences of HCM -associated genetic variants . For 

example, the single nucleotide subst itution c.C9123T in the gene for 

MYH7 results in the amino acid substitution p.R453C. Investigation into 

the effect of this mutation showed that the mean velocity of myosin 

during the power stroke and the ATPase activity of myosin was 

significantly reduced  (103) . In addition, a dual -beam optical trap  was 

used to measure  the average intrinsic force produced during power stroke 

by a single myosin molecule . This assay combined a classic in vitro  

motility assay with laser - trap techniques to measure force of myosin 

motor movement  (104,105) . Using this assay, t he mutant myosin protein  

was found to generate an intrinsic force that was  50% higher compared 

to the wild - type (103) . 

 

Another well - characterised example is ACTC1, the gene encoding cardiac 

alpha  act in. There are over ten unique genetic variants within the ACTC1 

gene that have been linked to HCM . These genetic variants are classed 
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according to which binding interactions they affect. M -class mutations 

affect the actin -myosin binding interaction, whereas T -class mutations 

affect the actin - tropomyosin binding interaction (106) . MT -class 

mutations affect both. The location of these mu tations within the actin 

protein is shown in Figure 2-6 (107) . The E99K mutation within ACTC1 is 

one of the better characterised M -class variants , and has been ident ified 

in two separate families affected by familial HCM (108,109) . The 

glutamate -99 residue within actin is one of several believed to make up 

a secondary myosin binding site. The substitution of glutamate with lysine 

was found to cause a reduction in th e binding affinity of actin to myosin 

(110) . When bound to myosin, the presence of the E99K mutation in actin 

did not reduce the maximal ATPase activity of myosin but did reduce its 

Figure 2-6. Mutations in cardiac actin. 
The chain D subunit of the cardiac alpha actin protein is shown in pale blue. Amino acid 
residues that are known HCM-causing mutations are depicted using colour-coded atomic 
spheres. Red = M-class mutations, green = T-class mutations, pink = MT-class mutations. 
Crystal structure obtained from PDB entry 5NOJ. Rendered using PyMOL .  
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affinity to ATP (110,111) . It also caused a reduction in the velocity of the 

myosin power stroke (110 ï112) . Mouse -model (113)  and patient -derived 

(114)  muscle filaments from E99K +/ - cardiac tissue exhibited greater 

calcium sensitivity and impaired fibre relaxation compared to wild - type. 

Overall, the effects of sarcomer ic mutations generally cause an increase 

in Ca 2+  sensitivity and filament activation coupled with decreasing the 

efficiency of the cross -bridge cycle, leading to impaired sarcomeric 

function and a hypercontractile phenotype (115 ï117) . 

 

Although HCM is often classed as a genetic disease, 30 -60% of patients 

do not have an identifiable mutation (118 ï120) . Even in cases attributed 

to specific gene mutations, the type of variant can sometimes correlate 

with a higher risk of increased diseas e severity (121) , but this is not 

always the case (120) . Gene mutations can also have conflicting 

molecular consequences. For example, the p. R453C mutation in MYH7 

caused a hypercontractile phenotype in some models (103) , and a 

hypocontractile phenot ype in others (122) . Further complicating the 

matter is the existence of genotype -positive phenotype -negative 

individuals who do not present with HCM symptoms despite having a 

mutation (123) . This demonstrates that HCM is a multifactorial disease 

where  there are a number of complex signalling pathways and molecular 

mechanisms contributing to the disease pathogenesis. However, HCM is 

a useful disease to model when investigating cardiomyopathy as it often 

co-presents with other characteristics of heart di sease such as fibrosis, 

and recapitulates key metabolic and gene changes seen universally in 

cardiovascular disease.  

 

An in vitro  model of HCM was developed using isogenic lines of iPSC-

derived cardiomyocytes , wherein the disease  line was developed from a 

phenotype and genotype -positive male patient with the  heterogenous 

ACTC1-E99K mutation . CRISPR -Cas9 editing was used to correct the 

substitution and generate a  WT isogenic control  line. Exosomes released 
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from these cardiomyocytes were subj ected to transcriptomic analysis , 

which identified SNORD116 to be packaged to a higher level by HCM 

iPSC-CMs. This identified the snoRNA  as a potential pathogenic signalling 

molecule, thereby suggesting  a possible connection between SNORD116 

and the variou s molecular mechanisms of HCM.  

 

2.2.1.2 Dilated Cardiomyopathy 

Dilated Cardiomyopathy (DCM) is also a commonly occurring 

cardiomyopathy that can be both familial and non - familial (69) . Overall, 

where HCM is characterised mainly by diastolic dysfunction (the fill ing of 

the ventricles with blood), DCM is characterised by systolic dysfuction 

(the pumping of blood out of the heart). The DCM heart is characterised 

by left ventricle dilation where the wall of the left ventricle becomes 

progressively weak and thin. This  leads to impaired systolic function 

which can progress into heart failure (124) . Non - familial, or acquired DCM 

can develop due to various conditions such as hypertension, myocarditis, 

toxicity and drug use (124) . Around 20 -40% of DCM cases have a genetic 

cause (124 ï126)  and there are over 50 genes that have been identified 

with DCM -causing mutations (127) . Unlike familial HCM which is caused 

predominantly by sarcomeric gene mutations, DCM shows a much wider 

genetic heterogeneity. Inherited DCM is mostly autosomal dominant, but 

autosomal recessive and X - linked variants have been identified (128) . 

Maternally - inherited mitochondrial gene mutations have also been shown 

to cause DCM (127) .  

 

Interestingly, arou nd 35 -40% of DCM -causing mutations are in 

sarcomeric genes, with the majority of these occurring within titin ( TTN) 

(127,129) . Titin is a giant protein of ~33,000 amino acids that anchors 

in the Z -disk and M - line, and is required for sarcomere assembly 

(130,131) . Most DCM - linked TTN mutations cause protein truncation 

(129) . Truncated proteins are typically more likely to be degraded, 
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leading to decreased titin protein levels that could disrupt sarcomere 

assembly (129,132) . However, immunohisto -chemi cal studies have 

suggested that truncated titin is capable of incorporating into the 

sarcomere at the Z -disk but not the M - line (129) . As the M - line portion 

of titin is implicated in sensing and modulating sarcomeric force (133 ï

135) , loss of titin at t his region may disturb the regulation of contraction 

force leading to the DCM phenotype.  

 

As stated previously, DCM genetic variants are not restricted to the 

sarcomere. Many different components of cardiomyocyte function can be 

affected by DCM variants including the cytoskeleton, desmosomes, ion 

channels  and mitochondria. In a study focused on myocardial tissue from 

idiopathic DCM patients, 22% were found to have genetic variants in 

mtDNA (136) . This was coupled with enlarged mitochondria and 

abnormally arranged cristae. Further biochemical study showed a 

significant decrease in cytochrome -c oxidase and NADH dehydrogenase 

activity. This dysregulation of energy production likely contributes to an 

energy deficit and poor cardiac output of the DCM heart.  

 

Outside of genetic variants , DCM has a disruptive effect on the cardiac 

transcriptome as a whole. Meta analysis of RNA expression comparing 41 

DCM and 21 non - failing left ventricle tissue found 789 dysregulated genes  

(137) . MYH6, CACNA1D, ATP2A2  and NKX2 -5  are examples of cardiac 

genes that were downregulated in DCM. KIF1C, a microtubule motor 

protein, and GAPDHS, an enzyme important in glucose metabolism, were 

found to be upregulated. Pathway analysis of the differential gene 

expression revealed that conge stive heart failure, cardiac hypertrophy 

and actin cytoskeleton signalling were among the top pathways predicted 

to be activated by DCM. The results indicated that multiple pathways are 

affected by DCM, from microtubule management to metabolism.  
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Overall, despite key differences between HCM and DCM, both diseases 

are alike in the overall impairment of cardiac output and disruption to 

cardiomyocyte function , and both cardiomyopath ies often lead to the 

progression of heart failure . Although SNORD116 has not specifically 

been linked with DCM, there is a growing number of non -coding RNAs 

that have been identified as contributing to DCM pathogenesis (138) . As 

such, although unexplored it is possible that SNORD116 may contribute 

to t he underlying mechanisms common  in both HCM and DCM 

cardiomyopath ies. 

 

2.2.1.3 Arrhythmogenic Right Ventricular Cardiomyopathy 

Arrhythmogenic right ventricular cardiomyopathy (ARVC), sometimes 

called right ventricular dysplasia, is a genetic cardiomyopathy with an  

incidence rate of 0.02 -0.05% of the population (139) . The disease is 

characterised by loss of the ventricular myocardium and substitution with 

fibrofatty tissue (140) . Dysplasia of the myocardium is attributed to 

increased inflammation and the death o f cardiomyocytes (141) . As shown 

in Figure 2-7, the fibrofatty scar progresses from the epicardial layer 

across the myocardium towards the endocardium predominantly  in the 

right ventricle wall. This results in thinning and dilation of the ventricles, 

presenting similarly to a DCM phenotype (142) . The most common 

symptom of ARVC is arrythmia, although p atients can experience 

palpitations, dyspnoea, syncope and ï sim ilar to HCM ï sudden cardiac 

death, particularly in young athletic individuals (143) . The disease is 

commonly diagnosed through genetic screening and/or ECG, and right 

ventricular outflow tract tachycardia is a hallmark of ARVC (144 ï146) .  

 



 

 

 

 

Figure 2-7. Layers of the heart in normal health and ARVC. 
A. The adult human heart with the chambers and major blood vessels labelled 
B. The layers that make-up the heart in (i) normal health versus (ii) the presence of the fibrofatty scar in an ARVC heart. 
Figure generated using Servier Medical Art. 
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Several genetic variants have been linked to ARVC, and the se are almost 

exclusively found in desmosomal genes. The desmosome is a 

sophisticated protein structure that connects the intermediate filaments 

within a cellôs cytoplasm to that of neighbouring cells. In cardiomyocytes, 

desmosomes are one of three importa nt cell junctions present in the 

intercalated disc. Together with adherens junctions and gap junctions, 

these structures comprise the area composita , working interdependently 

to regulate the structural integrity and conductivity of myocardial tissue 

(147) . Cadherins, armadillo proteins and plakins are the three major 

protein families that populate the desmosome. The cadherins 

desmoglein -2 (DSG2) and desmocollin -2 (DSC -2) are the two cardiac 

isoforms that link desmosomes between cardiomyocytes via their 

ex tracellular domains, as shown in Figure 2-8.   
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Figure 2-8. Structure of the desmosome. 
The key components of the desmosome are shown. DSC = desmocollin, DSG = 
desmoglein, JUP = plakoglobin, PKP = plakophilin, DSP = desmoplakin, IF = intermediate 
filament. Figure generated using Servier Medical Art. 
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Via intracellular subunits, the cadherins interact with the desmosome 

armadillo proteins, namely plakoglobin (JUP) and plakophilin (PKP). PKP2 

is the plakophilin isoform predominantly expressed in the heart (148) . 

Other plakophilin isoforms include PKP1, PKP3 and PKP4. PKP1 expression 

is generally restricted to epithelial cell types (149) , whereas the other 

isoforms are expressed in multiple different tissues (150) . The armadillo 

proteins connect the desmosome to the cytoskeleton via the plakin 

protei n desmoplakin (DSP). DSP is vital in connecting the desmosome to 

the intermediate filaments and other intracellular organelles such as the 

sarcomere (150 ï152) .  

 

Desmosomal genes with ARVC -causing mutations include DSP (153) , 

PKP2 (154) , DSG2  (155)  and DSC2  (156) . Approximately  50 -70% of 

ARVC cases are caused by mutations in the PKP2 gene (154,157,158) . 

 

Many of the PKP2 variations linked with  ARVC are frameshift mutations, 

resulting in the production of a truncated protein which is degra ded by 

the cell, resulting in decreased PKP2 levels (154,159,160) . This reduction 

is coupled with a reduction in other desmosome components such as JUP 

(159,160) . In these cases, the disease phenotype is believed to arise 

from haploinsufficiency of PKP 2 leading to poor desmosome assembly, 

cardiomyocyte death and subsequent fibrofatty replacement. 

Transcriptomic analysis on a conditional cardiac PKP2 knockout mouse 

model showed that calcium signalling was dysregulated by loss of PKP2 

(161) . Genes impor tant in calcium cycling including ANK2, RYR2, CASQ2 

and CACNA1C were downregulated upon loss of PKP2. Concurrently, PKP2 

knockout cardiomyocytes exhibited increased calcium transient duration 

and an increased propensity to develop arrhythmias. Other pathwa ys 

found to be affected by loss of PKP2 were p53 signalling, regulation of 

actin cytoskeleton and cell cycle  (161) . 
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Interestingly, PKP2 has also been found to localise to the nucleus in both 

desmosome - forming and non -desmosome - forming cell types, althou gh 

its expression was restricted to the karyoplasm and was absent from 

nucleoli and condensed chromatin (162) . Discovery of this led to 

sequence analysis which found that there are two isoforms of PKP2: 

PKP2a and PKP2b (162) . PKP2b is longer than PKP2a due to an additional 

132 bp between exons 5 and 6, translating to 44 additional amino acids 

between arms 2 and 3 of the protein (162) . Similarly, PKP1 also has two 

splice variants denoted PKP1a and PKP1b. The latter is longer due to the 

addition of 63 bp between exons 6 and 7, which translates to an additional 

21 amino acids between arms 3 and 4 of the protein. Details of this are 

shown in  Figure 2-9. In various des mosome - forming and non -

desmosome forming cell types, PKP1a can localise to both the 

desmosome and the nucleus, however PKP1b is highly restricted  to the 

nucleus (149) . This is not the case for PKP2, for which both isoforms have 

been shown to localise to both the desmosome and the nucleus in various 

cell types (162) . However, multiple studies have shown that PKP2b is not 

expressed in the heart (163,164) , implicating PKP2a as the dominant 

cardiac splice variant.  

 

Although PKP2 has been shown to complex  with the ribosomal RNA 

polymerase III (165) , the exact nuclear role of PKP2 is yet to be 

elucidated. However, it could be conceived that in addition to itôs 

structural role in the desmosome, loss of PKP2 in the nucleus may result 

in the disruption of ge ne regulatory pathways that could contribute to the 

ARVC phenotype.  
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The cardiac desmosome is important not only in cell -cell and cell -matrix 

communication, but is also crucial to  mechanical safeguarding and 

transduction of force thorough the myocardium, as well as participating 

in internal  signalling pathways (154) . Dest abilisation of desmosomal 

proteins in both the desmosome and the nucleus is likely to cause a 

reduction in structural integrity, functional signalling and survivability of 

the cardiomyocyte population, leading to ARVC pathogenesis.  

 

This section has explo red some of the more commonly occurring forms 

of inherited cardiomyopathies. Although the underlying molecular 

mechanisms behind these diseases are complex and unique, there are 

some key commonalities across the different examples that contribute to 

harmfu l morphological changes and reduced cardiac output. SNORD116 

signalling has currently only been implicated HCM and the cardiac 

response to ischemia , however its mechanism remains undefined. As 

such, SNORD116  may contribute to  some of the molecular and sign alling 

mechanisms c ommon across multiple disease states .  

Figure 2-9. Isoforms and splice variants of plakophilin 
The different protein domains of (A) PKP1 and (B) PKP2. The ñaò isoform of each is shown, 
with the additional amino acids of the ñbò isoform denotated at their corresponding locations. 
Figure adapted from Desai et al., 2009. Rendered in MS PowerPoint. 
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2.2.2 Drug induced cardiomyopathy 

2.2.2.1 Doxorubicin 

In addition to genetic variants , cardiomyopath ies can arise from exposure 

to drugs and toxins. Doxorubicin was first discovered  as daunorubicin (or 

daunomycin), an anticancer compound identified from soil microbes 

(166) . The level of cardiotoxicity caused by daunorubicin was intolerably 

high (167) , therefore small changes were made to the molecule resulting 

in the new compound  Adriamycin (168) , later renamed to doxorubicin. 

Despite these modifications, doxorubicin was still found to cause fatal 

cardiotoxicity in large cumulative doses (169) . One study found that 30% 

of patients receiving doxorubicin therapy developed cardio toxicity as a 

result, and 70% showed ~50% reduction in left ventricular ejection 

fraction within the first year of treatment (170) . Another study found that 

5% of patients developed congestive heart failure in response to 

doxorubicin therapy (171) . Ext ensive research has been undertaken to 

better understand the molecular mechanisms behind doxorubicin -

induced cardiomyopathy.  

 

The chemotherapeutic mechanism of doxorubicin is its inhibition of 

topoisomerase II (172) , leading to the accumulation of DNA damage and 

ultimately cell death. Doxorubicin cardiotoxicity is associated with 

increased cardiomyocyte apoptosis, increased oxi dative stress, reduced 

mitochondrial biogenesis and disruption of calcium handling (173) . Many 

of the hallmarks of heart failure are seen in doxorubicin - induced 

cardiomyopathy including chamber dilation, enlarged heart size, 

interstitial fibrosis and car diomyocyte death (174,175) . Doxorubicin is 

believed to contribute to increased oxidative stress through a number of 

mechanisms such as the activation of ROS -generating molecules, 

including NOX2 and Rac1  (176,177) , as well as the downregulation of 

antio xidant processes  (178) . Additionally , as a quinone molecule, 

doxorubicin is capable of engaging in redox cycling , wherein a single -
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electron transfer  by mitochondrial enzymes generates a semiquinone 

radical (179) . This generation of ROS  is believed to p artially contribute to 

the chemotherapeutic activity of doxorubicin, but is also hypothesised to  

promote oxidative stress in cardiomyocytes due to the ir  enrichment of 

mitochondria and increased oxidative phosphorylation  (178,180,181) .  

 

Molecular docking analysis demonstrated that doxorubicin binds to and 

inhibits the glycolysis enzyme phosphofructokinase (PFK) (182) . PFK-

deficient mice develop cardiac hypertrophy and left ventricular 

dysfunction (183,184) . The same study showed that doxorubicin also 

binds to and inhibits a-enolase, a glycolytic enzyme shown to be 

important in doxorubicin - induced cardiomyocyte death and mitochondrial 

dysfunction (185) . The overlapping symptoms between doxorubicin -

induced cardiomyopathy and other form s of cardiovascular disease 

suggest that there could be similar underlying mechanisms playing a 

wider role in progressive heart failure.  

 

2.2.2.2 Isoprenaline 

A common problem encountered in heart disease i s an energy deficit 

resulting from a reduced capacity to p roduce ATP , leading to cardiac 

dysfunction  (75,186,187) . This  means that under stressful  conditions, 

cardiomyocytes struggle  to meet the energy demands of the body. 

Isoprenaline, or i soproterenol , is a non -selective b-adrenergic receptor 

agonist. Some of  the earliest examples of clinical applications of 

isoprenaline as a cardiac stimulant was its use on German soldiers during 

World War II (188) . Isoprenaline has been used since the 1960s as a 

treatment for heart block and bradycardia (189,190) . It wor ks by binding 

to the b-adrenoreceptor and causing a conformational change resulting 

in the release of the G a protein. G a activates adenyl cyclase which 

converts ATP to cAMP which activates protein kinase A (PKA). PKA then 

mediates a number of pathways with in the cell including the release of 
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Ca2+  from the sarcoplasmic reticulum (191) . This results in an increased 

contraction rate in cardiomyocytes.  

 

As contraction is an active process, an increased contraction rate will 

naturally increase the workload of  the cardiomyocytes. Therefore, as a 

method of applying cardiac stress, isoprenaline is often useful in animal 

and cell models when investigating the response to increased cardiac 

demand. Short - term (<24hrs) exposure to isoprenaline results in 

tachycardia,  and also an increase in arrythmias (192,193) . However, 

long - term exposure causes over -stimulation of the b-adrenoreceptors 

which leads to serious pathological  outcomes including increased cell 

death, cardiac hypertrophy, myocardial infarction and fibros is (194,195) . 

Sustained stimulation of b-adrenergic receptors induces multiple 

mechanisms that contribute to the hypertrophic phenotype including 

enhanced protein synthesis, elevated oxidative stress and stimulation of 

the mTOR/pI3K signalling pathway (1 96) . Long - term isoprenaline 

exposure was shown to decrease the abundance of sarcomeric proteins 

including MYL2 and MYL3, both examples of genes with mutations 

contributing to familial HCM (197) . There was also a marked decrease in 

fatty acid oxidation and mitochondrial proteins, suggesting a metabolic 

mechanism contributing to the hypertrophic phenotype.  

 

Isopranline cau ses cardiac stress by increasing the workload of the 

cardiomyocytes. D oxorubicin cause s cardiotoxicity through the excessive 

production of free radicals and increased oxidative stress within 

cardiomyocytes. Doxorubicin has the added toxicity of causing DNA  

damage and the accumulation of toxic adducts in the heart, whereas 

isoprenaline induces cardiac damage progressively through sustained b-

adrenoreceptor activation (198) . Both forms of drug - induced 

cardiomyopathy have been used as viable strategies of mo delling heart 

disease both in vivo  and in vitro , and therefore would be effective tools 

in the investigation of the role of SNORD116 in cardiovascular disease.  



 

 

58  

 

2.2.3 Myocardial Infarction and Cardiac Fibrosis 

A myocardial infarction (MI) is defined by the sudd en and often 

irreversible damage to the heart muscle tissue as a result of ischaemia  

caused by loss of adequate blood supply  (199) . According to the British 

Heart Foundation, there are ~100,000 hospital admissions each year due 

to an MI event (200) . Me n are more than twice as likely to suffer an MI 

compared to women (200) , and the average age of first event is 55 -60 

years (201) . There are a number of criteria used to diagnose MI including 

symptoms of isch aemia, elevated cardiac biomarkers, pathologi cal ECG 

traces , morphological abnormalities and the presence an intracoronary 

thrombus at angiography (or autopsy) (202) . The prognosis is improved 

if reperfusion is commenced within six hours of the event, and over  seven 

out of ten patients who suffer a n MI survive the first event (200) . 

However, repetition of cardiovascular events is common and the one -year 

survival rate is estimated at 88%, declining with age and the presence of 

other risk factors such as hypertension, diabetes, and chronic heart 

disease (201) . 

 

One of the most common causes of MI is the rupture of an atherosclerotic 

plaque within a coronary  artery (203,204) , referred to a type I MI (205) . 

This can cause thrombosis and acute b lood vessel closure  which cuts off 

the oxygen and nutrient supply to the area at risk , the location of which 

is determined by the blood vessel affected. Figure 2-10  shows an example 

of a n apical infarct. Type II MI is characterised by a loss of oxygen supply 

not attributed to acute atherothrombotic plaque disruption.  This can arise 

due to acute gastrointestinal bleeding or a sustained tachyarrhythmia 
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(205) . Other causes include coronar y artery disease outside of 

atherosclerosis, spontaneous coronary dissection, coronary emboli, 

systemic hypotension and atrial fibrillation (206) . Type  III MI is classified 

by presentation of MI in the absence of elevated biomarkers, whereas 

types  IV and  V typically  arise from coronary intervention  (205) .  

 

Upon infarction, oxygen is depleted in the affected tissue, forcing the 

cardiomyocytes to switch from fatty acid oxidation to anaerobic 

meta bolism, as demonstrated by the depletion of glucose and increase in 

lactic acid production (207) . Contraction is quickly inhibited within the 

infarct (207,208) . An inflammatory response is initiated,  and the 

complement cascade is activated, followed by  the recruitment of 

neutrophils and monocytes to the injured myocardium (209,210) . 

Apoptosis begins to occur as early as 20 minutes after ischaemia  

develops.  

Figure 2-10. Myocardial infarction and cardiac remodelling. 
Yellow circles highlights the (A). infarct region and (B) area of remodelling following MI. 
Rendered using Servier Medical Art. 
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Left untreated, an MI will lead to heart failure and cardiomyocyte  death. 

