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Investigating the role of the cardiac apelin receptor using 

human embryonic stem cell derived-cardiomyocytes. 

Robyn G.C. Macrae 

Abstract 

The G-protein coupled apelin receptor and its two endogenous peptide ligands, apelin 

and Elabela, have emerged as key regulators of cardiovascular development, 

physiology and disease.  It has therefore been suggested that targeting the apelin 

receptor therapeutically may be beneficial for the treatment of a range of 

cardiovascular pathophysiologies.  Despite this, there is a lack of a suitable human 

based in vitro system to investigate the cardiac apelin receptor.  Human embryonic 

stem cells (hESCs) represent a powerful tool for modelling as they are amenable to 

genetic editing and can be induced to differentiate to any cell type.  This study aimed 

to use hESC-derived cardiomyocytes to examine the role of the apelin receptor in 

cardiomyocyte development and function.   

For the first time, hESC-derived cardiomyocytes were found to express the apelin 

receptor at similar levels to human hearts, indicating suitability for use as a model for 

investigating the apelin receptor.  A novel apelin receptor inducible knockdown system 

was generated in hESCs.  Inducing apelin receptor knockdown throughout 

differentiation reduced cardiomyocyte differentiation efficiency, and had functional 

consequences, including disrupted beating pattern and prolonged voltage sensing.  

Moreover, apelin receptor knockdown in differentiated cardiomyocytes, combined into 

3D engineered heart tissues had detrimental effects on contractility, with decreased 

force generation and increased stiffness observed, accompanied by an increase in 

collagen deposition.  An apelin receptor variant identified from the NIHR BioResource 

BRIDGE project and previously shown to affect ligand binding was also introduced 

into hESCs.  Again, detrimental effects on hESC-derived cardiomyocyte differentiation 

and function were observed, similar to that seen with apelin receptor knockdown. 

This thesis has characterised the expression of the apelin receptor in hESC-derived 

cardiomyocytes, and utilised genetic engineering to manipulate apelin receptor 

expression, identifying a key role for the apelin receptor in hESC-derived 



 

cardiomyocyte differentiation and function.  This recapitulates what has previously 

been shown in animal models but in a more clinically relevant model, and offers a 

potential platform for further characterisation of apelin receptor function.  It also offers 

a system for screening of novel pharmacological compounds for the treatment of heart 

failure and other cardiovascular diseases. 
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1. Introduction 

1.1 Background 

In recent years, the apelinergic system has emerged as a key regulator of 

cardiovascular development, physiology and disease.  The apelin receptor is a class 

A G-protein coupled receptor (GPCR), with the characteristic seven transmembrane 

domain structure (Pitkin et al., 2010).  Originally identified in 1993 (O’Dowd et al., 

1993), the apelin receptor remained an orphan receptor, until the identification of its 

cognate peptide ligand, apelin, which was isolated from bovine stomach extracts 

several years later (Tatemoto et al., 1998).  Since then, a second peptide ligand for 

the apelin receptor was identified from loss of function studies in zebrafish, known as 

Elabela/Toddler (referred to as ELA subsequently) (Chng et al., 2013; Pauli et al., 

2014).  The apelin receptor is expressed throughout the body, both centrally and 

peripherally (Medhurst et al., 2003), but importantly expression is seen throughout the 

cardiovascular system, including in cardiomyocytes (Kleinz et al., 2005).  

Correspondingly, expression of both peptides is found throughout the body (Kleinz 

and Davenport, 2004), with the ligands shown to act in an autocrine, paracrine and 

endocrine manner depending on the environment.  Although the apelinergic system is 

expressed widely, this project has focussed on the role of the apelin receptor in the 

cardiovascular system, particularly in cardiomyocytes.   

Activation of the apelin receptor has an important role in cardiovascular development, 

evidenced by the high embryonic lethality of apelin receptor knockout (KO) mice (Kang 

et al., 2013).  Furthermore, apelin receptor signalling in adult physiology has beneficial 

vasodilatory and positive inotropic effects (Pitkin et al., 2010).  In a number of 

cardiovascular pathologies, including heart failure, expression of apelin and ELA are 

reduced, with exogenous application of the ligands found to improve disease state (P. 

Yang et al., 2015; Read et al., 2019).  Hence, targeting the apelin receptor has been 

proposed as a novel therapeutic strategy for the treatment of a range of cardiovascular 

conditions.   

Despite the accumulating evidence for a key role of the apelin receptor in 

cardiovascular development and disease, thus far a suitable in vitro human model for 

investigating the role and mechanism of action of the apelin system in cardiomyocytes 
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has not been utilised.  By inducing differentiation to cell types of interest, using human 

pluripotent stem cells (PSCs) for studying human development and disease is a 

powerful tool, which has become increasingly common in recent years (Avior et al., 

2016).  However, PSCs have not yet been employed for the study of the apelin 

signalling system.  In this project, human embryonic stem cell-derived cardiomyocytes 

(hESC-CMs) in combination with genetic and pharmacological manipulation were 

used to investigate the role of the apelin receptor in cardiomyocyte development and 

function.  

In this introduction, I will discuss the isolation of PSCs, and how these have been 

utilised previously for the study of disease and development, as well as for drug 

screening.  I will also introduce the key concepts relating to PSC-CMs, and explore 

the previous applications of this cell type.  I will then discuss the apelinergic signalling 

system, including some of the identified roles of the apelin receptor in cardiovascular 

development, physiology and pathophysiology.  I will also briefly discuss the 

therapeutic potential of targeting the apelin receptor pharmacologically.  Finally, I will 

present the use of whole genome sequencing (WGS) in subjects with rare diseases to 

identify potential disease associated apelin receptor genetic variants.   

 

1.2 Introduction to Stem Cells 

1.2.1 Isolation of pluripotent stem cells 

Stem cells are unspecialised cells which can self-renew indefinitely, and also have the 

unique ability to give rise to other cell types by a process of differentiation.  Importantly, 

stem cells are found in both the embryo and the adult, with adult cells typically having 

a reduced differentiation potential (Zakrzewski et al., 2019).  Stem cells can be 

classified based on their potency (Figure 1.1).  PSCs are capable of differentiating to 

all three germ layers of the embryo and therefore can give rise to any cell of the adult 

organism, while multipotent or unipotent stem cells are more restricted in their 

differentiation potential, only giving rise to cells of particular lineages (Singh et al., 

2016).  For example, haematopoietic stem cells of the bone marrow are multipotent 

and capable of giving rise to all cellular blood components which is essential for 

maintaining haematopoietic homeostasis (Pinho and Frenette, 2019).  
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In 1981, Evans and Kaufman demonstrated the first isolation and successful culture 

of PSCs directly from early preimplantation mouse embryos.  When cultured in the 

absence of feeder cells, the isolated cells formed embryoid bodies and differentiated 

into complex tissues, and upon injection into mice formed teratocarcinomas, 

confirming pluripotency (M. J. Evans and Kaufman, 1981).  In 1998, cells from the 

inner cell mass of human blastocysts capable of long term undifferentiated self-

renewal and with the ability to differentiate to all three embryonic germ layers were 

isolated, and defined as human embryonic stem cells (hESCs) (Thomson et al., 1998).  

The field was further progressed with the generation of induced pluripotent stem cells 

(iPSCs) from adult dermal fibroblasts.  Here, a cocktail of four factors was introduced 

to fibroblasts, inducing reprogramming to produce cells with characteristics similar to 

hESCs, including the ability to differentiate to the three germ layers and the formation 

of teratocarcinomas upon in vivo injection (Takahashi et al., 2007).  The advent of this 

technology has facilitated the generation of patient and disease specific pluripotent 

cells.  Together, the isolation of hESCs and hiPSCs has revolutionised the study of 

human development and has also provided a platform for progressing the study of 

human disease and therapeutics.   
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1.2.2 Pluripotent stem cells for disease modelling 

In recent years, there has been a dramatic increase in the use of human PSCs as 

platforms for modelling disease.  Animal models have been essential for improving 

understanding of a large range of human physiology and pathophysiology, however 

there are a number of issues associated with using a non-human model, due to 

inherent physiological differences, often leading to untranslatable results (Sterneckert 

et al., 2014).  For example, when using a mouse model to study human cardiovascular 

disease, the large difference in the size of the human heart compared to mouse heart 

must be considered.  Additionally, the heart of a mouse beats at an average rate of 

500 beats per minute compared to a rate between 60 to 100 beats per minute in 

humans (Paik et al., 2020), suggesting a mouse model would be unsuitable to study 

cardiac arrhythmias.   

Figure 1.1: Types of stem cells, where they are isolated from and their differentiation 

potential.  Created using Biorender.com.  
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Mammalian genomes are highly conserved and the generation of KO mice have been 

invaluable in elucidating human gene function.  However, it has been found that in 

mice, over 20% of human essential genes have nonessential orthologs (Liao and 

Zhang, 2008), and mutation or loss of the same gene can have differing effects.  An 

extreme example of this is seen in Bloom’s syndrome, where in humans mutation of 

the BLM gene causes dwarfism, immune deficiency and increased cancer risk, while 

mutation of the same gene in mice is embryonically lethal (Chester et al., 1998).  

Furthermore, due to many years of inbreeding to generate well characterised lines, 

animal models have extremely similar genetic identity, in contrast to the huge genetic 

variation that exists within the human population (Libby, 2015).  It is thought that 

genetic background has a large influence on disease manifestation and outcome.  

Additionally, animal models of disease often fail to incorporate complications induced 

by associated co-morbidities seen in humans (Libby, 2015).  For instance, a  patient 

with cardiovascular disease will often have associated conditions affecting disease 

progression such as diabetes mellitus or pulmonary disease (Buddeke et al., 2019). 

Moreover, the methods used to generate animal models of disease may not replicate 

all components of the human condition.  A mouse model of heart failure induced by 

surgical intervention is unlikely to have the associated chronic pressure overload or 

atherosclerosis seen in human patients (Riehle and Bauersachs, 2019), hence the 

mouse model is likely to respond better to therapeutic intervention.  Pulmonary arterial 

hypertension (PAH) is an example of a complex condition in which a number of the 

animal models commonly used (e.g. monocrotaline treatment) do not fully recapitulate 

the condition (Maarman et al., 2013).  In PAH, remodelling of the pulmonary 

vasculature occurs, associated with high pulmonary pressures which develop over 

many years.  In contrast, PAH is induced in animals over a period of a few weeks, 

hence it is difficult to generate the same level of disease severity (Das et al., 2012).  

Furthermore, another indication that disease severity in animal models does not 

correlate with that seen in humans is that in animal models a range of treatments have 

been shown to improve PAH disease symptoms, which is not recapitulated in human 

patients (Maarman et al., 2013).  Because of the lack of appropriate models, a wide 

range of human conditions remain poorly understood, making it difficult to develop 

novel, effective therapeutic options.    
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Primary cells isolated from human donors can also be used as in vitro models.  

Although these are more likely to represent human physiology, access to samples is 

limited and they have only a limited lifespan in culture (Avior et al., 2016).  Immortalised 

cell lines present another option but their properties are altered, meaning they often 

do not function like native cells (Maqsood et al., 2013).  Hence, the use of PSCs 

induced to differentiate to cell types of interest for human disease modelling is 

increasing.  PSCs have the advantages of a potentially unlimited lifespan in culture, 

many protocols existing to induce differentiation to any cell type of interest and the 

results generated are from a human background (Moradi et al., 2019).  Furthermore, 

by differentiating to multiple cell types and carrying out co-culture experiments, the 

influence of cellular interactions on physiology and pathophysiology can be 

interrogated (Bargehr et al., 2019; Calejo et al., 2020).   

Crucially, PSCs are amenable to genetic editing (Avior et al., 2016).  The ability to 

measure the impact of the mutation of a single gene is a powerful technique to identify 

its contribution to pathology (Sterneckert et al., 2014). It is possible to investigate gene 

or protein function within a cell type of interest, by utilising protocols to generate 

genetic knockout, knockdown or over expression systems (Bertero et al., 2016; Ma et 

al., 2018).  Additionally, a range of methods are available to introduce specific genetic 

variants or mutations associated with disease into PSCs, for example using 

CRISPR/Cas9 based technology, before differentiating to a defined cell type and 

examining phenotypic effects (González et al., 2014; Gupta et al., 2018; Ma et al., 

2018; Hsu et al., 2019). Importantly, a number of inducible systems have been 

developed, allowing manipulation of gene expression at specific time points.  This 

enables investigation in cell types of interest of the role of a gene throughout 

differentiation (González et al., 2014; Y. Chen et al., 2015; Bertero et al., 2016).   

One of the main uses for genetic editing in PSCs is for the generation of isogenic lines 

with the same genetic background except for the variant being studied, allowing for 

the isolation of the effects of a mutation of interest (Avior et al., 2016).  In hESCs, 

disease-associated mutations can be introduced and compared with wild-type (WT) 

cells.  The first example of this used hESCs to investigate Lesch-Nyhan syndrome, by 

introducing a mutation in the disease associated HPRT1 gene and subsequently 

investigating its molecular effects (Urbach et al., 2004).  A further study successfully 

used TALEN-mediated genome editing to generate hESC lines carrying one of 15 
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mutations, identified to be linked to several disorders, including insulin resistance and 

motor neuron death, and found that the differentiated cells displayed independent 

disease linked phenotypes (Ding et al., 2013).  Similarly, hiPSCs derived from healthy 

donors can be used to introduce disease-causing mutations.  Together, this 

demonstrates the potential of PSC genetic editing for the study of rare conditions, or 

for investigating genes for which the function in a cell type of interest is unknown.   

Additionally, genetic engineering can be used to correct mutations in hiPSCs derived 

from patients, with the potential for use in cell therapy (Sterneckert et al., 2014). This 

technique has been applied successfully in a range of conditions.  The severe muscle 

wasting disease Duchenne Muscular Dystrophy (DMD) is caused by loss of function 

mutations in the dystrophin gene.  CRISPR/Cas9 technology was used to successfully 

correct a mutation in DMD patient-derived iPSCs, which were then differentiated to 

skeletal muscle cells with restored dystrophin protein levels, which could potentially 

be transplanted back into the patient (H. L. Li et al., 2015).  Furthermore, 

CRISPR/Cas9 technology has been used to correct iPSCs derived from patients 

carrying mutations causing sickle cell diseases using a high efficiency adenoviral 

delivery system, with no off-target genetic modifications reported (C. Li et al., 2016).  

It is hoped the corrected iPSCs could be differentiated to haematopoietic stem cells 

and used for autologous transplantation, meaning the patient would produce normal 

red blood cells, without risk of immunogenicity or need for immune suppression (C. Li 

et al., 2016).   

Isogenic iPSCs lines can also be used for in vitro study as a control line, which can be 

phenotypically compared to patient-derived cells carrying a mutation of interest 

thought to contribute to pathology.  This offers a powerful tool to elucidate molecular 

mechanisms of disease pathogenesis.  A study comparing an isogenic line created 

from the genetic manipulation of Parkinson’s disease (PD) patient-derived iPSCs 

carrying a mutation in the SNCA gene revealed disruption of the MEF2C-PGC1α 

pathway contributes to neuronal damage, and also validated this pathway as a 

potential novel therapeutic target for PD (Ryan et al., 2013). In complex disorders 

which may have a diverse genetic contribution, by isolating iPSCs from patients and 

correcting genetic variants at specific loci in turn, the cellular effects of each variant 

can be extrapolated and combined to gain insight into the condition (Sterneckert et al., 

2014). Furthermore, by generating PSCs carrying mutations of interest, by inducing 
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differentiation to different cell types, cell specific effects can be determined (Avior et 

al., 2016).   

 

1.2.3 Pluripotent stem cells for modelling development 

PSCs can also be used to model human development by studying the molecular 

mechanisms involved throughout differentiation to cell type of interest.  As mentioned 

above, a wide variety of protocols exist to induce differentiation towards a broad range 

of cell types, providing a relatively rapid and cost-effective strategy to study human 

development (Zhu and Huangfu, 2013).  In order to induce differentiation, the temporal 

differentiation cues seen in embryonic development must be mimicked by exposing 

stem cells to defined concentrations of growth factors, signalling molecules or 

pharmacological compounds (Nostro et al., 2011; Williams et al., 2012; Burridge et al., 

2014).  Thereafter, pathways which are involved in the differentiation process can be 

determined.  Furthermore, by utilising inducible knockdown genetic engineering 

technologies, the stage-specific role of a gene of interest in development can be 

determined by inducing knockdown at defined time points and measuring effect on 

differentiation efficiency (Y. Chen et al., 2015; Bertero et al., 2016; M. Wu et al., 2018).  

In this way, genes with previously unknown roles in development can be identified.  

Furthermore, genetic manipulation of PSCs can be used to allow modelling of 

abnormal development, particularly for conditions where gene mutation is 

embryonically lethal (Zhu and Huangfu, 2013).  It is important to note that transgenes 

for genetic manipulation must be integrated at a genomic safe harbour, such as the 

AAVS1 or ROSA26 loci, in order to ensure expression is possible throughout all stages 

of differentiation (Smith et al., 2008; Sadelain et al., 2012).   

For the use of PSCs in all modelling applications, it is important to consider a number 

of limitations in terms of their differentiation and development.  Firstly, it has been 

shown that for both hESCs and hiPSCs, different cell lines possess differing abilities 

to differentiate to specific lineages (Osafune et al., 2008; Hu et al., 2010).  When the 

differentiation potential of 17 different hESC lines was compared, it was found that the 

expression of standard pluripotency markers was similar in the undifferentiated cells.  

However, when differentiation was induced using both the embryoid body method and 

using protocols to induce differentiation to specific cell types, the different hESCs 
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displayed distinct differentiation propensities and tendencies to differentiate to the 

three germ layers and subsequent derivatives (Osafune et al., 2008).  It has been 

suggested that the heterogeneity in differentiation propensity is likely due to genetic 

variation, line derivation, culture conditions and epigenetic memory, particularly for 

iPSCs which show an increased tendency to differentiate to cell types of their tissue 

of origin (Zhu and Huangfu, 2013).  For example, the chromatin structure of hiPSCs 

derived from pancreatic islet beta cells was shown to be more open at key beta-cell 

genes, and the hiPSCs more readily differentiated to beta-cells, compared to isogenic 

iPSCs derived from different tissues (Bar-Nur et al., 2011).  Furthermore, PSC-derived 

cell cultures can contain a mixture of cell types, including pluripotent cells and 

differentiation intermediates, as well as other lineages, which may influence results 

(Zhu and Huangfu, 2013).  However, a number of techniques have been developed to 

isolate specific cell types, including metabolic selection for cardiomyocytes (Tohyama 

et al., 2013) and enrichment of pancreatic progenitors using identified cell-surface 

markers (O. G. Kelly et al., 2011).  Differentiation efficiency could also be improved by 

modifications to differentiation protocols and more precisely controlled culture 

conditions.   

In this thesis, strategies have been employed to mitigate these limitations, by 

performing characterisation of the cardiomyocytes generated from hESCs using a 

combination of techniques to ensure resultant cells express the standard cardiac 

markers.   

 

1.2.4 Pluripotent stem cells for drug screening 

Human PSC-derived cell types also have huge potential for use in drug development.  

Not only can they be used to identify novel drug targets and therapeutic compounds, 

but they can also be used for both safety and toxicology studies, providing more 

human relevant results (Sterneckert et al., 2014).  By generating an in vitro model, 

utilising PSCs carrying a disease-causing mutation differentiated to a cell type of 

interest, the disease phenotypes to be treated can be identified and drug screening 

carried out (Avior et al., 2016).  Firstly, it is possible to carry out a high-throughput 

screen (HTS) to identify compounds that can improve disease phenotype.  Commonly 

used animal models such as mice can be used for this method of drug screening, 
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however there is associated high cost and limited throughput due to difficulty in 

quantifying improvement in phenotype quickly (Giacomotto and Ségalat, 2010).  The 

first study to utilise iPSCs in a HTS identified five previously approved drugs capable 

of improving disease phenotype in iPSC-derived hepatocytes isolated from patients 

with alpha-1 antitrypsin deficiency, a common genetic cause of liver failure (Choi et 

al., 2013).  A limitation of HTS however, is that the assay output must be easily 

measured and quantified, for example with a fluorescent readout, and a high number 

of cells are needed which is not suitable when a lengthy differentiation process is 

necessary or yield of differentiation is low (Avior et al., 2016).  For disorders where the 

disease phenotype is more complex, PSC-based platforms can be used for the 

candidate drug approach, in which a relatively small number of compounds targeting 

a specific pathway thought to be involved in disease pathogenesis are screened for 

efficacy (Jhoti et al., 2013).  For example, Barmada et al. made use of an in silico drug 

screen to identify two molecules predicted to induce clearance of TDP43 via 

autophagy, which is thought to be important for the treatment of amyotrophic lateral 

sclerosis (ALS).  The ability of the two identified compounds to reduce 

neurodegeneration was then tested in iPSC-derived motor neurons and astrocytes 

(Barmada et al., 2014).     

Secondly, PSC-derived cell types can be used for testing drug safety.  Unpredicted 

drug toxicity accounts for many thousands of hospitalisations, with Onakpoya et al. 

(2016) reporting that for the post-market withdrawal of drugs between 1953 and 2013, 

the most commonly reported adverse reactions were hepatotoxicity (18%), immune-

related reactions (17%) and cardiotoxicity (14%) (Onakpoya et al., 2016).  Cardiotoxic 

adverse drug responses are often accredited to unexpected effects on cardiac 

contractility and electrophysiology, particularly perturbing the QT interval of an 

electrocardiogram (ECG), inducing life-threatening arrhythmias (Braam et al., 2010; 

Kraushaar et al., 2012).  Drug induced prolonged field potential duration values for 

hESC-CMs were shown to correlate well with serum drug concentrations with known 

effects on QT interval in human patients (Braam et al., 2010).  Hence, PSCs have 

been utilised as a model to screen for preclinical cardiotoxicity (Q. Zhao et al., 2017; 

Kopljar et al., 2018), which is further discussed below.  Furthermore, a range of high-

throughput and automated assays have been developed using iPSC-derived 

hepatocytes to test potential therapeutic compounds for effects on standard markers 
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of hepatotoxicity, such as cell viability and morphology, cytoskeleton integrity and 

phospholipid accumulation (Sirenko et al., 2014).   

A further advantage of using iPSC-based disease models is the ability to investigate 

genotype-phenotype variability.  For a range of human conditions, a ‘one treatment 

cures all’ approach is not appropriate, and patients are often subjected to a long trial 

and error process to find a suitable therapy (Sterneckert et al., 2014).  Different 

patients may respond differently to drugs due to genetic variants modulating the drug’s 

pharmacodynamics or pharmacokinetics.  Identification of these variants is known as 

pharmacogenomics, and it presents an opportunity to revolutionise the way medicines 

are prescribed, potentially resulting in vastly improved healthcare (Relling and Evans, 

2015).   

By utilising patient-derived iPSCs prior to drug administration, a large number of 

potential treatments can be tested in parallel to identify the most effective drug (Avior 

et al., 2016).  For example, for the prevention of adverse cardiovascular events related 

to atherosclerosis, the current standard of care recommends the use of lipid lowering 

statins in those assessed to be at moderate to high risk (Stone et al., 2014).  However, 

a recent study found that more than 50% of patients in the general population display 

sub-optimal lipid lowering, meaning there is significantly increased risk of future 

cardiovascular disease  (Akyea et al., 2019).  Investigating the responsiveness of 

iPSCs carrying specific common genetic signatures would allow patient stratification, 

meaning administered treatment is likely to have a positive effect (Paik et al., 2020).  

This could also improve the productivity of the pharmaceutical industry developing 

therapeutics for complex disorders, by allowing potential novel compounds which 

show beneficial effects in a subset of patients to proceed to approval, while removing 

subsets of non-responders within trials (Sterneckert et al., 2014; Hnatiuk et al., 2021).   

Furthermore, drug induced toxic effects can manifest in only a small population of 

patients, leading to market withdrawal (Thiel et al., 2017).  iPSC-based models could 

be used to identify patients who develop side effects such as cardiotoxicity in vitro 

(Sharma et al., 2017), meaning a beneficial, efficacious drug can continue to be used 

in those patients identified as not being at risk (Liang et al., 2013).  For example, Liang 

et al. (2013) generated cardiomyocytes from hiPSCs derived from healthy subjects 

and patients with various cardiovascular morbidities including long QT syndrome and 
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familial hypertrophic cardiomyopathy, which were then treated with known cardiotoxic 

drugs.  By comparing action potential duration and frequency of arrhythmia, they found 

the disease-specific hiPSC-derived cardiomyocytes possessed distinct adverse 

responses to pharmacological stimulation, contributing to the differences in 

susceptibility to drug-induced cardiotoxicity seen in the patient population (Liang et al., 

2013).  Together, it is hoped that these strategies to test patient responsiveness and 

safety will contribute to the development of precision medicine, providing much 

improved treatments and outcomes for patients.   

 

1.2.5 Pluripotent stem cells for modelling molecular pathways 

Finally, PSC-based models can be used to investigate molecular signalling pathways 

and the effect of their activation at a cellular level.  By interfering with the specific target 

pathway, for example by knocking down a receptor, the importance of the receptor 

and its associated signalling pathway to cellular function can be determined (Y. Chen 

et al., 2015).  It can also give novel insight into the signalling cascade induced following 

activation of a particular pathway, and subsequently the role of the identified signalling 

pathway components can be interrogated.  Furthermore, it can be used to investigate 

the potential role of the pathway in disease pathogenesis.  In this way, PSC models 

can allow identification of novel targets, and subsequent in silico modelling or 

medicinal chemistry strategies can facilitate rapid development of novel compounds.  

The novel compounds could then be tested in the PSC model, and resulting effects on 

overall cell phenotype determined (Sterneckert et al., 2014).  For example, siRNA 

screening could be used to induce knockdown of a range of genes in a PSC-derived 

cell type to identify molecular components involved in a specific process, or in a PSC-

based disease model to determine if using a small molecule inhibitor of the gene’s 

protein could be an effective therapeutic strategy (Mercola et al., 2013). 

  

1.3 Stem Cell-Derived Cardiomyocytes 

1.3.1 Production of stem cell derived-cardiomyocytes  

Human cardiomyocytes can be produced from PSCs.  Both hESCs and hiPSCs were 

originally shown to form spontaneously contracting cardiomyocytes via embryoid body 
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production, expressing standard cardiac-specific genetic markers and proteins 

associated with contractility including cardiac troponin I and alpha-actinin, similar to 

those expressed in primary cardiomyocytes (Kehat et al., 2001; Mummery et al., 2002; 

J. Zhang et al., 2009; Zwi et al., 2009).  A large number of studies investigated the 

electrophysiological, calcium handling and pharmacological properties of hESC- and 

hiPSC-derived cardiomyocytes (hESC-CM and hiPSC-CM) produced via embryoid 

bodies and found these were again reminiscent of those recorded for human 

cardiomyocytes in vivo (Kehat et al., 2001; He et al., 2003; Reppel et al., 2004, 2005; 

S. E. Harding et al., 2007; J. Zhang et al., 2009; Yokoo et al., 2009; Itzhaki et al., 

2011).    

More recently, a number of high yield differentiation protocols have been developed 

to efficiently and reproducibly generate cardiomyocytes from both hESCs and hiPSCs 

in a monolayer culture, utilising growth factors, small molecules or a combination of 

both (Kattman et al., 2011; Lian et al., 2013; Burridge et al., 2014).  

In development, the heart is one of the first organs to develop, arising from the 

mesoderm soon after gastrulation, with the formation of cardiac mesoderm induced in 

response to signals from adjacent cells (Mummery et al., 2012).  From studies of model 

organisms, it is thought that four families of growth factors are essential for directing 

early cardiogenesis – bone morphogenetic proteins (BMPs), fibroblast growth factors 

(FGF), the Activin/Nodal/transforming growth factor β (TGFβ) pathway and the WNT 

signalling family (S. M. Evans et al., 2010).  As such, the majority of successful 

differentiation protocols act to target these identified pathways at defined time points, 

in attempt to mimic the developmental stages seen during in vivo embryogenesis 

(Kattman et al., 2011; Lian et al., 2013; Burridge et al., 2014).  Commonly used 

differentiation protocols typically produce a cardiomyocyte yield of ~70-80%, as 

evidenced by the cardiac troponin T positive percentage measured by flow cytometry.  

However, cardiomyocyte culture purity can be improved further by employing 

metabolic lactate selection as, unlike other cell types, cardiomyocytes can utilise 

lactate as an energy source via oxidative phosphorylation when cultured in glucose 

free medium (Tohyama et al., 2013).  Again, the cardiomyocytes produced via these 

methods display characteristics similar to that of primary cardiomyocytes (Kattman et 

al., 2011; Ren et al., 2011; Burridge et al., 2014; Mendjan et al., 2014).  It is important 

to note that PSC-CMs display a more foetal phenotype (Sterneckert et al., 2014), but 
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a number of strategies including 3D culture methods, mechanical strain and electrical 

pacing have been utilised to induce maturation (Ruan et al., 2015; Uzun et al., 2016; 

Mills et al., 2017; Ronaldson-Bouchard et al., 2018).  Furthermore, PSC-CM cell 

populations represent a diverse mix of atrial-, ventricular- and nodal-like cells, with 

each subset possessing distinct molecular signatures and functional properties 

(Karakikes et al., 2014).  Hence, differentiation protocols are being adapted and 

developed in order to produce subtype specific cardiomyocytes.  It is thought that this 

could be dependent on modulation of the WNT or retinoic acid signalling pathways (Q. 

Zhang et al., 2011; Karakikes et al., 2014; Y. Zhao et al., 2019), but further work is 

needed to refine protocols for lineage-specific differentiation.  Recently, CRISPR/Cas9 

was used to generate a double hiPSC fluorescent reporter line, which specifically 

marked ventricular-like and atrial-like hiPSC-CMs with different colours.  The mixed 

population was then separated using flow cytometry, with the hope that this system 

could be used to generate cardiomyocytes for modelling chamber-specific diseases 

(Chirikian et al., 2021).   

 

1.3.2 Uses of stem cell derived-cardiomyocytes  

Subsequently, there has been substantial interest in the use of PSC-CMs as a source 

of cells for transplantation in regenerative medicine following injury, such as 

myocardial infarction.  There is a severe shortfall in the number of organs available 

versus the number of patients requiring a heart transplant, hence utilising PSC-CMs 

could address a major unmet need.  Originally, transplantation of undifferentiated 

hESCs was shown to improve cardiac function in a rat model of myocardial infarction 

(Min et al., 2003).  However, due to the associated risks of transplanting pluripotent 

cells (Caspi et al., 2007), in more recent studies, PSCs have been differentiated to 

cardiomyocytes prior to transplantation,  and often incorporated into a scaffold 

structure comprising multiple cell types to promote cell engraftment and retention (Ye 

et al., 2014; Q. Wang et al., 2016).  The Sinha group recently demonstrated that co-

transplantation of hESC-derived epicardium promoted hESC-CM graft retention and 

function in a rat model of myocardial infarction, suggesting that a supportive cell type 

may be essential for hESC-CM maturation and survival (Bargehr et al., 2019).  

Although there has been substantial advances in the field, there are still a number of 

hurdles to overcome, for example how to produce the vast number of cells needed at 
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a clinical grade (Kishino et al., 2020).  It has also been reported that transplantation of 

PSC-CMs can induce ventricular arrhythmias within the first weeks of transplantation 

in both porcine and non-human primate models of myocardial ischaemia (J. J. H. 

Chong et al., 2014; Romagnuolo et al., 2019).     

PSC-CMs have also been used extensively as a model to investigate human 

development and physiology, as well as cardiovascular pathologies (Földes et al., 

2011; Ebert et al., 2012).  Using PSC-CMs has the advantage over standard animal 

models or primary cell types in that they offer a potentially unlimited source of 

cardiomyocytes, whilst facilitating the generation of more human relevant results (Paik 

et al., 2020).  Additionally, cardiomyocytes derived from PSCs have been used as a 

platform to screen novel compounds for efficacy but also to investigate cardiotoxicity 

and drug-induced arrhythmia as described above, using both candidate and HTS 

approaches (Braam et al., 2010; del Álamo et al., 2016).  Lee et al. (2019) 

demonstrated that iPSC-CMs generated from dilated cardiomyopathy (DCM) patient-

specific cells carrying a mutation in the LMNA gene were prone to arrhythmias due to 

aberrant calcium signalling.  The LMNA gene encodes lamin A/C and mutations in this 

gene account for 5-10% of DCMs (Hershberger et al., 2013).  Furthermore, by 

comparing to generated isogenic control iPSC-CMs, they found increased activity of 

the platelet derived growth factor (PDGF) signalling pathway, and demonstrated 

decreased frequency of arrhythmia when the PDGF pathway was inhibited 

pharmacologically or molecularly in mutant iPSC-CMs (J. Lee et al., 2019).    Another 

study utilised hiPSCs isolated from a DCM patient carrying a previously 

uncharacterised variant of the RBM20 splicing factor (Briganti et al., 2020).  By 

differentiating to cardiomyocytes, the RBM20 variant was confirmed to be disease 

causing, and was associated with dysregulated calcium signalling and decreased 

hiPSC-CM contractility.  Furthermore, RBM20 upregulation improved cellular 

phenotype, suggesting this as a potential therapeutic strategy (Briganti et al., 2020).  

These studies demonstrate the potential of PSC-derived cardiomyocytes for the 

elucidation of mechanisms involved in disease pathogenesis and for the discovery of 

novel therapeutic targets. 

There is also increasing use of PSC-CMs in automated and high-throughput drug 

screening.  For example, a recent study made use of hiPSC-CMs generated from long 

QT syndrome patients, carrying mutations in the cardiac sodium channel NaV1.5 
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(McKeithan et al., 2020).  By using a combination of iterative cycles of medicinal 

chemistry and HTS to measure electrophysiological properties, including action 

potential duration and sodium current, four mexiletine (a known anti-arrhythmic drug) 

analogues with improved potency and enhanced anti-arrhythmic effects were 

identified (McKeithan et al., 2020).   

PSC-CMs can also be incorporated into scaffolds made of biomaterials to produce 3D 

engineered heart tissues (EHTs) in combination with other cell types, to more closely 

replicate the structure of the heart in vivo, and also to study the effect of cellular 

interactions in physiology and disease (Breckwoldt et al., 2017).  Additionally, the 

generation of 3D EHTs has been shown to promote PSC-CM maturity, due to the 

structural support from the EHT mould providing the cardiomyocytes with mechanical 

strain (Tulloch et al., 2011; Uzun et al., 2016).  EHTs may offer a more physiologically 

relevant disease model, as they promote coordinated electrophysiological and 

contractile responses due to the more physiological environment  (Weinberger et al., 

2017).  Previously, a study utilising hiPSC-CMs derived from DCM patients in a 3D 

culture system found that mutations affecting the titan protein contribute to disease 

pathogenesis by promoting sarcomere disarray, diminishing ability to respond to both 

mechanical and β-adrenergic stress and impairing contractility (Hinson et al., 2015).   

Furthermore, cardiomyocytes generated from patient-derived iPSCs have been used 

to investigate patient genotype-phenotype variability in terms of disease pathogenesis 

and severity, response to novel treatments and drug-induced cardiotoxicity (Liang et 

al., 2013; Matsa et al., 2016; Paik et al., 2020).  A recent study subjected EHTs 

consisting of iPSC-CMs derived from three donors to four different calcium channel 

blockers and carried out transcriptome analysis.  iPSC-CMs were found to respond in 

both a line- and drug-specific manner, and results from transcriptome analysis 

indicated each drug induced specific transcriptomic effects in the individual lines, 

displaying little overlap, suggesting patient-dependent drug responsiveness (C. K. 

Lam et al., 2019).   Matsa et al. (2016) tested the cardiotoxicity of tacrolimus, a 

commonly used immunosuppressant, in five lines of iPSC-CMs.  In one line only, 

tacrolimus was found to disrupt calcium homeostasis and promote sarcomere 

disarray, both characteristic of systolic dysfunction in vivo, suggesting a mechanism 

for patient-specific drug-induced cardiotoxicity (Matsa et al., 2016).  hiPSC-CM based 

drug screens for cardiotoxicity could potentially identify cardiotoxic drugs in the 
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preclinical stages of drug development, preventing progression to clinical trials – at 

which stage, currently almost 90% of drugs fail, associated with extremely high costs 

(DiMasi et al., 2016).  As such, a range of potential scoring systems for cardiotoxicity 

are being developed for safety testing.  For example, Koplijar et al. (2018) have 

developed a scoring system for cardiac electrical risks by examining calcium 

transients.  This study tested the effects of 587 new chemical entities in hiPSC-CMs, 

a subset of which were then validated in ex vivo and in vivo models to define a scoring 

system to rank test compounds, allowing identification of those most likely to present 

low cardiovascular risk (Kopljar et al., 2018).  

In the current project, the aim was to make use of hESC-CMs as a human relevant 

platform to model cellular signalling pathways and the consequences of both genetic 

and pharmacological manipulation of the apelin receptor on cardiomyocyte function.  I 

elected to use H9 hESCs.  This was because the Sinha group has expertise in the 

culturing of this cell type and has a pre-established and optimised protocol that reliably 

generates cardiomyocytes.  hESCs have the advantage over iPSCs in that no 

reprogramming is necessary and the commercially available cell lines tend to be well 

characterised.  The H9 line is the most frequently used hESC line, with 46.4% of all 

hESC papers published between 2008 and 2016 making use of this cell type (Guhr et 

al., 2018).  iPSCs can also display differing differentiation propensities, thought to be 

due to epigenetic memory, meaning they are more likely to differentiate back to their 

cell type of origin (Zhu and Huangfu, 2013).  This is not seen with hESCs.  It is 

important to note that the resulting hESC-CMs represent a mixed population, with the 

majority possessing an immature ventricular cardiomyocyte phenotype.  In the adult 

heart, atrial, ventricular and nodal cardiomyocytes are all present, with each cell type 

displaying distinct electrophysiological and contractile properties (del Álamo et al., 

2016).  The heterogeneity and immaturity of the resulting hESC-CMs are limitations of 

the project, as described further in Section 8, however efforts have been made to 

overcome these limitations.     
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1.4 The Apelin Receptor and its Endogenous Ligands 

1.4.1 Discovery of the apelin receptor and its endogenous ligands 

The apelin signalling system has emerged in recent years as a key pathway involved 

in cardiovascular development, health and disease.  The apelin receptor is a class A 

GPCR, consisting of a single polypeptide with the characteristic seven hydrophobic 

transmembrane domain structure, extracellular N-terminus and intracellular C-

terminus (Foord et al., 2005).  GPCRs are a large, diverse class of receptors present 

on the cell surface that can be activated by a range of molecules including peptides, 

lipids, ions, odorants and light (Lundstrom, 2009).  GPCRs are important 

pharmacological targets, with approximately 35% of all approved drugs acting on 

GPCRs, due to their accessible druggable and allosteric modulatory sites, and 

because of their role in the regulation of a diverse range of physiological processes 

(Rask-Andersen et al., 2014; Hauser et al., 2017).   Upon activation, GPCRs induce a 

cascade of signalling events, meaning even a low ligand concentration can cause a 

large downstream response (Hauser et al., 2017).  Class A GPCRs, also known as 

rhodopsin-like receptors, are the largest, most well-studied class of GPCRs and are 

also the class of receptors most commonly targeted by clinically approved drugs 

(Foord et al., 2005; Lagerström and Schiöth, 2008).  

The apelin receptor gene was originally discovered in 1993, cloned based on its high 

sequence similarity with the angiotensin II receptor type 1 (AT1) (O’Dowd et al., 1993).  

In humans, the gene encoding the apelin receptor (APLNR, originally known as APJ) 

is present on chromosome 11 and encodes a protein made up of 380 amino acids 

(O’Dowd et al., 1993).  The receptor is highly conserved across many species, with a 

sequence homology of 91% and 89% in mice and rats (both 377 amino acids), 

respectively (Pitkin et al., 2010).  The receptor also contains conserved sites for post-

translational modification by palmitoylation, cAMP-dependent protein kinase 

phosphorylation and glycosylation, with each modification implicated to have roles in 

receptor expression and stability, ligand binding, internalisation and dimerisation 

(O’Dowd et al., 1993; Wheatley and Hawtin, 1999; Huynh et al., 2009).  Only one 

receptor subtype exists in mammals, with Hill coefficients of close to one in saturation 

binding experiments (Katugampola et al., 2001).  Interestingly, however, in zebrafish 

two apelin receptor subtypes are expressed, aplnra and aplnrb, although the functional 

consequences of this are unclear (X. X. I. Zeng et al., 2007; P. Yang et al., 2015).  
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Despite a homology of 54% with the AT1 receptor in the transmembrane regions 

(O’Dowd et al., 1993), the apelin receptor does not bind angiotensin and remained an 

orphan for a number of years, having no known ligand.   

In 1998, apelin was isolated from bovine stomach extracts and identified as the 

endogenous ligand for the apelin receptor using reverse pharmacology, by screening 

various tissue extracts against cells expressing the receptor of interest to identify 

interacting molecules (Tatemoto et al., 1998).  Using Chinese hamster ovary (CHO) 

cells artificially expressing the apelin receptor and a Cytosensor to measure 

extracellular acidification, apelin was found to specifically induce increases in 

acidification rate, which was not seen in control CHO cells (Tatemoto et al., 1998).   

Apelin is present as a pre-pro-peptide consisting of 77 amino acid residues, which 

then undergoes proteolytic cleavage at the C-terminus to generate a number of active 

isoforms, including apelin-36, apelin-17 and apelin-13, which may also be subjected 

to post-translational modification (Habata et al., 1999).  The apelin peptide isoforms 

have been shown to possess different properties, displaying differing affinities and 

potencies for the apelin receptor, which may be important for biological function.  

Furthermore, it has also been shown that the potency of apelin peptides varies 

depending on the experimental system, for example apelin-13 and pyroglutamated 

apelin-13 ([Pyr1]apelin-13) induce the most potent apelin receptor activation in cell 

lines (Pitkin et al., 2010).  

Apelin remained the sole ligand for the apelin receptor, until the discovery by two 

independent groups of a second peptide ligand known as Elabela/Toddler (ELA), 

shown to be important in embryological development in zebrafish (Chng et al., 2013; 

Pauli et al., 2014).  The ELA peptide was identified from a conserved region of the 

genome previously identified as non-coding.  In humans, the ELA encoding gene, 

APELA, encodes a 54 amino acid pre-pro-protein, predicted to undergo cleavage to 

form smaller active peptide isoforms such as ELA-11, ELA-21 and ELA-32, again 

displaying different apelin receptor binding properties (Chng et al., 2013; Pauli et al., 

2014; Murza et al., 2016).  The ELA peptide is highly conserved, with the last 13 

residues found to be almost invariant in all vertebrate species (Chng et al., 2013), 

however, apelin and ELA display little sequence homology despite binding to similar 

regions of the apelin receptor (P. Yang et al., 2015).  Loss of function mutations in the 

ELA gene phenocopied apelin receptor KO mice, suggesting the apelin receptor is a 
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cognate binding partner for ELA (described further below).  Additionally, ELA was 

shown to induce apelin receptor internalisation and injection of apelin mRNA rescued 

the ELA mutant phenotype (Pauli et al., 2014), indicating that the apelin receptor is the 

shared target of both peptide ligands.  It is relatively rare for a receptor to respond to 

two distinct peptide ligands, hence the function and evolutionary benefit behind the 

existence of the two apelin receptor ligands is of great interest. 

 

1.4.2 Distribution of the apelin signalling system 

The apelin receptor has been found to be widely distributed throughout the human 

body, both centrally and in the periphery.  Apelin receptor mRNA has been detected 

in all regions of the brain, with northern blot used to report high levels in the amygdala, 

corpus callosum, hippocampus and spinal cord (Matsumoto et al., 1996; Edinger et 

al., 1998; Medhurst et al., 2003).  In human peripheral tissues, qRT-PCR, 

immunohistochemistry and autoradiography have shown that highest apelin receptor 

expression is seen in the spleen and placenta, with lower expression seen in a diverse 

range of tissues including the heart, lung and kidney (Medhurst et al., 2003).  

Importantly, in the context of the current project, it has been shown that the apelin 

receptor is expressed in cardiomyocytes, vascular smooth muscle cells and 

endothelial cells (Kleinz et al., 2005).   

Corresponding to the localisation of the receptor, apelin peptide expression follows a 

similar distribution pattern in both the brain and the periphery.  Again, highest 

expression has been reported in the placenta, with moderate levels seen in the heart, 

lung, mammary gland and kidney (Katugampola et al., 2001; Medhurst et al., 2003).  

Interestingly, variation in the level of expression of each isoform is reported in different 

tissues (Kawamata et al., 2001), which may have biological relevance in terms of 

peptide and receptor function.  For example, in the human heart the most abundantly 

expressed isoform is [Pyr1]apelin-13 (Maguire et al., 2009).  In the heart, the 

endothelium is the main source of apelin production (Kleinz and Davenport, 2004).  

The expression of ELA peptide is less well studied, but it has been shown to be 

developmentally regulated.  Ho et al. (2015) demonstrated that ELA is most highly 

expressed in the inner cell mass of the blastocyst, and is downregulated upon 

differentiation.  Concurrently, ELA was also shown to be highly expressed in cultured 
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embryonic stem cells (Ho et al., 2015).  Additionally, however, ELA is expressed in 

adult tissues, although its expression is more restricted compared to apelin.  APELA 

transcripts have been detected in adult human kidney and the endothelial cells of a 

range of blood vessels (Z. Wang et al., 2015; P. Yang et al., 2017b).  Interestingly, 

human ELA plasma levels were shown to be significantly higher than apelin plasma 

levels but similarly to apelin peptide, no immunoreactivity for ELA was seen in 

cardiomyocytes and smooth muscle cells (P. Yang et al., 2017b).  The discrepancy 

between the expression of the receptor and its ligands and the fact that both are found 

in the plasma indicates that the ligands can have effects via an autocrine, paracrine 

or endocrine mechanism of action.  Additionally, the spatial and temporal differences 

in expression of the two ligands and their distinct isoforms may be of biological 

relevance.   

 

1.4.3 Signalling pathways activated by the apelin receptor 

Activation of a GPCR induces a cascade of downstream signalling events (Figure 1.2).  

Upon ligand binding, the receptor undergoes a conformational change to catalyse the 

activation of an associated heterotrimeric G-protein, made up of an α, β and γ subunit.  

Upon activation, the G-protein exchanges the bound guanosine diphosphate (GDP) 

for guanosine triphosphate (GTP) and dissociates into active α-subunit and a βγ dimer, 

which in turn interact with and activate further cell signalling molecules.  The GTP 

bound α-subunit has catalytic activity and will hydrolyse the GTP to GDP, promoting 

re-association with the βγ dimer and the GPCR (Rosenbaum et al., 2009).  Multiple 

families of G-proteins exist including Gαs, Gαi and Gαq, with the intracellular signalling 

pathway activated dependent on the family of G-protein that the receptor interacts with 

(Oldham and Hamm, 2008).  Furthermore, GPCRs can also function through non G-

protein dependent signalling pathways via β-arrestins.  Upon activation, G-protein 

coupled receptor kinases (GRKs) are recruited to GPCRs and phosphorylate key 

residues within the intracellular domains.  In turn, this promotes β-arrestin 

translocation and binding to receptor.  The bound β-arrestin then recruits adaptor 

proteins to promote the formation of clathrin coated pits, and clathrin-mediated 

endocytosis occurs to form vesicles containing the phosphorylated GPCR and 

associated β-arrestin.  The receptor can then be recycled back to the plasma 
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membrane, or it can interact with a range of other cellular effectors via β-arrestin to 

activate further signalling pathways (Goodman et al., 1996; E. Kelly et al., 2008).   

 

 

The apelin receptor is thought to function via both G-protein dependent and 

independent signalling pathways.  Apelin was shown to inhibit forskolin-induced 

accumulation of cyclic AMP (cAMP) in CHO cells artificially expressing the apelin 

receptor (Habata et al., 1999), indicating action through Gαi and subsequent inhibition 

of adenylyl cyclase.  Further evidence for the apelin receptor’s action through Gαi is 

that action of apelin peptides in CHO cells was shown to be sensitive to pertussis toxin 

(Hosoya et al., 2000), which prevents Gαi G-protein from interacting with GPCR.  The 

apelin receptor has also been shown to couple with Gαq proteins, promoting an 

increase in intracellular calcium via activation of phospholipase Cβ (PLCβ) to catalyse 

Figure 1.2: Generic GPCR signalling pathway. (1) GPCR present in membrane with trimer 

G-protein associated, with GDP (blue) bound.  (2) Ligand binding promotes activation, G 

protein α-subunit exchanges GDP for GTP (orange), (3) leading to dissociation into α-subunit 

and βγ subunits, free to act on their respective downstream effectors.  (4) GTP hydrolysis by 

α-subunit GTPase activity promotes (5) G-protein reassembly.  Alternatively, (6) G-protein 

coupled receptor kinase (GRK) phosphorylates key residues within the activated GPCR, (7) 

leading to translocation and association of β-arrestin, resulting in clathrin-mediated 

endocytosis.  GPCR is then either recycled to the plasma membrane or interacts with other 

cellular effectors via β-arrestin to induce distinct signalling cascades.  Created using 

Biorender.com.  
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the breakdown of phosphatidylinositol 4,5-bisphosphate (PIP2) producing inositol 

trisphosphate (IP3) and a diacylglycerol (DAG)-dependent activation of protein kinase 

C (PKC) (Szokodi et al., 2002).  The Gαq pathway is thought to be induced upon apelin 

receptor activation in cardiomyocytes, in turn promoting an increase in force of 

contraction (Japp and Newby, 2008) as detailed further below.  Another study 

demonstrated that the apelin receptor acts to regulate myocyte enhancer factor 2 

(MEF2) for correct cardiac development.  However, overexpression of constitutively 

active Gαq or Gαi did not induce MEF2 luciferase reporter activity (Kang et al., 2013).  