However, correction of  the artery occlusion and subsequent reperfusion 

can in some cases lead to further  damage, referred to as myocardial 

ischaemia - reperfusion (I/R) injury. Illustrating this, pro -apoptotic 

markers are higher after reperfusion compared to during MI (211) . In  

addition to contributing to atherosclerosis progression, reactive oxygen 

species (ROS) production is elevated following MI, as demonstrated by 

the increased expression of the NADPH oxidase  Nox2 which was shown 

to contribute to ROS - induced cardiac damage (212,213) . During 

reperfusion, platelets and macrophages become activated and flood into 

the infarct causing it to expand in size (214,215) . This, coupled with fluid 

extravasation from the damaged myocardium can lead to oedema (216) . 

The activated imm une response  further contribute s to the increase in 

ROS production within the infarct (215) . ROS also promotes the drastic 

mishandling  of Ca 2+  in injured cardiomyocytes. Increased ROS in 

damaged cardiomyocytes has been shown to modify amino acids on RYR2 

receptors, resulting in sarcoplasmic reticulum Ca 2+  leak and causing the 

accumulation of intracellular Ca 2+  (217) . This calcium overload damages 

proteins, organelles, the cytoskeleton and the plasma membrane (218) . 

This leads to further cardiomyocyte loss and can contribute to 

pathological remodelling and progressive heart failure that follows MI.  

 

Adverse cardiac remodelling almost always occurs after MI in the form of 

a fibrotic scar and development of interstitial fibrosis (219) . Pathological 

fib rosis involves the overabundant production of extracellular matrix 

proteins, resulting in excessive stiffness and impaired cardiac function. 

Remodelling after the loss of cardiomyocytes due to MI - related ischaemia  

is capitulated by two events: the hypertro phic expansion of surviving 

cardiomyocytes, and the proliferation and activation of cardiac 

fibroblasts, the latter of which can be quantified by the increased 

expression of alpha -smooth muscle actin (aSMA) fibres. The activation of 

cardiac fibroblasts pro gresses through three stages beginning with the 

inflammatory phase, during which the production of interleukins and 
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TNFa increases fibroblast migration to the infarct area (220,221) . This is 

followed by a proliferative phase which is activated by TGF b and SMAD2/3 

signalling (222,223) . There is also a substantial increase in ECM 

production during this phase (224) . The final maturation phase is 

characterised by the release of anti - inflammatory cytokines, increased 

generation profibrotic fibres and the f ormation of fibrotic scar tissue 

(225) . The length of the maturation phase can vary between individuals, 

but evidence has shown that myofibroblasts can remain active in the 

infarct area for up to 18 years post -MI (226) . As stated previously, 

research using mouse models have  shown that SNORD116 expression is 

linked to fibrotic scar formation and pathological remodelling following MI  

(68) . This could suggest a pathological role of SNORD116 during cardiac 

damage and repair.  

 

In addition , SNORD116 was ide ntified in the exosomes of stressed 

cardiomyocytes (65) . During stress , exosomes released from 

cardiomyocytes may signal to other cell types including cardiac 

fibroblasts. This could suggest that SNORD116 may act as a disease 

signal released by cardiomyo cytes that plays a part in the communication 

between cardiomyocytes and cardiac fibroblasts, ultimately contributing 

to the activation of disease phenotypes in both cell types.  

 

To summarise, heart disease is one of the biggest killers in the developed 

world and effectuates a gruelling burden on the healthcare system. There 

are many different forms that heart disease can take, influenced by 

internal and external factors. Each form  of heart disease presents unique 

challenges to both the patients experiencing them and the medical staff 

administering treatment. However, there are some overarching 

commonalties that appear in most forms of heart disease. Gene 

transcription programs unde rgo significant change and often revert to 

foetal  expression patterns. Metabolism undergoes a similar shift toward 

foetal - like characteristics , adopting carbohydrates as the primary source 
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of ATP production as opposed to the more efficient fatty acid oxidation. 

Understanding these patterns and themes will support the elucidation of 

SNORD116ôs role in cardiovascular disease. However, effective models of 

heart disease must be developed in orde r to undertake this investigation.  

 



 

 

63  

2.3 Modelling heart disease using induced pluripotent 

stem cells 

2.3.1 Generation and culture of induced pluripotent stem cells 

Stem cells are undifferentiated cells that have the potential to 

diffe rentiate down multiple cell lineages. There are different types of stem 

cells that exist that can be used for a variety of research and medical 

purposes. Adult stem cells reside in a variety of niches throughout the 

human body. Examples include haemopoieti c stem cells within the bone 

marrow, neural stem cells in the brain, and intestinal stem cells in the 

crypts of the gut (227,228) . Mesenchymal stem cells (MSCs) are adult 

stem cells that reside in the bone marrow stroma  and various other niches 

within th e body . They can be isolated, cultured and differentiated into 

multiple specialised cell types including chondrocytes , osteocytes , 

adipo cytes  and muscle  cells (229) . Despite the name, MSCs can also be 

induced to trans -differentiate  along non -mesodermal l ineages such as 

neural and endothelial  (230,231) . Compared to other cell types, MSCs 

are relatively easy to isolate and culture  (232) . However, the pluripotency 

of MSCs is still under debate and they are officially classed as multipoten t 

due to their r estricted differentiation capacity  (233) . In addition, long -

term culture of MSCs can be problematic due to the induction of cellular 

senescence after relatively few passage numbers. This can lead to 

phenotypic changes  and inhibit differentiation capacity (234,235) .  

 

Embryonic stem cells (ESCs) are pluripotent stem cells isolated from the 

inner cell mass of human or animal blastocysts. When sepa rated from the 

developing embryo, ESCs can be maintained in culture indefinitely  in an 

undifferentiated state whilst maintaining their capacity to differentiate 

along all three germ lineages (236) . Research using human ESCs is highly 

regulated and subjec t to restrictive legislation. International 

organisations such as the Internati onal Society for Stem Cell Research 
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publish guidelines advising scientific policy and ethical standards for using 

ESCs for research purposes (237) . In the UK, the Human Fertil isation and 

Embryology Authority (HFEA) is an independent regulator that controls 

licencing  and monitoring of ESCs in clinical and research settings  (238) , 

and there are numerous government agencies such as the Medicines and 

Healthcare products Regulator y Agency (MHRA) providing governmental 

restriction and oversight. Although their unlimited capacity  for self -

renewal and differentiation makes ESCs an enticing tool for disease 

modelling, the ethical and practical difficulties  concerning  the acquisition, 

isolation  and  use of ESCs can restrict their implementation  in research.  

 

Induced pluripotent stem cells (iPSCs) provide a  strategy to overcome 

the restrictions surrounding ESCs while preserving the capacity for self -

renewal and pluripotency . The first iPSCs were developed by the 

Yamanaka group in 2006 , who  were able to reprogram adult mouse 

fibroblasts into an induced pluripotent state using four key 

reprogramming factors (Oct4, Sox2, c -Myc, and Klf4) via retroviral 

infection (239) . Since th en,  there have been a variety of different 

methods developed to reprogram human cells into iPSCs  (240) , which 

can then be used in research for the purposes of disease modelling, drug 

testing, generating transgenic lines etc.  Although still regulated unde r the 

Human tissue Authority and subject to ethical standards of practice, iPSCs 

do not require the use or destruction of an embryo and are therefore 

exempt from restrictive regulation on embryonic research. In addition, 

iPSCs have the same pluripotent cap acity as ESCs  as demonstrated by 

the generation of entirely iPSC -derived  animals  (241,242) , and have 

been shown to share highly similar transcriptional and epigenetic profiles 

(243 ï246) .  
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The two main strategies of reprogramming somatic cells into iPSCs are 

referred to as integrating and non - integrating. Integrating strategies 

involve using retrovira l and lentiviral vectors that insert into the target 

cell genome. A single polycistronic vector or multiple single -gene vectors 

can be constructed and used to package the reprogramming factors in 

the form of DNA code. Retroviruses can only infect prolifera ting cells and 

are prone to incomplete silencing and insertional mutagenesis. 

Lentiviruses are preferred over retroviral infection as they can infect non -

proliferating cells and have a larger cloning capacity  (247) . During the 

development of these method s, there was concern around the integration 

of viral genomes into human cells. The vector may integrate into an 

important gene locus such as a tumour suppressor or oncogene, leading 

to a cancerous or otherwise aberrant phenotype in the infected cells. To 

m itigate this, Cre -mediated excision of integrated loxP -containing 

Figure 2-11. Methods of reprogramming iPSCs. 
Viral methods (lentiviral, adenoviral and retroviral) involve infecting the cells with a virus that 
contains the DNA/RNA encoding the reprogramming factors. MRNA transfection involves 
transfecting the cells with mRNA encoding the reprogramming factors. Episomal plasmids 
can be constructed that encode the reprogramming factors, which can be transfected into 
cells. Alternatively, the reprogramming factors can be obtained as purified recombinant 
proteins and introduced to the cells. Generated using BioRender.com.  
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lentiviral reprogramming vectors in iPSCs can be performed  (248) , but 

this still leaves a loxP scar that may affect pluripotency or cell function.  

 

Non - integrating methods of reprogrammin g were therefore developed. 

Replication - incompetent adenoviruses have been used to successfully 

reprogram mouse  (249)  and human  (250)  cells into iPSCs. This method 

of reprogramming involves generating an adenovirus containing the 

cDNA of Oct4, Sox2, c -Myc, and Klf4, which the virus injects into the 

nuclei of target cells where the genes are expressed for several days  

(250,251) . Adenoviral reprogramming avoids the pitfalls of integrating 

viral methods but is much less efficient  (240) . An alternative is the Sendai 

virus, a non - integrating RNA virus that does enter the nucleus, instead 

injecting RNA into the cytoplasm of target cells where it is translated into 

protein  (252,253) . The Sendai virus has a higher reprogramming 

efficiency than an adenoviru s, but cells must  be cultured for at least ten 

passages before the virus is completely absent from infected cells  (240) .  

 

There are several non -viral methods of reprogramming that have been 

developed. The PiggyBac (PB) transposon system is a footprint - free 

method of gene delivery  (254)  that has been used to successfully 

generate mouse  (255)  and human (256)  iPSCs. Use of this system 

involves the construction of a transposon containing the genetic code of 

the reprogramming factors flanked by transposon -specific inverted 

terminal repeat sequences (ITRs). The transposase enzyme (introduced 

using the PB transposase expression vector) recognises these ITRs and 

cuts out the transposon, inserting it into the chromosome at a TTAA site. 

To remove P iggyBac from the chromosome, the cells must simply be re -

transfected with the PB transposase expression vector. The drawback of 

using PiggyBac is that it is integrating, meaning the transposon may 

insert into an important gene locus which could disrupt cel l behaviour. 

Sequence verification would be required to ensure that the transposon 
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has not integrated into an important site, and that it has been fully 

excised by the transposase.  

 

To completely avoid the risk of insertional mutagenesis, there are several 

transient episomal methods of delivering the reprogramming factors into 

target cells. For example, plasmids encoding the reprogramming factors 

have been used to generate mouse iPSCs  (257) . However, the cells must 

be transfected daily for the prot eins to be present long enough to induce 

reprogramming, and even then, the efficiency is very low. A specialised 

type of plasmid called oriP/EBNA has a more stable in vivo half - life and 

has been used to reprogram human fibroblasts into iPSCs with an 

effici ency of ~0.0004%  (258) . Another study was able to boost this 

efficiency to 0.009% in peripheral blood cells by including Lin28 and SV40 

large T antigen into the oriP/EBNA vectors alongside the reprogramming 

factors and supplementing the growth media with  sodium butyrate  (259) . 

Although the use of plasmids is footprint - free, one study has shown that 

the plasmid can remain in cells after reprogramming is complete  (260) . 

An alternative to plasmid transfection is the use of RNA, which is less 

stable there fore will not persist in cells. Warren et al. (261)  were able to 

reprogram human fibroblasts with an efficiency of 4.4% by transfecting 

cells with the mRNA of Oct4, Sox2, c -Myc, Klf4 and Lin28, whilst culturing 

the cells in valproic acid -supplemented medi a and 5% oxygen. The cells 

had to be transfected daily for at least seven days for successful 

reprogramming to occur. Also, the RNAs must be synthetically modified 

to protect them from endogenous cellular defence mechanisms.  

 

Overall,  there are many possi ble approaches for generating iPSCs, each 

with their own advantages and disadvantages. Reprogramming efficiency 

and labour intensity must be weighed against risks such as insertional 

mutagenesis and the incomplete silencing of reprogramming factors. The 

application of the iPSCs, be it research or therapy, must be taken into 

account. Integrational reprogramming is generally not used to generate 
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iPSCs for therapeutic purposes as the risk of teratoma formation is 

unacceptably high.  Another disadvantage of iPSC s is that they are sex -

biased, as many commercially available lines are typically XY. This could 

impact their power as a disease model, particularly in diseases where sex 

is a factor.  

 

However, the value of iPSCs as a research tool is rapidly increasing as  

their versatility expands. IPSCs can be differentiated into any existing cell 

type , which makes them incredibly useful as a tool for modelling disease. 

Multiple cardiac cell types can be derived from iPSCs in both two -

dimensional and three -dimensional cul ture. This allows the modelling of 

both heart development and heart disease using human cells . As stated 

in previous sections, SNORD116 is a challenging snoRNA to investigate 

as it seems to exhibit expression patterns that are unique to humans , 

implying th at it  could have  human -specific functions . The sequence 

variability between different SN ORD116 paralogues also appears unique 

to humans , which suggests animal models could be limited in the 

investigation of  human -specific paralogues. Additionally, development 

and disease of the heart can vary significantly  between human and animal 

models  in  size, time , contraction output and gene/protein isoform 

expression  (262 ï264) . For these reasons, iPSCs represent a pro mising 

strategy for the investigation of SNORD116 in human heart development 

and disease.  
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2.3.2 Using iPSCs to model heart development 

During embryogenesis, the circulatory system is the first functional unit 

to develop in the emb ryo (265) . Early embryos consist of three germ 

layers: the ectoderm, endoderm and mesoderm. The mesoderm develops 

into the paraxial mesoderm which gives rise to the somites (skeletal 

muscle progenitors), and the lateral plate or splanchnic mesoderm which  

gives rise to cardiac precursors. Nodal, BMP4 and Wnt signalling are 

important in the specification of splanchnic mesoderm (265) . However , 

the development of cardiac progenitor cells requires the subsequent 

downregulation of Wnt and TGF b signalling (266 ) .  

 

Heart development begins around 3 weeks post -conception in humans, 

commencing  with the formation of the primary heart field that makes up 

the cardiac crescent within the mesoderm (267) . Figure 2-12  depicts how 

the three -dimensional heart str ucture develops (266) . As embryogenesis 

occurs, cardiac progenitor cells from the primary heart field generate the 

straight heart tube along the embryo midline. The secondary heart field 

is a region of the mesoderm medial to the primary heart field. The straight 

heart tube is elongated through the addition of cells from the secondary 

heart field. The structure loops and gives rise to the outflow tract and  

right ventricle. As development continues, the four -chambered heart 

structure begins to take shape. A cell protrusion from the from the 

embryonic heart tube forms the proepicardial organ from which the 

epicardium ï the outer layer of the heart ï is derived  (268) . 

Vasculogene sis of cardiac mesoderm precursors gives rise to the 

endocardium  (269) . 
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There are many key transcriptional changes that control cardiac 

specification and development. The transcriptional f actors GATA4  and 

TBXT regulate the onset of cardiac differentiation, and NKX2 -5  is critical 

for the differentiation of the myocardium (265) . Mutations in these genes 

lead to congenital heart defects such as atrial/ventricular septal defects, 

tetralogy of  Fallot and DiGeorge syndrome (270 ï273) . As the heart 

develops, cardiac progenitors specialise into cells that make up the 

different layers of the heart. Cardiomyocytes develop and form the 

myocardium, and genes encoding structural proteins such as actin  and 

myosin are expressed. These genes have different isoforms that are 

associated with different stages of heart development. For example, 

foetal  cardiomyocytes primarily express slow skeletal troponin I ( TNNI1 ), 

whereas adult cardiomyocytes preferentially express cardiac troponin I 

(TNNI3 ) (274) .  

 

Figure 2-12. Human heart development. 
Heart development begins at 3 weeks with (A) the cardiac crescent. The embryo folds 
ventrally causing the cardiac fields to meet and form (B) a straight heart tube. The heart 
tube begins to loop rightward and caudally forming (C) the looped heart tube. The chambers 
start to form as septations occurs forming (D) the septated heart. Pink shading represents 
first heart field derivatives, yellow shading represents second heart field derivatives, blue 
shading represents proepicarium derivatives. Adapted from Doyle et al., 2015 
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2.3.2.1 Cardiomyocyte differentiation 

Since the 2000s, a multitude of ESC and iPSC -derived cardiomyocyte 

(iPSC-CM) and cardiac fibroblast (iPSC -CF) differentiation protocols have 

been published  (275 ï279) . Many of  the  established cardiac  differentiation 

protocols involve the  use of small molecules to recapitulate the  key  

signalling events  that occur during embryogenesis . The initial activation 

of Wnt  signalling followed by Wnt  inhibition is a widely used  method of 

inducing general cardiac mesoderm development. I PSC-CM 

differentiation continues along the mesodermal pathway to form 

differentiated contractile cardiomyocytes, whereas iPSC-CF 

differentiation diverges along  an epicardial progenitor cell type be fore 

forming cardiac fibroblasts.  The protocol laid out in Burridge et al. (280)  

became a standard protocol for iPSC -CM differentiation, which has since 

been adapted to include small molecule activators/inhibitors and various 

growth factors to improve car diomyocyte purity, specificity,  and 

maturation  (281 ï283) . The stage of differentiation can be monitored by 

measuring changes in gene expression, protein expression and 

metabolism, as the cells develop from undifferentiated stem cells into 

differentiated contractile cardiomyocytes.  

 

During the development of cardiomyocytes, their metabolism undergoes 

notable changes , particularly on the shift from glycolysis to fatty acid 

oxidation . A summary of the changes in metabolism that occur during 

cardiomyocyte differentiation is shown in  Figure 2-13 . 
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In vivo , studies have shown that the alpha, gamma and delta isoforms of 

peroxisome -proliferator -associated receptor ( PPARa, PPARy and PPARd) 

may be important in regulating this metabolic switch during cardiac 

development  (2 84,285) . PPARa has been shown to function in the 

developing heart specifically in the regulation of mitochondrial  and fatty 

acid oxidation  enzymes  (286) . In contrast, PPARy has been found to have 

a relatively low expression level in the heart  (287,288) , however may still 

be important for cardiomyocyte survival and differentiation  (289) . PPARd 

has also been shown to contribute to cardiomyocyte metabolic 

development: when activated, PPARd increases fatty acid oxidation  and 

contractile force generation, whereas itôs absence leads to reduced fatty 

acid oxidation  (285,290) .  

 

Figure 2-13. Key forms of metabolism used by cells during cardiomyocyte 
differentiation. 
The chart represents the level of reliance the cells have on each of the different forms of 
metabolism: glycolysis (G), amino acid oxidation (AAO), pyruvate oxidation (PO), lactate 
oxidation (LO) and fatty acid oxidation (FAO). Stem cells rely mostly on glycolysis for ATP 
production. As the cells differentiate into, oxidative phosphorylation of substrates 
increases,. Mature cardiomyocytes predominantly perform oxidative phosphorylation. 
Figure adapted from Morita et al., 2020 
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Differentiated iPSC -CMs are distinct from primary cardiomyocytes in 

several ways, and lack the maturity of adult cardiomyocytes  (291 ï294) . 

Morphologically, iPSC -CMs are round or polygonal instead of the 

traditional rod -shape of primary cardiomyocytes  (295) , and they lack the 

T- tubule network that is important in heart m uscle contraction  (296) . 

iPSC-CMs also exhibit a greater extent of sarcomeric misalignment than 

adult cardiomyocytes  (291) . There is less co - localisation of ion channels 

and less uniform calcium release  (297)  resulting in longer action 

potentials, sp ontaneous contraction and a negative force - frequency 

relationship  (296) . A summary of the differences is presented in Table 

2-1. 

 

 

Table 2-1. Summary of the key phenotypic differences between adult cardiomyocytes 
and iPSC-derived cardiomyocytes. 

Phenotypic property IPSC-derived 

Cardiomyocyte 

Primary Cardiomyocyte 

Cell size Smaller Larger 

Cell morphology Rounded Circular 

Sarcomeric alignment Disarray Aligned 

Spontaneous contraction Yes No 

Resting membrane 

potential 

Less negative More negative 

T-tubules Absent Present 

Primary metabolism Glycolytic Fatty acid oxidation 

Nuclei number Mono-nuclear Poly-nuclear 
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Many methods have been developed to improve the maturation of iPSC -

CMs so that they more closely resemble primary adult cardiomyocytes 

and are therefore an improved biological model for cardi ac development 

and disease. Modulating the metabolism of cardiomyocytes has been 

shown to change their maturity. As stated previously, cardiomyocytes 

undergo a metabolic switch away from glycolysis and towards fatty acid 

oxidation  as they develop from foet al to adult  (77,78) . IPSC-CMs cultured 

in glucose - rich media have been shown to  emphasise  phenotypes 

associated with immaturity  such as reduced contraction , rounded 

morpholog y, sarcomeric disarray and glycolysis - reliant metabolism when 

compared to iPSC-CMs cultured in low glucose or glucose - free media  

(298 ï302) . Consequentially, fatty acid -based media has become a 

standard medium for post -differential iPSC -CM culture  as a strategy for 

improving maturity and better recapitulation of the adult cardi omyocyte 

metabolism and phenotype.  

 

2.3.2.2 Cardiac fibroblast differentiation  

Similarly to cardiomyocytes, cardiac fibroblasts originate from progenitor 

cardiac cells emerging from the mesoderm. However, cardiac fibroblasts 

originate from the epicardium  (303 ï305) . The presence of epicardial cells 

expressing the transcription factor TCF21 is required for cardiac fibroblast 

generation during heart development (303) . Although evidence has also 

shown that some cardiac fibroblasts originate from  endocardial 

progenitors, as well as the neural crest  (305 ï307) , the majority of cardiac 

fibroblasts present in the developed heart appear to arise from epicardial 

origins (308) .  

 

In contrast to the differentiation of iPSC -CMs, there is a limited number 

of protocols focused on the derivation of cardiac fibroblasts from iPSCs. 

Until recently, cardiac fibroblasts were not considered  to be distinct from 

fibroblasts of non -cardiac origin . However, transcriptomic stud ies have  
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revealed  that cardiac fibroblasts share greater similarity with 

cardiomyocytes than they do with  non -cardiac fibroblasts  (309,310) . This 

discovery has emphasised  the importance of cell specificity and 

encouraged the development of  iPSC-derived  cardiac -specific fibroblasts.  

 

To achieve  iPSC-CF differentiation in vitro , s mall molecules are used  on 

iPSCs to induce the progression of cardiac progenitors through 

mesodermal and epicardial stages of cardiac fibroblast development  

(279) . Wnt signalling activators such as CHIR are used to induce 

mesoderm development causing a reduction in pluripotency marker 

expression and an increase in TBXT and GATA4 . Wnt signalling is then 

inhibited  to generate cardiac progenitor cells . Once these cells develop, 

Wnt signalling is re -activated and retinoic acid supplementation is used 

to induce the meso thelium -epicardium transition to generate epicardial 

progenitor cells  (311) . Epicardial cells are transitioned into cardiac 

fibroblast using Fibroblast Gr owth Factor (FGF) and the inhibition of TGF b 

signalling. Multiple studies have shown that iPSC -CFs more closely 

rese mble primary cardiac fibroblasts than they do iPSC -CMs or primary 

non -cardiac fibroblasts (312,313) .  