Gα13 had previously been reported to regulate MEF2 activity (G. Liu et al., 2009), 

although had not been shown to interact with the apelin receptor.  Upon 

overexpression of Gα13, MEF2 reporter activity was increased and overexpression of 

the apelin receptor or stimulation with apelin-13 was found to induce Gα13 activity 

(Kang et al., 2013), indicating that the apelin receptor can signal through this third 

family of G-proteins and have biological effect.   

The apelin receptor has also been shown to function through G-protein independent 

signalling mechanisms (Seo et al., 2020).  For example, in the heart the apelin receptor 

can respond to stretch, acting as a mechanosensor via β-arrestin recruitment and 

independent of ligand binding (Scimia et al., 2012; Seo et al., 2020).  Finally, there is 

evidence to suggest that the apelin receptor can act via heterodimerisation to regulate 

other signalling pathways.  For example, apelin was found to induce apelin receptor 

AT1 receptor heterodimerisation, which in turn reduced angiotensin II binding and 

potency, suggesting the apelin receptor can cause negative allosteric modulation of 

its interacting receptor (Siddiquee et al., 2013).  

 

1.5 The Role of Apelin Receptor in Cardiovascular Development  

As detailed above, the apelinergic signalling pathway is expressed throughout the 

cardiovascular system.  As such, in recent years it has emerged as a key pathway in 

the regulation of cardiovascular development and physiology, and has also been 

implicated in cardiovascular disease pathogenesis.   
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1.5.1 The role of the apelin receptor in cardiac development 

The apelin receptor is important for early cardiac development (Figure 1.3).  A number 

of studies have determined that homozygous apelin receptor KO in mice results in 

significant embryonic lethality (Ishida et al., 2004; Charo et al., 2009; Kang et al., 

2013), with embryos displaying a range of cardiovascular defects including poor 

vascularisation of the yolk sac and abnormal heart formation.  Interestingly, the 

majority of the embryonic lethality occurred between E10.5 to E12.5 (Kang et al., 

2013). The mice that survived to neonatal stage displayed ventricular defects, 

myocardium thinning and reduced capillary densities, as well as significantly 

decreased vascular smooth muscle cell recruitment.  The same study found that the 

majority of the small number of mice that survive to adulthood displayed cardiac 

abnormalities such as ventricular septal defects and right atrial enlargement (Kang et 

al., 2013).  Other studies have found, however, that surviving apelin receptor KO mice 

are relatively normal (Charo et al., 2009; Scimia et al., 2012), although basal cardiac 

contractility was reduced and response to cardiovascular stress (such as exercise) 

was reported to be significantly impaired with receptor KO (Charo et al., 2009).  The 

role of apelin receptor signalling in development therefore appears complex, and it 

would be beneficial to determine if there is a cardiomyocyte-autonomous effect or if 

the observed developmental phenotypes are more dependent on vascular effects.  

There is also disparity between apelin receptor and apelin peptide KO mice.  Mice 

homozygous for loss of the apelin gene (apln-/-) are born at the expected birth ratio, 

with no effect on cardiac development (Kidoya et al., 2008; Charo et al., 2009).  It was 

found that apln-/- mice were generally healthy, however they possessed decreased 

exercise capacity and responded poorly to cardiovascular stress (Kuba et al., 2007; 

Charo et al., 2009), similar to that seen for surviving apelin receptor KO mice.  

The discrepancy between the developmental phenotype of apelin receptor null and 

apelin peptide null mice was resolved with the discovery of ELA.  In zebrafish, ELA 

KO strikingly recapitulated the phenotype seen in aplnr-/- mice (Chng et al., 2013; Pauli 

et al., 2014).  Homozygous ELA KO in zebrafish led to a high proportion of embryonic 

lethality, with embryos displaying severe cardiac dysplasia and only rudimentary heart 

formation, along with defective vascular formation (Chng et al., 2013), supporting a 

critical role of ELA in combination with the apelin receptor in cardiovascular 

developmental signalling.  More recently, ELA KO mice have been generated.  Again, 
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a high incidence of embryonic lethality was reported and defects in cardiovascular 

development recorded (Freyer et al., 2017; Ho et al., 2017).  An aberrant upregulation 

of erythroid and myeloid markers has been suggested as the cause of the 

abnormalities.  Importantly, apelin-ELA double KOs displayed the same phenotypic 

properties as ELA null mice, indicating that apelin does not compensate for loss of 

ELA in development (Freyer et al., 2017).  

 

1.5.2 The role of the apelin receptor in embryonic stem cells 

ELA has been shown to be highly expressed in both human and mouse ESCs, where 

it acts to promote self-renewal (Ho et al., 2015; M. Li et al., 2015).  Upon knockdown 

of ELA, the stem cell characteristic ability to form teratomas was lost in hESCs (Ho et 

al., 2015).   However, these studies both report that ESCs do not express the apelin 

receptor.  In two lines of hESCs (HES3 and SHEF4), expression of the apelin receptor 

was undetected at both the gene and protein level, with expression only upregulated 

upon differentiation to mesendoderm (Ho et al., 2015).  A further study utilising a 

fluorescently conjugated [Pyr1]apelin-13 analogue showed a lack of binding in both 

HES3 and H9 hESCs (Yu et al., 2012).  Additionally, it has been suggested that apela 

RNA interacts with p53 in a negative feedback loop to regulate damage induced 

apoptosis in mouse ESCs (M. Li et al., 2015).    

Figure 1.3: Summary of KO and genetic studies examining the effect of loss of apelin 

receptor and its ligands on cardiovascular development.  Created using Biorender.com.  
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These studies have led to the proposal and search for a second receptor for ELA which 

is expressed at least in early development.  However, this has so far been 

unsuccessful, hence one aspect of the current project was to investigate expression 

of the apelin receptor in hESCs.   

 

1.6 The Role of the Apelin Receptor in Adult Cardiovascular 

Physiology and Pathophysiology 

As discussed above, the apelin receptor and its ligands are expressed in the adult 

cardiovascular system, where its activation has a number of physiological roles.  

Throughout Section 1.6, it is important to note that the concetrations of endogenous 

apelin and ELA are generally much lower than the pharmacological doses given.  This 

difference in doses could cause different effects in terms of signalling, but importantly 

may cause changes to apelin receptor surface expression by inducing more 

internalisation due to the high ligand exposure, as discussed further below.   

 

1.6.1 The apelin receptor in cardiovascular physiology 

1.6.1.1 The role of the apelin receptor in vasodilatation  

Firstly, activation of the apelin receptor has strong vasodilatory effects.  In one of the 

first studies to examine the physiological effects of activation of the apelin receptor by 

its cognate apelin ligand, male Wistar rats were intravenously injected with a bolus of 

a synthetic apelin peptide (D. K. Lee et al., 2001).  A significant and immediate 

decrease in systolic and diastolic blood pressure was observed, which persisted for 

several minutes. The blood pressure effect was found to be dose dependent and 

interestingly, different isoforms of apelin were found to decrease blood pressure with 

differing potencies, with apelin-12 inducing the largest decrease in blood pressure 

compared to apelin-36 and apelin-13 (Tatemoto et al., 2001). This hypotensive action 

occurs via the apelin receptor, and is abolished in apelin receptor KO mice (Ishida et 

al., 2004).   Furthermore, the decrease in blood pressure was found to be dependent 

on nitric oxide (NO), as the apelin-12 induced change in blood pressure was abolished 

in rats co-administered the NO synthase inhibitor, L-NAME (Tatemoto et al., 2001).  

Further supporting the role of apelin via NO signalling, apelin promoted 



27 
 

vasoconstriction in denuded blood vessels, indicating an endothelium-dependent 

response (Tatemoto et al., 2001; Maguire et al., 2009).  Concomitantly, in 

preconstricted mouse aortic rings, ELA peptide induced relaxation.  In contrast to the 

observations for apelin, the ELA induced relaxation was not inhibited by endothelial 

denudation or L-NAME (Z. Wang et al., 2015), indicating a different mechanism of 

action .  

Similar vasodilatory effects have also been observed in human vessels.  

Administration of apelin induced relaxation of preconstricted mesenteric arteries ex 

vivo (Salcedo et al., 2007), while intravenous apelin infusion resulted in an increase in 

forearm blood flow which was attenuated by co-administration of L-NAME (Japp et al., 

2008; Brame et al., 2015).  

1.6.1.2 The role of the apelin receptor in positive inotropy 

As well as the vascular effects, activation of the apelin receptor induces positive 

cardiac inotropy, with apelin found to be one of the most potent inotropes identified to 

date in both rat and human hearts ex vivo (Szokodi et al., 2002; Maguire et al., 2009).  

This finding has been recapitulated in vivo, with apelin infusion in mice (Ashley et al., 

2005) and rats (Berry et al., 2004) promoting significant increases in cardiac 

contractility.  Similar findings have been reported for ELA, which induced increased 

cardiac contractility both ex vivo (Perjés et al., 2016) and in vivo in rats (Murza et al., 

2016; P. Yang et al., 2017b).  In humans, infusion of [Pyr1]apelin-13 also significantly 

increased cardiac output (Japp et al., 2010).  Importantly, apelin receptor-induced 

increase in contractility is not associated with hypertrophy, with no difference seen in 

heart weight for mice chronically infused with apelin (Ashley et al., 2005).  Additionally, 

further supporting the role of apelin receptor activation in cardiac contractility, both 

apelin and apelin receptor KO adult mice display reduced basal cardiac contractility 

with impaired sarcomeric shortening (Charo et al., 2009).  Similar results are seen for 

ELA, with a dose dependent increase in ejection fraction observed in rats treated with 

ELA-32 (P. Yang et al., 2017b).  

The combined effects of apelin receptor activation to promote vasodilatation and 

positive inotropy without hypertrophy has led to the proposition of the apelin receptor 

as a target for novel treatments for heart failure.  This is discussed further in Section 

1.6.3.   
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1.6.2 Signalling pathways induced in the inotropic effects of apelin receptor activation  

The mechanisms underlying the positive inotropic effect of apelin receptor activation 

are controversial, with a simplified summary shown in Figure 1.4.  In cardiomyocytes, 

evidence suggests the apelin receptor signals via Gαq signalling (Szokodi et al., 2002), 

inducing activation of PLCβ to produce inositol triphosphate (IP3) and PKCε activity 

(Perjés et al., 2014).  IP3 can act on IP3 receptors present on the sarcoplasmic 

reticulum to cause calcium (Ca2+) release, in turn promoting calcium induced calcium 

release (CICR) via ryanodine receptors (RyR).  Concurrently, PKCε is proposed to 

increase the activity of the sodium hydrogen exchanger (NHE) present on the 

sarcolemma, resulting in increased intracellular sodium (Na+) concentration, and in 

turn allowing the sodium calcium exchanger (NCX) to increase intracellular Ca2+ 

(Szokodi et al., 2002; Perjés et al., 2014).  However, it has also been shown that 

treatment of isolated rat ventricular cardiomyocytes with apelin induced an increase in 

contractility with no change in intracellular calcium concentration (Farkasfalvi et al., 

2007).  Consistent with this, calcium transients were unchanged in cardiomyocytes 

from adult apelin receptor KO mice compared to control (Charo et al., 2009).  

Additionally, the apelin receptor has been suggested to activate myosin light chain 

kinase (MLCK) via PKCε, which in turn promotes phosphorylation of the myosin II 

regulatory light chain (RLC), which increases the Ca2+ sensitivity of the contractile 

machinery (Perjés et al., 2014).  Interestingly, a recent study reported a decrease in 

the amplitude of Ca2+ transients following stimulation of isolated cardiomyocytes with 

apelin.  Here, apelin treatment reduced protein kinase A (PKA) activation via Gαi 

coupled signalling, leading to decreased cardiac troponin I phosphorylation at two key 

serine residues (Ser22and Ser23) (Parikh et al., 2018), which has previously been 

shown to increase myofilament Ca2+ sensitivity (Ramirez-Correa et al., 2010).  

Conversely, two studies have reported an increase in intracellular Ca2+ following apelin 

treatment in isolated rat cardiomyocytes (C. Wang et al., 2008) and cardiac muscle 

strips (Dai et al., 2006).  It has therefore been proposed that the positive inotropic 

effects of apelin receptor activation result from both Ca2+ dependent and Ca2+ 

independent effects (Seo et al., 2020).   

A potential link between the contractile effects of apelin receptor activation and voltage 

signalling has been proposed.  Apelin receptor staining has been visualised at T-

tubules and the intercalated disc area in isolated rat ventricular myocytes – key areas 
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for electrophysiological function.  Furthermore, the significant increase in sarcomere 

shortening following apelin treatment in the isolated cardiomyocytes was 

accompanied by increased action potential conduction velocity (Farkasfalvi et al., 

2007).  In this study, apelin was found to activate the NHE, resulting in increased pH, 

intracellular alkinization and increased calcium sensitivity (Farkasfalvi et al., 2007).   

Furthermore, inhibition of extracellular signal-regulated kinase 1/2 (ERK1/2) resulted 

in attenuation of the positive inotropic effect of apelin receptor activation, although the 

mechanism of action here is unclear (Perjés et al., 2014).   

 

Figure 1.4: Summary of signalling pathways thought to be induced by apelin receptor ligand 

activation in cardiomyocytes.  The positive inotropy induced by apelin receptor activation may 

have calcium dependent and calcium independent effects.  The apelin receptor can also 

respond to stretch, signalling through β-arrestin, but this is not shown here.  Dotted line = 

signalling pathway unknown.  Created using Biorender.com.  
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1.6.3 The apelin receptor in heart failure 

There has been significant interest in the role of apelin receptor signalling in heart 

failure (Kazemi-Bajestani et al., 2012; Marsault et al., 2019).  A key study, compared 

paired samples of left ventricle obtained from patients with heart failure before and 

after placement of a left ventricular assist device, which significantly improves survival.  

The apelin receptor gene was found to be the most significantly increased of the 

~12,000 genes measured following implantation. Additionally, they reported a rise in 

circulating apelin in early heart failure and a subsequent fall in severe disease, 

concluding the apelin receptor pathway was downregulated (M. M. Chen et al., 2003).  

In agreement, a study of over 200 patients with chronic heart failure found significantly 

decreased apelin plasma concentrations regardless of aetiology when compared to 

age-matched controls, associated with decreased contractile performance and cardiac 

output (K. S. Chong et al., 2006).    This suggests a potentially important role of apelin 

receptor signalling in the pathogenesis of heart failure.  Further supporting this, WT 

mice subjected to chronic pressure overload were found to upregulate apelin 

expression in the first two weeks following surgery, with subsequent downregulation 

in the following weeks, suggesting an initial compensatory mechanism followed by 

detrimental loss of expression in late stage disease.  The same study found apelin KO 

mice developed more severe cardiac contractility impairments compared to WT when 

exposed to pressure-overload (Kuba et al., 2007). 

Changes to expression of apelin receptor in heart failure are less clear, with conflicting 

results published.  In an isoproterenol-induced heart failure model, apelin receptor 

expression was decreased (Y.-X. Jia et al., 2006).  In another study, Dahl salt-sensitive 

hypertensive rats were found to increase apelin receptor expression initially, followed 

by subsequent decrease, with a similar pattern reported for the apelin ligand (Koguchi 

et al., 2012).  Others have reported no change in expression, for example in a dog 

model of induced heart failure, apelin expression was decreased with no change in 

receptor expression (M. Wang et al., 2013).  Although there may be differences 

between animal models and human subjects with heart failure, both are capable of 

responding to apelin receptor stimulation with exogenous agonist treatment as 

described below.    

A number of animal studies have examined the potential of targeting the apelin 

receptor in heart failure.  Firstly, [Pyr1]apelin-13 infusion in Dahl salt-sensitive 
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hypertensive rats with end stage heart failure significantly improved cardiac contractile 

performance compared to vehicle treated control.  This was associated with reduced 

expression of inflammatory factors including tumour necrosis factor-α (Koguchi et al., 

2012).  Concurrently, disease state is improved with apelin treatment in a range of rat 

models of heart failure, including isoproterenol-induced (Y.-X. Jia et al., 2006) and 

descending coronary artery ligation (Berry et al., 2004; Atluri et al., 2007).  

Comparably, in a canine model of heart failure, intravenous apelin infusion increased 

ejection fraction (M. Wang et al., 2013).  Similar results have also been observed in 

human patients with heart failure, with acute infusion of various apelin isoforms found 

to increase cardiac output (Japp et al., 2010; Barnes et al., 2013). 

Recently, a selective, small molecular apelin receptor agonist with a subnamolar 

potency was developed, known as BMS-986224 (Gargalovic et al., 2021).   Acute 

administration of BMS-986224 increased cardiac output by up to 15% in anaesthetised 

rats without significant effects on blood pressure. In a heart failure model, prolonged 

drug administration increased stroke volume and cardiac output without inducing 

hypertrophy or fibrosis.  This study suggested that the beneficial BMS-986224 effects 

arose from direct effects on cardiomyocytes as blood pressure remained unchanged 

(Gargalovic et al., 2021).  In another study, two small molecule apelin receptor 

agonists were designed to mimic the endogenous peptide ligand, displaying low 

nanomolar potency, and tested in vitro and in vivo (Ason et al., 2020).  The small 

molecule agonists were found to improve systolic function and cardiac output in three 

animal models of heart failure.  This was due to a combination of a dose-dependent 

increase in cardiac contractility and a reduction systemic vascular resistance.  This 

study also compared the effects of apelin receptor agonist compared to losartan (AT1 

receptor antagonist) and also tested the effects of co-administration.  The apelin 

receptor agonist induced a similar improvement in cardiac output, without inducing the 

decrease in mean arterial pressure (MAP) seen with losartan treatment, indicating the 

apelin agonist can improve cardiac output without effects on blood pressure.  There 

was no benefit of co-administration of the two compounds.  It was therefore suggested 

that apelin agonists may be suited for heart failure patients in which antagonism of the 

angiotensin system is not suitable, for example those with low blood pressure (Ason 

et al., 2020).  
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However, it has also been reported that apelin receptor KO mice are resistant to 

chronic pressure overload induced hypertrophy and associated heart failure (Scimia 

et al., 2012), suggesting a ligand-independent function as described in Section 1.4.3.  

Isolated cardiomyocytes from aplnr KO mice displayed reduced stretch response, 

indicating the apelin receptor can act as a mechanosensor (Parikh et al., 2018).  

Stretch activation of the apelin receptor resulted in cardiomyocyte hypertrophy, which 

was inhibited by knockdown of β-arrestin (Scimia et al., 2012).  This therefore suggests 

a dual function of the apelin receptor – the beneficial G-protein signalling, and the β-

arrestin stretch signalling which is detrimental in heart failure (Seo et al., 2020).  

Hence, it has been proposed that biased agonists which preferentially activate the G-

protein over β-arrestin at the apelin receptor may be beneficial for the treatment of 

heart failure as discussed further below (Brame et al., 2015; Read et al., 2020). 

 

1.6.4 The apelin receptor in cardiac fibrosis 

The apelin receptor has a role in the regulation of both physiological and pathological 

organ fibrosis (S. Huang et al., 2016).  In heart failure, the heart undergoes detrimental 

remodelling, in part due to myocardial fibrosis which results in an increase in 

extracellular matrix deposition (particularly collagen), and in turn increased stiffness 

(T. Liu et al., 2017).  Associated with this, apelin receptor activation has been shown 

to have anti-fibrotic effects.  In an angiotensin II (AngII)-induced mouse model of heart 

failure, co-administration of apelin resulted in decreased cardiovascular fibrosis, by 

inhibiting AngII-mediated expression of plasminogen activator inhibitor-1 (PAI-1) 

(Siddiquee et al., 2011).  In agreement, infusion of ELA has been shown to reduce 

AngII-induced heart failure and associated remodelling (Sato et al., 2017).  

Furthermore, apelin treatment of cardiac fibroblasts isolated from pressure overload 

mouse hearts inhibited collagen production, via a reduction in sphingosine kinase 1 

(SphK1) activity.  Similarly, administration of apelin 14 days after surgically induced 

heart failure in vivo significantly improved ventricular remodelling and function, by 

attenuating established hypertrophy and fibrosis (Pchejetski et al., 2012).   

Taken together, these studies highlight the potential benefits of targeting the apelin 

receptor for the treatment of heart failure, promoting increased contractility and 

preventing detrimental cardiac fibrosis.   
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1.6.5 The apelin receptor in pulmonary arterial hypertension 

Pulmonary arterial hypertension (PAH) is a complex disease characterised by the 

stiffening and remodelling of the pulmonary vasculature due to imbalances in 

vasoactive signalling, inflammation and inappropriate vascular smooth muscle cell 

proliferation, resulting in increased pulmonary pressure, right sided ventricular 

hypertrophy, and ultimately heart failure and death (Morrell et al., 2009).  In animal 

models of PAH, both ELA and apelin are downregulated (Chandra et al., 2011; P. 

Yang et al., 2017b), although some expression of apelin receptor is maintained.  A 

similar phenotype is seen in PAH patients, with isolated cultured primary pulmonary 

artery endothelial cells found to produce less apelin than healthy donor controls (J. 

Kim et al., 2013), and reduced plasma levels of apelin and ELA seen (P. Yang et al., 

2017b).  Furthermore, apelin receptor KO mice develop more severe hypoxia induced 

PAH (Chandra et al., 2011).   

Concurrently, intravenous administration of [Pyr1]apelin-13 in a rat model of 

monocrotaline (MCT)-induced PAH reduced detrimental vascular remodelling, right 

ventricular fibrosis and hypertrophy (Falcão-Pires et al., 2009).  In the same model, 

ELA-32 administration significantly attenuated right ventricular hypertrophy (P. Yang 

et al., 2017b).  Notably, an apelin receptor G-protein biased agonist MM07 (described 

further below) reduced right ventricular pressure and detrimental hypertrophy in a 

Sugen/hypoxic rat model of PAH (Davenport et al., 2020).  The Sugen/hypoxic model 

is considered to be one the best PAH models, as it generates severe disease and 

recapitulates the main pathologies seen in human patients in a short timeframe 

(Bogaard et al., 2020).  These studies therefore highlight the potential of targeting the 

apelin receptor for the treatment of PAH, which was recently validated in human 

patients.  In an acute, double blind, randomised crossover clinical study, significant 

improvement in cardiac output and decrease in pulmonary vascular resistance was 

observed in PAH patients treated with intravenous [Pyr1]apelin-13 (Brash et al., 2018).  

Given that the half-life of [Pyr1]apelin-13 in vivo is only a few minutes (Japp et al., 

2008), these results are particularly striking.    
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1.6.6 The apelin receptor in arrhythmia  

Excitation-contraction coupling is a key concept in cardiac function, in which the 

cardiac action potential induces controlled opening and closing of voltage gated ion 

channels, promoting tightly regulated ion fluxes (Priest and McDermott, 2015).  This 

results in an increase in intracellular calcium, which is free to interact with the 

contractile machinery, resulting in muscle contraction (Bers, 2002).  In the heart, 

conduction of the cardiac action potential through the myocardium is essential for 

correct contraction, with electrical coupling mediated by gap junctions between 

neighbouring cardiomyocytes.  The precise and coordinated response to electrical 

excitation is critical for cardiac contraction, and any disruption has the potential to lead 

to detrimental arrhythmias (Tse, 2016), which can have devastating consequences 

including sudden death (Koplan and Stevenson, 2007).   

The role of the apelin receptor in arrhythmic disease has been poorly studied.  

However, plasma apelin levels are consistently reduced in atrial fibrillation patients 

(Ellinor et al., 2006; Kallergis et al., 2010).  Interestingly, cardiac resynchronisation 

and electrical cardioversion therapy can restore plasma apelin levels (Francia et al., 

2007; Kallergis et al., 2010), suggesting a link between cardiac voltage signalling, 

rhythm control and apelin receptor signalling.   

 

1.7 Targeting the Apelin Receptor Therapeutically 

The apelin receptor has emerged as a potential therapeutic target for the treatment of 

cardiovascular disease, particularly heart failure and PAH, due to its beneficial 

vasodilatory, inotropic and cardioprotective effects (Z. Wang et al., 2015; Zhong et al., 

2017; Read et al., 2019).  As described above, studies have shown the ability of the 

endogenous apelin and ELA agonists to improve disease symptoms in a range of 

conditions.  However, the application of the endogenous peptide is limited for two main 

reasons.  Firstly, the peptides have a very limited plasma half-life (~5-8 minutes), 

resulting from degradation by circulating endogenous peptidases (Zhen et al., 2013; 

Murza et al., 2016).  Several apelin isoforms have been shown to undergo cleavage 

by angiotensin converting enzyme 2 (ACE2) (W. Wang et al., 2016; P. Yang et al., 

2017a).  However, ACE2 mediated cleavage of [Pyr1]apelin-13 produces [Pyr1]apelin-

13(1-12), which was found to bind apelin receptor and had significant biological effects 
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in both rats and humans in vitro and in vivo, promoting similar levels of vasodilatation 

as [Pyr1]apelin-13 upon infusion into healthy volunteers (P. Yang et al., 2017a).  

Despite the limited half-lives, the native ligands can still have pronounced effects in 

vivo, such as the significant decrease in pulmonary pressure and increase in cardiac 

output observed in PAH patients treated with intravenous [Pyr1]apelin-13 (Brash et al., 

2018).   Nevertheless, the plasma instability of the endogenous peptides mean their 

therapeutic application is limited, and modified versions with enhanced stability are 

needed.   

Furthermore, peptide drug use is limited by their delivery.  Oral delivery is the preferred 

mechanism for drug delivery, as this is non-invasive and promotes patient compliance 

due to ease and convenience (Alqahtani et al., 2021).  However, peptides tend to be 

unsuitable for oral delivery, due to limited gut absorption and degradation, and 

therefore tend to be delivered intravenously or subcutaneously (Bruno et al., 2013).  

Hence, it would be beneficial to develop small molecule agonists, suitable for oral 

delivery.   

As a result, a number of methods have been employed to develop novel peptide 

analogues or small molecule agonists with improved stability, efficacy and delivery 

methods compared to the natural receptor ligands.  For example, PEGylation has been 

shown to promote apelin stability, resulting in the maintenance of the inotropic effects 

for 70 minutes longer than that seen for apelin-36 peptide infusion (Z. Q. Jia et al., 

2012).  Furthermore, stability can be improved by introducing unnatural amino acids.  

For example, by introducing modifications to protect the C-terminal phenylalanine, 

ACE2 mediated cleavage of apelin was much decreased (W. Wang et al., 2016).  

Additionally, three potent apelin peptide analogues with improved pharmacokinetic 

properties and reduced neprilysin degradation were produced by introducing 

modifications to the ‘RPRL’ region essential for neprilysin proteolysis (McKinnie et al., 

2017).   

Despite the advances in plasma stability seen for peptide analogues, the development 

of oral apelin receptor small molecule agonists have a greater therapeutic potential.  

There have been a number of attempts to generate apelin receptor small molecule 

agonists, however success has been limited so far (Zhong et al., 2017).  Recently, 

screening of ~100 compounds identified a small molecule scaffold, designated 



36 
 

compound 1.  By modifying side chain sites within the scaffold, 4 compounds were 

identified which displayed relatively low micromolar potencies (Narayanan et al., 

2016).  This study provides proof of principle for small molecule apelin receptor 

agonists, but further work is need to improve available small molecule compounds.  

Recently, as described above, three small molecule apelin receptor agonists have 

been developed with subnanomolar potencies, which were shown to have beneficial 

effects in vitro and in vivo, including in disease states (Ason et al., 2020; Gargalovic 

et al., 2021).    

 

1.7.1 Biased compounds at the apelin receptor  

For the clinical application of targeting the apelin receptor, long term agonist 

administration may lead to receptor desensitisation, associated with β-arrestin 

mediated receptor internalisation, resulting in a loss of therapeutic efficacy (P. Yang 

et al., 2015) (Figure 1.5).   
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Several studies have therefore reported the generation of apelin receptor biased 

agonists, designed to activate the beneficial G-protein mediated effects, without 

inducing β-arrestin signalling.  The Davenport group has developed the cyclic apelin 

peptide MM07, which preferentially activates G-protein signalling and is two-fold less 

potent in β-arrestin assays compared to native peptide.  MM07 was found to induce 

an increase in human forearm blood flow, with a maximum dilation twice as high as 

that for [Pyr1]apelin-13.  Crucially, upon repeated dosing of MM07, the effects on blood 

flow were retained.  Furthermore, in a rat model, MM07 infusion induced a significantly 

increased cardiac output compared to [Pyr1]apelin-13 (Brame et al., 2015).  These 

results highlight the potential for preferentially stimulating the apelin receptor G-protein 

signalling pathway to improve clinical efficacy.  However, MM07 is a peptide, and thus 

is limited by its oral bioavailability.  The Davenport group has therefore also developed 

Figure 1.5: Simplified model of β-arrestin dependent GPCR internalisation.  (1) GPCR 

kinase (GRK) binds to agonist-activated GPCR.  (2) Phosphorylation (P) by GRK promotes 

β-arrestin translocation and binding to receptor.  (3) β-arrestin acts to recruit adaptor 

proteins, (4) promoting assembly of clathrin coated pits. (5) Clathrin-mediated endocytosis 

occurs, and vesicles are formed containing the phosphorylated GPCR and associated β-

arrestin.  (6) Clathrin disassembles and the receptor can then either be recycled back to 

the plasma membrane or β-arrestin can interact with a range of other signalling molecules 

within the cell activating further signalling pathways.  This figure was created using 

Biorender.com.    



38 
 

a small molecule biased agonist known as CMF-019, which displayed improved half-

life in vivo compared with native peptide (Read et al., 2016).  Again, CMF-019 was 

found to promote positive inotropy and dose-dependent vasodilatation in vivo without 

receptor desensitisation (Read et al., 2020).  This small molecule therefore could be 

used as starting point for the design of novel therapeutic compounds for conditions 

such as heart failure and PAH. 

Furthermore, overexpression of the apelin receptor in mouse cardiomyocytes induced 

contractile dysfunction and cardiac hypertrophy (Murata et al., 2016).  As discussed 

above, the apelin receptor appears to function as a dual receptor, responding both to 

ligand interaction and stretch (Seo et al., 2020).  β-arrestin knockdown inhibits the 

stretch-mediated apelin receptor response, and prevents induction of hypertrophy 

(Scimia et al., 2012).   Therefore, biased agonists would have a further benefit in heart 

failure, inducing preferential activation of the beneficial G-protein signalling to promote 

inotropy and cardioprotective effects, without inducing β-arrestin signalling and 

associated hypertrophic response.  Supporting this, MM07 was found to significantly 

reduce right ventricular remodelling and associated hypertrophy in a rat model of MCT 

induced PAH (P. Yang et al., 2019).  

 

1.8 Identifying Disease Modifying Variants in the Apelin Receptor 

The apelin receptor has a key role in cardiovascular development and physiology.  

Hence, genetic variants in the apelin receptor gene have the potential to disrupt apelin 

receptor function, leading to pathophysiology.  It would therefore be beneficial to 

identify and investigate disease associated genetic variants in the apelin receptor.   

 

1.8.1 The 100,000 Genomes Project 

In recent years, the dramatic fall in costs associated with whole genome sequencing 

(WGS) and the improvement in data analysis have resulted in a huge increase in the 

use of sequencing data for the identification and diagnosis of rare diseases (Boycott 

et al., 2017; Splinter et al., 2018).  However, standard testing still fails to identify the 

molecular basis of disease for a large number of patients in the UK.  Therefore, the 

100,000 Genomes Project (Genomics England) was launched in 2013, to whole 
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genome sequence 100,000 genomes from NHS patients with rare diseases or cancer 

(Turnbull et al., 2018; 100,000 Genomes Project Pilot Investigators, 2021).  The 

project aims to provide clinical diagnosis, as well as wider scientific insights, in the 

hope that this will lead to development of new, more effective treatments and the 

implementation of genomic medicine within the NHS, resulting in patient benefit 

(Caulfield et al., 2017).    

 

1.8.2 The NIHR BioResource BRIDGE Project 

A sub-study of the 100,000 Genomes Project known as the NIHR BioResource Rare 

Diseases BRIDGE consortium has combined the sequencing data of 13 Rare Disease 

projects in attempt to identify variants associated with unresolved inherited genetic 

disorders (Turro et al., 2020).  The project has analysed the sequencing data of 

patients presenting with varied diseases, including cardiovascular and bleeding 

disorders. Using case-control analysis of WGS in 7,423 subjects with rare diseases, 

~50 variants in the apelin receptor have been identified (Gräf et al., 2018).  The 

Davenport group has selected 11 variants for further study (see Section 7 for details), 

and aims to determine the effects of the identified variants in cell based-models, in an 

attempt to understand any contribution to disease pathogenesis.   

1.9 Project Hypothesis and Aims 

The apelin receptor and its ligands appear to have an important role in cardiovascular 

development and disease, however the mechanism by which it exerts these effects 

and the cellular consequences are unclear.   

Therefore, the hypothesis of this thesis was that (1) reduced apelin receptor signalling 

from the onset of differentiation is detrimental for the resulting hESC-CMs, and (2) 

knockdown of the apelin receptor in differentiated hESC-CMs has functional 

consequences on contractility.   

The use of a human based model system for investigating the apelin receptor in 

cardiomyocyte function provides more clinically relevant results, which could lead to 

the development of therapeutic strategies targeting the apelin receptor.  By utilising 

hESC-CMs, this provides a system that can generate large numbers of 

cardiomyocytes which can be maintained in culture, meaning functional screening and 
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characterisation can be performed.  hESC-CMs also provide a platform to allow the 

investigation as to whether or not there is a cardiomyocyte-autonomous role for the 

apelin receptor during development, a question that is currently unanswered.  

Furthermore, hESCs are amenable to genetic editing, allowing manipulation of the 

apelin receptor and subsequent investigation into the effects of genetic changes on 

hESC-CM function.   

The first aim of the study was to determine if hESCs and hESC-CMs express a 

functioning apelin signalling system. Following on, the second aim was to generate an 

apelin receptor inducible knockdown system in hESC-CMs, providing a platform to 

determine the effects of loss of apelin receptor signalling on cardiomyocyte 

development and function, by inducing knockdown at defined time points. Finally, the 

project also aimed to use single base editing technology to introduce an apelin 

receptor genetic variant identified from the NIHR BRIDGE project, and to characterise 

the effects of the genetic change on hESC-CM differentiation and function.  Results 

generated in the hESC-CM model can be extrapolated to give an indication of apelin 

receptor function in human cardiomyocytes in vivo.  
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2. Materials and Methods 

2.1 Materials 

The reagents and materials used in the project are detailed in Table 2.1.  

Reagent/Material/Equipment Supplier Cat. # 

Cells 

H9 hESCs WiCell WA09 

CHO-K1 cells ECACC CCL-61 

HEK293T cells ATCC CRL-3216 

HS-27A ATCC CRL-2496 

Media/Cell Culture 

Dulbecco's Phosphate Buffered Saline (PBS), no 

calcium, no magnesium 

ThermoFisher 14190-094 

Water for embryo transfer Sigma Aldrich RNBJ2804 

Gelatin from porcine skin Sigma Aldrich 9000-70-8 

Vitronectin XF STEMCELL Technologies 7180 

Matrigel Corning  354234 

Collagenase IV ThermoFisher 17104019 

ReLeSR STEMCELL Technologies 5872 

TryPLE Express ThermoFisher 12604-021 

DMEM F12 ThermoFisher 31330-038 

Advanced DMEM F12 ThermoFisher 12634-028  

IMDM ThermoFisher 21980-065 

Ham's F-12 Nutrient Mix ThermoFisher 21765029 

DMEM no glucose, no sodium pyruvate ThermoFisher 11966025 

DMEM F12 for CHO-K1 culture ThermoFisher 11320033 

RPMI ThermoFisher 21875091 

B27 plus insulin  ThermoFisher 17504044 

Knockout serum replacer (KSR) ThermoFisher A3181502 

Transferrin R&D Systems 3188-AT-001G 

Insulin Sigma Aldrich 11376497001 

Monothioglycerol Sigma Aldrich M6145 

Chemically defined concentrated lipids ThermoFisher 11905031 

Bovine serum albumin Europa Bio Products EQBAH 

Penicillin-Streptomycin ThermoFisher 15140122 

Foetal bovine serum (FBS) ThermoFisher 10500064 

Normocin Antimicrobial Reagent InvivoGen ant-nr-1 

L-Glutamine ThermoFisher 25030081 
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β-mercaptoethanol Sigma Aldrich M3148 

Insulin-transferrin-selenium ThermoFisher 41400045 

Sodium bicarbonate ThermoFisher 25080094 

L-Ascorbic acid 2-phosphate Sigma Aldrich A8960 

MEM non-essential amino acids ThermoFisher 11140035 

Sodium L-Lactate Sigma Aldrich L7022-10G 

Trypan Blue Solution ThermoFisher T10282 

DNase I (tissue culture) New England BioLabs M0303 

Polydimethylsiloxane Dow 1024001 

Pluronic F-127 Sigma Aldrich P2443 

10X RPMI-1640  Sigma Aldrich R1145 

NaOH Fisher Scientific J/7620/15 

Geltrex Fisher Scientific A1413202 

Collagen I Rat Protein ThermoFisher A1048301 

HEPES Sigma Aldrich H3375 

Cytokines 

Fibroblast Growth Factor 2 (FGF2) Qkine Ltd Qk027 

Activin-A Qkine Ltd Qk005 

Transforming Growth Factor-β Bio-Techne 100-B 

Rho-associated protein kinase (ROCK) inhibitor 

(Y27632) 

Insight Biotech sc-281642A 

Ly2904002 Stratech A8250-APE 

Bone Morphogenetic Protein 4 (BMP4) R&D Systems 314-BP 

Retinoic Acid Sigma Aldrich R2625 

IWR1-endo Tocris 3532/10 

Molecular Biology 

GenElute Total RNA Purification Kit Sigma Aldrich RNB100 

Nuclease Free Water QIAGEN 129114 

Reverse Transcription System Promega A3500 

TaqMan Gene Expression Assay Master Mix Applied Biosystems 4369016 

Fast SYBR Green Master Mix ThermoFisher 4385614 

Isoprenaline Sigma Aldrich I-2760 

Acetylcholine Sigma Aldrich A-6625 

[Pyr1]apelin-13  Severn Biotech Custom order 

ELA Severn Biotech Custom order 

Apelin-12 (Human, Rat, Mouse, Bovine) EIA kit  Phoenix Pharmaceuticals EK-057-23 

[pGlu1]-ELA-32 (Human) EIA Kit Phoenix Pharmaceuticals EK-007-19 

DharmaFECT 1 Transfection Reagent  Horizon T-2001 

Opti-MEM I Reduced Serum Media ThermoFisher 31985062 
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pAAV-Puro_siKD  Addgene plasmid #86695; 

http://n2t.net/addgene:86695; 

RRID:Addgene_86695 

- 

BglII FastDigest Restriction Enzyme ThermoFisher FD0083 

SalI FastDigest Restriction Enzyme ThermoFisher FD0644 

FastDigest Green Buffer ThermoFisher B72 

UltraPure Agarose  ThermoFisher 16500100 

QIAEX II Gel Extraction Kit QIAGEN 20021 

3 M Sodium Acetate pH 5.5 ThermoFisher AM9740 

Tris-HCl ThermoFisher 15567-027 

UltraPure 0.5M EDTA, pH 8.0 ThermoFisher 15575020 

NaCl Fisher Scientific 7647-14-5 

T4 DNA Ligase New England BioLabs M0202 

T4 Ligase Buffer New England BioLabs B0202S 

α-Select Gold Efficiency Chemically Competent 

Cells 

Bioline BIO-85027 

SOC medium Fisher Scientific 15544034 

Lysogeny Broth (LB) Sigma Aldrich L3022 

Agar Fluka 05040 

Ampicillin Sigma Aldrich A9393 

GenElute Plasmid Miniprep Kit Sigma Aldrich PLN70-1KT 

LongAmp Taq DNA Polymerase kit New England BioLabs E5200S 

Plasmid Plus Midi Kit QIAGEN 12941 

Lipofectamine 2000 ThermoFisher 11668019 

Puromycin Sigma Aldrich P8833 

GenElute Mammalian Genomic DNA Miniprep 

Kit 

Sigma Aldrich G1N70 

Tetracycline Hydrochloride Sigma Aldrich T8032 

TRIzol ThermoFisher 15596026 

Chloroform Macron Fine Chemicals 4444-25 

Isopropanol (Molecular Grade) Sigma Aldrich I9516 

TapeStation RNA ScreenTape Assay Agilent 5067-5576 

NEBNext rRNA Depletion Kit 

(Human/Mouse/Rat) 

New England BioLabs E6310 

CORALL Total RNA-Seq Library Prep Kit Lexogen 095.24 

AMPure XP PCR Purification Beads Beckman Coulter A63880 

ACRTURUS PicoPure RNA Isolation Kit ThermoFisher KIT0204 

Lysing Matrix D Beads  MP Biomedicals 116913100 

RNase-Free DNase Set QIAGEN 79254 
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pGL3-U6-sgRNA-PGK-puromycin 

 

Addgene plasmid # 51133; 

http://n2t.net/addgene:51133; 

RRID:Addgene_51133) 

- 

pCMV_BE4max Addgene plasmid # 112093 ; 

http://n2t.net/addgene:112093

; RRID:Addgene_112093 

- 

T4 Polynucleotide Kinase New England BioLabs M0201 

Tango Buffer ThermoFisher BY5 

DTT (0.1 mM) ThermoFisher Y00122 

ATP (10 mM) New England BioLabs 9804 

BsaI FastDigest Restriction Enzyme ThermoFisher FD0293 

10X PlasmidSafe Buffer CamBio E3101K 

PlasmidSafe ATP-dependent DNase CamBio E3101K 

Q5 High Fidelity DNA Polymerase PCR Kit New England BioLabs E0555 

TransIT-LT1 Mirus Bio MIR 2300 

QIAquick PCR Purification Kit QIAGEN 28104 

NEBuffer 2 New England BioLabs B7002S 

T7 Endonuclease I New England BioLabs M0302 

P3 Primary Cell 4D-Nucleofector X Kit Lonza V4XP-3024 

CloneR STEMCELL Technologies 05888 

SYBR Safe DNA Gel Stain ThermoFisher S33102 

DNA Gel Loading Dye (6X) Fisher Scientific R0611 

Ethanol (Molecular Grade) Sigma Aldrich 51976 

Staining, Immunocytochemistry and Flow Cytometry 

4% Paraformaldehyde ThermoFisher J61899 

Goat Serum Sigma Aldrich G9023 

Triton X-100 Sigma Aldrich X100 

Tween 20 Fisher Scientific BP337 

DAPI nuclear dye ThermoFisher 62248 

Hoescht 3342 Nuclear Stain  ThermoFisher H3570 

BD Cytofix/Cytoperm Fixation/Permeabilization 

Kit 

BD Biosciences  554714 

CD90 (Thy-1) Monoclonal Antibody (eBio5E10 

(5E10)), PE, eBioscience™ 

ThermoFisher 12-0909-42 

Anti-Cardiac Troponin T-APC  Miltenyi BioTech 130-120-

54300 

Ethidium Homodimer-1 (EthD-1) ThermoFisher E1169 

NucBlue Live ReadyProbes Reagent ThermoFisher R37605 
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CellCarrier-96 Black, Optically Clear Bottom 

plates 

Perkin Elmer 6055302 

Hanks Balanced Salt Solution  Sigma Aldrich 55037C 

Fluorescently tagged apelin647 Cambridge Research 

Biochemicals 

Custom Order 

Phalloidin-iFluor 488 Abcam 23115-AAT 

FluoVolt Membrane Potential Kit ThermoFisher F10488 

LabCam for iPhone 7/8/SE2 Adaptor iDu Optics LabCam - 

Fluo-4, AM ThermoFisher F14201 

Sucrose Fisher Scientific 57-50-1 

Tissue Tek OCT Sakura Fintek 4583 

CaCl2 for Tyrode's Solution Sigma C3306 

MgCl2 for Tyrode's Solution Fisher BP214 

KCl for Tyrode's Solution Fisher P/4240/53 

NaCl for Tyrode's Solution VWR Chemicals 7647 

NaH2PO4 for Tyrode's Solution Sigma 71505 

HEPES for Tyrode's Solution Sigma H4034 

Glucose for Tyrode's Solution Sigma Aldrich G7528 

Radioligand Binding 

NaOH Fisher Scientific J/7620/15 

Sodium Dodecyl Sulphate (SDS) Sigma Aldrich 151-21-3 

DC Protein Assay Bio-Rad 5000111 

Sigmacote Sigma Aldrich SL2 

TRIZMA Base for Binding Buffer Sigma Aldrich  T6066 

MgCl2 for Binding Buffer Sigma Aldrich 104-20 

[125I]apelin-13 Perkin Elmer Custom order 

[Pyr1]apelin-13  Severn Biotech Custom order 

Equipment 

Countess Automated Cell Counter  Invitrogen - 

Nanodrop 1000 ThermoFisher - 

ABI 7500 Real-Time PCR System  Applied Biosystems - 

LSM 700 Confocal Microscope Zeiss - 

EVOS FL Cell Imaging System Invitrogen - 

LSRFortessa Cell Analyzer BD Biosciences  - 

FLUOstar Omega Microplate Reader BMG Labtech - 

COBRA 5003 Gamma Counter Packard - 

Opera Phenix High-Content Screening System Perkin Elmer - 

2100 BioAnalyzer Agilent - 

HiSeq2500 Next Generation Sequencing System Illumnia - 
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C-Pace EM IonOptix - 

Axio Observer A1 Inverted Phase Contrast 

Fluorescence Microscope 

Zeiss - 

Cryostat Bright Instruments - 

LSM880 Multiphoton Microscope Zeiss - 

FastPrep-24 5G Instrument MP Biomedicals - 

Amaxa 4D Nucleofector Lonza - 

CKX41 Brightfield Microscope Olympus - 

 

2.2 Cell Culture 

All cells were maintained in a humidified atmosphere containing 5% CO2 at 37°C.  

  

2.2.1 H9 hESCs on gelatin/MEF media plates 

Pluripotent, undifferentiated H9 hESCs were maintained as colonies in culture on 

gelatin/MEF media (Table 2.2) coated 6-well plates in chemically defined medium 

(CDM-BSA, Table 2.2), supplemented with Fibroblast Growth Factor 2 (FGF2, 12 

ng/ml) and Activin-A (10 ng/ml) (maintenance media) with daily media change.  

Confluent H9s were washed with PBS, and collagenase (Table 2.2) was added for 3 

minutes to detach cells.  Collagenase was then aspirated and maintenance media 

added, before cells were scraped, triturated and collected.  Cells were allowed to settle 

to the bottom of the collection tubes then media was aspirated and cells resuspended 

as small colonies.  H9 colonies were plated in pre-prepared gelatin/MEF media coated 

6-well plates in 2 ml of maintenance media.  To produce gelatin/MEF plates, 1.5 ml of 

0.1% gelatin in PBS was added per well for 20 minutes at room temperature (RT).  

Gelatin was aspirated and 2 ml/well of MEF media added and incubated at 37°C for 

at least 24 hours. 

 

2.2.2 H9 hESCs on vitronectin coated plates 

For some experiments, pluripotent, undifferentiated H9 hESCs were maintained as 

colonies in culture on Vitronectin XF coated 6-well plates in Essential 8 (E8) media 

Table 2.1: Details of the materials used in the project, with supplier and catalogue number. 
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(Table 2.2), supplemented with FGF2 (24 ng/ml) and Transforming Growth Factor-β 

(TGF-β, 1.74 ng/ml) (E8 complete) with daily media change.  Confluent H9s were 

washed with PBS, ReLeSR added for 30 seconds then aspirated and cells left for 3 

minutes until a film formed.   E8 media was added and cells were sprayed, triturated 

and collected.  Cells were allowed to settle to the bottom of the collection tubes then 

media was aspirated and cells resuspended as small colonies.  H9 colonies were then 

plated in pre-prepared Vitronectin XF coated 6-well plates in 1.5 ml of E8 media.  To 

produce Vitronectin XF plates, 1 ml of 10 µg/ml Vitronectin XF diluted in PBS was 

added per well and incubated for 1 hour at RT.   

 

2.2.3 HEK293T cells 

HEK293T cells were cultured in gelatin coated T75 flasks in MEF media (Table 2.2), 

with media refreshed every other day.  Once confluent, cells were washed with PBS 

and TryPLE Express added and incubated at 37°C for 3 minutes.  MEF media was 

added for neutralisation and cells triturated to a single cell suspension and collected.  

Cells were pelleted by centrifugation at 300 xg for 3 minutes, resuspended in an 

appropriate volume of MEF media and replated in a new pre-prepared gelatin coated 

T75 flask.  T75 flasks were prepared by adding 5 ml of 0.1% gelatin in PBS and 

incubating for 20 minutes at RT.   

 

2.2.4 CHO-K1 cells 

CHO-K1 cells were cultured in T175 flasks in DMEM F12 containing L-glutamine, and 

supplemented with 10% FBS and 0.1 mg/ml Normocin antimicrobial reagent.  Media 

was refreshed every other day and cells were passaged using trypsin when confluence 

was reached.   