 

To su mmarise, iPSCs can be differentiated successfully in vitro  to 

generate both cardiomyocytes and cardiac fibroblasts.
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2.3.3 Using iPSCs to model heart disease 

As stated previously, there are many different forms of heart disease that 

are generally united by common  overarching features such as 

transcriptional and metabolic changes. This section will briefly outline 

how different strategies involving iPSC -derived cells can be used to model 

heart disease.  

 

2.3.3.1 Drug induced cardiac stress 

There are forms of cardiomyopathy that directly arise from the use of 

pharmaceutical agents such as doxorubicin - induced cardiomyopathy. 

IPSC-CMs have been used to investigate the molecular pathways 

underlying doxorubicin cardiotoxicity . Multiple studies ha ve 

demonstrated that pathological phenotypes associated with doxorubicin 

cardiotoxicity such as apoptosis, ROS production, aberrant mitochondrial 

biogenesis and calcium mishandling  can be induced in iPSC -CMs through 

the supplementation of doxorubicin in th e culture media (314,315) . 

Additionally, isoprenaline has also been used in the context of iPSC -CMs 

to model the effects of cardiac hypertrophy and increased cardiac 

workload  (316,317) . This is particularly useful in investigating 

arrhythmogenic disord ers as isoprenaline  increases the frequency of 

arrhythmogenic events in iPSC -CMs (318) .  

 

Not only is this useful in the design of improved drugs with reduced 

cardiotoxic effects, but it also allows the modelling of these aspects of 

heart disease in vitr o using human cardiomyocytes.  

 

2.3.3.2 Hypoxia-induced cardiac stress 

During MI, cardiomyocytes are disconnected from the oxygen supply , 

leading  to metabolism changes, myofibril degradation and apoptosis . 
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During I/R injury, the re - introduction of oxygen to the infarct  causes 

increased damage and promotes pathological remodelling. These 

circumstances can be partially re -created in vitro  using iPSC -CMs through 

modification of the culture conditions  by i ncub ating iPSC -CMs in a hypoxic 

atmosphere (319 ï321) . Hypoxia causes an increase in DNA damage, ROS 

production, increased apoptosis and sarcomeric disarray in iPSC -CMs. 

Contraction frequency is also reduced , coupled with an increase in 

calcium overload and a rrythmia  (319,322 ï324) . In the adult heart, MI 

causes a switch from oxygen -dependent fatty acid oxidation to anaerobic 

glycolysis. Because the metabolic profile  of iPSC -CMs is generally closer 

to foetal - like glycoly tic metabolism  than fatty acid oxidatio n, iPSC-CMs 

are more resistant to hypoxic stress than adult cardiomyocytes 

(319,320) . Recently, fatty acid -driven maturation of iPSC -CMs has shown 

to be effective in increasing their susceptibility to the effects of hypoxia 

and allowing the switch from FAO to glycolysis to occur (325) . 

Additionally, metabolism as measured by the o xygen consumption rate 

(OCR) is decreased in both fatty acid -matured and glucose - fed iPSC -CMs 

under hypoxic conditions (325) . 

 

Hypoxia also causes changes to gene transcription in iPSC -CMs that 

mimic events during MI. Cardiac structural genes  such as TNNT2 , 

MYBPC3, RYR2 and ATP2A2  are downregulated  (326)   Additionally, 

VEGFA, a pro -angiogenic grown factor released during MI, is upregulated 

in hypoxic iPSC -CMs (327 ï329) . Genes important in mitochondrial 

function, metabolism and glucose transportation are also commonly 

dysregulated in hypoxic i PSC-CMs (325 ï328) . This shows that iPSC -CMs 

can be used as a model for cardiac damage occurring during and after MI 

that contribute to progressive heart failure.  
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2.3.3.3 Fibrotic stress 

Fibrosis is one o f the hallmarks of heart failure and often occurs conjointly 

with many forms of heart disease  (330 ï333) . During fibrosis, 

inflammatory signalling causes the activation of fibroblasts into 

myofibroblasts. However, this process can also happen naturally as  the 

heart ages  (334) . Modelling the development of cardiac fibroblasts and 

how they change during disease is crucial in understanding how fibrosis 

occurs, and how its harmful effects can be mitigated.   

 

IPSC-derived cardiac fibroblasts have been shown t o be less susceptible 

to spontaneous activation into myofibroblasts  compared to primary 

cardiac fibroblasts  during passag ing  in culture  (312,335) . However, upon 

treatment with TGF b, iPSC -CFs significantly  upregulate myofibroblast 

markers aSMA and POSTN, and the expression of ECM genes such as 

COL1A1 , COL3A1, COL4A2, and FN1  also increase  (312,313) . Doxorubicin 

was used to induce a fibrotic phenotype IPSC-CFs, which could then be 

alleviated  through treatment with the clinical fibrosis treatment 

pi rfenidone  (312) . This shows that iPSC -CFs can be used to model fibrosis 

in vitro .  

 

Co-culture of iPSC -CMs and iPSC -CFs shows improved maturity and 

contractility within the iPSC -CM population  (313,336) . This demonstrates 

that not only are iPSC -CFs useful in investigating the role of cardiac 

fibroblasts in heart disease, but can lead to improved multi -cellular 

models of heart disease that better explore cross - talk between the 

different populations within t he heart.  

 

2.3.3.4 Genetic variants 

Inherited cardiomyopathies contribute to a no t - insignificant  number of 

cardiovascular disease cases. Although there are many animal models 
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that provide an excellent approach to investigating heart disease, the 

numerous discrepancies  in genotype and phenotype can result in certain 

aspects remaining less well -explored. To overcome this, models using 

human iPSC -derived cardiac cell types have been generated  usi ng a 

number of different strategies. Due to its high incidence rate among the 

population  and variety in sarcomeric gene mutations , HCM is one of the 

more commonly modelled inherited cardiomyopathies.  

 

One method of  modelling genetic heart diseases such as HCM in vitro  is 

the use of  iPSC lines that have HCM -causing mutations. This is often 

achieved through the reprogramming of primary somatic cells donated  

by patients with a specific genetic variant (s). These iPSCs can be 

differentiated into cardiomyocytes t o investigate the effect of these 

variants on cardiomyocyte function . In many cases, these iPSC models 

can successfully recapitulate the phenotypes seen in the clinic such as 

hypertrophy, impaired metabolism, calcium dysregulation and contractile 

arrythmia  (122,337 ï340) . In addition, t he amenability of iPSCs to genetic 

modification expands the scope of disease modelling.  

 

2.3.3.5 CRISPR-Cas9 modification 

The CRISPR -Cas9 complex, composed of a Cas9 endonuclease and a RNA 

guide, allows  precise editing of specific DNA sequences within a genome. 

An overview of the complex is shown in Figure 2-14 . Gene knockout is 

achievable by designing a guide to target a gene of interest and allowing 

endogenous DNA repair pathways to fix the double stranded break caused 

by Cas9. The most common rep air pathway ï Non -Homologous End 

Joining (NHEJ) ï is error -prone and introduces insertion / deletion (indel) 

mutations. This disrupts the reading frame of the gene meaning the 

transcript can no longer be expressed. 
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CRISPR-Cas9 can also be used to generate knock - in mutations by 

exploiting another endogenous DNA repair pathway, Homologous 

Recombination (HR). For this to work, a construct must be designed 

wherein the sequence to be knocked - in is flanked by regions that are 

homologous to the sequences flanking the s ite of the break. The repair 

machinery recognises the regions of homology and inserts the construct 

into the target site and repairs the break. The construct should also 

include a positive selection marker such as a gene for antibiotic resistance 

to enable  easier identification of successful recombinants. This method of 

Homology -Directed Repair (HDR) can be used to insert or correct specific 

gene mutations that are linked with disease  (341 ï343) .  

 

One challenging aspect of modelling HCM is the prevalence of phenotypic 

and epigenetic variation between different individuals with the same 

genetic mutation  (344) . IPSC-models  can overcome this obstacle through 

Figure 2-14. CRISPR-Cas9 complex. 
The Cas9 enzyme forms a ribonucleoprotein complex with the guide RNA and the template 
genomic DNA. The enzyme catalyses a double stranded break at the target site. 
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the generation of isogenic control s (345 ï347) . This is most often used in 

cases where the disease is caused by a single point mutation; the 

CRISPR/Cas9 system can be calibrated to remove the mutant nucleotide 

and replace it with the wild - type base -pair. This would produce a cell line 

that is genetically identical to the disease line except at the targe t site, 

thus providing a control which accounts for any genetic variation between 

cell lines.    

 

CRISPR-Cas9 genome editing has been used on human iPSCs to generate 

models  for HCM by introducing specific mutations into sarcomeric genes  

(348 ï350) . A study by Cohn et al. demonstrated the use of CRISPR in 

the generation of four mutant iPSC lines , two within the MYH7 gene 

(R403Q and V606M) and two within the MYBPC3 gene ( W792fsX41 and 

R502W59) (350) . The same study also described the use of isogenic 

controls, wherein an almost genetically identical cell line is created with 

the mutation corrected to wild - type. Cohn et al. differentiated these iPSCs 

into cardiomyocytes (iPSC -CMs) and used them to generate human 

cardiac microtissue (CMT). These were used to show that all four 

mutations resulted in hypercontractility compared to their wild - type 

controls  (350) . In a similar study, Mosqueira et al. used CRISPR to 

introduce the R453C mutation in the MYH7 gene  (348) . The study found 

the mutant iPSC -CMs show ed an increase in oxygen consumption and 

ATP production, despite no significant increase in mitochondria. In 

addition, human engineered heart tissues (hEHTs) generated from the 

iPSC-CMs showed the mutant lines produced lower force generation and 

a hypocont ractile phenotype compared to wild - type controls  (348) . 

 

Other HCM -related genetic variants have been modelled using iPSC -CMs. 

The E99K mutation in the gene for cardiac alpha actin ( ACTC1) has been 

identified in a number of patients with severe HCM. A 20 07 study by 

Monserrat et al. found that out of 72 patients with the E99K mutation, 62 

exhibited a HCM phenotype, although severity varied  (109) . Smith et al. 
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developed an in vitro model of the E99K mutation using iPSCs derived 

from a heterozygous E99K pa tient with severe HCM  (340) . These iPSC -

CMs displayed the typical HCM characteristics including 

hypercontractility, increased brain natriuretic peptide (BNP) expression 

and calcium mishandling, indicating that this system can be used to 

successfully mode l HCM (340) . In addition, it was this model of HCM that 

led to the identification of SNORD116 as a potential pro -pathogenic signal 

during cardiac stress (65) . 

 

Disease -causing genetic variants  are a method of inducing cardiac stress 

through internal ce llular pathways as opposed to external stimuli . IPSC -

CM models  allow the in vitro  modelling of phenotypes that are common 

to both genetic and non -genetic forms of heart disease.  
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2.4 Summary and aims 

SNORD116 appears to adopt expression patterns that could suggest 

species -specific (and even tissue -specific) functions. Although animal 

models have led to interesting insights into SNORD116 functionality, the 

specific role of SNORD116 in the context of the  human heart warrants 

the use of human cell models. As outlined here, there are numerous 

strategies for modelling cardiomyocyte  development and cardiac stress 

using iPSCs. These models can be implemented in the investigation of 

SNORD116 in human cardiac ti ssue . In addition, these models can be 

harnessed as platforms in the manipulation of SNORD116 expression in 

order to elucidate the function of SNORD116 . The work presented in this 

thesis explores the hypothesis that SNORD116 plays a pathological role 

in ca rdiac cells and may contribute to molecular phenotypes seen in HCM.  

 

The overall aim of this work is to investigate the role of SNORD116 in 

cardiomyocytes.   

¶ AIM 1: Investigate the  expression of SNORD116 during cardiac  

differentiation  using hiPSCs.  

¶ I AIM 2 : investigate the effect of cardiac stress on SNORD116 

expression.   

¶ AIM 3: Investigate the effect of modulating SNORD116 expression 

in cardiac cell types.  

¶ AIM 4: Analyse the expression of SNORD116 in clinical samples 

from HCM patients.  
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Chapter 3 Methods 

3.1 Materials 

All reagents and materials used to complete this work are shown in Table 

3-1 and described in the methods section belo w. The reagents were 

obtained from the manufacturers as detailed.  

 

Table 3-1. Materials used with their manufacturer and catalogue number. 

Product Manufacturer Catalogue Number 

Plastics 

1.5mL 1.5 ml TubeOne® 
Microcentrifuge Tubes, Natural 
(non-sterile) 

Starlab S1615-5550 

10mL serological pipette Starstedt 86.1254.001 

24 Well Cell Culture Plate, Flat 
Bottom with Lid, Tissue 
Culture Treated, Non-
pyrogenic Polystyrene 

Corning Incorporated 3526 

25mL serological pipette Starstedt 86.1685.001 

5mL Polystyrene Round-
Bottom Tube 

Falcon 352054 

5mL serological pipette Starstedt 86.1253.001 

6-well Clear TC-treated 
Multiple Well Plates, 
Individually Wrapped, Sterile 

Corning Incorporated 3516 

96 Well Assay Plate, Black 
Plate, Clear Bottom with Lid, 
Tissue Culture Treated 
Polystyrene 

Corning Incorporated 3603 

96 well plate, polystyrene, 
High Bind, white flat bottom 
wells, non-sterile, white 

Corning Incorporated 3922 

96 Well TC-Treated 
Microplates 

Corning Incorporated 3598 

BD DiscarditTM 20mL Syringe Becton Dickinson 300296 

BD Vacutainer 6ml EDTA 
Purple Blood Collection Tubes 

Beckton Dickinson 367863 
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BioLite 24 Well Multidish Thermo Fisher Scientific 930186 

Cell Strainer, 70 um Falcon 352350 

Cellstar 15mL tube Greiner 188 271-N 

EDTA tubes Sarstedt 6.265 374 

LightCyclerá 480 Multiwell 
Plate, 384, white 

Roche Diagnostics 04729749001 

Millexá Syringe-driven filter 
unit, 0.22um pore size 

Sigma-Aldrich SLGVV255F 

MS Columns Miltenyi Biotec 130042201 

NuncTM EasYFlaskTM 25 cm2 
NunclonTM Delta Surface 

Thermo Fisher Scientific 156340 

NuncÊ Biobanking and Cell 
Culture Cryogenic Tubes, 
1.8mL 

Thermo Sientific 368632 

Protein LoBindá Tubes Eppendorf E0030108132 

Röhre 50mL tube Sarstedt 62.547.254 

Transfer pipette Fisher Sceintific 2600111 

Medias 

Advanced DMEM Gibco 12634010 

B27TM supplement (50x) Gibco 17504044 

B27TM Supplement, minus 
Vitamin A 50x) 

Gibco 12587010 

B-27Ê Supplement, minus 
insulin (50x) 

Gibco A1895601 

Bovine serum albumin (BSA) 
solution. 7.5% in DPBS 

Sigma-Aldrich  A8412 

DMEM Gibco 11995040 

DPBS Gibco 14190094 

EDTA Sigma-Aldrich E9886 

Essential 8TM Basal Medium Gibco A1516901 

Essential 8TM Supplement 
(50x) 

Gibco A1517101 

Fetal Bovine Serum (FBS), 
qualified, heat inactivated 

Gibco 16140071 

GlutaMAXTM (100x) Gibco 35050061 
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HBSS, minus Calcium 
Chloride, minus Magnesium 
Chloride, minus Magneisum 
Sulfate (1x) 

Gibco 14175095 

Luria Broth (LB) Agar Invitrogen 22700025 

Luria Broth (LB) Base Invitrogen 12795027 

Neural Maintenance Basal 
Media 

Axol ax0031b 

Neural Maintenance Medium 
Supplement 

Axol ax0031a 

Neural Plating Medium Axol ax0033 

NeurOne Supplement A Axol ax0674a 

NeurOne Supplement B Axol ax0674B 

OptiMEM á Gibco 31985047 

Penicillin-Streptomycin Gibco 15140122 

RPMI 1640 Gibco 11875 

RPMI 1640 Medium, no 
glucose 

Gibco 11879020 

Reagents 

(°)-Sodium 3-hydroxybutyrate 
(B-OBH) 

Sigma-Aldrich 54965-10G-F 

30% Acrylamide/Bis Solution Bio-Rad 1610156 

Acrilamide Bis-Acrylimide 
solution 30% 

BioRad 1610168 

Activin A R&D Systems 338-AC-010 

Agarose Fisher Scientific BP1356-100 

AGN 193109 Sodium Salt Santa Cruz Biotechnology sc-210768 

Ammonium Bicarbonate Fluka Chemicals 40867 

Ammonium Persulfate (APS) Thermo Scientific 17874 

Ampicillin Sigma-Aldrich A9393-5G 

BsaI-HF New England BioLabs R3733 

Biolog MAS Biolog 72303 

Biolog MitoPlate S-1 Biolog 14105 

Biolog Redox Dye Mix MC Biolog 74353 
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CD14 MicroBeads, human Miltenyi Biotec 130050201 

Cell Dissociation Buffer, 
Enzyme-Free, PBS-Based 

Gibco 13151041 

CellMaskÊ Orange Plasma 
membrane Stain 

Invotrogen C10045 

CellTiter-Gloá 2.0 Promega G9242 

Chemgene Medimark Scientific XTM309 

CHIR-99021 (CT99021) HCl Selleck Chemicals S2924 

Chloroform Fisher Scientific 15498679 

Citric Acid Sigma-Aldrich 251275-5G 

CloneRTM Stem Cell Technologies 05888 

Collagenase Type 2 Worthington Biochem LS004174 

Coomassie Brilliant Blue R-
250 Dye 

Thermo Fisher Scientific 20278 

D-(+)-Galactose Sigma-Aldrich G5388-100G 

D-(+)-Glucose Sigma-Aldrich G7528-250G 

DAPI Thermo Fisher Scientific 62248 

Dimethyl sulfoxide (DMSO) Fisher Scientific 67685 

Dithiothreitol (DTT) Sigma-Aldrich 3483-12-3 

Doxorubicin hydrochloride Sigma-Aldrich 25316-40-9 

ECL Extra Expedeon ECLA0250 

Ethanol absolute, (200 Proof), 
Molecular Biology Grade 

Fisher Scientific 16695992 

Exo-spinTM Exosome Isolation 
Kit 

Cell Guidance Systems EX01-8 

Formaldehyde solution 4%, 
buffered, pH 6.9 

Sigma-Aldrich 1.00496.8350 

Gel Loading Dye Purple (6X) New England BioLabs B7024S 

GeneRuler 1kb DNA Ladder Thermo Fisher Scientific SM0311 

Glycerol Fisher Scientific 56-81-5 

Glycine Fisher Scientific 56-40-6 

Goat serum Sigma-Aldrich G9023 

HISTOPAQUEá Sigma-Aldrich 10771 
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Iodoacetamide (IAA) Sigma-Aldrich 144-48-9 

Isoprenaline hydrochloride Sigma-Aldrich I5627-5G 

IWR Sigma-Aldrich I0161-25MG 

L-Ascorbic acid 2-phosphate Sigma-Aldrich A8960-5G 

LB Agar Invitrogen 11518916 

LB Broth base Invitrogen 12780052 

L-Carnitine Sigma-Aldrich 541-15-1 

L-Glutamine Sigma-Aldrich G3126-100G 

LumiBlue ECL Extreme  Expedeon ECLM0100 

Matrigel hESC-Qualified Corning Incorporated 54277 

Milk Powder Thermo Scientific 16694685 

NotI-HF New England BioLabs R3189S 

Oleic Acid Sigma-Aldrich O1383-1G 

P3 Primary Cell 4D-
Nucleofector® X Kit L 

Lonza V4XP-3024 

PacI New England BioLabs R0547S 

Palmitic Acid Sigma-ALdrich P0500-10G 

Phosphate Buffered Saline 
(PBS) tablets 

Gibco 18912014 

Phusion High-Fidelity DNA 
Polymerase 

New England BioLabs M0530L 

Precision Plus ProteinTM 
Standards Dual Colour 
Prestained 

Bio-Rad 161-0374 

Propan-2-ol Fisher Scientific 67630 

Proteinase K Thermo Fisher Scientific EO0491 

qPCRBIO cDNA Synthesis Kit PCR Biosystems PB30.11-10 

qPCRBIO SyGreen Mix Lo-
ROX 

PCR Biosystems PB20.11-05 

RapiGest Waters 186001861 

rCutSmart Buffer New England BioLabs B6004S 

Recombinant Human BMP4 R&D Systems 314-BP-010 

Recombinant Human FGF 
Basic (FGF2) 

R&D Systems 233-FB-025 
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Retinoic Acid Alfa Aesar 44540 

RevertÊ 700 Total Protein 
Stain 

LI-COR Biosciences 926-11011 

SalI-HF New England BioLabs R3138S 

Saponin Sigma-Aldrich 47036-50G-F 

SB 431542 Tocris 1614 

SDS Solution, 10% Sodium 
Dodecyl Sulfate Solution 

Fisher Scientific 151-21-3 

Seahorse XF Base Medium  Agilent  1033335-100 

Seahorse XF Cell Mito Stress 
Test Kit 

Agilent 103015-100 

Sodium DL-lactate Sigma-Aldrich 71720-5G 

Sodium pyruvate Sigma-Aldrich P4562-5G 

SureBond-XF Axol ax0053 

SYBRá Safe DNA gel stain Invitrogen S33102 

T4 DNA Ligase New England BioLabs M0202 

Technisolvá VWR Chemicals 83811.360 

TEMED Fisher Scientific BP150-100 

TransBlotá TurboTM Mini-size 
nitrocellulose 

BioRad 1704156 

TransBlotá TurboTM Mini-size 
transfer stacks 

BioRad 1704158 

Transforming Growth Factor-

ɓ1 human (TGFb) 

Sigma-Aldrich T7039-2UG 

Trifluoroacetic acid (TFA) Sigma-Aldrich 76-05-1 

TRIS, 0.5M buffer soln., pH 7.8 Fisher Scientific 77-86-1 

Tris-Base Sigma-Aldrich 77-86-1 

TRIS-HCL 1.5M PH 8.8 Fisher Scientific 50-843-294 

TritonTM X-100 solution Sigma-Aldrich 93443-100ML 

TrypLE Express, minus phenol 
red 

Gibco 12604021 

Trypsin/Lys-C Mix, Mass Spec 
Grade 

Promega V5071 

TWEENá20 Sigma-Aldrich P1379-100ML 
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ViaFectTM Transfection 
Reagent 

Promega E4983 

Vitronectin (VTN-N) 
Recombinant Human Protein, 
Truncated 

Gibco A14700 

XhoI New England BioLabs R0146S 

Y-27632 dihydrochloride 
(ROCK inhibitor) 

MedChemExpress HY-10583 

Antibodies 

Anti-Alpha-Smooth Muscle 
Actin primary antibody 

Invitrogen 14-9760-82 

Anti-Ki67 primary antibody Abcam ab15580 

Anti-Plakophilin 2/PKP2 
primary antibody 

Abcam ab223757 

Anti-Sarcomeric Alpha Actinin 
primary antibody 

Abcam ab9465 

APC anti-human CD16 
Antibody 

BioLegend 302012 

Donkey anti-Mouse IgG (H+L) 
Highly Cross-Adsorbed 
Secondary Antibody, Alexa 
FluorÊ 647 

Invitrogen A-31571 

FITC anti-human CD14 
Antibody 

BioLegend 367116 

Goat anti-Mouse IgG (H+L) 
Cross-Adsorbed Secondary 
Antibody, Alexa FluorÊ 488 

Invitrogen A-11001 

Goat anti-Mouse IgG (H+L), 
SuperclonalÊ Recombinant 
Secondary Antibody, HRP 

Invitrogen A28177 

Goat Anti-Rabbit IgG H&L 
Secondary antibody (Alexa 
Fluor® 594) 

Abcam ab150080 

PKP1 Monoclonal Primary 
antibody 

Invitrogen 10B2 

 

All primers were obtained from Sigma -Aldrich  (St. Louis, Missouri, United 

States ) in powder - form  and made up to 100 uM using nuclease - free 

water.  Primers were used at a working concentration of 10uM unless 

stated otherwise . Sequences are shown in Table 3-2. 
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Table 3-2. Primer Sequences 