 

2.2.5 HS-27A cells 

HS-27A cells were maintained on gelatin coated 6-well plates in MEF media, with 

media refresh every other day.  Upon reaching confluence, cells were washed with 

PBS and trypsinised.  Following neutralisation, cells were triturated to single cells and 

collected before pelleting by centrifugation (300 xg for 3 minutes).  Cells were 
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resuspended in fresh MEF media and plated in pre-prepared gelatin coated 6-well 

plates.  Gelatin coated 6-well plates were prepared by adding 1.5 ml/well 0.1% gelatin 

in PBS and incubating for 20 minutes at RT.   

Medium Components Concentration 

CDM-BSA IMDM:F12 (1:1) - 

 Transferrin 15 μg/ml 

 Insulin 7 μg/ml 

 Monothioglycerol 450 mM 

 Chemically defined concentrated lipids 1% 

 Bovine Serum Albumin 5 mg/ml 

 Penicillin-Streptomycin 100 U/ml 

MEF Medium Advanced DMEM F12 - 

 Foetal Bovine Serum (FBS) 10% 

 L-Glutamine 1% 

 β-mercaptoethanol 100 μM 

 Penicillin-Streptomycin 100 U/ml 

Essential 8 Medium DMEM F12 - 

Insulin-transferrin-selenium 20 mg/ml – 11 

mg/ml – 13.4 

ng/ml  

Sodium bicarbonate 0.05 % 

L-Ascorbic acid 2-phosphate 7 µM 

Penicillin-Streptomycin 100 U/ml 

Lactate Select Medium DMEM no glucose, no sodium pyruvate - 

MEM Non-Essential Amino Acids 1X 

Sodium L-lactate dissolved in HEPES 4 mM 

Gelatin Embryo transfer water - 

 Gelatin from porcine skin 0.1% 

Collagenase Advanced DMEM/F12 - 

 Knockout serum replacer (KSR) 20% 

 L-Glutamine 1% 

 Collagenase IV 1 mg/ml 

Table 2.2: Composition of media used for cell culture.   
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2.3 Cardiomyocyte Differentiation and Maintenance 

H9 hESCs were induced to differentiate to cardiomyocytes following a previously 

optimised protocol (adapted from Mendjan et al., 2014) as detailed below. 

 

2.3.1 Plating for differentiation 

Confluent H9 hESCs in 6-well plates were washed with PBS, and cells were 

dissociated with 750 µl of TrypLE Express per well, incubated for 3 minutes at 37°C.  

TrypLE Express was neutralised with CDM-BSA, and cells collected as a single cell 

suspension.  A small volume of cells was then mixed with 0.4% Trypan Blue Solution 

(1:1) and cells counted using a Countess Automated Cell Counter (Invitrogen).  Cells 

were then centrifuged for 3 minutes at 300 xg, resuspended to the desired 

concentration (8 x 105/well) in CDM-BSA supplemented with FGF2 (12 ng/ml), Activin-

A (30 ng/ml) and Rho-associated protein kinase inhibitor (ROCKi, 10 µM) and plated 

on Matrigel-coated 6-well plates.  To produce Matrigel-coated plates, Matrigel was 

diluted in Advanced DMEM F12 according to manufacturer’s recommendation, 2 ml 

added per well and incubated for one hour at RT.   

 

2.3.2 Mesoderm induction 

After around 4 hours of incubation at 37°C to allow for cell attachment, mesoderm 

induction was initiated.  Media was aspirated and cells treated with 2 ml per well of 

CDM-BSA supplemented with FGF2 (20 ng/ml), Ly294002 (phosphoinositide 3-kinase 

inhibitor, 10 µM), Activin-A (50 ng/ml) and Bone Morphogenetic Protein 4 (BMP4, 10 

ng/ml). This mesodermal induction media is referred to as FLyAB media subsequently.   

 

2.3.3 Differentiation to cardiac progenitors 

After 42 hours incubation at 37°C, FLyAB media was removed, and cells washed with 

PBS.  Media was replaced with 2 ml per well of CDM-BSA supplemented with FGF2 

(8 ng/ml), BMP4 (10 ng/ml), retinoic acid (1 µM) and the WNT signalling pathway 

inhibitor IWR1-endo (1 ng/ml) (FBRI media).  After 48 hours FBRI media was 

refreshed.  After a further 48 hours, cells were washed with PBS and media was 
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changed to 2 ml per well of CDM-BSA supplemented with FGF2 (8 ng/ml) and BMP4 

(10 ng/ml) subsequently referred to as FB media.   

 

2.4.4. Initiation of spontaneous contraction 

After 2 days, FB media was removed, and cells washed with PBS.  2 ml per well of 

CDM-BSA was added.  hESC-derived cardiomyocytes were maintained in CDM-BSA 

media, with media changes every other day until the commencement of beating.   

 

2.4.5 Metabolic selection 

At least 14 days after differentiation initiation, and once strong beating was 

established, media was aspirated and cardiomyocytes washed with PBS.  750 μl of 

TryPLE per well was added and incubated for 10 minutes at 37°C.  TrypLE was 

neutralised with 1 ml of CDM-BSA supplemented with DNase I (5 μg/ml) to prevent 

hESC-CMs from clumping.  Cardiomyocytes were collected and centrifuged at 300 xg 

for 3 minutes. Following centrifugation, media was aspirated and cells resuspended in 

CDM-BSA.  Cells were then replated 1:1 in Matrigel-coated 6-well plates in CDM-BSA 

supplemented with ROCKi (10 µM) to promote survival.  Cells were incubated 

overnight to allow adherence and recovery before transferring to lactate selection 

media (Table 2.2) for 3 days with one media refresh, in order to generate a pure 

population of cardiomyocytes.  After 72 hours, media was changed to CDM-BSA and 

refreshed every second day.  

 

2.4 Analysis of Gene Expression by qRT-PCR 

2.4.1 RNA isolation 

RNA extraction was performed using the GenElute Total RNA Purification Kit.  Briefly, 

cells were lysed in 350 µl of RNA lysis buffer and RNA was precipitated with an equal 

volume of 70% ethanol.  Samples were transferred to GenElute Columns for RNA 

binding, washing, and elution. Samples were eluted in 30 μl Nuclease Free Water, 

with RNA concentration determined using a NanoDrop 1000 (ThermoFisher).    
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2.4.2 Reverse transcription 

cDNA was produced from 1 µg of RNA using the Promega Reverse Transcription 

System in a 20 µl reaction following manufacturer’s recommendation. To 1 µg RNA, 1 

µl of each of Random Primers and Oligo(dT)15 primers were added, made up to 11.9 

µl with nuclease free water and incubated at 70°C for 10 minutes.  A mastermix 

containing 4 µl MgCl2 (25 mM), 2 µl Reverse Transcription 10X Buffer, 2 µl dNTPs 

(10mM), 0.5 µl Recombinant RNasin Ribonuclease Inhibitor and 0.6 µl AMV Reverse 

Transcriptase per sample was made and 9.1 µl added to each.  Samples were then 

run on a thermocycler (Table 2.3). 

Temperature Time 

22°C 5 min 

40°C 60 min 

95°C 5 min 

4°C 5 min 

4°C Forever 

2.4.3 qRT-PCR 

Quantitative real-time polymerase chain reaction (qRT-PCR) was performed for 45 

cycles using the ABI 7500 Real-Time PCR System (Applied Biosystems) to analyse 

mRNA expression using 96-Well TaqMan Gene Expression Assays or SYBR Green 

Based Assays with primer sequences shown in Table 2.4.  Human 18S rRNA or 

GAPDH were used as house-keeping genes, owing to their stable expression level 

across cells used.  Relative expression was normalised to housekeeping gene 

expression using the 2(-∆CT) or the 2(-∆∆CT) method (Schmittgen and Livak, 2008).  CT 

values over 36 were excluded as non-specific amplicon.   

 

 

 

 

 

Table 2.3: Thermocycler programme for reverse transcription reaction.     
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Target Assay Type Primer Sequence or ID Acquired 

From 

GAPDH SYBR Green FOR: AACAGCCTCAAGATCATCAGC 

REV: GGATGATGTTCTGGAGAGCC 

Sigma Aldrich 

SOX2 SYBR Green FOR: ATGCACCGCTACGACGTGA 

REV: CTTTTGCACCCCTCCCATTT 

Sigma Aldrich 

POU5F1 SYBR Green FOR: AGGGCAAGCGATCAAGCA 

REV: GGAAAGGGACCGCGGAGTA 

Sigma Aldrich 

TNNT2 SYBR Green FOR: CCCAATGGAGGAGTCCAAAC 

REV:  CCCGACGTCTCTCGATCC 

Sigma Aldrich 

ATP2A2 SYBR Green FOR: TACCTGGAACCTGCAATACTGG 

REV: TGCACAGGGTTGGTAGATGTG 

Sigma Aldrich 

RYR2 SYBR Green FOR: ACAACAGAAGCTATGCTTGGC 

REV: GAGGAGTGTTCGATGACCACC 

Sigma Aldrich 

MYH6 SYBR Green FOR: GCCCTTTGACATTCGCACTG 

REV: GGTTTCAGCAATGACCTTGCC 

Sigma Aldrich 

ACTN1 SYBR Green FOR: TCAACCACTTTGACCGGGAT 

REV: GCAAATTCTGCTTCTCCCTGG 

Sigma Aldrich 

MYL7 SYBR Green FOR: CCGTCTTCCTCACGCTCTT  

REV:TGAACTCATCCTTGTTCACCAC    

Sigma Aldrich 

18S TaqMan Hs99999901_s1 ThermoFisher 

APLNR TaqMan Hs00270873_s1 ThermoFisher 

APLN TaqMan Hs00175572_m1 ThermoFisher 

APELA TaqMan Sense: GAAGAAGAAGAGGAGTGAAGGA 

Antisense: CCATTCCAGGTGCTTTCAAAT 

Primer Design 

MESP1 SYBR Green FOR: GAAGTGGTTCCTTGGCAGAC 

REV: TCCTGCTTGCCTCAAAGTGT 

Sigma Aldrich 

NKX2-5 SYBR Green FOR: AGCCGAAAAGAAAGAGCTGTGCG 

REV: GACCTGCGCCTGCGAGAAGAG 

Sigma Aldrich 

TBXT SYBR Green FOR: TGCTTCCCTGAGACCCAGTT 

REV: GATCACTTCTTTCCTTTGCATCAAG 

Sigma Aldrich 

THY1 SYBR Green FOR: TCCCGAACCAACTTCACCAG   

REV: ACCAGTTTGTCTCTGAGCACT   

Sigma Aldrich 

Table 2.4: Primer sequences or IDs used for qRT-PCR.      
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2.5 Immunocytochemistry 

For immunocytochemistry, cells were washed with PBS, fixed with 4% 

paraformaldehyde for 20 minutes at RT, and then washed twice with PBS.  Cells were 

then blocked for 1 hour at RT in either 5% serum of the same species that the 

secondary antibody was raised in, or 3% BSA in PBS.  Depending on protein of 

interest, cells were permeabilised during this 1 hour incubation by the addition of 0.5% 

Triton-X.  Primary antibody was diluted to the desired concentration (Table 2.5) in 

either 3% serum in PBS/Tween (PBS/T) or 3% BSA plus 0.5% Triton-X in PBS, and 

incubated overnight at 4°C.  The following day, cells were subjected to three 5 minute 

washes with PBS, at RT.  Secondary antibody was diluted to the desired concentration 

(Table 2.5) in either 3% serum in PBS/T or 3% BSA plus 0.5% Triton-X in PBS, and 

incubated for 1 hour at RT in the dark.  DAPI nuclear dye was included at a 

concentration of 1:10,000 alongside the secondary antibody. Following secondary 

antibody incubation, cells were then washed a further three times for 5 minutes with 

PBS, at RT, then stored in PBS prior to imaging using either the Zeiss LSM 700 

confocal microscope or the EVOS FL Cell Imaging System.  Negative controls 

included cells incubated with secondary antibody alone and cells incubated with 

isotype control antibodies.  Furthermore, the apelin receptor antibody was validated 

by staining tissue from apelin receptor KO mice, where no antibody staining was seen.  

The apelin receptor antibody has also been validated in cross-sections from WT 

mouse cerebellum, which is known to have high apelin receptor expression.  

Correspondingly, a high level of antibody staining was seen (Medhurst et al., 2003).  

Secondary antibodies with narrow excitation windows were selected in order to 

minimise crosstalk in co-staining experiments.  Antibody concentrations were 

determined empirically based on manufacturer’s recommendations and optimised to 

give the best signal to background ratio.   
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2.6 Flow Cytometry for Cell Markers 

Flow cytometry was performed to determine cardiomyocyte differentiation efficiency.  

hESC-CMs were washed with PBS, detached using TryPLE Express (incubated for 

10 minutes at 37°C), collected and pelleted by centrifugation at 300 xg for 3 minutes.  

Pellets were resuspended in PBS supplemented with 0.1% BSA and 2 mM EDTA 

(PBE), with CD90 (Thy-1) Monoclonal Antibody directly conjugated to PE diluted at 

1:50, for 1 hour at 4°C.  Cells were then washed with PBE and resuspended in 

Fixation/Solubilization solution (BD Cytofix/Cytoperm Fixation/Permeabilization Kit, 

Biosciences) for 20 minutes at 4°C.  Following incubation, cells were washed  using 

1X BD Perm/Wash Buffer (Biosciences) and then resuspended in 1X BD Perm/Wash 

Buffer containing directly conjugated Anti-Cardiac Troponin T-APC antibody diluted at 

1:50 and incubated for 2 hours at 4°C.  Cells were then washed in 1X BD Perm/Wash 

Buffer, resuspended in PBE and transferred to flow tubes.  Samples were run on the 

Protein Species Manufacturer (Cat#) Concentration 

Primary Antibodies 

Apelin Receptor Rabbit Sigma Aldrich 

(SAB2700205) 

1:50 in hESC-derived 

cardiomyocytes, 

1:100 in CHO cells 

Troponin T Goat Abcam (ab64623) 1:200 

α-Actinin Mouse Abcam (ab9465) 1:200 

Oct 3/4 Mouse Santa Cruz (sc-5279) 1:200 

Nanog Goat R&D Systems (AF1997) 1:200 

Sox2 Goat R&D Systems (AF2018) 1:200 

Secondary Antibodies 

anti-rabbit Alexa Fluor 488 Goat ThermoFisher (A11034) 1:200 

anti-goat Alexa Fluor 488 Donkey ThermoFisher (A11054) 1:400 

anti-mouse Alexa Fluor 488 Goat ThermoFisher (A21121) 1:400 

anti-mouse Alexa Fluor 568 Rabbit ThermoFisher (A11061) 1:400 

anti-goat Alexa Fluor 488 Chicken ThermoFisher (A21467) 1:400 

Table 2.5: Antibodies used for immunocytochemistry.   
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LSRFortessa Cell Analyzer (BD Biosciences) and analysis performed using FlowJo 

v10.8.1 software. 

 

2.7 Determination of Protein Content and Radioligand Binding  

2.7.1 Protein assay 

hESCs or hESC-CMs were scraped, collected and centrifuged at 300 xg for 3 minutes.  

Pelleted cells were resuspended in 1 ml ice-cold Tris-HCl (50 mM, 5 mM MgCl2, pH 

7.4) and triturated to induce hypotonic lysis.  Samples were centrifuged (20,000 xg, 20 

minutes at 4°C) and resuspended in ice-cold Tris-HCl buffer.  20 µl of cell lysate was 

combined with 20 µl solubilisation buffer (0.5 M NaOH, 1% SDS) and incubated at 

80°C for 30 minutes, with remaining lysate frozen at -80°C.  Samples were centrifuged 

(14,000 xg, 5 minutes at RT) and supernatant collected. Protein content was assessed 

using the DC Protein Assay following the manufacturer’s protocol, using assay kit 

standards as a reference and solubilisation buffer alone as a blank.  Absorbance was 

measured at 450 nm using a FLUOstar Omega Microplate Reader, a standard curve 

plotted and sample protein concentration extrapolated. 

 

2.7.2 Radioligand binding 

Saturation and fixed concentration radioligand binding experiments were carried out 

in hESCs and hESC-CMs as described previously (Katugampola et al., 2001; Maguire 

et al., 2012; P. Yang et al., 2017b) using [Glp65,Nle75,Tyr77][125I]apelin-13 (referred to 

as [125I]apelin-13 subsequently).  The peptide modifications and this protocol have 

been optimised previously to prevent oxidation, metabolism and degradation of the 

[125I]apelin-13 radioligand.  All plasticware used was coated with Sigmacote 

siliconizing reagent to reduce radioligand non-specific binding.   

For fixed concentration binding (FCB), 50 µl of cell protein lysate was incubated with 

50 µl of [125I]apelin-13 at a concentration of 0.15 nM in binding buffer containing 50 

mM Tris-HCl and 5 mM MgCl2, pH 7.4, for 90 minutes at RT. 50 µl of binding buffer 

containing 0.15 nM [125I]apelin-13 and 10 µM [Pyr1]apelin-13 (Severn Biotech) was 

used to define non-specific binding (NSB).  
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For saturation binding, 50 µl of cell protein lysate was incubated with 50 µl of 10 

increasing concentrations (2 pM – 1 nM) of [125I]apelin-13 in binding buffer for 90 

minutes at RT.  Again, 50 µl of binding buffer containing [125I]apelin-13 plus 5 µM 

[Pyr1]apelin-13 was used to define NSB. 

This protocol has previously been optimised to minimise ligand depletion (Hulme and 

Trevethick, 2010).  Only very small amounts of protein were present in each reaction 

hence, as a high volume of radioligand was used, ligand depletion was negligible. 

Following incubation, centrifugation (20,000 xg, 10 minutes at 4°C) was used to break 

equilibrium and pellets washed with Tris-HCl, pH 7.4 at 4°C.  Bound radioactivity in 

cell pellets was counted in a COBRA 5003 Gamma counter (Packard) and data 

analysed using iterative curve fitting programs EBDA and LIGAND (KELL Package, 

Biosoft).  EBDA software performs Scatchard analysis and generates initial estimates 

of KD and BMax, which are then inputted to LIGAND.  LIGAND software uses weighted, 

non-linear curve fitting to generate reliable KD and BMax values, and also performs a 

runs test to determine if the points are randomly distributed around the fitted line 

(McPherson, 1985).  The program also takes into account receptor occupancy and 

ligand depletion as total binding, non-specific binding, specific activity of the total 

radioactivity added, and dissociation constant are inputted.  Values generated were 

used to calculate receptor density in mole per mg of protein by dividing BMax by starting 

protein concentration.   

 

2.8 Determination of Peptide Production by ELISA 

Conditioned supernatant was collected from hESCs and hESC-CMs.  Supernatant 

from hESC-derived endothelial cells (hESC-ECs) was from M.T. Colzani (University 

of Cambridge).  Apelin or ELA peptide production was determined by sandwich ELISA 

using either Apelin-12 (Human, Rat, Mouse, Bovine) EIA kit or the [pGlu1]-ELA-32 

(Human) EIA Kit according to manufacturer’s protocol.  Briefly, samples were added 

to the secondary antibody coated wells.  Primary antibody directed against apelin or 

ELA was added, along with biotinylated apelin or ELA peptide and incubated for 2 

hours at RT with orbital shaking (300 rpm).  Wells were washed and blot dried then 

streptavidin-conjugated horseradish peroxidase (SA-HRP) was added and incubated 
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for 1 hour at RT with orbital shaking.  Wells were then washed and dried and substrate 

added for 1 hour at RT with orbital shaking.  The reaction was stopped by the addition 

of 2N HCl and absorbance measured at 450 nm using the FLUOstar Omega 

Microplate Reader.  Absorbance is inversely proportional to the concentration of 

peptide in the sample.  Concentrations were determined by extrapolation to a standard 

curve of known concentrations.  The manufacturer has determined an intra-assay and 

inter-assay variation coefficient of <15% for both peptides.  Furthermore, both assays 

have demonstrated no cross reactivity with other related peptides, including the 

opposing peptide.   

 

2.9 siRNA-mediated APLNR Knockdown Strategy 

Two different Silencer Select Pre-designed siRNAs targeting the apelin receptor were 

obtained, and arbitrarily named siAPLNR 1 and siAPLNR 2, with sequences shown in 

Table 2.6.  For transfection of hESC-CMs in 6-well plates, DharmaFECT 1 

Transfection Reagent and Opti-MEM Reduced Serum Media were utilised following 

the DharmaFECT 1 recommended protocol.  Cardiomyocytes used were at day 20-

25.  Briefly, 2.5 μl/well DharmaFECT 1 was added to 97.5 μl/well of Opti-MEM (mix A) 

and incubated for 5 minutes at RT.  Concomitantly, siAPLNR 1, siAPLNR 2 or 

siScramble were mixed with Opti-MEM (mix B) to give a final concentration of 20 nM 

or 40 nM in a total volume of 100 μl/well and also incubated for 5 minutes at RT.  100 

μl/well of each of mix A and mix B were then combined and incubated for a further 20 

minutes at RT to allow complexes to form. During this time, media was aspirated from 

hESC-CMs and cells washed with PBS.  800 μl of CDM-BSA per 200 μl of transfection 

mix was then added to the A and B mixture and 1 ml of this mix dispensed per well.  

hESC-CMs were incubated with transfection mix overnight, then washed with CDM-

BSA and allowed to recover for 1-2 days, with media refreshed every day.  Cells were 

then collected for RNA extraction and qRT-PCR as described in Section 2.4. 
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Name Manufacturer 

(Cat#) 

Sequence (5’3’) Stock 

Concentration  

siAPLNR 1 ThermoFisher 

(s1186) 

UGUGGGCUACCUACACGUAtt 100 μM 

siAPLNR 2 ThermoFisher 

(s1187) 

ACACGUACCGGGACUACUGAtt 100 μM 

siScramble QIAGEN 

(SI03650318) 

- 40 μM 

 

2.10 Generation of shRNA Clones Targeting the Apelin Receptor for 

Knockdown (APLNR KD) 

An apelin receptor tetracycline (Tet) inducible short hairpin RNA (shRNA) knockdown 

system was generated by utilising the single-step optimised inducible knockdown 

system (sOPTiKD) developed by Bertero et al. (2016).  The pAAV-Puro_siKD targeting 

vector (Bertero et al., 2016) targets the AAVS1 locus for transgene expression and is 

designed to carry both the shRNA and tetracycline response (tetR) expression 

cassette.  pAAV-Puro_siKD was a gift from Ludovic Vallier (Addgene plasmid #86695; 

http://n2t.net/addgene:86695; RRID:Addgene_86695).  This system has previously 

been validated, with expression of the transgene shown to be stably driven from the 

AAVS1 locus in hESCs and upon differentiation to the three primary germ layers and 

in hESC-CMs (Bertero et al., 2016).  

 

2.10.1 Vector digestion  

Firstly, pAAV-Puro_siKD was digested with BglII and SalI FastDigest restriction 

enzymes.  5 µg of plasmid was added to 5 µl of each enzyme plus 10 µl of FastDigest 

Green buffer (10X) and made up to 100 µl with nuclease free water.  The reaction was 

incubated at 37°C for 30 minutes and digested product was separated on a 1% 

UltraPure Agarose gel containing SYBR safe DNA gel stain, then extracted and 

purified using the QIAEX II Gel Extraction Kit.  Briefly, the DNA band was excised from 

the gel using a scalpel and UV transluminator. The excised band was weighed and 3 

Table 2.6: Sequences of siRNA used for targeting the apelin receptor for knockdown.        
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volumes Buffer QX1 added plus 2 volumes of water (band size ≥4kb), followed by 30 

µl QIAEX II which was incubated at 50°C for 10 minutes, with vortexing every 2 

minutes to promote solubilisation. 10 µl of 3 M sodium acetate, pH 5, was then added 

and incubated for a further 5 minutes. The sample was centrifuged for 1 minute at 

17,900 xg and supernatant discarded.  The pellet was then washed with 500 µl Buffer 

QX1 followed by two washes with 500 µl Buffer PE.  The pellet was then left to air-dry 

for 30 minutes at RT before eluting DNA by adding 20 µl nuclease free water, 

incubating for 5 minutes, centrifuging for 1 minute at 17,900 xg and collecting the 

supernatant.  DNA concentration was determined using a NanoDrop 1000.  