Gene Forward Primer  Reverse Primer 

Primers used in RT-qPCR (5ô3ô)- 

GAPDH GTCTCCTCTGACTTCAACAG
CG 

ACCACC CT GTTGCTGTA G CCAA 

18S ATCGGGGATTGCAATTATTC CTCACTAAACCATCCAATCG 

Nanog GGA CAC TGGCT 
GAATCCTTCC 

CTCGCTGATTAGGCTCCAACC 

GATA4 TCAAACCAGAAA 
ACGGAAGC 

GCATCTCTTCACTGCTGCTG 

NKX-25 G AGCTGCGCGCAGAGC CAGCGCGCACAGCTCTT 

TTN GTAAAAAGAGCTGCCCCAG
TGA 

GCTAGGTGGCCCAGTGCTACT 

TTN-N2BA GCCACAGTAACTGTGACAG
AGG 

GGCTGCCTTACCCACAAAAG 

PPARa CGTCCTGGCCTTCTAAACG
TA 

AGATATCGTCCGGGTGGTTG 

PPARy CGCCCAGGTTTGCTGAATG
T 

CTCAGGGTGGTTCAGCTTCA 

PPARd GCCCAGTACCTCTTCCCCA
A 

TTTCGGTCTTCTTGATCCGCT 

Ki67 TCCTTTGGTGGGCACCTAA
AGACCTG 

TGATGGTTGAGGTCGTTCCTTGATG 

LDHA GGATCTCCAACATGGCAGC
CTT 

AGACGGCTTTCTCCCTCTTGCT 

ACLY GCTCTGCCTATGACAGCAC
CAT 

GTCCGATGATGGTCACTCCCTT 

TNNI1 AGTCACCAAGAACATCACG
GAGAT 

GCAGCGCCTGCATCATG 

COL1A1 TCTGCGACAACGGCAAGGT
G 

GACGCCGGTGGTTTCTTGGT 

Agrin CATGGCTGTGTTCTTCATGT
GTT 

GGTCATTCTGAGACAAGGACGACT 

TBX20 CGTCCCTGTGGACAACAAG
A 

GACCCTCGATTTGGGGTTGT 

aSMA / ACTA2 CCAGAGCCATTGTCACACA
C 

CAGCCAAGCACTGTCAGG 

Caspase 3 GAGCTGCCTGTAACTTG ACCTTTAGAACATTTCCACT 

Cyclin D2 GTTCCTGGCCTCCAAACTC
A 

CTTGATGGAGTTGTCGGTGTAAAT 

SNORD116-1 TGGATCGATGATGAGTCC TGGACCTCAGTTCCGATGAGA 

SNORD116-23 TGGATCGATGATGACCTCA
ATACATG 

TGGACCTCAGTTTGACGAGGACGA
CG 

SNORD116-24 TGGATCGATGATGACTTTTA
TACATG 

GGACCTCAGTTCAACGAAGATGAC
GG 

SNORD116-25 GATGATGACTTTAAAATGGA
TCTCAT 

CAGCTCACAGAAGTGGCACAGAAG
TG 

SNORD116-29 ATGATGACTTAAAAAAATGG
AAACCTTG 

ACAGAAGTGTCTTGGTCACTCATTT
T 

RYR2 TTGTTATGGCTCAGCTGTTT
G 

GCCTGGATGACAGTGTGAGA 

ACTC1 CCAGCCCTCCTTCATTGGT GGTGCCTCCAGATAAGACATTGTT 

MYH6 TCAGCTGGAGGCCAAAGTA
AAGGA 

TTCTTGAGCTCTGAGCACTCGTCT 

MYH7 CCATTGGGGACCGCAGCAA
GA 

GCGGATTTGCCCAGGTGGTTG 

HK2 GAGTTTGACCTGGATGTGG
TTGC 

CCTCCATGTAGCAGGCATTGCT 
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COX1 TCCTTATTCGAGCCGAGCT
G 

GGGCTGTGACGATAACGTTG 

PGC1a AGGCTAGTCCTTCCTCCAT
GC 

GTTGGCTGGTGCCAGTAAGAG 

BAX TGGCAGCTGACATGTTTTCT
GAC 

TCACCCAACCACCCTGGTCTT 

BCL2 CGGAGGCTGGGATGCCTTT
G 

TTTGGGGCAGGCATGTTGAC 

TNFa AGGCAGTCAGATCATCTTC TTATCTCTCAGCTCCACG 

PTX3 AGAGAGAGTTGAGACCAAT
C 

AAACAATTGTCCCTCTGTTC 

PKP1 GAAACAACAACTATGACTGC
C 

TAGCATCTTTCTTGCTCTTG 

PKP2 GTAAAAGAGCAA 
TACCAGGAC 

CTAAGGATGCTTCTTGTGTG 

PKP3 AGATCTTCTACAACGCCAC CTCTTGTCCTCGCATTTG 

PKP4 CCCATCAATAGACAGCATTC CCTCCATCTTCACTTTGTTG 

Primers used in Plasmid Design (5ô-3ô) 

SNORD116 Left HA TCGCGAGTCGACACCCCAG
GGAGGGACACACA 

TCGCGATTAATTAAAGCACGTGGG
GCAGAGGAAT 

SNORD116 Right 
HA 

TCGCGAGCGGCCGCGTTAT
CTGGGACATGACAGT 
 

TCGCGACTCGAGTCCTGATAAGAA
GTTATGAG 

SNORD116 
Upstream Guide 

ACCGACGTGCTGAATGAGA
GTGG 

AAACCCACTCTCATTCAGCACGT 

SNORD116 
Downstream Guide 

ACCGGAGCCATCCATAAGT
TATCT 

AAACAGATAACTTATGGATGGCTC 
 

SNORD116-23 
Overexpression 
Insert 

TCGCGAGGTACCTGGATCG
ATGATGACCTCAATACATGC
ATTCCTTGGAAAGCTGAACA
AAATGAGTGAAAACTCTATA
CCG 

TCGCGACTCGAGTGGACCTCAGTT
TGACGAGGACGACGGTATAGAGTT
TTCACTCATTTTGTTCAGCTTTCCAA
GGAATGCA 

Cassette Primer Pair TAAGGCAGGTCACGCAGTC
AG 

ATGTAGCCATTGCCGTCCTT 

M13 ACTGGCCGTCGTTTTAC CAGGAAACAGCTATGAC 

SNORD116 5ô 
Screening Primer 
Pair 1 

TGTTCTTGAGCTGTCCGGTT CGCTCACCTGTGGGAGTAAC 

SNORD116 5ô 
Screening Primer 
Pair 2 

CCAGGAGTGGTGGCTGTTA
G 

CGCTCACCTGTGGGAGTAAC 

SNORD116 5ô 
Screening Primer 
Pair 3 

ACTGTCTCTGGGCTTGATG
C 

TCACGCAGCCACAGAAAAGA 

SNORD116 5ô 
Screening Primer 
Pair 4 

TGTGTCCTGTCTGCTTGGTC TAGGGGGCGTACTTGGCATA 

SNORD116 3ô 
Screening Primer 
Pair 1 

CGCAACCTCCCCTTCTACG
A 

CACCGCATACCCCTTAGTCG 

SNORD116 3ô 
Screening Primer 
Pair 1 

AAATGGCTCTCCTCAAGCG
T 

CCCGGTGAACATCCCATTCA 

SNORD116 Arm-
spanning primer pair 

TGTTCTTGAGCTGTCCGGTT CACCGCATACCCCTTAGTCG 
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3.2 Cell Culture  

All cell / tissue culture and incubation were  carried out under normal 

atmospheric pressure. Cells were incubated at 37 oC, 5% CO 2 and 20% 

O2 (unless stated otherwise) in the HERACELL 150i CO2 incubator 

(Thermo Fisher Scientific, Waltham , Massachusetts, United States). All 

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

safety cabinet  (Labogene, Aller ød, Denmark).  

 

3.2.1 Human iPSC culture 

IPSCs were cultured on vitronectin  (VTN) -coated plastic in Essential 8 TM 

(E8) media. VTN was obtained from Gibco ( Waltham , Massachusetts, 

United States)  and diluted to 1% in phosphate buffered saline solution 

(PBS) . Table 3-3 shows the volume of VTN-PBS used to coat each type 

of culture surface. All culture surfaces were coated under 1% VTN -PBS 

for 1 hour at room temperature.  

 

Table 3-3. Volumes of VTN used to coat various culture surfaces 

Culture Surface Surface Area Volume of VTN 

T25 flask 25 cm2 4mL 

6-well 10 cm2 2 mL 

24-well 2 cm2 0.5mL 

96-well 0.3 cm2 0.05 mL 

 

IPSCs were cultured in Essential 8 TM (E8) media (Gibco, Waltham , 

Massachusetts, United States). E8 media was comprised  of 1X  E8 

supplement made up in  in E8 basal media (Gibco, Waltham , 

Massachusetts, United States).  
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Table 3-4 shows the volume of media that was used to feed cells in 

variou s culture surfaces.  

 

Table 3-4. Volumes of media used to feed cells in various culture surfaces 

Culture Surface Surface Area Volume of media 

T25 flask 25 cm2 4mL 

6-well 10 cm2 2 mL 

24-well 2 cm2 0.5mL 

96-well 0.3 cm2 0.1 mL 

 

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

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

suspension composed of 5 0%  E8 media , 30% Fetal Bovine Serum (FBS) 

(Gibco, Waltham , Massachusetts, United States) and 20% Dimethyl 

sulfoxide (DMSO)  (Thermo Fisher Scientific, Waltham . Massachusetts, 

United States).  

 

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

water bath  (Grant Instruments Ltd, Cambridge, United Kingdom)  at 37 OC 

for 60 seconds . The cell solution was transferred to a 10% FBS in PBS 

solution and spun in a n Eppendorf Centrifuge 5804 ( Eppendorf, Hamburg, 

Germany ) at 16 0 rcf for 4 minutes. The supernatant was removed and 

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

10uM  Y-27632 dihydrochloride (ROCK inhibitor)  (MedChem Express, New 

Jersey, United States). ROCK inhibitor was made up into a 10mM stock 

solution in sterilised water and stored at -80 oC.  

 

IPSC media was changed every 24 hours and the cells were grown to 

80% confluence before passaging. To passage iPSCs, the media was 
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removed and the cells were washed with PBS. To dissociate the cells, 

0.2mL/cm 2 TrypLE Express  (Gibco, Waltham , Massachusetts,  United 

States) was added to the cells which were then incubated at 37 oC for 2 -

5 mins. The cells were suspended in PBS and counted using the 

Neubauer - improved counting chamber  haemocytometer ( Marienfeld 

Superior, Lauda -Königshofen , Germany). Then the cells  were spun down 

in an Eppendorf Centrifuge 5804 at 16 0 rcf for 4 minutes. The 

supernatant was removed and the cell pellet was resuspended in pre -

warmed E8 media supplemented with 10uM Y-27632 dihydrochloride 

(ROCK inhibitor)  (MedChemExpress, New Jersey, Un ited States). An 

aliquot of cells corresponding  to 1/10 th  of the  cell suspension was 

transferred to a new culture surface pre -coated with VTN as described 

previously.  

 

3.2.2 IPSC-CM differentiation and culture 

IPSCs were differentiated into cardiomyocytes us ing  a protocol  developed 

and kindly shared by Andreia Bernardo (Francis Crick Institute/ Imperial 

College London) (Dark et al . manuscript in preparation, patent 

submission WO2020245612).  IPSCs were passaged twice after thawing 

as described previously and seeded onto a Matrigel (Mt) -coated surface 

at a seeding density of 20,000 cells/cm 2. Matrigel was obtained from 

Corning Incorporated (New York, United States). Matrigel was thawed 

overnig ht at 4 oC and aliquoted into 250mL aliquots that were stored at -

80 OC. To coat a surface , Matrigel was dilute d to a 1% solution in sterile 

PBS and added to the culture surface in the same surface - to -volume 

ratios used for VTN (see Table 3-3). The surface was incubated at room 

temperature for 1 hour before a wash with PBS.  

 

The media was changed 24 and 48 hours after seeding. 72 hours after 

seeding, the differentiation  protocol was initiated. The cells were fed with 

a media comprised of RPMI 1640 (Gibco, Waltham , Massachusetts, 
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United States) supplemented with 1X B27 TM minus insulin (Gibco, 

Waltham , Massachusetts, United States), 2uM CHIR-99021  (CHIR) 

(Selleck Chemicals, Houston , Texas, United States), 5 ng/mL BMP4  (R&D 

Systems, Minneapolis , Minnesota, United States) , 5 ng/mL FGF 2 (R&D 

Systems, Minneapolis , Minnesota, United States) , 5 ng/mL Activin A  (R&D 

Systems, Minneapolis , Minnesota, United States)  and 100n M AGN ( Santa 

Cruz Biotechnology , Dallas , Texas, United States) . After 24 hours the 

media was changed for RPMI 1640 supplemented with 1X B27 TM minus 

insulin and 100nM AGN. After 24 hours the media was changed for RPMI 

1640 supplemented with 1X B27 TM minus i nsulin, 100nM AGN , 65 ug/mL 

ascorbic acid (Sigma -Aldrich, St. Louis , Missouri, United States)  and 1uM 

IWR (Sigma -Aldrich, St. Louis , Missouri, United States) . After 48 hours, 

the media was changed for RPMI 1640 supplemented with 1X B27 TM 

minus insulin, 100 nM AGN and 65 ug/mL ascorbic acid. After 48 hours  

the media was changed for fresh media of the same composition. After 

48 hours the media was changed for RPMI 1640 supplemented with 1X 

B27 TM minus vitamin A, 100nM AGN and 65 ug/mL ascorbic acid. After 48 

hours the media was changed for RPMI 1640 minus glucose 

supplemented with 1X B27 TM minus vitamin A, 100nM AGN , 65 ug/mL 

ascorbic acid  and 4mM lactate (Sigma -Aldrich, St. Louis, Missouri, Unit ed 

States ). After 48 hours the media was changed for fresh media of the 

same composition. After 48 hours the media was changed for RPMI 1640 

supplemented with 1X B27 TM minus vitamin A, 100nM AGN and 65 ug/mL 

ascorbic acid.  

 

The following day ( 15 days after  initiation of the differentiation protocol), 

the iPSC -CMs were dissociated using collagenase. Collagenase Type 2 

was obtained from Worthington Biochem ( Lakewood New Jersey, United 

States) and made up at 200 units per mL in HBSS (Gibco, Waltham . 

Massachuse tts, United States) . IPSC -CMs were washed twice in HBSS 

and collagenase was added to the cells at 0.1mL/cm 2. The cells were 

incubated for 2-4 hours at 37 oC. The dissociated cells were transferred 

into a suspension of 10% FBS in PBS and spun down in a n Eppe ndorf 
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Centrifuge 5804 at 100 rcf for 15 minutes. The supernatant was discarded 

and the cells were resuspended in RPMI 1640 media supplemented with 

1X B27 TM and 10% FBS. The iPSC -CMs were plated onto a VTN -coated 

surface at a density of 150,000 -250,000 cell s/cm 2 or a split ratio of 1:2. 

After 24 hours the media was changed for RPMI 1640 media 

supplemented with 1X B27 TM ( referred to as RPMI/B27 media).  

 

For maturation in a fatty acid -based  media, iPSC -CMs were cultured in a 

media called GFAM using a recipe from  Correia et al. , (2017)  (300)  

comprised of glucose - free RPMI/B27 supplemented with , 10mM galactose 

(Sigma -Aldrich, St. Louis , Missouri, United States), 100uM oleic acid in 

BSA (Sigm a-Aldrich, St. Louis , Missouri, United States), and 50uM 

Palm itic acid in BSA (Sigma -Aldrich, St. Louis , Missouri, United States). 

Oleic acid was initially reconstituted  in DMSO to make a 1M stock solution. 

A 5uL aliquot  of this stock was added to 45uL of 7.5% BSA (Sigma -

Aldrich, St. Louis , Missouri, United States) . The resulting 50uL solution 

was then added to 50mL to make the  fatty acid media. Palmitic acid was 

initially reconstituted in DMSO to make a 0.1M stock solution. A 25uL 

aliquot of this stock was  added to 225uL of 7.5% BSA. The resulting 

250uL solution was then added to make the fatty acid media.  

 

For culture in high glucose media, iPSC-CMs were cultured in a media 

using a recipe from Ng et al. , (2018) (302)  composed of glucose - free 

RPMI/B27 supplemented with  22 mM glucose (Sigma -Aldrich, St. Louis , 

Missouri, United States). A 1M stock of glucose was made up by dissolving 

3.6g D- (+) -Glucose  powder in 25mL sterile water.  

 

3.2.3 IPSC-CF differentiation and culture 

IPSCs were differentiated in to cardiac fibroblasts  using a method based 

on the protocol  developed  by Zhang et al  (313) . IPSCs were passaged as 

described previously and seeded at a density of 2 0,000 cells/cm 2 into a 
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Mt -coated 6 -well  plate. After 48 hours, the media was changed for RPMI 

1640 supplemented 1X B27 TM minus insulin  and  2uM CHIR (Selleck 

Chemicals, Houston, Texas, United States) . After 48 hours the media was 

changed for RPMI 1640 supplemented 1X B27 TM minus insulin and 2uM 

IWR. After 48 hours the media was changed for RPMI 1640 supplemented 

1X B27 TM minus insulin. After 24 hours, the media was removed and the 

cells were washed with 0.5ml/cm 2 PBS. To dissociate the cells, 

0.2mL/cm 2 TrypLE Express  (Gibco, Waltham, Massachusetts, Un ited 

States ) was added to the cells which were then incubated at 37 oC for 5 -

15 mins.  The dissociated cells were suspended in PBS and spun down in 

an Eppendorf Centrifuge 5804 at 200 rcf for 5 minutes . The supernatant 

was discarded and the cell pellet was r esuspended in a media composed 

of advanced DMEM (Gibco, Waltham , Massachusetts, United States) 

supplemented with 2uM CHIR and 2uM retinoic acid ( Alfa Aesar, Ward 

Hill , Massachusetts , United States). The cells were seeded in a split ratio 

of 1:4. For the fo llowing three  days the media was changed every day for 

fresh media of the same composition. On the fourth day the media was 

changed for advanced DMEM. This media was changed every day for 

three  days. Thirteen days after initiation of the differentiation, the cells 

were passaged once again in the same manner as described previously. 

The cells were re -seeded in a split ratio of 1:4 in a media composed of 

advanced DMEM supplemented with 10% FBS, 1% penici llin streptomycin 

(pen strep) (Gibco, Waltham , Massachusetts, United States), 1% 

GlutaMAX TM-100X  (Gibco, Waltham , Massachusetts, United States),  

10ng/mL FGF2 and 10uM SB 431542  (Tocris, Bristol, United Kingdom). 

The media was changed for new media of the sa me composition every 

day for the following five days. From the 18 th  day onwards,  the cardiac 

fibroblasts were maintained  in a media composed of advanced DMEM 

supplemented with 10% FBS . 1% pen strep  and 1 % GlutaMAX TM-100X . 

This media is referred to as fibro blast media. Media was typically changed 

every 2 -3 days.  
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In order to induce activatory conditions, iPSC -CFs were cultured in 

serum - free media and TGFb-supplemented media. Serum - free media was 

composed of advanced DMEM supplemented with 1% pen strep and 1 % 

GlutaMAX TM-100X. TGF b-supplemented media was composed of 

advanced DMEM supplemented with 1% pen strep, 1% GlutaMAX TM-100X  

and 10ng/uL TGF b (Sigma -Aldrich, St. Louis , Missouri, United States). A 

10ug/uL stock of TGF b was made up in sterile water.  

 

 

3.2.4 Neural cell differentiation and culture 

Human iPSC -Derived Neural Stem Cells  (NSCs)  were obtained from Axol 

(Cambridge, United Kingdom) (product code ax0015) . The NSCs were 

thawed as described previously in 3.2.1  into a T25 flask pre -coated with 

1% Matrigel. The NSCs were thawed into a media composed of Neural 

Maintenance Basal Media  (Axol, Cambridge, United Kingdom) 

supplemented wit h 1.5% Neural Maintenance Medium Supplement  (Axol, 

Cambridge, United Kingdom), 4ug/mL FGF2 (R&D Systems, Minneapolis 

Minnesota, United States) , 1 % pen strep (Gibco, Waltham, 

Massachusetts, United States ), and 0.1% ROCK inhibitor 

(MedChemExpress, New Jerse y, United States). The day after thawing , 

the media was changed once every 24 hours  for four days . The culture 

media was  composed of Neural Maintenance Basal Media supplemented 

with 1.5% Neural Maintenance Medium Supplement, 4ug/mL FGF2 , and 

1% pen strep  to allow the cells to reach confluence. On the 5th day, the 

cells were dissociated with TripLE and seeded into a 24 -well plate coated 

with SureBond -XF (Axol, Cambridge, United Kingdom) at a density of 

188,000 cells per 24 -wel l. To coat the plate with  SureBond -XF, the 

SureBond -XF stock solution was diluted 1 in 200 in DPBS (Gibco, 

Waltham, Massachusetts, United States )  and used to coat the surface 

with 200 uL/cm 2. The plate was incubated for 4 hours at 37 oC followed 

immediately by cell seeding.  
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3.2.5 Hypoxic cell culture 

To culture cells in hypoxic conditions, media was pre -conditioned for 24 -

hours in hypoxic conditions . T o achieve hypoxic conditions, a HERACELL 

150i CO2 incubator (Thermo Scientific, Waltham, Massachusetts, United 

States ) was used with the t emperature set to 37 oC, CO 2 was set to 5% 

and O 2 was set to 2%.  

 

3.2.6 Doxorubicin treatment 

A 10mM stock of doxorubicin (Sigma -Aldrich, St. Louis, Missouri, United 

States ) was made up my dissolving 5.8m g doxorubicin hydrochloride in 

1mL sterile water. Aliquots  of 50 uL of this stock was  stored at -20 oC. The 

appropriate volume of this stock was added to the media used to feed 

cells for treatment with doxorubicin. Aliquots were not re - frozen once 

thawed.  

 

3.2.7 Isoprenaline treatment 

A 10mM stock of isoprenaline (Sigma -Aldrich, St. Louis, Missouri, United 

States ) was made up my dissolving 2.5 mg isoprenaline  in 1mL sterile 

water. Aliquots of 50uL of this stock was stored at -20 oC. The appropriate 

volume of this sto ck was added to the media used to feed cells for 

treatment with isoprenaline . Aliquots were not re - frozen once thawed.  

 

3.3 Transfection of cells 

3.3.1 Transfection of iPSC-CMs 

IPSC-CMs were transfected according to methods adapted from Bodbin 

et al.,  2020 (351) . IPSC-CMs were dissociated using collagenase and re -
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plated as de scribed previously in 3.2.2 . After 24 hours following 

dissociation, the media was changed for media c omposed of RPMI /B27 

supplemented with  10% FBS. The following day, the cells were 

transfected . The total volume of transfection solution came to 30uL/cm 2. 

The transfection solution made up 10% of the total media given to the 

cells. The other 90% was composed of RPMI/B27 supplemented with  10% 

FBS. On the day of transfection, the cells were fed with  270uL/cm 2 of 

RPMI/B27+10% FBS , onto which the transfection soluti on was added . To 

make the transfection solution, 300ng/cm 2 of plasmid was combined with  

ViaFect TM (Promega, Madison , Wisconsin, United States) in a 6:1 ratio of 

ViaFect TM volume (in uL)  to plasmid mass (in ug) . The solution was 

incubated at room temperatur e for 5 minutes . Opti -MEM (Gibco, 

Waltham , Massachusetts, United States) was then added to the solution 

to make it up to 30uL/cm 2 and incubated at room temperature for 15 

minutes. After incubation, the transfection solution was added to the cells  

which wer e then incubated at 37 oC for 24 hours. The following day, the 

media was changed for RPMI/B27 . The cells were typically analysed 72 

hours post - transfection.  Cells were transfected with  an empty control 

plasmid with no gene expression  to provide a transfection  control . Cells 

were transfected  with a GFP -expressing  plasmid to estimate transfection 

efficiency.  