 

2.10.2 shRNA oligonucleotide design, annealing and ligation 

Known short hairpin RNAs (shRNAs) targeting APLNR were identified from the 

MISSION shRNA TRC database (Sigma Aldrich).  This a freely available resource 

developed by the RNAi Consortium to generate short hairpin RNAs composed of 21 

base stems and 6 base loops, with a number of constructs for each gene, designed to 

target different regions of the mRNA to induce variable levels of knockdown.   Five 

shRNAs targeting different APLNR mRNA regions were selected for cloning and 

arbitrarily named shAPLNR 1-5 (Table 2.7).  Single stranded oligonucleotides were 

designed by modifying sequences to include BglII and SalI overhangs for cloning into 

the pAAV-Puro_siKD vector, along with a starting guanine (G) for the U6 promoter if it 

was not already present on the shRNA (Table 2.8).   
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shRNA TRC Number Sequence 

APLNR1 TRCN0000356634 CCGGTTAGATCTGCAATCGTCTTTCCTCGAGGAAA 

GACGATTGCAGATCTAATTTTTG 

APLNR2 TRCN0000356635 CCGGGAGAACAGATGCACGAGAAATCTCGAGATTTC 

TCGTGCATCTGTTCTCTTTTTG 

APLNR3 TRCN0000356636 CCGGCCTGAGTCTGGACGCAGTAAACTCGAGTTTAC 

TGCGTCCAGACTCAGGTTTTTG 

APLNR4 TRCN0000008098 CCGGGCTGACCTGTTACTTCTTCATCTCGAGATGAA 

GAAGTAACAGGTCAGCTTTTT 

APLNR5 TRCN0000008099 CCGGCGCTCAGCTGATATCTTCATTCTCGAGAATGA 

AGATATCAGCTGAGCGTTTTT 

 

  

Table 2.7: TRC numbers and sequences of shRNAs targeting the apelin receptor gene 

(Sigma Aldrich MISSION shRNA TRC Database). 
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Oligo 

Name 

Top Oligo (5’ to 3’) Bottom Oligo (5’ to 3’) 

APLNR1 GATCCCGTTAGATCTGCAATCGT

CTTTCCTCGAGGAAAGACGATT

GCAGATCTAATTTTTG 

TCGACAAAAATTAGATCTGCAATCGTCTT

TCCTCGAGGAAAGACGATTGCAGATCTA

ACGG 

APLNR2 GATCCCGAGAACAGATGCACGA

GAAATCTCGAGATTTCTCGTGCA

TCTGTTCTCTTTTTG 

TCGACAAAAAGAGAACAGATGCACGAGA

AATCTCGAGATTTCTCGTGCATCTGTTCT

CGG 

APLNR3 GATCCCGCCTGAGTCTGGACGC

AGTAAACTCGAGTTTACTGCGTC

CAGACTCAGGTTTTTG 

TCGACAAAAACCTGAGTCTGGACGCAGT

AAACTCGAGTTTACTGCGTCCAGACTCA

GGCGG 

APLNR4 GATCCCGCTGACCTGTTACTTCT

TCATCTCGAGATGAAGAAGTAAC

AGGTCAGCTTTTTG 

TCGACAAAAAGCTGACCTGTTACTTCTTC

ATCTCGAGATGAAGAAGTAACAGGTCAG

CGG 

APLNR5 GATCCCGCGCTCAGCTGATATC

TTCATTCTCGAGAATGAAGATAT

CAGCTGAGCGTTTTTG 

TCGACAAAAACGCTCAGCTGATATCTTCA

TTCTCGAGAATGAAGATATCAGCTGAGC

GCGG 

B2M GATCCCGGACTGGTCTTTCTATC

TCTTCAAGAGAGAGATAGAAAGA

CCAGTCCTTTTTTG 

TCGACAAAAAAGGACTGGTCTTTCTATCT

CTCTCTTGAAGAGATAGAAAGACCAGTC

CGG 

Single stranded shRNA oligonucleotides (200 μM stocks) were annealed in a 10 μl 

volume containing 1 μl of top oligo, 1 μl bottom oligo, 1 μl annealing buffer (10X, 

containing 100 mM Tris-Cl (pH 8), 10 mM EDTA and 1 M NaCl) and 7μl nuclease free 

water. Annealing thermocycling is detailed in Table 2.9.  

 

 

 

 

 

Table 2.8: Sequences of oligonucleotides used for shRNA cloning. Underlined = sense 

and antisense shRNA strands, red = overhangs necessary for cloning into BglII and SalI 

cut sites of pAAV-Puro_siKD, green = hairpin loop, blue = RNA polymerase III terminator.   
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Temperature  Time 

94°C 5 min 

93°C 20 secs 

Reduce by 1°C/cycle for 12 cycles 

80°C 4 min 

79°C 20 secs 

Reduce by 1°C/cycle for 3 cycles 

75°C 4 min 

74°C 20 secs 

Reduce by 1°C/cycle for 3 cycles 

70°C 4 min 

69°C 20 secs 

Reduce by 1°C/cycle for 60 cycles 

10°C Forever 

 

Annealed oligonucleotides were diluted 1:10 with nuclease free water, then 1:50 with 

1X annealing buffer to give a final dilution of 1:500.  4 μl of annealed shRNA (1:500) 

was ligated into 50 ng cut pAAV-Puro_siKD in a reaction containing 1 μl T4 ligase, 1 

μl T4 ligase buffer and made up to 10 μl with nuclease free water, and incubated at 

RT for 2 hours. Ligated products were transformed into α-Select Gold Efficiency 

Chemically Competent Cells.  Bacterial cells were thawed on wet ice and 1 µl of ligated 

plasmid was added to 25 µl bacterial cells and incubated on ice for 30 minutes.  Heat 

shock transformation was then performed by incubating samples at 42°C for 30 

seconds before returning to ice for 2 minutes.  SOC medium (500 µl) was added and 

incubated at 37°C, shaking at 250 rpm for 1 hour.  Bacterial cells were then streaked 

on pre-prepared ampicillin (100 µg/ml) Lysogeny broth (LB)-agar plates and cultured 

overnight at 37oC. Following initial culture, individual colonies were selected for liquid 

culture overnight (37°C, 250 rpm) in 5 ml LB + ampicillin (100 µg/ml). 

 

Table 2.9: Thermocycler programme for annealing of oligonucleotides.    
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2.10.3 Plasmid preparation and screening 

The following day, 4.5 ml of bacterial culture was pelleted by centrifugation and 

plasmid DNA was extracted using the GenElute Plasmid Miniprep Kit as described 

previously (Bertero et al., 2016).  Briefly, pelleted cells were resuspended thoroughly 

and lysed for 4.5 minutes before the reaction was neutralised.  Samples were then 

centrifuged at 12,000 xg for 10 minutes, to remove cell debris and chromosomal DNA, 

and supernatant collected. Cleared lysate was added to pre-prepared GenElute 

Miniprep Binding Columns and centrifuged at 12,000 xg for 1 minute.  Columns were 

washed and plasmid DNA eluted in 50 µl nuclease free water with concentration 

determined by nanodrop.   

Successful insertion of shRNA oligonucleotides into the pAAV-Puro_siKD was 

assessed by PCR using LongAmp Taq DNA Polymerase protocol. 1 ng of purified 

plasmid DNA was amplified with AAVSeqF (CGAACGCTGACGTCATCAACC) 

AAVSeqR (GGGCTATGAACTAATGACCCCG) as described previously (Bertero et 

al., 2016), with an annealing temperature of 60°C.  PCR products were run on a 1.5% 

agarose gel, alongside uncut plasmid as a control. pAAV-Puro_siKD plasmid 

containing the shRNA insert will give a PCR product of ~390bp, whereas the empty 

pAAV-Puro_siKD will produce an identifiable smaller fragment (~295bp). Amplified 

products from positive clones were analysed by Sanger Sequencing (Source 

Biosciences) to confirm insertion of the correct oligonucleotide. Following sequencing, 

positive clones carrying the correct oligonucleotide were regrown in 50 ml liquid culture 

(LB broth + 100 µg/ml ampicillin) overnight at 37°C, shaking at 250 rpm.  The following 

day, the Plasmid Plus Midi Kit (high yield protocol) was used to purify plasmids.  

Bacterial culture was centrifuged at 4,000 xg for 15 minutes at 4°C.  Pellets were 

resuspended, lysed and neutralised then added to a pre-prepared QIAfilter cartridge 

and incubated for 10 minutes at RT.  Lysate was then filtered, binding buffer added 

and transferred to QIAGEN Plasmid Plus spin columns on a QIAvac 24 Plus. Vacuum 

pressure was applied to draw liquid through, columns were washed and then spun at 

10,000 xg for 1 minute to remove residual wash buffer.  Plasmid DNA was eluted by 

centrifugation at 10,000 xg for 1 minute in 100 µl nuclease free water and 

nanodropped.  

 



64 
 

2.10.4 Transfection of H9 hESCs 

H9 hESCs on gelatin/MEF media coated 6-well plates were prepared for transfection 

by aspirating media, washing once with PBS and incubating in 1 ml of Opti-MEM. 

During this time, Lipofectamine 2000 based transfection mixtures were prepared. 

Briefly, per well 10 μl of Lipofectamine 2000 was added to 240 μl of Opti-MEM (mixture 

A), and incubated for 5 minutes at RT.  Concomitantly, for each well, 250 μl of Opti-

MEM was mixed with 4 μg DNA, divided equally between the targeting shRNA vector 

and two AAVS1 zinc finger nuclease plasmids, designed to ensure specific targeting 

(Bertero et al., 2016) (mixture B).  For each well, 250 μl of mixture A was added to 250 

μl mixture B and incubated for a further 20 minutes at RT.  Following incubation, 500 

μl of transfection mixture was added to each well in a dropwise manner and cells were 

incubated at 37°C overnight.  The following day, transfection mix was aspirated, cells 

washed with H9 maintenance media and allowed to grow to 80% confluence, with 

media refreshed every day.  At this stage, cells were maintained in the presence of 1 

μg/ml puromycin with media refreshed every day. Surviving, resistant colonies were 

mechanically selected and allowed to grow clonally. Clones were expanded and 

maintained as detailed in Section 2.2, in the presence of puromycin.  

 

2.10.5 Genotyping of shAPLNR clones 

Genotyping was performed to determine site specific insertion of the transgene.  Upon 

reaching ~80% confluence, clonal cells were collected and pelleted by centrifugation.  

Genomic DNA extraction was performed on pelleted cells using the GenElute 

Mammalian Genomic DNA Miniprep Kit following the manufacturer’s protocol for 

cultured cell preparations.  DNA concentration was determined by nanodrop and 100 

ng of genomic DNA was used for each genotyping reaction. Three reactions were 

performed using the LongAmp Taq DNA Polymerase PCR protocol with different 

combinations of primers to determine site-specific targeting of the vector, as well as 

whether the allele is heterozygously or homozygously targeted.  Details of each 

reaction are shown in Table 2.10.  PCR products were then run on 1% agarose gels, 

with clones with successful targeting determined according to band pattern (Bertero 

et al., 2016).   
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2.10.6 Tet induction and determination of knockdown efficiency 

Targeted hESC clones were cultured in maintenance media plus 1 μg/ml tetracycline 

hydrochloride to induce apelin receptor knockdown for 4 days.  Cells were then 

harvested and analysed by qRT-PCR as described above.     
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PCR 

Type 

Primer 

Location 

Primer Sequence Amplicon 

wild-type 

(bp) 

Amplicon for 

transgene 

insertion 

Annealing 

temp. (°C) 

Extension 

time 

Result? 

LOCUS Genomic; 5' 

to 5'-HAR  

CTGTTTCCCCTTCCCAGGCAGGTCC  1692 No band for 

homozygous 

targeting, faint band 

for heterozygous 

65 > 3 min Has vector 

inserted in 

genomic 

locus? 

Genomic; 3' 

to 3'-HAR 

TGCAGGGGAACGGGGCTCAGTCTGA 

5’-INT Genomic; 5' 

to 5'-HAR  

CTGTTTCCCCTTCCCAGGCAGGTCC No band 1103 65 1 min 30 Has the 

correct vector 

integrated? Puromycin TCGTCGCGGGTGGCGAGGCGCACCG 

3’-INT OPTtetR  CCACCGAGAAGCAGTACGAG No band 1447 60 1 min 30 Has the 

correct vector 

integrated? 

Genomic; 3' 

to 3'-HAR 

TGCAGGGGAACGGGGCTCAGTCTGA 

Table 2.10: Primer locations and sequences and PCR conditions used for genotyping of targeted hESCs.  
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2.11 Ethidium Homodimer Staining 

hESCs were plated for differentiation as normal in 6-well plates (see Section 2.3).  

Before each media change time point, cells were stained with Ethidium Homodimer-1 

(EthD-1) cell impermeant dye (40 µg/ml) diluted in CDM-BSA (1 ml/well) plus two 

drops of NucBlue Live ReadyProbes Reagent and incubated for 30 minutes at 37°C.  

Staining solution was then aspirated and replaced with 1 ml/well CDM-BSA and plates 

imaged using the EVOS FL Imaging System.  Number of red cells (EthD-1 positive, 

dead cells) and number of cells (blue, nuclei stain) were counted using Fiji Image J 

analysis software and expressed as a ratio (number of dead cells/number of nuclei).   

  

2.12 Binding of Apelin Fluorescent Ligand 

Beating control and APLNR KD hESC-CMs were washed with PBS, TrypLE Express 

added and incubated at 37°C for 8-10 minutes.  Trypsin was neutralised by the 

addition of CDM-BSA containing DNase (5 µg/ml) to prevent clumping and cells 

counted using the Countess Automated Cell Counter, with cells diluted 1:1 in 0.4% 

Trypan Blue to determine cell viability.  Cells were aliquoted into clean 15 ml falcon 

tubes to provide 1 x 105 cells/well and centrifuged at 300 xg for 3 minutes.  Media was 

aspirated and hESC-CMs resuspended in CDM-BSA + ROCKi (10 µM).  Cells were 

then plated into pre-prepared matrigel coated CellCarrier-96 Black, Optically Clear 

Bottom plates (10 µg/ml, incubated for 1 hour at room temperature) in 100 µl media.  

Plates were shaken to ensure uniform cell dispersal and transferred to the incubator.  

Cells were allowed to attach and recover for 4 days, with two CDM-BSA media 

refreshes and tetracycline treatment maintained throughout.  

Following recovery and once robust beating was re-established, media was aspirated 

and hESC-CMs washed three times with Hanks Balanced Salt Solution (HBSS).  

Fluorescently tagged apelin647 (previously designed and validated by the Davenport 

group.  Custom order, Cambridge Research Biochemicals) was then added to each 

well at a concentration of 300 nM, diluted in HBSS and incubated for 90 minutes at RT 

in the dark.  To determine non-specific binding, a saturating concentration of 

[Pyr1]apelin-13 (10 µM) was also added.  hESC-CMs were then washed three times 

with HBSS and fixed with 4% PFA for 5 minutes at RT.  A further three washes were 

performed, and then cells were stained with Hoechst 3342 nuclear dye at a 
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concentration of 10 µg/ml in HBSS for 15 minutes at RT, shielded from light.  Three 

final washes with HBSS were performed, then cells were covered with HBSS and 

stored at 4°C until imaging.   

Plates were imaged on the Opera Phenix High-Content Screening System (Perkin 

Elmer) with assistance from T.L. Williams (University of Cambridge).  The Opera 

Phenix imaging platform scans and images the full plate with low intensity and low 

dwell time, meaning photobleaching is minimised, enabling unbiased imaging and 

reliable quantification.     

 

2.13 RNA Sequencing  

Unless otherwise stated, methods described in this section were carried out by E.L. 

Robinson (University of Colorado), with assistance from the author.  

 

2.13.1 RNA extraction  

hESC-CMs at day 15 of differentiation, cultured in the absence or presence of 

tetracycline to induce APLNR KD were washed with PBS and cells scraped and 

collected.  Samples were spun at 3,000 xg for 3 minutes, media aspirated, washed 

with PBS, spun again and PBS aspirated.  RNA extraction was performed using TRIzol 

reagent.  To promote nucleoprotein dissociation, cell pellets were resuspended in 400 

µl of TRIzol and incubated for 5 minutes at RT.  Chloroform (80 µl/sample) was then 

added for 3 minutes after thorough mixing, and phase separation induced by 

centrifugation at 12,000 xg for 15 minutes at 4°C.  The RNA is contained within the 

upper aqueous phase, hence this was collected into a clean tube, and 200 µl of 

isopropanol added and incubated for 10 minutes for RNA precipitation.  RNA 

precipitate was then pelleted by centrifugation at 12,000 xg for 10 minutes at 4°C and 

RNA washed by resuspending the pellet in 75% ethanol, followed by centrifugation at 

7,500 xg for 5 minutes at 4°C.  Following removal of the supernatant, pellets were air 

dried at RT for 10 minutes before being resuspended in 20 µl RNase-free water and 

incubated at 55°C for 15 minutes, with RNA concentration determined by NanoDrop 

1000.  
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2.13.2 Quality control 

Quality control was performed at the Cambridge Genomics Services (Department of 

Pathology, University of Cambridge).  To determine RNA quality, an RNA Integrity 

Number (RINe) was generated by subjecting samples to electrophoretic separation of 

total RNA using the TapeStation RNA ScreenTape assay.  RINe values range from 1-

10 and a higher RINe value indicates highly intact RNA (Schroeder et al., 2006).  RINe 

values for all hESC-CM samples were 7.4-8.2 (mean = 7.74±0.25).  

 

2.13.3 Removal of ribosomal RNA 

Due to the high abundancy of ribosomal RNA (rRNA) (80-90% of total cellular RNA) 

(Lodish et al., 2000), it must be removed to ensure cost effective RNA sequencing and 

to stop the read coverage being overwhelmed.  Therefore, prior to library preparation, 

6 µl total RNA was used in the NEBNext rRNA Depletion Kit (Human/Mouse/Rat) 

following manufacturer’s protocol.   

 

2.13.4 Total stranded RNA sequencing library preparation 

The CORALL Total RNA-Seq Library Prep Kit was used following recommended 

protocol to generate Unique Molecular Identifier (UMI) labelled total stranded libraries 

for whole RNA sequencing.  For the final amplification step, 15 PCR cycles were used.  

The protocol was amended in that, for the purification steps, AMPure XP PCR 

Purification Beads in combination with 80% nuclease-free ethanol made freshly were 

used at a volume of 1.8X, apart from for the final amplification step where a volume of 

1X was used.   

Further quality control was performed by the Babraham Institute Next Generation 

Sequencing Facility.  To assess fragment size and range and presence of primer and 

adaptor dimers, libraries were sent for analysis by a 2100 BioAnalyzer (Agilent). The 

majority of the library should have a fragment size range 200-600 bp. 

Next generation sequencing was carried out on prepared libraries at the Babraham 

Institute Next Generation Sequencing Facility using the HiSeq2500 System (Illumina) 

with 15 RNA-seq libraries sequenced per lane as 100bp Single-End sequencing runs. 
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2.13.5 Processing and analysis of next generation sequencing data 

Work in this section was carried out by Simon Andrews and Felix Krueger at The 

Babraham Institute Bioinformatics Group.  First, outputted fastq next generation 

sequencing files were subjected to basic quality checks using FastQC analysis 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/).  Next, Trim Galore! was 

used to trim reads and remove adaptor sequences, using a Phred score of 20 as a 

threshold, equivalent to an error of less than 1 in 100 bases and a trimming rate of 

less than 0.1 (https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/).  The 

data were then aligned to the reference genome Homo sapiens GRCh38/hg38 using 

the HiSAT2 program (http://daehwankimlab.github.io/hisat2/).   

 

2.13.6 Differential gene expression 

For visualisation and analysis, the processed files were then imported into SeqMonk 

(v1.42.0, https://www.bioinformatics.babraham.ac.uk/projects/seqmonk/) as BAM 

files.  Read count quantitation was performed and total read count per replicate used 

for global normalisation.  Sequencing reads were expressed as reads per million 

(RPM) and global normalisation performed to total library size by inputting data into 

DESeq2 R-based software (Love et al., 2014) as raw (non-log transformed) counts. 

RPM ≥ 1.0 was used as a threshold for above noise, and a false discovery rate (FDR) 

of 5% defined as acceptable following Benjamini-Hochberg multiple testing correction.   

 

2.13.7 XGR pathway analysis 

With assistance from E.E. Davenport (Wellcome Sanger Institute), eXploring Genomic 

Relations (XGR) pathway analysis was performed, which is an open source tool 

designed to produce genetic summary data allowing enhanced interpretation of 

genomic datasets.  This software incorporates established biological relationships, 

annotation and ontology, providing more informative and interpretable results than 

other commonly used analysis strategies (Fang et al., 2016).   

 

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://daehwankimlab.github.io/hisat2/
https://www.bioinformatics.babraham.ac.uk/projects/seqmonk/
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2.14 Adhesion Assay 

To assess the role of the apelin receptor in adhesion, hESC-CMs at day 16-20 were 

washed with PBS, 750 µl TrypLE Express added and incubated at 37°C for 8-10 

minutes.  Trypsin was neutralised by the addition of 1.5 ml of CDM-BSA containing 

DNase (5 µg/ml) to prevent clumping and cells counted.  Cells were aliquoted into 

clean 15 ml falcon tubes to provide 7 x 104 cells/well and centrifuged at 300 xg for 3 

minutes.  hESC-CMs were resuspended in CDM-BSA + ROCK inhibitor (10 µM).  And 

plated into pre-prepared matrigel coated CellCarrier-96 Black, Optically Clear Bottom 

plates.  Plates were shaken to ensure uniform cell dispersal and transferred to the 

incubator.  

At pre-defined time points (3 hours, 12 hours and 24 hours), media was aspirated, 

hESC-CMs washed once with PBS and then fixed with 100 µl/well 4% 

paraformaldehyde for 20 minutes at RT.  Following incubation, cells were washed with 

PBS, PBS replaced and plates stored at 4°C until staining performed.  

Cells were permeabilised using PBS containing 0.5%Triton-X and 5% BSA for 15 

minutes at RT, before blocking in 3% BSA PBS for 1 hour at RT.  Phalloidin-iFluor 488 

was diluted 1:500 in 0.5% BSA PBS, 100 µl/well added and incubated at RT for 2 

hours in the dark.  hESC-CMs were then washed 3 times with PBS before incubating 

with DAPI diluted 1:10,000 in 0.5% BSA PBS for 20 minutes at RT in the dark.  Cells 

were then washed with PBS once more and covered with fresh PBS.  Plates were 

stored at 4°C shielded from light until imaging.   

Plates were imaged on the Opera Phenix High-Content Screening System and 

quantification performed using Harmony image analysis software (Perkin Elmer).  

Imaging and Harmony analysis was performed with assistance from T.L. Williams 

(University of Cambridge).  Data were acquired for cell count, cell area and 

width/length ratio.   

 

2.15 Measurement of Voltage Signalling 

To assess voltage signaling, hESC-CMs were loaded with FluoVolt Membrane 

Potential voltage sensitive dye according to manufacturer’s instructions.  FluoVolt was 

diluted 1:1000 in 1X Tyrode’s solution supplemented with glucose (10X Tyrode’s 
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Solution diluted with mH20, 5 mM glucose, pH 7.4, Table 2.11), along with PowerLoad 

solution diluted 1:100.  For hESC-CMs in 6-well plates, media was aspirated and 

replaced with 2 ml/well diluted FluoVolt solution and incubated for 30 minutes at 37°C.  

FluoVolt was then aspirated and replaced with 3 ml/well Tyrode’s solution.  Cells were 

imaged using an Axio Observer A1 Inverted Phase Contrast Fluorescence Microscope 

with LabCam adaptor mounted, and videos recorded in slow motion using an iPhone 

7.  Cells were paced at 1 Hz, 1.5 Hz and 2 Hz using the C-Pace EM fitted with 6-well 

plate adaptor (IonOptix).  Generated videos were loaded into a custom MATLAB 

(R2021a) code written by S. Bayraktar (University of Cambridge) designed to extract 

values for time to peak and decay time.  For analysis, regions of interest were selected 

to isolate effects in hESC-CMs, with data analysed across the region of interest.  

 For 10X 1X concentration 

CaCl2 2.65 g 1.8 mM 

MgCl2 2.033 g 1 mM 

KCl 4 g 5.4 mM 

NaCl 81 g 140 mM 

NaH2PO4 509 mg 0.33 mM 

HEPES 24 g 10 mM 

 

Voltage sensitive dyes be cardiotoxic, which can induce disrupted beating patterns 

and arrhythmia (van Meer et al., 2016).  FluoVolt has previously been tested for 

cardiomyocyte cellular toxicity, and found to be only moderately toxic over a period of 

more than 3 hours (Bedut et al., 2016).  To minimise any toxicity effects, hESC-CMs 

were subjected to a maximum incubation time of 30 minutes.  Furthermore, all 

conditions were incubated with the dye for equal time periods, meaning that when 

comparing control and genetically manipulated hESC-CMs, any dye toxicity would be 

observed in both conditions.  Therefore, effects of the genetic manipulation can be 

observed compared to the control.   

 

Table 2.11: Composition of 1 litre of 10X Tyrode’s solution, made up with milliQ water. 
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2.16 Measurement of Calcium Signaling  

hESC-CMs in 6-well plates were loaded with 2ml/well Fluo-4, AM diluted 1:1000 in 

CDM-BSA for 30 minutes at 37°C.  Following incubation, dye was aspirated and 

3ml/well Tyrode’s solution added.  Cells were imaged as described above for voltage 

signaling (Section 2.15), including pacing at 1 Hz, 1.5 Hz and 2 Hz.  Again, videos 

were analysed using a custom MATLAB code with values for time to peak and time to 

90% decay extracted.  For analysis, regions of interest were selected to isolate effects 

in hESC-CMs, with data analysed across the region of interest. 