 

3.3.2 Transfection of iPSC-CFs 

IPSC-CFs were transfected using the same method that was used to 

transfect iPSC -CMs. IPSC -CFs were dissociated using Gentle Cell 

Dissociat ion  Buffer (Gibco, Waltham , Massachusetts, United States) as 

described previously in 3.2.3 . The cells were seeded in fibroblast media. 

The following day, the cells were transfected. The total volume of 

transfection solution came to 30uL/cm 2. The transfection solution made 

up 10% of the total media given to the cells. The other 90% was 

composed of RPMI/B27 supplemented with 10% FBS. On the day of 

transfection, the cells were fed with 270uL/cm 2 of RPMI/B27+10% FBS, 
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onto which the transfection solution was added. To make the transfection 

solution, 300ng/cm 2 of plasmid was combined with ViaFect TM in a 6:1 

ratio of ViaFect TM volume (in uL) to plasmid mass (in ug). The solution 

was incubated at room temperature for 5 minutes. Opti -MEM was then 

added to the solution to make it up to 30uL/cm 2 and incubated at room 

te mperature for 15 minutes. After incubation, the transfection solution 

was added to the cells which were then incubated at 37 oC for 24 hours. 

The following day, the media was changed for fibroblast media. The cells 

were typically analysed 72 hours post - tran sfection.  

 

3.3.3 Transfection of neural progenitor cells 

NSCs were seeded into a SureBond -XF-coated plate at a density  of 

94,000 cells/cm 2 as described previously in 3.2.4 . The following day the 

cells were transfected. On the day of transfection , the cells were fed with 

270uL/cm 2 of  media that was composed of Neural Maintenance Basal 

Media supplemented with 1.5% Neural Maintenance Medium 

Supplement , 1 % pen strep , 2% Neur One Supplement A  (Axol, 

Cambridge, United Kingdom) and 10% FBS. onto which the transfection 

solution was added. To make the transfection solution, 300ng/cm 2 of 

plasmid was combined with ViaFect TM in a 6:1 ratio of ViaFect TM volume 

(in uL) to plasmid mass (in ug). The solution was incubated at room 

temperature for 5 minutes. Opti -MEM was then added to the solution to 

make it up to 30uL/cm 2 and incubated at room temperature for 15 

minutes. After incubation, the transfection so lution was added to the cells 

which were then incubated at 37 oC for 24 hours . After 24 hours, the 

media was changed for 250uL/cm 2 of media composed of Neural 

Maintenance Basal Media supplemented with 1.5% Neural Maintenance 

Medium Supplement , 1 % pen strep  and 2% NeurOne Supplement A . The 

cells were analysed after 72 hours.  
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3.3.4 Transfection of hiPSCs 

IPSCs were dissociated as described previously in 3.2.1 . Dissociated 

iPSCs were counted and 1 million cells per sample were transfected. 

Transfection of stem cells was carried out using the P3 Primary Cell 4D -

Nucleofector® X Kit L (Lonza, Basel, Switzerland) in  the Amaxa Ê 4D-

Nucleofector Ê (Lonza, Basel, Switzerland). The pl asmid solution was 

composed of 1000ng of plasmid  per sample. The P3 solution  was 

composed of 85% P3 buffer (Lonza, Basel, Switzerland) and 15% P3 

supplement (Lonza, Basel, Switzerland). 1 million iPSCs were 

resuspended in 100uL P3 solution. The cell solution was added to the 

plasmid solution and gently mixed using a pipette. The cell solution was 

then transferred to a Nucleofector®  cuvette (Lonza, Basel, Switzerland) . 

The cuvette was plac ed into the Amaxa Ê 4D-Nucleofector Ê and 

tranfected using program number CA -137. The cuvette was then 

incubated for 5 minutes at 37 oC. After incubation the cells were 

resuspended in E8 media supplemented with 0.1% ROCK inhibitor and 

transferred to a Matrige l pre -coated plate at a density of 50,000 -250,000 

cells/cm 2.  

 

 

3.4 Cell viability 

Cell viability was analysed using CellTiter -Glo® 2.0  (Promega, Madison , 

Wisconsin, United States). The c ells were washed with 300uL/cm 2 DMEM 

(Gibco, Waltham , Massachusetts, United States). The cells were 

incubated at room temperature for 30 minutes in 150uL/cm 2 DMEM. 

Meanwhile, the CellTiter -Glo® 2.0  was also incubated at room 

temperature for 30 minutes. After incubation, 1 50uL /cm 2 of CellTiter -

Glo® 2.0  was added to the cells  which were then protected from light 

using foil. The cells were incubated at 37 oC on a shaker for two minutes . 

The cell solution was then transferred to a white 96 -well assay plate 



 

 

104  

(Corning, New York, United States ) and incubated at room temperature 

for 10 minutes while protected from light. The luminescence was 

measured using the FLUOstar OPTIMA  microplate reader (BMG Labtech, 

Ortenburg, Germany).  

 

3.5 Substrate metabolism analysis 

For iPSC -CMs, s ubstrate usage was an alysed using the Biolog MitoPlate 

assay  (Biolog, Hayward California, United States)  (352) . The wells of the 

MitoPlate S -1 plate  (Biolog, Hayward California, United States)  were 

hydrated in 30uL assay mix composed of sterile water supplemented with 

2X Bio log MAS  (Biolog, Hayward California, United States) , 6X Redox Dye 

MC (Biolog, Hayward California, United States) and  1,200ug/mL saponin, 

(Sigma -Aldrich, St. Louis, Missouri, United States ).  The plates were 

incubated for 1 hour at 37 oC. The c ells were suspended in a cell solution 

of 2 x 10 6 cells/mL  in 30uL of MAS buffer . The cells were pipetted into 

each well of the MitoPlate. The MitoPlate was read for 6 h with 5 min 

intervals at OD590 using a OmniLog plate reader  (Biolog, Hayward 

California , United States) . Results  were calculated using the OmniLog  

Data Analysis 1.7 software before being exported  to Microsoft Excel .  

 

The Biolog MitoPlate assay was adapted for use with iPSC -CFs in the 

absence of the MitoPlate S -1 plates. Instead, a standard 96 -well plate 

(Corning, New York, United States)  was used. The iPSC -CFs were seeded 

into the plate at a density of 20,000 cells per well as described previously 

in 3.2.3 . On the day of analysis, the cells were fed assay media that was 

composed of sterile water supplemented with 1X Biolog MAS (Biolog, 

Hayward California, United States), 3X Redox Dye MC (Biolog, Hayward 

California, United States) , 600 ug/mL saponin, ( Sigma -Aldrich, St. Louis, 

Missouri, United States ) , and a metabolic substrate. The concentration of 

substrate was 100mM for all substrates tested except oleic acid, which 

was 0.1mM. The MitoPlate was read for 6 h with 5 min intervals at OD590 
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using a OmniLog plate reader  (Biolog, Hayward California, United States) . 

Results  were calculated using the OmniLog  Data Analysis 1.7 software 

before being exported  to Microsoft Excel .  

 

3.6 Seahorse analysis 

The OCR and ECAR of hiPSC -CMs was analysed using the XF Cell  Mito 

Stress Ki t on the Seahorse XF Analyser (Agilent Technologies, Santa 

Clara, C alifornia , USA). This was carried out with the help of Katherine 

Hampton, MSc. IPSC-CMs were seeded at a density of 30,000 cells per 

well of a  VTN-coated 96 -well Seahorse XF Cell Culture Microplate  (Agilent 

Technologies, Santa Clara, C alifornia , USA)  and transfected as previously 

described in 3.3.1 . The cells were analysed 72 -hours pos t - transfection. 

In preparation for the assay, XF flux cartridges (Agilent Technologies, 

Santa Clara, C alifornia , USA)  were hydrated with XF Calibrant (Agilent 

Technologies, Santa Clara, C alifornia , USA)  overnight at 37°C. Flux 

cartridges were loaded with Oligomycin (2 µM), carbonyl cyanide -4-

(trifluoromethoxy) phenylhydrazone (FCCP) (1 µM), and Rotenone (0.5 

µM)  (all from Agilent Technologies, Santa Clara, C alifornia , USA) . The 

assay was performed in Seahorse XF Media  (Agilent Technologies, Santa 

Clar a, C alifornia , USA) , which is supplemented with 1 mM Sodium 

pyruvate, 2 mM l -Glutamine, and 10 mM Glucose.  Following the seahorse 

assay , the Seahorse plate was  washed with PBS and fixed at room 

temperature in 4% formaldehyde solution (Sigma -Aldrich, St. Lo uis , 

Missouri, United States) for 10 min , then stained with 1ug/mL DAPI 

(Thermo Fisher Scientific, Waltham , Massachusetts, United States) for 15 

min. Cell count  was calculated using automated nuclei counting on the 

EVOS M5000 imaging system  (Thermo Fisher Scientific, Waltham , 

Massachusetts, United States) . All results were normalised to output cell 

count.  
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3.7 Exosome analysis 

3.7.1 Exosome isolation 

Exosomes were isolated from cell culture media using the Exo-spin TM 

exosome isolation kit (Cell Guidance Systems, Cambridge, United 

Kingdom). 12mL of media was harvested from iPSC -CMs and spun at  300 

x g for 10 minutes  in the Eppendorf  5810R benchtop centrifuge 

(Eppendorf, Hamburg, Germany ). The supernatant was transferred to 

multiple 1.5mL microcentrifuge tub es (Starlab, Brussels, Belgium) and 

spun at 16,000 x g for 30 minutes in the Eppendorf 5424R benchtop 

microcentrifuge ( Eppendorf, Hamburg, Germany ) . The supernatant was 

collected and Exo-spinÊ Buffer (Cell Guidance Systems, Cambridge, 

United Kingdom) was a dded in a 2:1 ratio  of buffer to sample. The 

solution was mixed by inverting and the sample was incubated at 4 oC 

overnight. After incubation, the solution was spun at 16,000 x g for 1 

hour to pellet the exosomes . The supernatant was aspirated and the 

exoso me pellet was resuspended in 100uL PBS. 15 minutes before use, 

the Exo -spin TM column was equilibrated by adding 250uL PBS and 

centrifuging at 50 x g for 10 seconds. This was performed twice for each 

column. After equilibration, the columns were loaded with  the 100uL 

exosome suspension  and centrifuged at 50 x g for 60 seconds. The 

exosomes were eluted into a sterile microcentrifuge tube by applying 

200uL PBS to the column  and spinning at 50 x g for 60 seconds. 

Exosomes were stored at -80 oC before analysis.  According to the product 

brochure (Cell Guidance Systems, Cambridge, United Kingdom), particles 

of a diameter range of 30nm ï 300nm are isolated using this protocol.  

 

3.7.2 Exoview analysis 

Exosomes were transported on dry ice for analysis on the Exoview TM R100 

and all subsequent sample handling and analysis was performed by the 

team at  Nanoview Biosciences (Brighton , Massachusetts, United States). 
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The following methods were adapted from the manufacturerôs 

instructions and from Breitwieser  et al.,  (2022) (353) . The Exoview TM 

R100 is an automated imaging platform that uses a multiplexed array to 

capture, quantify and characterise extracellular vesicles. The Exoview TM 

human tetraspanin cargo k it ( Nanoview Biosciences, Brighton , 

Massachusetts, United States) contain s microarray  chips coated with 

antibodies against  the exosome markers CD9 (HI9a), CD63 (H5C6) and 

CD81  (JS-81)  (353 ï355) . 40uL of sample were loaded onto the chips and 

incubated overnight at room temperature. Following incubation, the chips 

were submerged in 1000 µL of solution A  (Nanoview Biosciences, 

Brighton Massachusetts, United States) . The chips were then washed 

three t imes in 750uL of solution A . The chips were incubated for 5 minutes 

between each wash. In parallel, the antibody detection mixture was 

prepared as a twofold concentrate by diluting anti -CD9 (CF® -488 -

labeled), -CD63 (CF® -647 - labeled) and -CD81 (CF® -555 - labe led) 

antibodies 1:500 in blocking buffer  (antibody and blocking buffer both 

from  (Nanoview Biosciences, Brighton , Massachusetts, United States ) . 

After washing, 250 µL of the antibody mixture were added to the chips 

and incubated for one hour at room temper ature  in a light -protected 

environment. Unbound antibodies were washed out by adding 500 µL of 

solution A,  and three more washes were carried out as described 

previously. Excess detergent was removed by washing three times with 

Solution B  (Nanoview Bioscie nces, Brighton , Massachusetts, United 

States). The chips were washed in Milli -Q water before quantification and 

analysis in the Exoview TM R100.  

 

3.8 Video capture and contraction analysis 

All cells were recorded on the EVOSTM M5000 imaging system (Thermo 

Fisher Scientific, Waltham , Massachusetts, United States) . All cells were 

recorded at 37 oC, 5% CO 2 and 20% O 2 using the EVOSÊ Onstage 

Incubator  (Thermo Fisher Scientific, Waltham , Massachusetts, United 

States) . Each well was recorded three times at different locations to gain 
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three technical replicates . Recording s were taken using the 10x objective 

in the brightfield channel. Each recording was taken for at least 20 

seconds per replicate. The recording s were conv erted into TIFF image 

stacks using VideoLAN Client (VLC) media player  (Paris, France) . The 

recordings were analysed in ImageJ (356)  using the software plugin 

MUSCLEMOTION  (357) . MUSCLEMOTION uses pixel movement to detect 

contraction. Contraction data i s plotted as a trace which the software then 

analyses to provide output data. The extent of the movement of pixels 

during a contraction event is plotted on the y axis, and the time in 

milliseconds is plotted on the x -axis. The difference between the baseli ne 

and the peak is calculated to give an amplitude value referred to as 

contraction amplitude. The distance in milliseconds between each peak is 

converted into Hz (peaks per second) to give contraction frequency. Then 

the average time between peaks is calc ulated. The time between each 

peak is calculated as a percentage of the average time between peaks. 

Any value that is smaller than 80% or greater than 120% of the average 

is deemed  an outlier and classed as  an ñarrhythmogenic-like eventò. The 

number of arr hythmogenic - like events is calculated as a percentage of 

the total number of events . 

 

3.9 Immunocytochemistry 

3.9.1 Fixing and staining cells 

Prior to fixation, cells were washed with 0.25mL/cm 2 PBS. Cells were 

fixed in 0.1mL/cm 2 4% formaldehyde solution (Sigma -Aldrich, St. Louis , 

Missouri, United States)  for 10 minutes at room temperature. Cells were 

washed three times for 5 minutes in PBS and permeabilised using 0.1% 

Triton -X100 (Sigma -Aldrich, St. Louis , Missouri, United States ) for 15 

minutes  at room temperature. Cells were washed three times for 5 

minutes  in PBS then incubated at room temperature for 1 hour in 4% 

goat serum blocking solution (Sigma -Aldrich, St. Louis , Missouri, United 

States) . Primary antibodies used are state d in Table 3-1 and were diluted 
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to 1 in 200 in 4% goat serum. Cells were incubated overnight at 4 oC in 

primary antibody. To obtain a se condary control to evaluate flu orescence 

due to non -specific binding and background fluorescence, cells were 

incubated in 4% goat serum without the primary antibody. Afterwards, 

cells were washed three times for 5 minutes in 0.1% PBS-Tween ( Tween -

20, Sigma -Aldrich, St. Louis , Missouri, United States) . Cells were 

incubated for 1 hour at room temperature in secondary antibody. 

Secondary antibodies used are stated in Table 3-1 and were diluted 1 in 

100 0 in 4% goat serum. Cells were washed three times in 0.1% PBS -

Tween . Cells were stained with 1ug/mL DAPI  (Thermo Fisher Scientific, 

Waltham , Massachusetts, United States)  in PBS for 15 minutes at room 

temperature. For cells stained with  Orange Cell Mask (OCM) ( CellMaskÊ 

Orange Plasma membrane Stain , Invitrogen, Waltham , Massachusetts, 

United States ) , the stain was added alongside the DAPI stain at a 

concentration of 5ug/mL . After staining, the cells were washed three 

times for 5 minutes with 0.1% PBS -Tween and stored under 0. 5mL/cm 2 

PBS in parafilmed plates wrapped in foil at 4 oC before imaging.  

 

3.9.2 Imaging fixed cells 

Fixed cells were imaged using the EVOS M5000 imaging system  (Thermo 

Fisher Scientific, Waltham , Massachusetts, United State s). The 

microscope was equipped with light cubes outlined in  Table 3-5 and 

objectives outlined in Table 3-6.  

 

Table 3-5. Light cubes used for imaging on the EVOS M5000 microscope 

Light 

cube 

Colour Excitation 

(nm) 

Emission 

(nm) 

Compatible dyes Category 

number 

DAPI Blue 357/44 447/60 DAPI, Hoechst, NucBlue, Alexa 

Fluor 350, BFP 

AMEP4950 

GFP Green 470/22 525/50 GFP, Alexa Fluor 488, Calcein, 

SYBR Green, FITC, Fluo-4, 

AMEP4951 
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MitoTracker Green, pHrodo 

Green 

Texas 

Red 

Red 585/29 628/32 Texas Red, Alexa Fluor 568/594, 

MitoTracker Red CMXRos, 

mCherry, pHrodo Red, Cy3.5, 

CellTracker Red CMTPX 

AMEP4955 

Table 3-6. Objectives used for imaging on the EVOS M5000 microscope 

Objective Objective type Category number 

4x Plain fluorite AMEP4680 

10x Plain fluorite AMEP4681 

20x Plain fluorite AMEP4682 

 

All images taken within the same experiment (including any secondary 

controls) were taken using the same exposure settings. Images were 

saved as TIFF image files.  

 

3.9.3 Image analysis 

Images were processed and analysed using the image analysis software s 

ImageJ  (356)  and CellProfiler (358) . To quantify mean fluoresc ence using 

CellProfiler, images were split into their ind ividual channels and converted 

to greyscale. Cells were identified by smoothing and masking the image 

followed by the module IdentifyPrimaryObjects. The following settings 

were used to identify cells : 40 -400 pixel diameter, global thresholding 

strategy , manual thresholding method, thresholding smoothing scale of 

0. Nuclei were identified using the IdentifyPrimaryObjects  module with 

the following settings: 15 -70 pixel diameter , adaptive thresholding 

strategy, Otsu thresholding method, two -class thresholding,  0 threshold 

smoothing scale, 1.0 threshold correction factor, 0 -1.0 threshold bounds, 

size 50 adaptive window, identification of clumped objects  determined 

using intensity . Mean inten sity was measured using the 

MeasureObjectIntesity  module . Background intensity was measured by 
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using the module MeasureImageIntensity on images  taken of the 

secondary control . The number of nuclei was counted using the 

IdentifyPrimaryObjects and MeasureObj ectsSizeShape modules. The 

perinuclear region was determined  by outlining the nuclei using the  

IdentifyPrimaryObjects module followed by expanding the nuclei  by 10 

pixels using the ExpandOrShrinkObjects module, then masking and 

removing the nuclei leaving just the expanded region around the nuclei. 

The intensity of this region was measured using the 

MeasureObjectIntenstiy module. Results were exported to Excel using the 

ExportToSpreadsheet module.  

 

3.10 Clinical blood sample analysis 

3.10.1 Blood extraction 

Patients were consented and their blood collected by Cardiology nurses 

Emma Hughes and Caroline Hall of the Norfolk and Norwich University 

Hospital . 6mL  of blood was collected into a purple EDTA haematology  

tube ( Beckton Dickinson, Franklin Lakes, New Jersey, United States ) . 

Blood was processed within 30 min utes of collection.  

 

3.10.2 Blood processing and separation 

Blood was handled in sterile conditions under a vented Scanlaf Mars 

Safety class 2 MBSC4C safety cabinet (Labogene, Allerød Denmark). 

Blood was dilute d 1:1 with PBS  and separated  using HISTOPAQUEá 

(Sigma -Aldrich, St. Louis , Missouri, United States). 8mL of histopaque 

was used for every 6mL undiluted blood. The diluted blood was pipetted 

gently onto the histopaque and spun in an Eppendorf Centrifuge 5804 

(Eppendorf, Hamburg , Germany) at 400  rcf for 15  minutes  with 0 brake 

and 0 acceleration. This separated  the blood into three layers: a top layer 

of serum, a middle layer of white blood cells and the remaining 
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components including red blood cells resided in the bottom layer. The 

serum was col lected into 1.8mL cryovials (Thermo Fisher Scientific, 

Waltham , Massachusetts, United States) . The white blood cells were 

harvested using a transfer pipette (Thermo Fisher Scientific, Waltham , 

Massachusetts, United States). The isolated white blood cell so lution was 

made up to  50 mL in PBS and spun down in an Eppendorf Centrifuge 5804 

(Eppendorf, Hamburg , Germany) at 400 rcf for 5 minutes. The 

supernatant was discarded,  and the cell pellet was resuspended in 1mL 

MACS buffer. MACS buffer was made of PBS suppl emented with 0.5% 

BSA (Sigma -Aldrich, St. Louis , Missouri, United States) and 2mM EDTA  

(Sigma -Aldrich, St. Louis , Missouri, United States) and filtered using a 

22um pore -size syringe driven filter (Sigma -Aldrich, St. Louis , Missouri, 

United States) before use. 500uL of the white blood cell suspension was 

collected  for cell sorting, the remaining 500uL was fixed using 10mL 4% 

formaldehyde solution  (Sigma -Aldrich, St. Louis , Missouri, United States)  

at room temperature for 10 minutes. The cells were washed 3 times by 

spinning at 400  rcf for 5 minutes and resuspending in 20mL PBS before 

a final resuspension in 10mL MACS buffer. The fixed white blood cells 

were stored at 4 oC before antibody staining and analysis by flow 

cytometry.  

 

3.10.3 RNA analysis of serum 

For whole serum RNA analysis, 200uL of serum was lysed according to 

the method outlined in 3.11  RNA expression analysis . 

 

The ExoQuick® Exosome Isolation and RNA Purification Kit (for Serum & 

Plasma)  (System Biosciences, Pao Alto, California, United States)  was 

used f or the analysis of RNA within serum exosomes . 500uL of serum was 

centrifuged at 3,000 x g for 15 minutes. The supernatant was transferred 

to a new tube and 120uL of ExoQuick á (System Biosciences, Pao Alto, 

California, United States)  was added to the serum and mixed through 
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inversion. The solution was incubated at 4 oC overnight, then the 

precipitated exosomes were pelleted by centrifuging  at 1,500 x g for 30 

minutes. The supernatant was aspirated,  and the exosomes were 

resuspended  in 350uL lysis buffer (System Biosciences, Pao Alto, 

California, United States). The sol ution was vortexed for 15 seconds and 

incubated at room temperature for 5 minutes.  200uL absolute ethanol 

(Thermo Fischer Scientific, Waltham , Massachusetts, United States )  was 

added and the solution was transferred to a ExoRNA isolation spin column 

(System Biosciences, Pao Alto, California, United States) . The column 

was centrifuged  at 13,000 RPM for 1 minute. The column was washed 

twice by adding 400uL Wash Buffer (System Biosciences, Pao Alto, 

California, United States)  and centrifuged at 13,000 RP M for 1 minute, 

followed by a spin at 13,000 RPM for 2 minutes to dry the matrix. To 

elute the RNA, 30uL nuclease - free water was added to the column and 

incubated for 4 minutes, followed by centrifuging at 13,000  RPM for 1 

minute.  

 

3.10.4 Flow cytometry to characterise cell surface marker 

expression 

Cells were strained using  a 70um cell strainer ( Corning, New York, United 

States)  and then spun in an Eppendorf Centrifuge 5804 (Eppendorf, 

Hamburg , Germany) at 400 rcf for 5 minutes. The cell pellet was 

resuspended in  1mL  MACS buffer  and separated into four 250uL aliquots. 