 

2.17 Effect of Apelin Receptor Ligands on hESC-CM Differentiation  

hESCs cultured with or without tetracycline for 4 days were plated for differentiation 

as described in Section 2.3.  Throughout differentiation, various apelin receptor 

targeting ligands were included (Table 2.12).  Compounds were refreshed every 2 

days with each media change.  At day 14 of differentiation, hESC-CMs were collected 

using TrypLE Express and stained for TnT and Thy-1 as described in Section 2.6.   

 

2.18 Generation of 3D Engineered Heart Tissues 

A previously published protocol was used to generate 3D tissue constructs known as 

engineered heart tissues (EHTs) (Tulloch et al., 2011; Ruan et al., 2015).  hESC-CMs 

were generated as described in Section 2.3, replated and subjected to metabolic 

selection for 3 days.  Cells were allowed to recover in CDM-BSA for 2 days.  

For casting hESC-CM constructs, previously prepared polydimethylsiloxane (PDMS) 

moulds were used (production of moulds described in Bargehr et al., 2019).  Prior to 

Ligand Concentration Mechanism Supplier 

[Pyr1]apelin-13 10 nM or 1 µM Unbiased Severn Biotech 

MM07 1 µM G-protein biased Severn Biotech 

26525 300 nM G-protein biased Gifted by Sosei Heptares 

31515 300 nM Unbiased Gifted by Sosei Heptares 

Table 2.12: Apelin receptor ligands included in hESC-CM cultures throughout 

differentiation including concentrations used and ligand mechanism of action.  
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casting, PDMS moulds containing two upright posts were sterilised by submerging in 

70% ethanol and then treated with 5% pluronic acid F127 for 1 hour at RT.  

Metabolically selected hESC-CMs in 6-well plates were detached by incubation with 

trypsin at 37°C for 8-10 minutes.  Trypsin was neutralised by the addition of CDM-BSA 

containing DNase (5 µg/ml) to prevent clumping.  hESC-CMs were centrifuged at 300 

xg for 3 minutes, media aspirated and resuspended in 5-10 ml of CDM-BSA depending 

on pellet size.  Cells were diluted 1:1 with 0.4% Trypan Blue and counted using an 

automated cell counter as described above.   

To support the hESC-CMs in the EHT, cardiomyocytes were cast alongside HS-27A 

fibroblast immortalised cell line.  HS-27A cells were maintained as described in 

Section 2.2.  When ready for construct casting, HS-27A cells were trypsinised for 3 

minutes, collected and counted as described for hESC-CMs.  

hESC-CMs and HS-27A cells were aliquoted to provide either 5 x 105 hESC-CMs 

alone or 5 x 105 hESC-CMs plus 5 x 104 HS-27A cells per construct and kept on ice.  

An excess of collagen gel was prepared, with composition and order of reagent 

addition described in Table 2.13, and placed on ice. 

Component Volume/ml (µl) 

10x RPMI-1640 medium 85.75 

1M NaOH 12.60  

Geltrex 142.91 

Collagen I Rat Protein 541.77 

Sterile mH20 150.00   

HEPES buffer 20 

Additional NaOH N (dependent on visualised colour change) 

Additional sterile mH20 46.97 – N  

 

Cell mixtures were centrifuged at 300 xg for 3 minutes, media aspirated and 

resuspended thoroughly in collagen gel to give a total volume of 30 µl/construct.   

Table 2.13: Components of collagen gel used for casting 3D EHTs, with volume used per 

ml of mixture and reagents listed in the order in which they were added.   
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Pluronic acid was aspirated from the PDMS moulds and 30 µl of cell/gel mixture added 

per mould well, ensuring gel surrounded the two upright posts and filled the entire well.  

Cast EHTs were then incubated at 37°C for 30 minutes to allow solidification.  RPMI 

media supplemented with B27 plus insulin was added (6 ml/well), and refreshed every 

other day.  EHTs were allowed to mature for 14 days, with spontaneous contraction 

observed within 2-5 days.  Tetracycline was included throughout this 14 day period at 

a concentration of 1 µg/ml to induce APLNR KD.     

 

2.19 Measuring Voltage and Calcium Signalling in EHTs    

At day 14, voltage and calcium signalling were measured in EHTs as described in 

Sections 2.15 and 2.16, using FluoVolt and Fluo-4, AM, respectively.  The same 

concentrations of dyes were used, but 3 ml/well was added.  For performing 

measurements, EHTs were kept on the PDMS moulds to ensure EHTs did not move 

excessively.   

 

2.20 Force Measurements of EHTs 

After 14 days in culture, EHTs were subjected to force measurements as described in 

Bargehr et al., 2019.  EHTs were removed from their moulds and attached between a 

force transducer (model 400A, Aurora Scientific) and length controller (model 312B, 

Aurora Scientific), bathed in Tyrode’s solution at 37°C (Figure 2.1).  3D constructs 

were then subjected to additive strain, with the length controller stretching the EHTs 

from their resting length to 24% strain in 4% intervals.  Spontaneous contraction was 

recorded, followed by force generation with pacing at 1 Hz, 1.5 Hz and 2 Hz (5 V and 

50 ms pulse duration).  Generated force was recorded using LabView software, and 

output analysed using a custom MATLAB code (written by S. Bayraktar, University of 

Cambridge).   
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2.21 Second-Harmonic Imaging Microscopy of EHTs 

EHTs were detached from their moulds and fixed in 4% PFA for 1 hour at RT.  EHTs 

were then transferred to 30% sucrose solution, incubated overnight and then snap 

frozen on dry ice in Tissue Tek OCT.  Tissues were sectioned (10 µm) using a cryostat 

(Bright Instruments) onto slides and glass coverslips mounted using Permanent 

Aqueous Mounting Media.  Second-harmonic imaging microscopy (SHIM) was 

performed to visualise collagen without exogenous staining (X. Chen et al., 2012).  

Slides were imaged by the Jeffrey Cheah Biomedical Centre Imaging Hub, using a 

Zeiss LSM880 multiphoton system, with a Newport Spectraphysics Insight DS+ laser.  

SHIM images were acquired using a 10x 0.5NA water dipping objective, excitation at 

920 nm and detection at 437-463 nm.  

 

2.22 RNA Extraction from EHTs 

Upon completion of measurements, EHTs were snap frozen on dry ice and stored at 

-70°C until ready for use.  EHTs were thawed on ice and total RNA extracted using 

the ACRTURUS PicoPure RNA Isolation Kit.  EHTs were transferred to Lysing Matrix 

D beads in 250 µl Extraction Buffer and subjected to homogenisation in a FastPrep-

24 5G Instrument (MP Biomedicals).  Samples were then centrifuged at 4°C at 16,000 

Figure 2.1: (A) Representative image of EHT on PDMS mould at day 14.  Scale bar = 1 

mm.  (B) Myograph set-up used to subject EHTs to stretch and electrical stimulation, with 

force transducer measuring resulting force generation.   
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xg for 10 minutes.  Tube contents were transferred to a clean tube and incubated at 

42°C for 30 minutes, before spinning at 3,000 xg for 2 minutes to remove debris.  

Samples were then transferred to a clean tube and RNA extraction kit used according 

to manufacturer’s protocol.   

First, 250 µl of Conditioning Buffer was added to the column and incubated for 5 

minutes before centrifuging at 16,000 xg for 1 minute.  Equal volumes of 70% ethanol 

was then added to prepared lysates, mixed and transferred to the pre-conditioned 

columns.  Samples were centrifuged for 2 minutes at 100 xg, immediately followed by 

16,000 xg for 30 seconds.  Wash Buffer 1 was added to the column before spinning 

at 8,000 xg for 1 minute.  DNase solution was then prepared by adding 10 µl DNase 

1 to 30 µl Buffer RDD per sample, with 40 µl of mixed solution added per column and 

incubated for 15 minutes at RT.  A further 40 µl of Wash Buffer 1 was added and 

samples centrifuged at 8,000 xg for 30 seconds, followed by two washes with Wash 

Buffer 2.  Purification columns were then transferred to clean 0.5 ml tubes and 12 µl 

Elution Buffer added directly to column membrane.  After incubating for 1 minute at 

RT, columns were centrifuged for 1 minute at 100 xg followed immediately by 1 minute 

at 16,000 xg to elute.  Samples were nanodropped to determine RNA concentration 

and gene expression analysis performed as described in Section 2.4.  

 

2.23 Genome Editing using Base Editor Technology to generate 

R168H Apelin Receptor Variant hESCs 

Base editing is a form of CRISPR/Cas technology which induces precise genetic 

changes without causing double stranded breaks (DSBs), requiring donor templates 

or relying on homology directed repair (HDR), in contrast to classic CRISPR/Cas 

technology.  Base editing was used as described previously (Komor et al., 2016; 

Koblan et al., 2018) to generate hESCs carrying APLNR genetic variants identified 

from the NIHR BioResource BRIDGE study (Gräf et al., 2018).  Here, a cytosine base 

editor was used in combination with custom guide RNAs (gRNAs) to induce a change 

in sequence from G-C to A-T, resulting in a substitution mutation of an arginine to a 

histidine at apelin receptor amino acid position 168 (referred to as R168H 

subsequently).   
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2.23.1 Guide RNA design 

To design gRNA, Benchling online CRISPR design tool was used 

(https://www.benchling.com/).  A 1 kb genomic sequence was inputted as target 

sequence and the software generated a ranked list of potential 20 bp gRNAs, based 

on computationally predicted on and off target effects.  All gRNAs identified directly 

preceded the PAM motif 5’-NGG, where N represents any base. This PAM sequence 

is specific for the SpCas9 ortholog and the PAM sequence can occur in the positive 

or negative strand.  

For cloning gRNA into the expression plasmid (pGL3-U6-sgRNA-PGK-puromycin 

plasmid), the vector must be cut with BsaI type II restriction enzyme, creating non-

compatible sticky ends for the ligation of gRNA.  Hence, gRNA sequence must be 

designed to produce two complementary oligonucleotides with the addition of bases 

to produce compatible ends for insertion into the enzyme digest.  As above, the U6 

promoter requires a starting guanine (G), therefore this must also be added if not 

present.  The designed gRNA sequences are shown in Table 2.14.  

 

2.23.2 Plasmid preparation  

gRNA expression plasmid and base editor plasmid were purchased from Addgene as 

bacterial stabs (Table 2.15).  Each vector was expanded by plating on LB Agar plates 

containing ampicillin (100 µg/ml), followed by liquid culture in LB broth containing 

ampicillin (100 µg/ml).  Plasmids were isolated using the Plasmid Plus Midi Kit as 

described in Section 2.10 and nanodropped to determine DNA concentration.  

 

gRNA Name Top Oligo (5’ to 3’) Bottom Oligo (5’ to 3’) 

R186H  CCGGGTGGTGCGTAACACCATG

AC 

AAACGTCATGGTGTTACGCACC

AC 

Table 2.14: Sequences of oligonucleotides used for base editing gRNA. Black = gRNA 

sequence, red = starting guanine for U6 promoter, blue = overhangs necessary for cloning 

into expression vector. 

 

https://www.benchling.com/
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2.23.3 Annealing and ligation of gRNA oligonucleotides 

Firstly, gRNA oligonucleotides were phosphorylated and annealed to form double 

stranded fragments.  Reaction mixture containing 1µl of each of top and bottom 

oligonucleotide (100 µM), 1 µl of T4 Ligase 10X Buffer, 1 µl T4 Polynucleotide Kinase 

and 6 µl nuclease free water were incubated at 37°C for 30 minutes followed by 95°C 

for 5 minutes, and then temperature ramped down to 25°C at 5°C per minute.   

Annealed R168H oligonucleotides were then diluted 1:200 in nuclease free water and 

reactions set up for ligation of oligonucleotide into the gRNA expression vector (pGL3-

U6-sgRNA-PGK-puromycin).  Reaction mix consisted of 2 µl diluted annealed 

oligonucleotides, 100 ng vector, 2 µl Tango Buffer (10X), 1 µl 10 mM DTT, 1 µl 10 mM 

ATP, 1 µl BsaI FastDigest restriction enzyme, 1 µl T4 Ligase and made up to 20 µl 

with nuclease free water.  Samples were incubated for 6 cycles of 37°C for 5 minutes 

followed by 21°C for 5 minutes.   

To remove residual linearised DNA fragments, 11 µl of ligation reaction was mixed 

with 1.5 µl 10X PlasmidSafe Buffer, 1.5 µl 10 mM ATP and 1 µl PlasmidSafe ATP-

dependent DNase, and incubated at 37°C for 30 minutes followed by 70°C for a further 

30 minutes.  

Next, 2 µl of the treated ligation reaction was transformed into 25 µl of α-Select Gold 

Efficiency Chemically Competent Cells as described above and plated on LB Agar + 

Plasmid name Function Addgene reference Restriction 

enzyme 

Reference 

pGL3-U6-

sgRNA-PGK-

puromycin 

Expresses 

gRNA from the 

U6 promoter.  

Puromycin 

resistance 

Gift from Xingxu Huang 

(Addgene plasmid # 51133; 

http://n2t.net/addgene:51133 ; 

RRID:Addgene_51133) 

BsaI (Shen et al., 

2014) 

pCMV_BE4max C:G-to-T:A 

base editing 

Gift from David Liu (Addgene 

plasmid # 112093 ; 

http://n2t.net/addgene:112093 ; 

RRID:Addgene_112093) 

Not 

applicable 

(Koblan et 

al., 2018) 

Table 2.15: Details of plasmids used for R168H base editing.  
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ampicillin (100 µg/ml) plates.  Single colonies were selected for liquid starter culture 

and plasmid DNA isolated using the GenElute Plasmid Miniprep Kit and analysed by 

Sanger Sequencing (Source Bioscience) using the U6-FOR primer 

(GACTATCATATGCTTACCGT) to verify presence of gRNA. Positive clones were 

then regrown in 50 ml liquid culture overnight and plasmid isolated using the Plasmid 

Plus Midi Kit with an elution volume of 100 µl nuclease free water and concentration 

determined by nanodrop.  

 

2.23.4 T7 endonuclease assay 

To validate the ability of the generated vector containing gRNA targeting the apelin 

receptor gene to cut DNA at the specified genomic region, T7 endonuclease assays 

were performed using transfected HEK293T cells.  Firstly, endonuclease primers were 

designed to span the region where the gRNA directs the base editor, allowing 

subsequent base change to modify DNA sequence.  Sequences ~1 kb up and down 

stream of the predicted mutation site were inputted to Primer BLAST 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) online tool and primer pairs 

generating products with length of 2 kb and  minimal off target effects selected 

(sequences shown in Table 2.16).  Annealing temperatures were determined for each 

primer pair based on predictions by the New England BioLabs Tm Calculator 

(https://tmcalculator.neb.com/) followed by performing gradient PCR using the Q5 

High Fidelity DNA Polymerase PCR kit and running products on 1% agarose gel.    

 

HEK293Ts were maintained in culture until 80% confluent.  Transfection mixtures were 

prepared by adding 7.5 µl TransIT-LT1 (Mirus Bio) to 250 µl Opti-MEM media, plus 

gRNA vector and base editing vector at a ratio of 1:3, with a total DNA content of 4 µg 

(i.e. 1 µg gRNA vector and 3 µg of base editor vector).  Control reactions were also 

Primer Name Sequence (5’3’) Tm (°C) 

APLNR_ENDO_FOR TCTGGACCGTGTTTCGGAG 
68 

APLNR_ENDO_REV GGAAACCCTTCAGCTCACAGT 

Table 2.16: Sequences and annealing temperatures for primers used in endonuclease 

assay.   

 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://tmcalculator.neb.com/
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set up, with either empty plasmid, no plasmid (untransfected, media + TransIT-LT1) 

or no transfection (media only).  Mixes were incubated at RT for 20 minutes.  

Concomitantly, HEK293Ts were washed with PBS and dissociated by incubation with 

TrypLE Express for 3 minutes at 37°C.  Following neutralisation, cells were collected 

and centrifuged at 300 xg for 3 minutes, resuspended in fresh media and counted.  For 

each transfection, 2 x 105 cells were aliquoted to a fresh tube and again centrifuged at 

300 xg for 3 minutes.  Cells were resuspended in 1.5 ml of pre-prepared transfection 

mix, plated in one well of a 6-well plate and incubated overnight.  The following day, 

media was changed to MEF media containing puromycin (1 µg/ml) to select for cells 

that had taken up the gRNA plasmid.  After 48 hours, media was changed for normal 

MEF and cells maintained for a further 48 hours, and then collected for genomic DNA 

extraction using the GenElute Mammalian Genomic DNA Miniprep Kit as described in 

Section 2.10.   

The Q5 Hot Start High Fidelity DNA Polymerase kit was used in combination with 

designed endonuclease assay primers on DNA from both transfected and 

untransfected HEK293Ts.  Thermocycling conditions are detailed in Table 2.17.  The 

QIAquick PCR Purification Kit was then used following manufacturer’s protocol.   

 

 

 

 

 

 

Heteroduplex annealing reactions were set up as detailed in Table 2.18, consisting of 

either PCR products from untransfected cells alone (1200 ng) or a combination of 

untransfected and transfected cells (600 ng of each), with thermocycling conditions 

shown in Table 2.19.  

Temperature  Time 

98°C 30 secs 

98°C 10 secs 

68°C 30 secs 

72°C 2 min 

Loop to step 2 for 35 cycles 

72°C 2 min 

Table 2.17: Thermocycling conditions for PCR amplification of base editor transfected 

HEK293T DNA.   
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Annealed heteroduplexes were then treated with 1 µl T7 endonuclease and incubated 

at 37 °C overnight.  Samples were run on a 1.5% gel and base editor cutting efficiency 

determined from band pattern.  

Control Reaction Experimental Reaction 

Component Volume Component Volume 

NEBuffer 2 2 µl NEBuffer 2 2 µl 

DNA (untransfected) 1200 ng DNA (untransfected) 600 ng 

H20  To 20 µl DNA (transfected) 600 ng 

 H20 To 20 µl 

Temperature Time 

95°C 10 min 

95°C to 85°C -2.0°C/sec 

85°C 1 min 

85°C to 75°C -0.3°C/sec 

75°C 1 min 

75°C to 65°C -0.3°C/sec 

65°C 1 min 

65°C to 55°C -0.3°C/sec 

55°C 1 min 

55°C to 45°C -0.3°C/sec 

45°C 1 min 

45°C to 35°C -0.3°C/sec 

35°C 1 min 

35°C to 25°C -0.3°C/sec 

25°C 1 min 

4°C ∞ 

Table 2.18: Reaction composition for heteroduplex formation for T7 endonuclease assay.   

 

Table 2.19: Thermocycling conditions for heteroduplex formation for T7 endonuclease 

assay.   
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2.23.5 hESC nucleofection  

Next, H9 hESCs were nucleofected with BE4max base editor vector plus gRNA vector, 

using the Amaxa 4D Nucleofector (Lonza) and P3 Primary Cell 4D-Nucleofector X Kit 

according to manufacturer’s instructions.  First, for each reaction 18 µl of Supplement 

was added to 82 µl Nucleofector solution and mixed by vortexing, to give 100 µl 

total/reaction. 

Concomitantly, H9 hESCs were prepared for nucleofection.  For 1 hour prior to 

collection, hESCs were incubated in E8 complete media containing ROCKi (10 µM).  

For each reaction, two 10 cm dishes were prepared by coating with Vitronectin XF and 

incubating for 1 hour at RT.  Media was aspirated, cells washed with PBS and 

dissociated using TryPLE by incubating at 37°C for 3 minutes.  TryPLE was 

neutralised, hESCs collected into falcon tubes, centrifuged at 300 xg for 3 minutes, 

resuspended in fresh media and counted.  For each nucleofection reaction, 1 x 106 

cells/reaction were added to 100 µl Nucleofector solution.      

For the base editor reaction, the two vectors were added to Nucleofector solution at a 

ratio of 1:3 gRNA:base editor, with a total DNA content of 8 µg (2 µg gRNA vector, 6 

µg base editor).  A control reaction was also set up, with 2 µg of pmaxGFP vector 

added to Nucleofector solution, in order to visualise successful nucleofection.  Each 

reaction was then transferred to a nucleofector cuvette and placed into the Amaxa 4D 

Nucleofector, and pulse program CA137 used.  Cells were then allowed to recover for 

5 minutes, before adding 500 µl E8 complete media supplemented with CloneR 

(diluted 1:10, Stem Cell Technologies) and leaving for a further 5 minutes.  Using the 

provided plastic transfer pipette, the entire cuvette contents were added to 12 ml of E8 

complete + CloneR and plated onto the two previously prepared vitronectin coated 10 

cm dishes.  Plates were transferred to 37°C and incubated overnight to allow 

attachment.  

After 24 hours, media was changed to E8 complete + puromycin (1 µg/ml), which was 

maintained for 48 hours with daily refresh, before transferring to normal E8 complete.  

Cells were cultured until visible colonies were present.  Resistant colonies were 

selected manually for expansion and allowed to grow clonally.    
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2.23.6 Apelin receptor genotyping  

Genotyping primers were designed for the APLNR nucleotide targeted for genetic 

manipulation.  Sequences ~1 kb up and down stream of the residue of interest were 

inputted to Primer BLAST online tool and primer pairs generating products with length 

~1.5 kb with minimal off target binding and amplification selected.  Annealing 

temperature was determined for the selected primer pair using the New England 

BioLabs Tm Calculator and performing gradient PCR, with sequences and extension 

time of the selected genotyping primers shown in Table 2.20. 

 

Clonal cells were collected and pelleted by centrifugation.  Genomic DNA extraction 

was performed on pelleted cells using the GenElute Mammalian Genomic DNA 

Miniprep Kit as described in Section 2.10.  DNA concentration was determined by 

nanodrop and 100 ng of genomic DNA used for each genotyping reaction.  The Q5 

Hot Start High Fidelity DNA Polymerase kit was used in combination with designed 

sequencing primers with thermocycling conditions as described in Table 2.17 but with 

an extension time of 90 seconds.   

For each reaction, 5 µl was taken for gel electrophoresis to check for appearance of a 

band at the appropriate size.  The remaining 20µl of reactions producing bands at the 

predicted size were then PCR purified, nanodropped and sent for Sanger Sequencing 

(Source Bioscience) using the APLNR_R168H_Seq primer shown in Table 2.20.  

Positive clones were then expanded in culture and differentiated to hESC-CMs for use 

in further assays.    

 

Primer Name Sequence (5’3’) Tm 

(°C) 

Ext. 

time 

APLNR_R168H__FOR TCTGGACCGTGTTTCGGAG 
68 90 secs 

APLNR_R168H_REV ACAGGGTCAGTCTCTGCAAGCT 

APLNR_R168H_Seq GAAGCGGGGGTCGAAAAAGGCA NA NA 

Table 2.20: Sequences, annealing temperatures (Tm) and extension time (Ext. time) for 

primers used for APLNR genotyping. 
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2.24 Data Analysis and Statistics 

All data are represented as mean±sem.  The n values are stated in the figure legends. 

For statistical analysis, unpaired, two-tailed Student’s t-tests or one-way ANOVA tests 

with Tukey’s correction for multiple comparisons were performed as appropriate.  A p 

value <0.05 was deemed significant.  Graphical presentation and statistical analyses 

were performed using GraphPad Prism v7.05 unless otherwise stated.  Independent 

replicates for hESCs are defined as cells from distinct passages and for 

cardiomyocytes are defined as cells generated from distinct differentiations. 
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3. Study of the Apelin Receptor in hESC-Derived 

Cardiomyocytes 

3.1 Introduction 

Pluripotent stem cells will self-renew indefinitely in culture and can be induced to 

differentiate to any cell type of the body as described in detail in Section 1.  hESCs 

isolated from the inner cell mass of the blastocyst have been used extensively for a 

range of developmental and disease modelling purposes, by differentiating to varied 

cell types of interest.  

The Sinha group has previously optimised a protocol to differentiate hESCs to 

cardiomyocytes (adapted from Mendjan et al., 2014).  The first aim of this project was 

to establish if the resulting cardiomyocytes possess standard cardiomyocyte 

characteristics, similar to that seen in human cardiomyocytes in vivo.   

The apelin receptor is a G-protein coupled receptor with demonstrated cardiovascular 

roles in development and adult physiology, where activation promotes vasodilatation 

and positive inotropy (Read et al., 2019).  To date, the apelin signalling pathway has 

been poorly characterised in PSCs and hESC-CMs.  Therefore the next aim was to 

determine if the resulting hESC-CMs express the apelin receptor and its two peptide 

ligands, apelin and ELA, at similar levels as found in human adult cardiomyocytes.  As 

detailed in Section 1, hESCs are known to express ELA but there is controversy as to 

whether they express the apelin receptor (Ho et al., 2015; M. Li et al., 2015), hence a 

further aim was to determine if the H9 hESCs used in this project possess a functioning 

apelin receptor.     