To stain cells for CD14, 1uL  CD14 -FITC conjugated antibody  (Invitrogen, 

Waltham , Massachusetts, United States )  was added to a 250uL cell 

suspension. To stain for CD16, 1uL CD16 -PE conjugated antibody  

(Invitrogen, Waltham , Massachusetts, United States ) was added to a 

250uL cell suspension. To dual stain for both CD14 and CD16, 1uL of each 

antibody was added to 250uL cell suspension. The final 250uL cell 

suspension was left unstained. After incubation a t room temperature for 

30 minutes, 250uL MACS buffer was added to each aliquot. The cells were 

analysed using the CytoFLEX Flow Cytometer (Beckman Coulter, Brea , 
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California, United States) . Analysis was carried out using the CytExpert 

software (Beckman Cou lter, Brea California, United States) . Forward and 

side scatter were used to determine the leucocyte  population , and the 

unstained sample was used to set the gate for background fluorescence.  

3.10.5 Cell sorting 

CD14 +  white blood cells were isolated using Magnetic -Activate d Cell 

Sorting (MACS) technology.  A 50uL aliquot  of human CD14 MicroBeads 

(Miltenyi Biotec , Bergisch , Gladbach , Germany)  was added to t he 500uL 

white blood cell suspension and incubated at 4 oC for 20 minutes. In 

parallel, the MS column ( Miltenyi Biotec , Bergisch , Gladbach , Germany) 

was loaded into the MiniMACS TM Seperator ( Miltenyi Biotec , Bergisch 

Gladbach , Germany)  and equilibrated with 500uL MACS buffer. The white 

blood cell suspension was added to the column. The column was washed 

three times with 500uL MACS buffer. To elute the CD14 +  cells, the column 

was removed from the MiniMACS TM separator and eluted using 1mL MACS 

buffer. The cells were spun into a pellet at 400rcf for 5 minutes in the  

Eppendor f 5424R benchtop microcentrifuge (Eppendorf, Hamburg ,  

Germany).  The supernatant was discarded and the cells were lysed for 

RNA.  

 

3.11 RNA expression analysis 

3.11.1 RNA isolation 

For analysis by RT -qPCR, cells were lysed and RNA was extracted using 

the Macherey -NagelÊ NucleoSpin Ê RNA Mini Kit for RNA purification  

(Macherey -Nagel, Nordrhein -Westfalen , Germany). Cells were washed 

with 0.25mL/cm 2 PBS and lysed with 350mL  LBP (Macherey -Nagel, 

Nordrhein -Westfalen , Germany). The  lysate was transferred to a gDNA 

removal column (Macherey -Nagel, Nordrhein -Westfalen , Germany) and 

spun at 11,000 x g  for 30 seconds  in the Eppendorf 5424R benchtop 
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microcentrifuge  (Eppendorf, Hamburg, Germany ). 100uL binding solution 

(Macherey -Nagel, Nor drhein -Westfalen , Germany) was added to the  

flow - through , which was then  was transferred to a n RNA bidning column 

and spun at 11,000 x g for 15  seconds. The column was washed with 

200uL Wash Buffer 1 (Macherey -Nagel, Nordrhein -Westfalen , Germany) 

and spun at 11,000 x g for 15 seconds . The flow - through was discarded.  

650uL of Wash Buffer 2 was added to the column and spun at 1 1,000 x 

g for 15 seconds. The flow - through was discarded. The column was spun 

at 11,000 x g for 2 minutes to dry the matrix. The RNA w as eluted by 

adding 30uL sterile water to the column and incubating at room 

temperature for 4 minutes before spinning at 11,000 x g for 1 minute.  

 

For analysis by RNA -seq, RNA was isolated using the miRNeasy Micro Kit  

(Qiagen, Hilden, Germany ). Cells were washed with 0.25mL/cm 2 PBS 

then lysed with 500uL  QIAzol Lysis Reagent  (Qiagen, Hilden, Germany ). 

100uL chloroform (Thermo Fisher Scientific, Waltham, Massachusetts, 

United States ) was added to the lysate  which was mixed vigorously 

before incubation at  room temperature for 2 minutes. The solution was 

spun at 12,000 x g at 4 oC for 15 minutes using the Eppendorf 5424R 

benchtop microcentrifuge (Eppendorf, Hamburg , Germany). The upper 

aqueous phase was transferred to a new collection tube and 525 uL 

ethanol  absolute  was added  (Thermo Fisher Scientific, Waltham , 

Massachusetts, United States). The solution was mixed and transferred 

to a n RNeasy MinElute spin column in a 2 ml collection tube  and spun at 

8,000 x g for 15 seconds. The flow - through was discarded. 7 00uL of RWT 

buffer (Qiagen, Hilden, Germany ) was added to the spin column and spun 

at 8,000 x g for 15 seconds. The flow through was discarded.  500uL of 

RPE buffer (Qiagen, Hilden, Germany ) was added to the column and spun 

at 8,000 x g for 15 seconds. The flow - through was discarded. 500uL of 

80% ethanol (Thermo Fisher Scientific, Waltham , Massachusetts, United 

States) was added to the spin column and spun at 8,000 x g for 2 

minutes. The flow - through was discarded. The column was then spun at 

12,000 x g for 5 minutes to dry the matrix. The RNA was eluted by adding 
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20uL sterile water to the column and incubating at room temperature for 

4 minutes before spinning at 12,000 x g for 1 minute.  

 

The concentration of RNA was quantified using the NanoDrop 2000 

Spectrometer (Thermo Fisher Scientific, Waltham , Massachusetts, United 

States). The machine was cleaned with 5uL nuclease - free water then 

blanked with  1µl nuclease free water . 1 µl of each samp le was analysed 

to measure the RNA concentration and  purity. Sample purity was 

measured using  the ratio of absorbance at 260nm  to absorbance at 

280nm . A 260/280 ratio of 1.7 to 2.3 was considered sufficiently pure . 

RNA was stored at -80 oC. 

 

3.11.2 CDNA synthesis 

RNA was reverse transcribed into cDNA  using the qPCRBIO cDNA 

synthesis kit (PCR Biosystems, London, UK). Each 20µl reaction contained  

4µl of 5X cDNA Synthesis Mix  (PCR Biosystems, London, U nited 

Kingdom ), 1 µl of 20X  RTase (PCR Biosystems, London, United Kingdom ) 

and 15uL RNA . Each RNA sample was diluted to an equal concentration 

with nuclease free water The PCR tubes were placed into a Thermocycler 

(Bio -Rad, Watford, United Kingdom ) and run on a pre -defined program 

consisting of 1hr at  42ºC, 10 minutes at 8 5ºC, to denature the RTase, 

and then a return to 4ºC until the samples were removed and stored at -

20ºC until analysis . 

 

3.11.3 Real-time quantitative PCR 

Real time quantitative PCR (qPCR) was performed on a Roche 

Light Cycler á 480 (Roche, Basel, Switzerland) using SYBR -green 

technology . Samples were analysed on 384 -well LightCycler á plates 

(Roche, Basel, Switzerland) . Each well contained a 5uL solution 

comp osed  of 2.5uL SyGreen Mix ( PCR Biosystems, London, United 
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Kingdom ), 0.5u L primer mix , 1uL nuclease - free water and 1uL cDNA. 

Each sample was analysed with three technical replicates. Once all 

sample s were plated, the plate was sealed and centrifuged at 1000 rpm 

for 1 minute. The plate was placed in a Roche Light Cycler á 480 (Roc he, 

Basel, Switzerland) for qPCR and run on a pre -programmed cycle . This 

program  consisted  of 2 minutes of pre -amplification at 95 oC, followed by 

35 amplification cycles of  95 oC for 15 seconds , 60 oC for 10 seconds  

and 72 oC for 10 seconds. To obtain a melt curve, the plate was heated to 

95 oC for 5 seconds , followed by 65 oC for 1 minute , followed by 97 oC for 

30 seconds. The plate was cooled to 40 oC at the end of the program.  

 

3.11.4 Expression fold change 

The output from the Light Cycler á is the cyc le threshold (Ct) value. The Ct 

value for each gene of interest was normalised to a housekeeping gene . 

To determine the relative expression of each gene the ǧCt value for a 

specific gene was quantified by subtracting the average Ct of the 

housekeeping gene  from the average Ct of the gene  of interest . The ǧǧCt 

could then be calculated by subtracting the ǧCt of the test condition from 

the control condition . The fold change in expression was then determined 

relative to control by 2 -ǧǧCt.  

 

3.11.5 RNAseq 

RNA was shipped on dry ice to the University of Cambridge. All 

subsequent analysis was carried out by Harris Papadopoulou  and the 

Bennet group at the University of Cambridge Department of Medicine. All 

bioinformatic and statistical analysis was carried out  by Dr Jonathan Price 

of the University of Cambridge Department of Medicine using the software 

R (359) . Results were converted to lists of differentially expressed genes 

alongside their log fold changes and p -value, as well as normalised counts 
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of mRNA. Any f urther analysis was carried out by myself using Microsoft 

Excel (Alburquerque  New Mexico , USA) . 

 

3.12 Protein expression analysis 

3.12.1 Flow cytometry to quantify internal protein 

fluorescence 

To quantify the level of aSMA by flow cytometry, cells were dissociat ed 

using TrypLE as previously described. Dissociated cells were resuspended 

in 1mL PBS and spun at 200 rcf for 5 minutes in an Eppendorf 5424R 

benchtop microcentrifuge (Eppendorf, Hamburg , Germany). The cell 

pellet was resuspended in 200uL 4% formaldehyde solution (Sigma -

Aldrich, St. Louis, Missouri, United States )  and fixed at room temperature 

for 10 minutes. 800uL PBS was added to the suspension which was then 

spun at 200 rcf for 5 minutes. The cells were washed twice more using 

1mL PBS. The cells were pe rmeabilised by suspending them in 200uL 

0.1% Triton -X100 (Sigma -Aldrich, St. Louis, Missouri, United States ) for 

15 minutes at room temperature. Cells were washed three times for 5 

minutes with 1mL 0.5% PBS-Tween ( Tween -20, Sigma -Aldrich, St. Louis, 

Missouri, United States )  then incubated at room temperature for 30 

minutes in 200uL 4% goat serum blocking solution (Sigma -Aldrich, St. 

Louis, Missouri, United States ). Mouse a nti -aSMA primary antibody  

(Invitrogen, Waltham, Massachusetts, United States ) wa s diluted 1 in 

1000 in 4% goat serum . Cells were incubated in primary antibody at 4 oC 

overnight. T o obtain a secondary control, cells were incubated in 4% goat 

serum without primary antibody. The cells were washed three times for 

5 minutes with 1mL 0.5% PB S-Tween. The anti -mouse 488 -conjugated 

secondary antibody (Invitrogen, Waltham, Massachusetts, United States ) 

was diluted 1 in 1000 in 4% goat serum . The cells were incubated in 

secondary antibody at room temperature for 30 minutes . The cells were 

washed t hree times for 5 minutes with 1mL 0.5% PBS -Tween  and then 
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resuspended in 500uL MACS buffer. Cells were protected from light and 

stored at 4 oC until analysis.  

 

Protein quantification by flow cytometry was carried out on the CytoFLEX 

Flow Cytometer (Beckman  Coulter, Brea California, United States) . 

Analysis was carried out using the CytExpert software (Beckman Coulter, 

Brea , California, United States) . Forward and side scatter were used to 

eliminate debris. The secondary control was used to determine 

backgro und fluorescence and set the gate .  

 

3.12.2 Protein extraction 

Cells were lysed using SDS lysis buffer composed of sterile water 

supplemented with 0.1mM Tris  (pH 6.8)  (Thermo Fisher Scientific, 

Waltham, Massachusetts, United States ) , 2% SDS (Thermo Fisher 

Scientific, Waltham, Massachusetts, United States ) , 0.1M DTT (Sigma -

Aldrich, St. Louis, Missouri, United States)  and  14% glycerol (Thermo 

Fisher Scientific, Waltham, Massachusetts, United States ) . Cells were 

lysed with 0.2mL/cm 2 SDS lysis buffer  and stored at -20 oC until analysis.  

 

3.12.3 Pierce assay 

Protein concentration was determined using the Pierce TM BCA protein 

assay kit ( Thermo Fisher Scientific, Waltham, Massachusetts, United 

States ). 25uL of each sample was pipetted i nto a well of a 96 -well 

microplate ( Corning, New York, United Stated). WR assay mix was made 

up by mixing 50 parts of BCA Reagent A with 1 part of BCA Reagent B . 

200uL of WR was added to the sample . Three technical replicates were 

performed per sample. The  plate was placed on a shaker for 30 seconds 

and then incubated for 30 minutes at 37 oC. Absorbance at 562nm was 

read using the FLUOstar OPTIMA microplate reader (BMG Labtech, 

Ortenburg, Germany).  A concentration curve based on pre -mixed 
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albumin standards w as used to determine the protein concentration of 

the sample.  

 

3.12.4 Western blotting 

To separate proteins according to size, an 8% acrylamide  gel was made 

by mixing 4.6mL of sterile water with 2.7mL 30% acrylamide  mix (Bio -

Rad, Watford, United Kingdom ) , 2.5mL 1.5 M Tris (pH 8.8)  (Thermo 

Fisher Scientific, Waltham, Massachusetts, United States ), 100uL 10% 

SDS (Thermo Fisher Scientific, Waltham, Massachusetts, United States ) , 

100uL 10% ammonium persulfate (Thermo Fisher Scientific, Waltham, 

Massachusetts, United States , and 6uL TEMMED (Thermo Fisher 

Scientific, Waltham, Massachusetts, United States ) . The gel was 

submerged in western running buffer composed of 25 0mM Tris -Base 

(S igma -Aldrich, St. Louis, Missouri, United States ) , 2M glycine (Thermo 

Fisher Scientific, Waltham, Massachusetts, United States )  and  1% SDS 

(Thermo Fisher Scientific, Waltham, Massachusetts, United States ) . The 

same amount of protein per sample (up to 15uL)  was loaded onto the gel 

alongside 5uL of Precision Plus Protein TM Standards (Bio -Rad, Watford, 

United Kingdom) . The gel was run at 180V for 30 min utes  using the 

Power PacTM Basic power supply (Bio -Rad, Watford, United Kingdom ). The 

proteins were transferred onto a nitrocellulose membrane in 1X Bio -Rad 

transfer buffer (Bio -Rad, Watford, United Kingdom ) using the Trans -Blot á 

Turbo TM System (Bio -Rad, Watford, United Kingdom) . The mixed 

molecular weight 7m program was implemented . For western 

normalisation, the Revert TM 700 total protein stain was used  (L I -COR 

Biosciences, Lincoln, New England, United States ) . The membrane was 

washed twice with 5mL water then incubated for 5 minutes at room 

temperature  in 5mL Revert TM total protein st ain (L I -COR Biosciences, 

Lincoln, New England, United States ).  The me mbrane was washed twice 

with Revert TM total protein wash buffer (L I -COR Biosciences, Lincoln, New 

England, United States ) then imaged using the Odyssey CLx Imaging 

System  (LI -COR Bioscien ces, Lincoln, New England, United States )  in the 
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700 nm channel . After imaging the membrane was washed in 5mL water 

then transferred to 10% milk solution  (Thermo Fisher Scientific, 

Waltham, Massachusetts, United States )  and blocked for 3 hours at room 

temperature. The PKP1 primary antibody  (Invitrogen, Waltham, 

Massachusetts, United States )  was made up to 2ug/mL in 5mL 10% milk 

solution. The membrane was incubated overnight at 4 oC in the primary 

antibody solution. The me mbrane was washed twice for 5 minutes in 5mL 

0.1% PBS -Tween (Sigma -Aldrich, St. Louis, Missouri, United States ) , 

then left in 0.1% PBS -Tween for 30 minutes. The Goat anti -mouse 

secondary antibody conjugated to Horse Radish Peroxidase (Thermo 

Fisher Scienti fic, Waltham, Massachusetts, United States ) was diluted 1 

in 5000 in 10% milk solution . The membrane was incubated in the 

secondary antibody solution for 1 hour at room temperature. The 

membrane was washed twice for 5 minutes in 0.1% PBS -Tween then left 

at  room temperature in 0.1% PBS -Tween for 15 minutes. The Enhanced 

Chemiluminescence (ECL) Extreme solution (Expedeon, Heidelberg, 

Germany ) was used to visualise protein bands.  500uL of luminol enhancer  

(Expedeon, Heidelberg, Germany )  was mixed with 500uL of  peroxide 

solution  (Expedeon, Heidelberg, Germany ) . The 1mL solution was added 

to the membrane which was then transferred to the Syngene G:BOX F3 

Gel imaging system (Syngene, Bangalore, India). The images were taken 

using the GeneSys software (Syngene, Ban galore, India). Image analysis 

and band quantification was carried out using ImageJ (356) .  

 

3.12.5 Proteomics 

Proteomic analysis was performed on cells 72 hours post - transfection. To 

extract protein, cells were washed once in 0.25mL/cm 2 room -

temperature PBS , followed by two washes of 0.25mL/cm 2 4oC PBS. Cells 

were the covered in 0.5mL 4 oC PBS and scraped using a P1000  pipette. 

The scraped cells were transferred to a microcentrifuge tube and spun at 

900 x g for 5 minutes in a Eppendorf 54 24R benchtop microcentrifuge 

(Eppendorf, Hamburg, Germany ). The supernatant  was removed and the 
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cell pellets were stored at -80 oC. The pellets were shipped on dry ice to 

Liverpool university, where all subsequent analysis was carried out by 

Prof. Mandy Pef fers and her team.  

 

The pellets were thawed and suspended in 100uL 25mM ammonium 

bicarbonate (Fluka Chemicals Ltd., Gillingham, UK) . The samples were 

sonicated three times at an amplitude of 10um for  10 seconds with 50 

seconds rest. A Pierce assay was per formed as described previously in 

3.12.3 . 10 ug of sample was taken and the final volume brought up to 

160 ul using 25 mM ammonium bicarbonate (Fluka Chemicals Ltd., 

Gillingham, UK) . 10 ul of 1% (w/v) Rapi Gest (Waters, Elstree, 

Hertfordshire, UK)  was added and heated at 80°C for 10 min.10 ul of 

1.84 mg/ml solution of DTT  (0.6 mM final) (Sigma -Aldrich, St. Louis, 

Missouri, United States )  was added and in cubated at 60°C for 10 min.  10 

ul of 6.6 mg/ml solution of IAA (1.5 mM final) (Sigma -Aldrich, St. Louis, 

Missouri, United States ) was added and incubated at RT in the dark for 

30 min.  Any excess IAA was quenched by adding 9.4 ul of DTT used in 

the previous  step.  10 µl of 0.2 ug/µl trypsin/lys -c (Promega, Madison 

Wisconsin, United States) was added and samples were incubated for 2 

hours at 37°C in the rotating incubator.  The same amount of trypsin/lyc -

c was added and the samples were incubated overnight at 3 7°C in the 

rotating incubator.  1ul of TFA (Sigma -Aldrich, St. Louis, Missouri, United 

States ) was added and samples were then incubated for 30 min at 37°C 

in the rotating incubator.  Samples were centrifuged for 15 min at 13,000 

x g at 4°C and supernatant w as transferred to a new LoBind tube  

(Eppendorf, Hamburg, Germany ) . 5 ul of digest ran on protein gel and 

stained with Coomassie Blue  (Thermo Fisher Scientific, Waltham, 

Massachusetts, United States ) . 

 

Protein digests were analysed using liquid chromatograp hy with tandem 

mass spectrometry (LC -MS/MS)  on an UltiMate 3000 Nano LC System 

(Dionex , Sunnyvale California, United States ) coupled to a Q ExactiveTM 
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Quadrupole -Orbitrap instrument ( Thermo Fisher Scientific, Waltham, 

Massachusetts, United States ) . 1,500ng  of protein was loaded on a 120 

minute LC gradient. Raw spectral files underwent spectral alignment, 

peak picking , peptide quantification and normalisation in Progenesis Ê QI 

2.0 (Nonlinear Dynamics, Elstree, Hertfordshire, UK ) . Proteins were 

identified using the  Mascot server Version 2.6.2 (360)  and the UniHuman 

Reviewed  database was used with search parameters including: 10.0ppm 

peptide mass tolerance; 0.01 Da fragment mass tolerance; trypsin 

enzyme; 1 missed cleavage allowed; fixed modific ation  of  

carbamidomethylation (cysteine) and variable modification  of  oxidation 

(methionine ) . All statistical analysis was performed by  Dr  James 

Anderson using the software package R  (359) . Results were converted to 

normalised counts of protein alongside  their p -values. Any further 

analysis was carried out by myself using Microsoft Excel (Alburquerque  

New Mexico , USA)  

 

3.13 Plasmid design and construction 

3.13.1 Genomic DNA isolation 

DNA was isolated from cells using the NucleoSpin DNA RapidLyse Mini kit 

for rapid DNA purification  (Macherey -Nagel, Nordrhein -Westfalen, 

Germany) . Cells were lysed in 150uL RLY lysis buffer (Macherey -Nagel, 

Nordrhein -Westfalen , Germany) supplemented with 10uL liguid 

proteinase K (Macherey -Nagel, Nordrhein -Westfalen , Germany). The 

sample was incubated at 56 oC for up to 1 hour  until the solution was 

completely lysed. 440uL of RLB buffer (Macherey -Nagel, Nordrhein -

Westfalen , Germany) was added and the sample was mixed by pipetting. 

The sample was loaded onto the NucleoSpin® DNA RapidL yse Column  

(Macherey -Nagel, Nordrhein -Westfalen , Germany)  and spun in a 

Eppendorf 5424R benchtop microcentrifuge ( Eppendorf, Hamburg, 

Germany ) at 11,000 x g for 1 minute. The flow - through was discarded 

and 500uL of RLW wash buffer (Macherey -Nagel, Nordrhei n-Westfalen , 
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Germany) was added. The column was spun at 11,000  for 1 minute and 

another 500uL of RLW wash buffer was added. The flow - through was 

discarded and the column was spun for 2 minutes to dry the matrix. The 

DNA was eluted by adding 30uL sterile wa ter to the membrane and 

incubating for 4 minutes before spinning at 11,000 x g for 1 minute. The 

concentration of DNA was quantified using the NanoDrop 2000 

Spectrometer (Thermo Fisher Scientific, Waltham, Massachusetts, United 

States ) as previously descri bed . 

 

3.13.2 PCR amplification of DNA 

Target fragment of DNA were amplified using PCR. The Phusion® High -

Fidelity DNA Polymerase  kit (New England Biolabs,  Ipswich 

Massachusetts, United States )  was used for the PCR amplification of DNA 

fragments. For a 20uL reaction, 4uL 5X Phusion HF  buffer (New England 

Biolabs, Ipswich Massachusetts, United States ) was mixed with 0.4uL 

10mM dNTPs  (New England Biolabs, Ipswich Massachusetts, United 

States ) , 1uL 10 uM forw ard primer  (Sigma -Aldrich, St. Louis, Missouri, 

United States ) , 1uL 10uM reverse primer  (Sigma -Aldrich, St. Louis, 

Missouri, United States ) and  0.2uL Phusion enzyme  (New England 

Biolabs, Ipswich Massachusetts, United States ) . The remaining 13.6uL 

was compr ised of 100ng DNA in nuclease - free water.  The PCR tubes were 

placed into a Thermocycler (Bio -Rad, Watford, U nited Kingdom ) and run 

on a pre -defined program consisting of  an initial denaturation at 98 oC for 

30 seconds, followed by 30 amplification cycles of  98 oC for 10 seconds, 

60 oC for 30 seconds and 72 oC for 30 seconds per kb of template. A final 

extension of 72 oC for 10 minutes was performed after the amplification 

cycles finished followed by a  final  hold at 4 oC. DNA was stored at -20 oC.  
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3.13.3 Gel electrophoresis 

DNA was separated by size  using gel electrophoresis. A  1% a garose gel 

was made up by mixing 1g of agarose (Thermo Fisher Scientific, 

Waltham, Massachusetts, United States ) with 100mL of 1X TAE buffer  

and heated in a microwave at 800W for 2 minutes until the agarose had 

dissolved.  1X TAE buffer was composed of 40mM Tris base, 1. 3mM EDTA 

and 20mM acetic acid. After the agarose solution  had cooled to a safe 

handling  temperature, 5uL SYBRÊ Safe DNA Gel Stain  (Thermo Fisher 

Scientific, Waltham, M assachusetts, United States ) was added. The 

agarose solution was then poured into a 100mL gel mould and allowed to 

set. The gel was placed  in a gel bath and covered with 1X TAE buffer. 

DNA was mixed with 6X purple loading dye (New England Biolabs, Ipswich 

Massachusetts, United States )  in a ratio of 6:1. Up to 20uL of DNA was 

loaded into the wells of the gel. Gels were run with 6uL of GeneRuler 1 

kb DNA Ladder  (Thermo Fisher Scientific, Waltham, Massachusetts, 

United States ) or 6uL 100bp DNA ladder (New Engl and Biolabs, Ipswich 

Massachusetts, United States )  for smaller fragments. Gels were run at 

100V for 1 hour using the PowerPac TM Basic power supply (Bio -Rad, 

Watford, United Kingdom) . DNA was visualised using the Syngene G:BOX 

F3 Gel imaging system (Syngene, Bangalore, India). The images were 

taken using the GeneSys software (Syngene, Bangalore, India).  

 

3.13.4 DNA extraction from agarose gels 

Gel extraction was performed using the NucleoSpin Gel and PCR Clean Ȥup 

Mini kit (Macherey -Nagel, Nordrhein -Westfale n, Germany ). DNA bands 

were cut from the gel using a sterilised scalpel. 200uL NTI buffer 

(Macherey -Nagel, Nordrhein -Westfalen, Germany ) per 100mg gel was 

added  and incubated at 50 oC for 10 minutes until the gel had melted. The 

sample was loaded onto the NucleoSpin® Gel and PCR Clean -up Column  

(Macherey -Nagel, Nordrhein -Westfalen, Germany )  and spun in a 

Eppendorf 5424R benchtop microcentrifuge ( Eppendorf, Hamburg, 
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Germany ) at 11,000 x g for 30 seconds . 700uL NT3 wash buffer 

(Macherey -Nagel, Nordrhein -Westfa len, Germany  was added to the 

column and spun at 11,000 c g for 30 seconds. The flow - through was 

discarded and the wash step repeated. The column was then spun at 

11,000 x g for 2 minutes to dry the matrix. DNA was eluted by adding 

30uL nuclease - free water  to the matrix and incubating for 4 minutes 

before spinning at 11,000 x g for 1 minute. The concentration of DNA was 

quantified using the NanoDrop 2000 Spectrometer (Thermo Fisher 

Scientific, Waltham, Massachusetts, United States ) as previously 

described.  

 

3.13.5 Restriction digest of DNA 

The restriction enzymes used are outlined in Table 3-1. Restriction 

digests were carried out according to the manufacturerôs instructions 

(New England Biolabs, Ipswich Massachusetts, United States ). For a 50uL 

reaction, 5uL 10 X rCutSmart Buffer ( New England Biolabs, Ipswich 

Massachusetts, United States ) was mixed with 1uL restriction enzyme. 

The remaining volume was made up with 1ug DNA in nuclease - free water. 

The solution was incubated at 37 oC for 1 hour  in a Thermocycler (Bio -

Rad, Watford, U nite d Kingdom ) . Enzyme denaturation was achieved by 

heating the solution to 65 oC for 10 minutes.  

 

3.13.6 Ligation 

Ligation reactions were performed using T4 DNA ligase (New England 

Biolabs, Ipswich Massachusetts, United States ). For a 20uL reaction, 2uL 

10X T4 ligase  buffer (New England Biolabs, Ipswich Massachusetts, 

United States )  was mixed with 1uL T4 ligase (New England Biolabs, 

Ipswich Massachusetts, United States ). The remaining 17uL was made 

up of vector DNA and insert DNA mixed in a 3:1 molar ratio in nuclease -

free water.  The NEBioCalculator ( https://nebiocalculator.neb.com/ ) was 
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used to calculate the amount of vector and insert DNA for each reaction. 

The solution was incubated at 25 oC for 1 hour followed by an overnight 

incubation at 16 oC in a Thermocycler (Bio -Rad, Watford, U nited 

Kingdom ).  

 

3.13.7 Miniprepping plasmids 

Plasmids were transformed into One Shot Ê TOP10 Chemically Competent 

E. coli  (Invitrogen, Waltham, Massachusetts, United States ) using the 

heat -shock protocol . The vial of bacte ria was  thawed on ice. 5uL plasmid 

solution was added to the bacteria and incubated on ice for 30 minutes.  

The vial was placed in a water bath at 42 oC for 30 seconds  then 

transferred to the ice for 2 minutes. 250uL S.O.C medium (Invitrogen, 

Waltham, Massac husetts, United States ) was added to the vial  which was 

then incubated at 37 oC for 1 hour with shaking at 225 rpm. Agar plates 

were made up by dissolving 32 g of LB agar (Invitrogen, Waltham, 

Massachusetts, United States ) with 1L sterile water . This was au toclaved  

for 15 min at 121°C.  Once cooled, ampicillin  (Sigma -Aldrich, St. Louis, 

Missouri, United States )  was added to make a final concentration of 

100ug/mL. The agar solution was poured into petri dishes at a volume of 

15mL per dish  and allowed to set. Transformed bacteria was plated onto 

ampicillin -supplemented agar plates and incubated overnight at 37 oC. 

The following day, colonies were picked into 5mL LB broth  and incubated 

overnight at 37 oC while shaking at 180 RPM. LB broth was made u p by 

disso lving  25g LB broth base  (Invitrogen, Waltham, Massachusetts, 

United States ) in 1 L sterile water and autoclaving for 15 minutes at 

121 oC.  

 

To isolate plasmid from bacteria, t he Wizard® Plus Minipreps DNA 

Purification System  (Promega, Madison Wisconsin, Uni ted States) was 

used to miniprep plasmids. Bacteria were centfuged at 10,000 x g for 5 

minutes in a Eppendorf 5810R benchtop centrifuge ( Eppendorf, Hamburg, 
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Germany ) . The supernatant was discarded and the pellet was thoroughly 

resuspended in 250uL of Cell Resuspension Solution (Promega, Madison 

Wisconsin, United States). 250uL Cell Lysis Solution (Promega, Madison 

Wisconsin, United States) was added and mixed by inverting the solution 

4 times. 10uL Alkaline Protease Solution (Promega, Madison Wisconsin, 

United States) was added and t he sample  was incubated at room 

temperature for 5 minutes . 350uL Neutralisation Solution (Promega, 

Madison Wisconsin, United States) was added and the sample was mixed 

by inverting  4 times. The sample was centrifuge d at 12,000 x g for 10 

minutes at room temperature. The cleared lysate was transferred to the 

Spin Column (Promega, Madison Wisconsin, United States)  and spun at 

12,000 x g for 1 minute. 750uL of Column Wash Solution  (Promega, 

Madison Wisconsin, United Sta tes)  was added and spun at 12,000 x g for 

1 minute. This was repeated with 250uL Column Wash Solution. The 

column was spun at 12,000 x g for 2 minutes to dry the column . The 

plasmid DNA was eluted by adding  50uL nuclease - free water  and 

incubating the colum n at room temperature for 4 minutes before spinning 

at 12,000 x g for 1 minute. The concentration of plasmid DNA was 

quantified using the NanoDrop 2000 Spectrometer (Thermo Fisher 

Scientific, Waltham, Massachusetts, United States ) as previously 

described.  

 

 

3.14 Sequencing and bioinformatics 

3.14.1 DNA sequencing 

Plasmids were sequenced using GENEWIZ Sanger Sequencing Services 

(Azenta Inc., South Plainfield, NJ, USA) .  

 

DNA sequences were obtained from the NCBI database ( https://www -

ncbi -nlm -nih -gov.uea.idm.oclc.org/ )  and analysed  using SnapGene 
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software (www.snapgene.com ). Sequence alignment and primer design 

was performed using BLAST (361) .  

 

3.14.2 Ingenuity pathway analysis (IPA) 

RNAseq and proteomic data was analysed using Ingenuity Pathway 

Analysis (IPA) software (Qiagen, Hilden, Germany ). Information on 

biological pathways is gathered from publications and stored in the 

Qiagen Knowledge Base. The IPA software uses this database to analyse 

the inputted list of DEGs and predict which pathways have been targeted 

based on the fold changes and statistical significance. Predicted pathways 

have an associated P -value and Z -score. The P -value is calculated using 

Right -Tailed Fisherôs Exact Test  and reflects the likelihood that the 

association or overlap between a set of significant molecules from the 

dataset and a given pathway is due to random chance . The Z -score 

reflects whether the software predicts the pathway to be activated or 

inhibi ted based the literature -derived directional effect of one molecule 

on another molecule or on a process, and the direction of change of 

molecules in the dataset . The formula for calculating the z -score is as 

follows:  

ᾀ  
ὼ

„

ɫύὼ

ɫύ

 

Where ὼ = a random variable,  „ = the variance, Ὥ = the index from 1 to 

N and ύ  
  

 

 

 

3.15 Statistical analysis 

GraphPad Prism software version 5.0  (GraphPad Software, San Diego  

California , USA) and Microsoft Excel (Alburquerque  New Mexico , USA)  
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were used for data analysis, presentation and sta tistical analysis. 

Statistical comparison between two groups was performed using unpaired 

t - test . No normali ty test was carried out to check if the data was normally 

distributed. For comparison of more than two groups , one -way ANOVA 

followed by Bonferroni ôs multiple comparison test was used. For 

comparison of more than two groups and two parameters the two -way 

ANOVA followed by Bonferroni ôs multiple comparison test was used. 

Differences among groups were considered significant when the 

probability value, p, was less than 0.05 ( *P < 0.05, **P < 0.01, ***P < 

0.001, ****P<0.000 1, ns = not significant). Results are r epresented 

showing each sample value and the standard deviation  or standard error 

of mean (SEM) . No statistical methods were used to pre -determine 

sample size.  When not otherwise stated, a single biological replicate 

constituted one sample pooled from two wells of a plate. Technical 

replicates were achieved by running the same biological sample three 

times . A hierarchical  statistical  approach such as nested ANOVA  (362)  

was not used to account for biological and techn ical replicates.  
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Chapter 4 Using iPSC-derived models to 

investigate SNORD116 expression during cardiac 

development 

4.1 Introduction 

SNORD116 may influence developmental cardiac processes, thus leading 

to the increased prevalence of cardi ac defects in PWS patients (57,64) . 

The aim of this chapter is to investigate SNORD116 during cardiac 

differentiation. Many protocols for iPSC -CM differentiation have been 

developed  (275 ï278) . Typically, the process begins with the activation of 

wnt si gnalling by the GSK3 inhibitor CHIR99021  (CHIR) . This causes an 

epithelial - to -mesenchymal transition and induces mesoderm formation. 

Wnt signalling is then inhibited and the cells are maintained in a cardiac -

specific media to promote cardiomyocyte differen tiation. The key gene 

expression and metabolism changes that occur during this process are 

outlined in this chapter.  

 

Studies have shown that iPSC -CM differentiation can benefit from 

changing the main metabolic substrate from glucose to lactate part -way 

th rough the development process  (363 ï365) . The Wnt  

activation/inhibition -based method of cardiomyocyte differentiation can 

give rise to a mixed population that includes non -cardiomyocyte  

populations such as cardiac fibroblasts and smooth muscle cells. Unlike 

the other cell types, cardiomyocytes can use lactate as an energy source 

in the absence of glucose. This ability has been exploited to improve the 

purity of the cardiomyocyte population and reduce the number of 

contaminating cell types by cha nging the media from glucose -based to 

lactate -based  (366) . In addition to improving the purity of cardiomyocyte 

cultures, a recent study found that cell proliferation markers are 

upregulated in a lactate - rich environment, in addition to genes associated 

with stemness and progeneration  (367) . Another study found that 
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transient lactate exposure in developing cardiomyocytes caused 

numerous transcriptomic changes  that promoted matur ity (290) . Forcing 

early cardiomyocytes to metabolise lactate simulates in  utero  conditions 

where lactate levels are typically high  (368) , thus potentially promoting 

a foetal - like proliferative phenotype that may assist the development 

process. This chapter explores  the effectiveness of lactate as a metabolic 

selection tool du ring iPSC -CM differentiation.  

 

Changing metabolic substrate availability is not the only method to induce 

a proliferative phenotype in cardiomyocytes; Wnt  signalling can be 

manipulated to induce proliferation  (369,370) . Buikema et al. , 2020 

demonstrated  that the activation of Wnt  signalling through CHIR  

supplementation  was effective in causing the rapid expansion of low -

density iPSC -CMs (370) . In this study it was found that cell -cell contact 

had an inhibitory effect on iPSC -CM proliferation, although removing cell -

cell contacts alone was not sufficient  in inducing cell -cycle re -entry, which 

was only achieved with the addition of CHIR. Although the expansion of 

iPSC-CMs has obvious commercial applications, it may also be a useful 

tool in investigating t he effect of pro -proliferative, de -differentiating 

signalling in developing cardiomyocytes.  

 

IPSC-CMs are typically differentiated and maintained in a glucose -based 

media. However, studies have shown that transitioning differentiated 

iPSC-CMs from glucose -based to fatty acid -based media can induce a 

more mature phenotype  (371 ï374) . Greater maturity would  improve the 

iPSC-CM model as it captures the later stages of cardiac development  

when the cells are utilising  a form of metabolism that is more 

physiologically  relevant to the adult human heart.  To implement this, 

differentiated iPSC -CMs were maintained in a glucose - free fatty acid - rich 

media. Gene expression was analysed to evaluate the effects of  glucose -

based media versus  glucose - free fatty acid -based media.  
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In addition to cardiomyocytes, iPSCs can be used to generate cardiac 

fibroblasts. Zhang et al  (312)  outlines a protocol for generating cardiac 

fibroblasts from iPSCs. In this protocol , cardiac progenitor  cells are 

differentiated into cardiac fibroblasts via an epicardial progenitor phase.  

This protocol is the basis for the method used in the  differentiation  of  

iPSCs into cardiac fibroblasts  as explored in this chapter .  

 

In order to understand the expression of SNORD116 during heart 

development, it is important to understand how the process of 

development is modelled in vitro  using iPSCs. This chapter will describe 

the process of iPSC -CM and iPSC -CF differentiation, and wi ll define  the 

expression of SNORD116 during these processes.   
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4.2  The differentiation of iPSCs into cardiomyocytes 

To investigate cardiomyocyte differentiation, a recently developed 

protocol for the derivation of ventricular cardiomyocytes from iPSCs  was 

emp loyed . This method was developed and kindly shared by Andreia 

Bernardo (Francis Crick Institute/ Imperial College London) and shown to 

successfully produce cultures of high purity and maturity status iPSC -CMs 

(Dark et al . manuscript in preparation, patent submission 

WO2020245612). Figure 4-1 outlines this differentiation protocol applied 

to iPSCs obtained from the Allen Cell Collection of the Coriell Institute. 

These iPSCs (ID: AICS -0075 -085 ) have been genetically modified so that 

the cardiomyocyte -specific sarcomeric protein alpha -actinin (AA ) is 

tagged with Green Fluorescent Protein (GFP) resulting in an AA - tagged 

line that can be used to assess the progress of cardiomyocyte 

differentiation.  

 

Contractile cardiomyocytes are typically generated between days 5 -8 of 

the protocol. Although  the le ngth of the protocol is fifteen days, it  can be 

extended  to  beyond 30 days to allow maturation to take place. The 

differentiation is initiated through the activation of Wnt  signalling on day 

0, which induces mesoderm formation. On day 2, Wnt  signalling is 

inhibited to induce cardiac mesoderm progression. The cells are fed with 

a cardiac -specific media to promote cardiomyocyte development. Over 

the course of development, the cells progress through specific stages 

which can be identified by the expression of cell - type -specific markers.  

 

 



 

 

Figure 4-1. Differentiation of iPSCs into cardiomyocytes. 
A. The different stages that cells pass through during iPSC-CM differentiation. 
B. Images were taken of the AA-tagged hiPSCs in the (i) GFP and (ii) brightfield channels at 20x magnification on days 0, 2, 4, 8 and 15 of the 
differentiation protocol laid out in Dark et al. Scale bar = 200um. 
C. The timeline and corresponding small molecules and factors used at each feeding day during the differentiation protocol. 
Generated using MS PowerPoint. 
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Bulk RNAseq was performed to analyse the expression on days 0, 6, 10 

and 15. Figure 4-2 shows the expression of various marker genes during 

these points in the differe ntiation. The expression of pluripotency 

markers SOX2, OCT4 and nanog  (258,375,376)  were downregulated 

after day 0, indicating that the stem cells underwent differentiation. The 

transcription factors EOMES, GATA4  and NKX2 -5  are upregulated 

between days 6  and 10 and are important for mesoderm development 

and early cardiogenesis (377 ï379) . The structural sarcomeric genes for 

cardiac alpha -actin ( ACTC1), Myosin Heavy Chain 6 ( MYH6), Myosin 

Heavy Chain 7 ( MYH7), slow skeletal troponin ( TNNI1 ) and cardiac 

tr oponin ( TNNT2 ) are upregulated from day 6 onwards. Except for TNNI1 , 

the expression of these genes is highest at day 15, although due to 

variation between samples only MYH7 expression levels show a 

statistically significant increase between days 10 and 15.  The gene 

encoding phospholamban (PLN) significantly increases in expression 

sequentially throughout the differentiation. This protein is essential to the 

function of cardiomyocytes as it regulates the activity of SERCA, a Ca 2+ -

ATPase pump within the sarco plasmic reticulum that controls calcium 

movement within the cell. Overall, these results demonstrate the 

generation of cardiomyocytes on a transcriptomic level.  



 

 

 

Figure 4-2. Gene expression during iPSC-CM differentiation determined through RNAseq analysis. 
The normalised counts of the mRNA of marker genes on days 0, 6, 10 and 15 of iPSC-CM differentiation. Individual replicates are shown as dots, the 

box and whisker plot shows the mean and SEM. Statistical analysis performed using one way ANOVA. * = P¢0.05, ** = P¢0.01, *** = P¢0.001. N=3. 
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Although the results obtained through RNAseq provide a  detailed 

transcriptomic report of the later post -progenitor stages of cardiomyocyte 

differentiation, it does not reveal expression changes during the early 

stages of differentiation occurring around the initial wnt signalling 

manipulation events. Therefor e, RNA expression was also analysed using 

RT-qPCR at the earlier days of differentiation (0, 2 and 4) as well as the 

later days (8 and 15), which is shown in Figure 4-3. 

 

Nanog , GATA4  and NKX2 -5  all show a similar trend to the RNAseq results 

in Figure 4-2. Nanog  expression decreases after day 2 whilst the 

mesodermal marker GATA4  is upregulated from day 2 onwards. NKX2 -5 

expression is upregulated from day 4 onwards. The structural cardiac 

gene titin ( TTN) is also upregulated from day 4 onwards, with its 

expression  increasing in a linear - like fashion. Overall, the results in Figure 

4-3are consistent with the results in Figure 4-2 in demonstrating the 

expected gene expression changes of the various cell type markers during 

differentiation.  

 

Both  PPARa and PPARy expression levels increase during iPSC -CM 

differentiation, whereas the expression fold change of PPARd does not 

significantly change from the level of expression in stem cells (relative to 

GAPDH).  

 



 

 

 

Figure 4-3. Gene expression during iPSC-CM differentiation determined through RT-qPCR. 
A. Expression of marker genes (i) nanog, (ii) GATA4, (iii) NKX2-5 and (iii) TTN. Plotted as fold change relative to day 0, normalised to GAPDH, calculated 
by ddCt method. 
B. Expression of (i) PPARa, (ii) PPARy and (iii) PPARd. Plotted as fold change relative to day 0, normalised to GAPDH, calculated by ddCt method. 
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Gene expression of the PPAR isoforms was calculated a s 2 ^ -dCT and plotted 

on one graph to demonstrate how the different isoforms change relative 

to each other. This is shown in .  Additionally, t o better understand the 

relationship between the three different isoforms and how their 

expression relates to each other, the expression of PPARy and PPARd 

have been plotted as relative to PPARa instead of a normal housekeeper . 

 

Relative to GAPDH, PPARd shows the highest level of expression of the 

three isoforms at every time point (except day 8, where there is no 

significant difference between PPARa and PPARd). In contrast, PPARy 

shows the lowest level of expression at every time point (although this is  

not significant between PPARa and PPARy at days 0 and 2). PPARa 

expression does initially decrease at day 2 compared to day 0, but from 

day 2 to day 8 the expression of PPARa increases significantly and 

remains at upregulated at day 15. In other words, PPARa expression 

increases as pluripotency (i.e. nanog ) decreases and cardiac gene 

expression increases. This aligns with the established finding that PPARa 

is important in cardiac development and cardiomyocyte function 

(380,381) . 

 

When calculated as relat ive to PPARa, PPARy expression is highest at day 

2 with a 2 ^ -dCt  of 0.26 °0.045 but is otherwise unchanged from the stem 

cell level of 0.06 °0.009. PPARd expression is also highest at day 2 

(relative to PPARa), with a 2 ^ -dCt  of 8.9 °0.8 but the ratio of PPARd: PPARa 

decreases as the differentiation progresses. This reflects the increasing 

levels of PPARa (relative to GAPDH) from day 4 onwards, to the point that 

these two isoforms are expressed at similar levels by day 8.  
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Figure 4-4. Relative expression of the PPAR isoforms in comparison to eachother. 
A. Expression of all three PPAR isoforms plotted as 2^-dCt (normalised to GAPDH).  
B. Expression of (i) PPARy and (ii) PPARd plotted as fold change relative to day 0, 
normalised to PPARa, calculated by ddCt method.  

Statistical analysis performed using one-way ANOVA. * = P¢0.05, ** = P¢0.01, *** = 

P¢0.001. N=3. Error bars represent SEM. 
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The changes in PPAR gene expression could reflect the changing of 

metabolism as the cardiomyocytes develop. This can also be analysed by 

measuring the metabolism of various substrates at different points during 

differentiati on. Metabolism was assessed using the Biolog MitoPlate 

assay, wherein the flow of electrons across the electron transport chain 

caused the reduction of a dye that turns from colourless to purple. The 

extent of this colour change reflects the extent of meta bolic activity 

capable of being performed by the cell in the presence of a specific 

substrate  within a given time frame  (6 hours) .  

 

Overall, 29 substrates were tested and classed into one of four metabolic 

classes: glycolysis, the citric acid cycle (TCA), amino acid or fatty acid. 

The results of this are shown in Figure 4-5 and Figure 4-6. Of the 29 

substrates assayed, substrates in class TCA are the largest proportion of 

total substrate metabolism across all fo ur time points, contributing 47 -

58% of substrate usage. This indicates that out of all of the substrates 

tested, these substrates are the most easily absorbed and / or 

metabolised by the cells. Glycolysis makes up 19 -28% of substrate use, 

and amino acids m ake up 14 -21%. Fatty acids are the least -metabolised 

substrates, making up only 3 -8% of total metabolic capacity. This 

indicates that these substrates are the least readily metabolised. In terms 

of total metabolic capacity i.e. the sum of the total colour change of all 

substrates, day 6 cells demonstrated the lowest levels of metabolism, 

whereas day 10 showed the highest. 



 

 

 

Figure 4-5. Changes in overall metabolism during iPSC-CM differentiation. 
A. The percentage usage of each metabolic substrate class (based on total colour change). 
B. The percentage usage of each metabolic substrate class, broken down into the individual classes (i) glycolysis, (ii) TCA, (iii) amino acid and (iv) fatty 
acid.  

C. Sum of the total colour change of all substrates at each time point. Statistical analysis performed using one-way ANOVA. * = P¢0.05, ** = P¢0.01, *** 

= P¢0.001. N=3. Error bars represent SEM.TCA = The citric acid cycle. 
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Although day 6 shows the lowest overall level of metabolism, it is at this 

time point that glycolysis is at its highest percentage of substrate use, 

making up 28 °5% of total substrate use. This correlates in a decrease of 

TCA substrate usage, from 58 °2% at  day 0 to 47 °5% at day 6. Figure 

4-6 shows there is no significant increase in total colour change by any 

of the glycolysis substrates at day 6 compared to day 0, how ever the TCA 

substrates citric acid, A -Keto -glutaric acid, fumaric acid and malic acid all 

yield a significantly smaller colour change at day 6 compared to day 0. 

Therefore, the increase in glycolysis as a percentage of total metabolism 

reflects not an inc rease in glycolytic metabolism per se, but rather a 

decrease in the capacity for the cells to metabolise the TCA substrates.  

 

 



 

 

Figure 4-6. Changes in individual substrate metabolism during iPSC-CM differentiation.  
A. The total colour change of each individual substrate under each metabolic class (i) glycolysis, (ii) TCA, (iii) amino acid and (iv) fatty acid. Statistical 

analysis performed using two-way ANOVA. * = P¢0.05, ** = P¢0.01, *** = P¢0.001. N=3. Error bars represent SEM. TCA = The citric acid cycle, MA = L-
Malic Acid (100uM). 
B. Fold change of the total colour change for each substrate at each time point relative to total colour change at day 0.  
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The glycolysis substrates show the greatest increase in total colour 

change at day 21 compared to day 0, with an average of 4 °2- fold  increase 

in total colour change. This indicates that the differentiated 

cardiomyocytes have a greater ability to metabolise glycolytic substrates 

compared to stem cells.  

 

The majority of the amino acid substrates tested do not  generate  a 

significantly di fferent colour change across the different time points with 

the exception of L-glutamic acid, L-glutamine and ala -gln. These show 

the lowest total colour change (3 -6 a.u.) on day 6 and the highest total 

colour change  (80 -100 a.u.)  on  day 10 . Day 0 and day 21 yield similar 

total colour changes for these substrates ( 40 -60 a.u.) .  

 

Two of the four fatty acid substrates tested do not generate a significantly 

different colour change across the time points. However, L-

octanoylcartinine and L -palmitoylcartinine do  generate a significant 

increase in total colour change at day 10 of the differentiation compared 

to the other time points.  

 

Together, these transcriptomic and metabolic results demonstrate the 

successful implementation of a recently developed method of 

differentiating hiPSC -CMs, showing  characteristic stage -specific marker 

expression and changes in metabolic capacity. The iPSC -CMs produced 

were taken forward in the analysis of purity, proliferation and maturity.  
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4.3 The proliferation and maturation of iPSC-derived 

cardiomyocytes 

According to the protocol  (Dark et al . manuscript in preparation, patent 

submission WO2020245612) , a t day 10 of the differentiation, media is 

switched from glucose -based to lactate -based in order to select for 

cardiomyocytes and to promote their development. To assess the 

effectiveness of this strategy, day 8 iPSC -CMs were dissociated and re -

plated at a range of seeding numbers: 5,000, 10,000 and 20,000 per well 

of a 24 -well plate. On day 10 the media was changed to either a glucose -

based media (RPMI/B27 -Vitamin A) or a lactate -based media (RPMI -

glucose/B27 -Vitamin A + 4mM lactate). The cells were culture d for four 

days, with one media change after 2 days. On the fourth day, cell viability 

was assessed by cell titre -glo and cells were fixed and stained with DAPI 

and orange cell mask (OCM). The results are presented in Figure 4-7.  

 

At the lower seeding numbers (5,000 and 10,000) there is no difference 

in cell viability or in cardiomyocyte purity between glucose - treated cells 

versus lactate - treated cells. However, when seeded at 20,000 cells, there 

is a significant decrease of 5,000 °2,700 in cell number in the lactate -

treated cell population compared to the glucose - treated sample. This 

could indicate the successful elimination of non -cardiomyocyte cell types, 

or alternat ively could reflect a decrease in overall cell viability in response 

to the change in media. When assessing cardiomyocyte purity by AA 

expression  using CellProfiler (358) , cells treated with glucose -based 

media were comprised of 60 °32% AA -expressing cell s, which was 

increased to 91 °13% with lactate treatment. This combined with the cell 

viability data suggests that changing the media from glucose to lactate is 

a viable strategy for the elimination of non -cardiomyocyte cell types, 

however this does appear to be cell density -dependent.  
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Figure 4-7. Metabolic selection of iPSC-CMs. 
A. Cells seeded at 5k, 10k and 20k treated with either glucose or lactate-based media for 4 
days. Green = AA, blue = DAPI, red = OCM. Scale bar = 200um. Magnification = 10x. 
B.i) Cell viability in response to glucose or lactate-based media, quantified using cell titre-
glo. N=3. Error bars represent SEM. 
B.ii) The percentage of cells present that are AA-positive, quantified based on GFP 

expression using Cell Profiler. Statistics calculated using two-way ANOVA. * = P¢0.05. N=3. 
Error bars represent SEM. 
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The cell viability data in Figure 4-7 also demonstrates the non -

proliferative nature of  pure  cardiomyocyte cultures beyond day 8 , as t he 

cell number of lactate - treated cells  did not exceed the seeding number . 

A key feature of cardiomyocyte development is that they exit the cell 

cycle so that they can become highly specialised and mature. However, 

studies have shown that this can be reversed and cardiomyocytes can be 

made to proliferate through a  process of removing cell contacts and 

activating Wnt  signalling  (370) .  

 

Day 8 iPSC -CMs were dissociated and seeded into 96 -well plates in a split 

ratio of 1:10. After 24 -hours they were fed RPMI/B27 supplemented with 

2uM CHIR (or a vehicle control). Th e media was changed for fresh media 

after two days, and the cells were fixed and stained after four days of 

treatment. Cell number was quantified using cell titre -glo on days 0, 2 

and 4 of treatment. Before treatment began, both cell populations were 

compr ised of 11,000 cells. By day 2, the control population had increased 

to 12,700 °4,100 cells and the CHIR - treated population had increased to 

almost twice this number, at 24,300 °6,300 cells. However , due to 

variation  between replicates,  the difference betwee n the control and 

treated samples was not statistically significant. At day 4 the control 

sample had grown to a population of 38,200 °11,000 whereas the CHIR -

treated sample had reached a total of 62,400 °3,000 cells. This was 

significantly higher than the co ntrol, indicating that the CHIR treatment 

did have a positive effect on proliferation. However, cell number alone 

did not distinguish between cardiomyocytes and non -cardiomyocytes.  

 



 

 

Figure 4-8. Wnt activation and cell proliferation of iPSC-CMs. 
A. Cells treated with media supplemented with and without CHIR. Green = AA, blue = DAPI, red = OCM.  
A.i) Scale bar = 200um. Magnification = 10x. A.ii) Scale bar = 10um. Magnification = x63 

B.i) Cell viability in response to glucose or lactate-based media, quantified using cell titre-glo. Statistics calculated using two-way ANOVA. ** = P¢0.01. 
N=3. Error bars represent SEM. 
B.ii) The percentage of cells present at day 4 that are AA-positive, quantified based on GFP expression using Cell Profiler. Statistics calculated using 

unpaired t-test. * = P¢0.05. N=3. Error bars represent SEM. 
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The percentage of AA -positive cells present at day 4 of treatment was 

quantified using immunocytochemistry. The CHIR - treated samples were 

found to be 97 °2% AA -positive, whereas the  control samples showed a 

significantly lower level of purity at 62 °14% AA -positive. The CHIR -

treated samples had not only a higher cell number but also a higher 

percentage of cardiomyocytes within the total population. Both CHIR -

treated and control sample s showed an increase in cell number from day 

0 to day 4 (26,700 °11,000 in the control and 50,400 °3000 with CHIR) . 

The lower level of purity  in the control sample  could be due to the 

presence of proliferative non -cardiomyocyte cells outnumbering the non -

pro liferative cardiomyocytes. This is demonstrated qualitatively in Figure 

4-8A by the presence of large numbers of cells that do not express AA. 

Upon higher magnificatio n, the AA -expression pattern shows greater 

alignment and organisation in the control cells compared to the CHIR -

treated cells. The apparent increased disorganisation in sarcomeric 

structure may be due to the disassembly of the sarcomere necessary for 

cell division. It could also reflect a lower level of maturity in these cells 

compared to the untreated control.    

 

Gene expression at day 4 was analysed by RT -qPCR. The results shown 

in Figure 4-9 indicate that CHIR treatment may have caused a global 

downregulation in gene expression, as the majority of genes analysed 

show a downregulatory trend in response to CHIR. Further replicates are 

needed to confirm this.  
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Figure 4-9. Gene expression changes as a result of CHIR treatment. 
Gene expression plotted as expression fold change relative to the control, normalised to 
GAPDH, calculated using the ddCt method. N=1. Error bars represent SEM. 
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Manipulating Wnt  signalling pathways can be used to de -differentiate 

cardiomyocytes into a proliferative state. However, to influence  the  cells 

in the opposite direction and towards maturity, one strategy is to change 

the type of substrates available for metabolism. Adult cardiomyocytes 

rely on fatty acid oxidation (FAO) , therefore supplying the cells with fatty 

acid - rich media could induce  a metabolic switch from glycolysis to FAO 

and encourage maturation.  

 

Transcriptomic analysis was carried out to compare the RNA expression 

between day 20 iPSC -CMs and iPSC -CMs that had been cultured for an 

additional ten days in a fatty acid - rich media ( GFAM). The results are 

presented in Figure 4-10 . Due to an outlier sample in one of the day 30 

replicates, there is too great a level of variation for any of the diffe rences 

to reach statistical significance. Focusing on the structural cardiac genes, 

all of the genes analysed show an increase in expression between days 

20 and 30. The ratio of MYH7: MYH6 increases from 0.8 °0.4 at day 20 to 

3.2°2.2 at day 30. The ratio of TNNI3 : TNNI1  increases from 0.009 °0.003 

at day 20 to 0.06 °0.03 at day 30, and the ratio of MYL2:MYL7 increases 

from 0.09 °0.05 at day 20 to 0.37 °0.27 at day 30. The cardiac ion 

channels CACNA1C and RYR2 show an increase of 471 °342  and 545 °264 

from day 20 to day 30, respectively. However,  the ventricular cardiac 

potassium channel KCNJ2 ï associated with mature ventricular 

cardiomyocytes  (382)  ï does not show a difference in mRNA levels.  

 

The PPAR isoforms show an interesting trend. PPARa expression shows a 

slight decrease from 1690 °209 at day 20 to 1462 °644 at day 30. PPARd 

shows the opposite trend, increasing from 508 °53 to 714 °196. PPARy 

also shows an increase in expression from 48 °17 to  205°171, although 

this gene also shows a high level of variation between  the day 30 

replicates . The cell cycle genes Ki67, CCNB1 and CKDK1 show decreases 

of 2099 °519, 695 °231 and 324 °134 respectively.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-10. Gene expression of iPSC-CMs at day 20 versus day 30. 
The normalised counts of the mRNA of genes expressed by iPSC-CMs 20 and 30 days after the start of the differentiation, with the use of GFAM media 
between days 20 and 30. Genes categorised according to their function. Statistical analysis performed on the normalised counts using unpaired t-test. 
N=3. Error bars represent SEM. 
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Overall, the results in Figure 4-10  indicate an increase in genes 

associated with cardiomyocyte maturity. However, these results are 

limited in that they lack a day 30 non - fatty acid media control.  Based on 

this data alone it was not clear weather this increase was caused by the 

addition of fatty acid media or the additional ten days in culture. 

Therefore, RT -qPCR was used to analyse the effect of additional time in 

culture as well as fatty acid vs glucose -based media.  

 

RNA was isolated at day 15 of the iPSC -CM differentiation. In addition, 

iPSC-CMs were dissociated and re -plated at day 15. On day 20, the 

cardiomyocytes were fed with one of three different medias: normal 

RPMI/B27 which has a glucose concentration of 11mM ( RG), fatty acid -

rich media which has a glucose concentration of 0mM (GFAM) and high 

glucose media which has a glucose concentration of 22mM (HG). The 

media was changed every other day and RNA was extracted at day 30. 

Total titin ( TTN) expression was analysed along with the foetal form TTN-

N2BA, however neither form shows a significant change in expression 

under any of the tested conditions and the ratio of TTN-N2BA to TTN is 

unchanged. PPARa expression is not significantly affected by  the tested 

conditions.  

 

PPARy is the isoform expressed to the lowest level under all tested 

conditions. PPARy expression appears to be downregulated under all 

media conditions at day 30 compared to day 15, though this is only 

statistically significant under high glucose conditions. However, this 

downregulation appears to occur to a lesser extent under GFAM 

condit ions compared to both glucose -containing conditions. The ratio of 

PPARy to PPARa is significantly lower at day 30 compared to day 15 under 

normal and high glucose conditions, but not in fatty acid media.  
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Figure 4-11. Gene expression changes in iPSC-CMs resulting from time in culture in 
addition to different media conditions. 
A. Expression fold change of (i) TTN and (ii) TTN-N2BA normalised to GAPDH, and (iii) the 
expression fold change of TTN-2BA normalised to TTN. Calculated using the ddCt method. 
B. Expression fold change of (i) PPARa, (ii) PPARy and (iii) PPARd normalised to GAPDH. 
Calculated using the ddCt method. Statistics calculated by one-way ANOVA. 
C. The expression of each of the PPAR isoforms under each condition, normalised to 
GAPDH. Plotted as 2-ddCt. Statistics calculated by two-way ANOVA. 
D. The expression of (i) PPARy and (ii) PPARd under each condition, normalised to PPARa. 

Plotted as 2-ddCt. Statistics calculated by one-way ANOVA. * = P¢0.05, ** = P¢0.01, *** = 

P¢0.001. 
N=3. Error bars represent SEM. 
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At day 30, relative to GAPDH, PPARd expression is significantly higher 

than PPARa and PPARy expression under all three media conditions. 

PPARd expression is upregulated at day 30 compared to day 15, but its 

expression does not appear to be affected by the different media 

conditions. The rat io of PPARd to PPARa is increased under high glucose 

conditions, with a value of 1.8 °0.03:1.  

 

Overall, culture in fatty acid -based media may have caused an increase 

in the expression of pro -maturation markers , and appears to have 

affected metabolic gene ex pression  in a manner that may indicate 

increased maturation of the cardiomyocytes.  

 

To summarise this section , these results show that cardiomyocyte purity 

and number can be manipulated by changing the composition of the 

media supplied to the cells. In ad dition, changing the type and 

concentration of substrate available to the cells for metabolism can 

impact the gene expression profile of the cardiomyocytes. Similar 

concepts can be used in the differentiation of other cell types, namely 

cardiac fibroblasts .    
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4.4 The differentiation and activation of cardiac 

fibroblasts 

In addition to cardiomyocytes, iPSCs can also be differentiated into 

cardiac fibroblasts. The initiation of cardiac fibroblast differentiation, like 

cardiomyocyte  differentiation, begins with the activation of Wnt  signalling 

followed by its inhibition to induce an epithelial to mesenchymal transition 

and the development of cardiac progenitor cells. However, after this stage 

is complete the cells are dissociated and  fed with advanced DMEM 

supplemented with CHIR and retinoic acid. This causes the cells to 

progress through an epicardial progenitor stage before a second 

dissociation takes place. The resulting cardiac fibroblast progenitors are 

stimulated to proliferate and complete differentiation through 

supplementation with FGF and a TGF b inhibitor. An overview of this 

differentiation process is shown in Figure 4-12 .  

 

To analyse gene expression changes during differentiation, RNA was 

isolated from cells at day 0, 4, 8 and 20 of the differentiation process. 

The expression of various marker genes was analysed by RT -qPCR. The 

pluripotency mark er nanog  is drastically downregulated from day 4 

onwards. The mesoderm markers TBX20  and GATA4  are upregulated 

1190 °180 - fold and 1740 °240 - fold at day 4, respectively. Their 

expression levels decrease after day 4 but still remain upregulated 

relative to stem cell levels. The early cardiomyocyte marker NKX2 -5  is 

upregulated 2 - fold at days 4 and 20. Although this upregulation is lower 

than the 10 - fold upregulation seen at day 8 of the cardiomyocyte 

differentiation, this could indicate the presence of a small cardiomyocyte 

progenitor population within the differentiating cell population. COL1A1 , 

the gene encoding collagen - I subunit A1, is upr egulated 29 °5- fold from 

day 4 and remains at this expression level throughout the later time 

points. 



 

 

 

 

Figure 4-12. Differentiation of iPSCs into cardiac fibroblasts. 
Images were taken of the cells in the brightfield channel at 20x magnification on days 0, 2, 4, 8, 12 and 20 of the differentiation protocol. The small 
molecules and factors used at each time point are listed below the relevant day. The base media is listed in green, points at which the cells are dissociated 
are indicated in red. The approximate cell stage is depicted above the corresponding images. Scale bar = 200um. (d = day). 
 



 

 

 

Figure 4-13. Gene expression during iPSC-CF differentiation determined through RT-qPCR 
A. Expression of marker genes (i) nanog, (ii) TBX20, (iii) GATA4, (iv) NKX2-5, v) COL1A1 and vi) aSMA. Normalised to GAPDH, calculated by ddCt, 

plotted as fold change relative to day 0. Statistical analysis done by one-way ANOVA. * = P¢0.05, ** = P¢0.01, *** = P¢0.001. N=3. Error bars represent 

SEM. 
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The gene for smooth muscle alpha -actin ( aSMA) is upregulated from day 

4 onwards, but peaks at day 8 with an expression fold change of 250 °88. 

Although a marker of activated myofibroblasts, aSMA  is also important in 

cell polarity, rigidity and internal cellular communication which may 

explain why the gene is upregulated part -wa y through the differentiation.  

 

Once cardiac fibroblasts are differentiated, they can be induced into 

myofibroblasts in order to model fibrotic activation in vitro . This is 

achieved through a combination of removing serum from the cell media 

and adding TGF b. Multiple ñactivatoryò conditions were tested on cardiac 

fibroblasts to observe the effect on gene expression, the results of which 

are presented in Figure 4-14 . Cells were dissociated on day 22 and re -

plated at a split ratio of 1:3. Cells were then fed every other day with 

either standard media containing 10% serum, 0% serum or 0% serum 

supplemented with 10ng/uL TGF b and lysed at day 30. The expression of 

the fibr oblast and myofibroblast markers COL1A1  and aSMA  under these 

conditions were compared to the expression at day 20. COL1A1  is 

upregulated under all three conditions at day 30 compared to day 20. At 

day 30 with 10% serum, COL1A1  was upregulated 8 °2- fold comp ared to 

day 20. However, in 0% serum and 0% serum with TGF b, COL1A1  was 

upregulated to an even greater extent (19 °0.6 and 23 °2- fold higher than 

day 20 respectively). There was no significant difference between the 

level of upregulation caused by 0% serum v ersus 0% serum with TGF b 

when compared to day 30 cells in 10% serum, indicating that removing 

the serum was sufficient to cause COL1A1  upregulation and that adding 

TGFb did not further upregulate COL1A1 . 
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Relative to day 20, the expression of aSMA  was upregulated at day 30 

under  all tested conditions. At day 30 under 10% serum, aSMA  was 

upregulated 56 °6- fold compared to day 20. This was increased to 106 °6-

fold under 0% serum conditions, and increased further to 154 °22 - fold 

upon the addition of TGF b. This shows that dissociation f ollowed by 

prolonged  culture was sufficient to upregulate aSMA  expression. Removal 

Figure 4-14. Gene expression changes in iPSC-CFs under activatory conditions. 
A. Expression of i) COL1A1 and ii) aSMA at day 20 and day 30 with different media 
conditions. Plotted as fold change relative to day 20 levels.  
B. Expression of i) caspase 3 and ii) Cyclin D2 day 30 under different media conditions. 
Plotted as fold change relative to day 30 levels. 
Fold change calculated by ddCt relative to GAPDH, stats calculated by one-way ANOVA. * 

= P¢0.05, ** = P¢0.01, *** = P¢0.001. N=3. Error bars represent SEM. 
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of serum from the cells caused a greater level of aSMA  upregulation, 

which was compounded by  supplementation of  TGFb. Considering  

increased aSMA  gene expression as an  indica tor of myofibroblast  

activation , then dissociation, extended culture, removal of serum and 

TGFb supplementation  appear to contribute to the activation of cardiac 

fibroblasts.  

 

To further asses the effect of removing serum and adding TGF b to cardiac 

fibrobl asts, the expression of the apoptosis gene caspase 3 and the cell 

cycle regulator cyclin D2 was evaluated. Compared to normal conditions 

at day 30, the expression of caspase 3 was slightly upregulated by 

1.6°0.1 - fold under 0% serum and 1.4 °0.2 - fold with TGF b added. The 

results in Figure 4-14  show that the removal of serum and addition of 

TGFb both cause a 4 - fold upregulation of cyclin D2 expression compared 

to 10 % serum conditions. However, there is no additive effect of TGF b to 

the removal of serum alone, indicating that serum -starving the 

fibroblasts is sufficient to upregulate cyclin D2 expression . 

 

Overall, these results demonstrate the utilisation of establis hed protocols 

in the differentiation of cardiac fibroblasts from iPSCs. In addition, these 

iPSC-CFs can be induced into an activated state through the manipulation 

of media composition. IPSC -CMs and iPSC -CFs developed using these 

methods were used to inves tigate the expression of SNORD116 during 

cardiac development.  
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4.5 The expression of SNORD116 during cardiomyocyte 

and cardiac fibroblast development 

SNORD116 is a small nucleolar RNA (snoRNA) with 30 different paralogue 

sequen ces (SNORD116 -1 to SNORD116 -30). Historically, these have 

been categorised into three groups based on sequence similarity: group 

I (SNORD1161 -SNORD116 -9), group II (SNORD116 -10 to SNORD116 -

24) and group III (SNORD116 -25 to SNORD116 -29). Because there are 

so many different paralogues of SNORD116, analysing the expression of 

just one paralogue may not always be sufficient for gaining a 

comprehensive understanding of SNORD116 activity. In view of this, it 

was necessary to fully explore the differences between the individual 

paralogues in order to inform subsequent analysis.  

 

Each of the 30 paralogue sequences were blasted against each other 

using nucleotide -nucleotide basic local alignment search tool (BLASTn), 

an online software available through NCBI  (383) . The software aligns the 

sequences and calculates the percentage identity i.e. the percentage of 

identical base pairs within the region of alignment. To account for 

differences in sequence length, the percentage identity was  multiplied by 

the percentage c overage of the shorter sequence over the longer 

sequence, which was  multiplied by the length difference factor 

(longer/shorter) to give percentage sequence similarity. Any percentage 

identi ty <12% is too dissimilar to be detectable by the software. Using 

this method, the human SNORD116 paralogues were compared to each 

other and to the 17 mouse SNORD116 paralogue sequences. The results 

are shown in Figure 4-15  and Figure 4-16 . Examples of alignments 

between SNORD116 paralogues are shown in  Figure 4-17 . 

 



 

 

   

Figure 4-15. Sequence similarity between the human and mouse isoforms of SNORD116. 
The level sequence similarity between each of the SNORD116 paralogue sequences in (A) human and (B) mouse, calculated as a percentage. The colour 
scale indicates the level of similarity: red = 0% similarity, yellow = 50% similarity, green = 100% identical. S116 = SNORD116. 
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