This chapter details the differentiation and characterisation of the resulting hESC-CMs 

and data confirms that hESC-CMs express standard cardiac markers and functionality, 

validating this system as a suitable model for the human heart.  Additionally, apelin 

receptor expression was found to be similar to adult human heart, providing a platform 

for the investigation of the role of the apelin receptor in cardiomyocyte development 

and function.  
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3.2 Methods 

The methods relevant to this section are listed in Table 3.1 and described in Section 

2, with further detail for selected methods below.  

Method Section 

Cell culture and hESC-CM differentiation  2.2 and 2.3 

Analysis of gene expression by qRT-PCR 2.4 

Immunocytochemistry 2.5 

Anti-troponin T flow cytometry staining 2.6 

Saturation radioligand binding 2.7 

Peptide production determined by ELISA 2.8 

Data analysis and statistics  2.24 

 

3.2.1 Cell culture and hESC-CM differentiation 

Undifferentiated H9 hESCs were maintained in culture as described in Section 2.2.  

For differentiation to cardiomyocytes, hESCs were plated at 8 x 105 cells/well on 

Matrigel coated 6-well plates and standard differentiation protocol performed (Figure 

3.1) as detailed in Section 2.3.  Images and videos of hESCs and hESC-CMs were 

captured using an iPhone 7 mounted on a standard brightfield microscope with 

LabCam iPhone Adaptor fitted.  

  

 

 

 

Figure 3.1: Schematic representation of the protocol and main media components used 

at each stage to direct differentiation of hESCs to cardiomyocytes.  

Table 3.1: Descriptions of the methods used in this section found can be found in the listed 

corresponding section.  
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3.2.2 qRT-PCR 

qRT-PCR was performed using SYBR Green as detailed in Section 2.4 for standard 

pluripotency and cardiac markers, using RNA isolated from hESCs and hESC-CMs, 

with human GAPDH used as a housekeeping gene.  For pluripotency versus cardiac 

marker genes, relative expression was calculated compared to H9 hESC expression 

using the 2(-ΔΔCT) method (Schmittgen and Livak, 2008).  For apelin signalling system 

components, RNA from hESCs, hESC-CMs and adult cardiomyocytes was used in 

TaqMan Gene Expression assays, with human 18S rRNA used as a housekeeping 

gene.  Primer sequences are detailed in Table 2.4.  Relative expression was 

normalised to housekeeping gene expression using the 2(-ΔCT) method (Schmittgen 

and Livak, 2008).   

 

3.2.3 Stimulation of hESC-CMs with pharmacological stimuli 

Baseline spontaneous contraction rate was counted for 60 seconds using a brightfield 

microscope.  hESC-CMs were exposed to isoprenaline alone (100 nM), acetylcholine 

alone (ACh, 1 µM) or isoprenaline followed by ACh and resulting change in beating 

rate in response counted.   

 

3.3 Results 

3.3.1 Characterisation of cardiomyocytes generated from hESCs 

3.3.1.1 hESC-CMs possess distinct morphology compared to hESCs 

The starting H9 hESC cell population displayed characteristic morphology of hESCs, 

forming distinct compact colonies of pluripotent cells (Figure 3.2A). Upon completion 

of the differentiation protocol, cell morphology transformed into that characteristic of 

cardiomyocytes, including the initiation of spontaneous contraction (Figure 3.2B and 

Video 3.1).  
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3.3.1.2 Expression of standard pluripotency and cardiomyocyte markers in hESCs and 

hESC-CMs  

qRT-PCR analysis revealed expression of standard pluripotency markers POU5F1 

(OCT3/4) and SOX2 in undifferentiated hESCs, which was lost upon differentiation. 

Conversely, the expression of standard cardiac markers (Burridge et al., 2014), 

cardiac troponin T (TNNT2), SERCA2A (ATP2A2), ryanodine receptor 2 (RYR2), 

myosin heavy chain 6 (MYH6), alpha-actinin (ACTN1) and myosin light chain 7 (MYL7)  

were upregulated upon differentiation to cardiomyocytes (Figure 3.3A).  

Additionally, hESCs were found to express the pluripotency markers Nanog and OCT 

3/4 protein (Figure 3.3B), while hESC-derived cardiomyocytes expressed the cardiac 

markers troponin T and α-actinin at the protein level by immunocytochemistry (Figure 

3.3C). 

Furthermore, hESC-CM differentiation efficiency was found to be 78±3.5% as 

determined by positive cardiac troponin T (TnT) staining measured by flow cytometry 

(Figure 3.3C).  

 

 

 

Figure 3.2: (A) Representative brightfield image of undifferentiated H9 hESC colonies 

(scale bar = 1 mm). (B) Representative brightfield image of hESC-derived cardiomyocytes 

(hESC-CM) at day 14 (scale bar 200 μm). 

A. B. 
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Figure 3.3: (A) Comparison of relative expression of standard pluripotency and cardiac 

markers in hESCs and hESC-CMs at the gene level by qRT-PCR. Expression displayed 

relative to mean expression in hESCs. n = 5 hESCs, n = 4 hESC-CMs, expression levels 

compared by unpaired, two-tailed Student’s t-test, *p<0.05, **p<0.01, ***p<0.001. (B) 

Representative images of hESCs stained for (i) DAPI nuclear stain and with antibody 

directed against (ii) Nanog (green) and (iii) OCT 3/4 (red), scale bar = 200 μm. (C) 

Representative images of hESC-CMs stained with antibody directed against (i) α-actinin 

(green), (ii) cardiac troponin T (TnT) (green) or (iii) isotype negative control. Blue = DAPI 

nuclear stain, scale bar = 200 μm. (D) TnT positive percentage of hESC-CMs by flow 

cytometry, n = 5. Data represent mean±sem.   
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3.3.1.3 hESC-CMs respond to known pharmacological chronotropic agents  

hESC-CMs were assessed for their ability to respond to pharmacological agents 

known to have chronotropic effects in the human heart, following the protocol 

displayed in Figure 3.4A.  Exposure to the β-adrenoceptor agonist isoprenaline (100 

nM) induced an increase in beating rate (baseline = 47±5.2 bpm, + isoprenaline = 

86±9 bpm), which significantly decreased to around baseline level following washout 

(52±7 bpm).  Additionally, subsequent additive application of acetylcholine (ACh, 1 

μM) reduced the rate of contraction towards baseline (+ isoprenaline = 110±25, + ACh 

77±23 bpm). Interestingly, application of acetylcholine alone had little effect on beating 

rate (Figure 3.4B). 
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Figure 3.4: Stimulation of hESC-derived cardiomyocytes with characterised cardiac 

pharmacological stimuli. (A) Schematic representation of experimental protocol used for 

cardiomyocyte stimulation. Created with BioRender.com. (B) Mean beats per minute for 

hESC-CMs following exposure to (i) isoprenaline alone (100 nM), (ii) acetylcholine alone 

(1 μM) or (iii) isoprenaline (100 nM) followed by acetylcholine (1 μM). Washout counts were 

made following 10 minute incubation at 37°C after aspiration of compound containing 

media. n = 3 for all conditions, compared by paired, two-tailed Student’s t-test (ii), or one-

way ANOVA with Tukey’s multiple comparisons test (i and iii), *p<0.05.  Data represent 

mean±sem.   
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3.3.2 hESC-derived cardiomyocytes express the apelin signalling system  

3.3.2.1 Expression of genes encoding the apelin signalling system in hESCs and 

hESC-CMs 

Expression of the genes encoding the apelin receptor (APLNR) and its two 

endogenous ligands, apelin (APLN) and ELA (APELA), in hESCs and hESC-CMs was 

quantified by qRT-PCR, and compared to their expression in human adult 

cardiomyocytes (Davenport group stock, isolated by G. O’Reilly (University of 

Cambridge) as described in Molenaar et al., 1993) (Figure 3.5).  Both hESCs and 

hESC-CMs were found to express APLNR at similar levels to adult CMs, whilst little 

APLN expression was observed in hESCs and hESC-CMs, with no APLN expression 

detected in adult cardiomyocytes. Conversely, relative expression of APELA appeared 

higher in hESC-derived cardiomyocytes compared to adult cells, with hESCs 

expressing a significantly higher level of APELA gene compared to hESC-CMs. 

 

3.3.2.2 Expression of apelin receptor protein in hESCs and hESC-CMs 

Expression of the APLNR gene does not guarantee expression of functional apelin 

receptor protein, therefore immunocytochemistry using anti-apelin receptor antibody 

was performed.  Non-permeabilised hESC-CMs were found to stain positively for 

apelin receptor protein (Figure 3.6), indicating cell surface expression as seen in native 

adult cardiomyocytes where the receptor is active.  Chinese hamster ovary (CHO) 

cells artificially expressing the apelin receptor (CHO-APLNR, from J. Brown, Sosei 

Heptares) were used as a positive control. Overexpressing CHO lines demonstrated 

Figure 3.5: Comparison of relative expression of (A) APLNR, (B) APLN and (C) APELA in 

hESCs, hESC-derived and adult cardiomyocytes determined by qRT-PCR. hESC n = 4, 

hESC-CMs n = 8, adult CMs n = 1.  hESCs and hESC-CMs were compared by unpaired, 

two-tailed Student’s t-test, **p<0.01.  Adult cardiomyocytes were not included in statistics 

as only n = 1 available.   Data represent mean±sem.   
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positive staining for the apelin receptor, however this expression profile was greatly 

increased following 60 minute incubation with endogenous peptide ligand, 

[Pyr1]apelin-13 (1 μM). Wild-type CHO cells without apelin receptor expression were 

used to test antibody specificity, with no positive staining observed in these cells. 

 

 

 

 

 

 

 

 

 

 

 

Additionally, saturation radioligand binding studies using [125I]apelin-13 were 

performed on both hESCs and hESC-CMs.  This technique is powerful as it uses a 

radiolabelled version of the native ligand, therefore demonstrating that receptor protein 

is expressed in a form capable of binding its ligand.  

Figure 3.6: (A) Representative images of surface expression of (i) apelin receptor and (ii) 

IgG negative control in hESC-CMs.  (B) CHO cells with artificial apelin receptor expression 

(CHO-APLNR) were used as a positive control. Representative images of surface 

expression of apelin receptor in (i) unstimulated CHO-APLNR cells and (ii) CHO-APLNR 

cells stimulated with 1 μM [Pyr1]apelin-13 for 60 minutes and (iii) WT CHO cells with no 

artificial apelin receptor expression to demonstrate antibody specificity. Scale bar = 100 

μm. 
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Firstly, total protein content was determined in order to express relative apelin receptor 

density. Saturation curves for specific binding were plotted by incubating with a high 

concentration of unlabelled ligand to define non-specific binding, which was then 

subtracted from total binding. Over the concentration range tested, [125I]apelin-13 

bound with a subnanomolar affinity (KD) of 3.1 x10-10 M in hESCs and 2.2 x 10-10 M in 

hESC-CMs as expected for this ligand, and binding was saturable in both cell types 

(Figure 3.7 and Table 3.2), indicating expression of functional apelin receptor. 

Receptor density (BMax) was calculated to be 43.3±7.0 fmol/mg for hESCs.  In hESC-

CMs, receptor density was found to be 15.8±3.7 fmol/mg comparable to that found in 

human adult left ventricle (BMax = 13.8±1.8 fmol/mg). Hill slope was calculated to be 

0.93±0.05 and 0.98±0.03 for hESCs and hESC-CMs respectively, consistent with a 

one site fit model. 

   

 

 

 

Affinity (KD) Receptor density 

(BMax) 

Hill slope 

hESC 0.31 nM 43.3±7.0 fmol/mg 0.93±0.05 

hESC-CM 0.22 nM 15.8±3.7 fmol/mg 0.98±0.03 

Adult heart 0.08 nM 13.8±1.8 fmol/mg 0.95±0.11 

Figure 3.7: Specific binding of [125I]apelin-13 in (A) hESCs and (B) hESC-derived 

cardiomyocytes. hESCs n = 4, hESC-CMs n = 4 with assay performed in triplicate for each 

replicate.  Data represent mean±sem.   

Table 3.2: Summary of affinity, receptor density and hill slope in hESCs, hESC-CMs and 

adult heart.  Data for adult heart from R.E. Kuc (University of Cambridge).  
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3.3.2.3 Expression of apelin receptor peptide ligands in hESCs and hESC-CMs 

The next aim was to determine the level of apelin receptor ligand production by hESCs 

and hESC-CMs, given that apelin receptor protein expression was found in both cell 

types.  ELISA assays specific for apelin and ELA peptides were used, with conditioned 

supernatant collected from hESCs and hESC-CMs.  Conditioned supernatant from 

hESC-derived endothelial cells (hESC-ECs) (from M.T. Colzani, University of 

Cambridge) was used as a control, as endothelial cells are the main source of both 

peptides in human adults. 

hESCs and hESC-CMs were found to express both ELA and apelin peptide ligands 

(Figure 3.8).  However this was at a lower level than that seen for hESC-ECs 

(0.26±0.02 ng/ml ELA and 0.10±0.04 ng/ml apelin in hESCs and 0.24±0.07 ng/ml ELA 

and 0.10±0.02 ng/ml apelin in hESC-CMs vs 0.66±0.17 ng/ml ELA and 0.26±0.04 

ng/ml apelin in hESC-ECs).  This is in agreement with previous reports demonstrating 

apelin and ELA expression in adult endothelial cells, with ELA expression in the adult 

heart found principally in the non-cardiomyocyte fraction (Perjés et al., 2016).  

Although the concentration seen in hESC-CMs is low, as the apelin receptor is a 

GPCR, activation of the receptor induces activation of multiple G proteins, promoting 

amplification of the signalling pathway (Ross, 2014), meaning this concentration is 

likely sufficient to produce a response in a paracrine/autocrine manner.     

Interestingly, ELA expression was significantly higher in hESCs compared to apelin 

expression (compared by paired, two-tailed Student’s t-test, p<0.05).  In contrast, 

whilst a trend for increased ELA production compared to apelin was seen in hESC-

CMs, this did not reach significance. Furthermore, although low apelin gene 

expression was seen in both cell types, hESCs and hESC-CMs were found to express 

apelin peptide, albeit at a low level (~0.1 ng/ml).  Importantly, apelin and ELA were 

undetected in fresh culture media. 
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3.4 Discussion 

3.4.1 hESC-CMs express standard cardiac markers and respond to known 

pharmacological stimuli 

By using an established protocol, hESC-CMs were generated which downregulated 

expression of pluripotency markers and upregulated expression of standard cardiac 

markers throughout differentiation.  The resulting hESC-CMs also stained positively 

for α-actinin by immunocytochemistry and cardiac troponin T by immunocytochemistry 

and flow cytometry, which are both known cardiac markers.  Most importantly, the 

hESC-CMs display spontaneous contraction which, in general, becomes more robust 

with increased time in culture.   

One of the overarching aims of this project is to utilise a more clinically relevant model 

which could ultimately be used as a platform for human based drug screening.  It is 

therefore essential to determine how the system responds to pharmacological agents 

with well-established effects in the human body.  Isoprenaline is a potent chronotropic 

and inotropic agent (Silverman et al., 1973), inducing marked increases in beating rate 

and force of contraction in human subjects through action on β1 adrenoceptors .  Here, 

addition of isoprenaline to culture medium significantly increased rate of spontaneous 

contraction of hESC-CMs.  Importantly, this increase in beating rate was reversible 

with washout of ligand.   

Figure 3.8: Comparison of concentration of (A) ELA and (B) apelin in conditioned 

supernatant from hESCs (n = 3 for ELA, n = 5 for apelin), hESC-CMs (n = 8 for ELA, n = 6 

for apelin) and hESC-ECs (n = 4 for both). Means compared by one way ANOVA with 

Tukey’s post hoc test, *p<0.05, **p<0.01.  Data represent mean±sem.   
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In contrast to isoprenaline, ACh slows heart rate via activation of the M2 muscarinic 

receptor (Roy et al., 2013).  Addition of ACh alone had no effect on hESC-CM beating 

rate over the time period studied.  There are a number of limitations of this experiment 

which could explain why the ACh response was not as robust as the observed 

isoprenaline response.  Firstly, the concentration of ACh selected (1 µM) may not be 

optimal.  ACh was added to culture plate well diluted in 500 µl pre-warmed media – 

this method was selected in attempt to cause least disruption to cellular physiology 

whilst allowing widespread dispersal of drug, but it may not allow ACh to access and 

act on a sufficient number of receptors to induce a significant response.   Furthermore, 

the time period over which the cells were observed may not be long enough to allow 

an effect to occur.  The protocol was designed to minimise the time hESC-CMs spent 

outside of the incubator, as a drop in temperature can adversely affect beating rate.   

Despite these limitations, immediate subsequent addition of ACh following addition of 

isoprenaline induced a trend towards return to baseline beating rate.  It could therefore 

be hypothesised that the hESC-CMs have a minimum spontaneous contraction rate 

that cannot be reduced further, meaning ACh can only induce an effect if beating rate 

has previously been increased.   

Overall, these results demonstrate that it is possible to generate hESC-derived 

cardiomyocytes, which display spontaneous contraction, express standard cardiac 

markers and can respond to known pharmacological stimuli, confirming that this 

platform can be used for further investigation into the physiology and pharmacological 

responses of cardiomyocytes in vitro. 

 

3.4.2 H9 hESCs express the apelin receptor 

Given the existing controversy regarding apelin receptor expression in hESCs, the 

expression profile was investigated in the H9 hESCs, at both the gene and protein 

level.   

It has previously been reported that two lines of hESCs, HES-3 and SHEF4, do not 

express the apelin receptor at either the gene or protein level by qRT-PCR and flow 

cytometry, respectively, and that expression was only upregulated upon differentiation 
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to mesendoderm (Ho et al., 2015). Additionally, in HES3 and H9 hESCs, binding of 

fluorescein-conjugated [Pyr1]apelin-13 was absent (Yu et al., 2012).  

Contrastingly, H9 hESCs expressed APLNR transcripts at a similar level to that seen 

in both hESC-derived and adult cardiomyocytes.  Notably, radiolabelled [125I]apelin-13 

bound with a subnanomolar affinity in H9 hESCs, with receptor density calculated to 

be 43.3±7.0 fmol/mg – higher than that seen in the adult heart.  Based on literature 

searches, this is the first time saturation radioligand binding has been used to assess 

the expression of apelin receptor in hESCs.   

Further, an advantage of the saturation radioligand binding technique over other 

protein detection methods, such as flow cytometry or western blotting, is that it gives 

an indication of receptor functionality, as it demonstrates that the receptor is capable 

of binding the endogenous ligand in radiolabelled form (Maguire et al., 2012). 

Additionally, radioligand binding studies generate quantitative measurements of ligand 

affinities (KD) and receptor density (BMax), which may be altered, for example by post-

translational modification, in uncharacterised cell types or under pathophysiological 

conditions (Maguire et al., 2012). 

A reason for the disparities between this study’s results and previously published 

results of other groups may arise from the fact that all lines of hESCs are derived from 

individual donors, and therefore have distinct genetic backgrounds.  This may mean 

that apelin receptor expression is different in different hESC lines and therefore further 

studies investigating apelin receptor expression in a variety of lines would be 

beneficial.  To start to address this, expression of the APLNR gene was quantified in 

RUES2 embryonic stem cells (RNA from L.P. Ong, University of Cambridge), with 

increased expression found at the gene level compared to H9 hESCs (Figure 3.9).  

This was however only in a single replicate and therefore must be repeated before any 

conclusions can be drawn.  
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It has, however, been reported that H9 hESCs are the most frequently used hESC 

line, constituting 46.4% of all hESC papers published between 2008 and 2016, 

compared to only 6% of papers making use of HES-3 cells (Guhr et al., 2018).  

Therefore, demonstrating expression of apelin receptor in H9 hESCs is likely more 

widely applicable to the hESC research field.  

 

3.4.3 hESC-CMs express the apelin receptor 

Based on literature searches, expression of the apelin receptor in hESC-CMs has 

previously not been studied.  Hence, I have investigated the expression of the apelin 

receptor at both the gene and protein level.   

By qRT-PCR, hESC-CMs were found to express the APLNR gene at a similar level to 

that seen for RNA isolated from adult cardiomyocytes.  The adult cardiomyocyte RNA 

was isolated by G. O’Reilly (University of Cambridge), using a previously published 

method (Molenaar et al., 1993).  However, it is difficult to access healthy human heart 

tissue as healthy organ donations are most often used for transplant surgery, therefore 

only one replicate from a single donor was available for gene expression analysis 

studies.  However, as described in detail in Section 5, RNA sequencing of hESC-CMs 

was performed, and reads per million (RPM) for APLNR gene determined.  Comparing 

this to RNA sequencing data from control human left ventricle (data generated by E.L. 

Robinson, University of Colorado), no significant difference was found between the 

two sample groups (Figure 3.10).  The left ventricle samples will not be a pure 

Figure 3.9: Comparison of relative expression of APLNR in H9 (n = 4) and RUES2 (n = 1) 

hESCs by qRT-PCR.  
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cardiomyocyte only population, however the result suggests that hESC-CMs express 

the apelin receptor transcript at a similar level to that seen in adult heart.  For further 

detail on RNA sequencing experiments performed, see Section 5.   

 

 

 

 

 

hESC-CMs were also found to express the apelin receptor at the protein level by 

immunocytochemistry.  Here, stained cells were not permeabilised, indicating surface 

expression of the apelin receptor.  Previously, in sections of atrial and ventricular 

human myocardium, cardiomyocytes were shown to stain positively for apelin receptor 

with distribution primarily seen at the cell surface membrane (Kleinz et al., 2005).   

In agreement with this, in hESC-CMs binding of radiolabelled [125I]apelin-13 was 

saturable, with a KD and BMax of 2.2 x 10-10 M and 15.8±3.7 fmol/mg calculated, 

respectively.  As discussed above, this indicates that apelin receptor is expressed in 

a functional form capable of binding ligand.  Crucially, apelin receptor density was 

comparable to that seen in human adult heart.   

Together, these data confirm the suitability of hESC-CMs as a model for investigation 

of apelin receptor function in human cardiomyocyte development and physiology.  

  

3.4.4 hESCs and hESC-CMs produce apelin and ELA peptides 

Both hESCs and hESC-CMs were show to express apelin receptor capable of binding 

its cognate ligand.  It was therefore important to determine whether these cell types 

produce either of the endogenous peptide ligands, apelin or ELA.  

Figure 3.10: Comparison of reads per million (RPM) for APLNR gene in adult human left 

ventricle (LV, n = 7) and hESC-CMs (n = 3) by RNA sequencing.  Adult LV data generated 

by E.L. Robinson.  Data represent mean±sem.   
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qRT-PCR and ELISA revealed that hESCs produce both apelin and ELA.  

Interestingly, although only very little apelin expression was detected at the gene level 

compared to the APELA gene, apelin peptide was detected, supporting the need to 

quantify at both the gene and protein level.  Expression of ELA was significantly higher 

in hESCs than apelin expression, in agreement with previously published studies 

which have reported high ELA expression in the blastocyst, and a critical role of ELA 

in the key stem cell characteristic of self-renewal (Ho et al., 2015; M. Li et al., 2015).  

Furthermore, it has also been shown that apelin peptide is not expressed in early 

development and is only upregulated as development progresses, with ELA peptide 

displaying an opposite trend being highly expressed in early development with a 

subsequent downregulation to a lower level in adult tissues (Chng et al., 2013; Ho et 

al., 2015).   

In supernatant from hESC-CMs, both peptides were detected at a level not 

significantly different from that seen in hESCs.  A limitation of hESC-CMs is that they 

possess a more foetal-like than adult cardiomyocyte phenotype (Sterneckert et al., 

2014), hence the hESC-CMs seem to express a more developmental than adult profile 

for apelin receptor ligand production.  In adult humans, endothelial cells act as the 

primary source of both peptides (Kleinz and Davenport, 2004; Perjés et al., 2016; P. 

Yang et al., 2017b).  In agreement with this, hESC-ECs were found to produce a 

significantly higher level of both peptides than hESC-CMs and of apelin than hESCs.   

It is essential to determine peptide expression in the hESC-CM system for two 

reasons.  Firstly, the apelin receptor has been suggested to act in a ligand-

independent manner, acting as a stretch receptor in cardiomyocytes.  Scimia and 

colleagues demonstrated that cardiomyocytes isolated from apelin receptor null mice 

displayed a reduced response to stretch, with the stretch signals mediated through β-

arrestin signalling (Scimia et al., 2012).  As ligand expression was observed, it is likely 

that there is some autocrine/paracrine ligand-dependent signalling occurring in the 

hESC-CM model system used here.  However I have not investigated whether there 

is ligand-independent signalling occurring, and if so, how the dual function of the 

receptor is divided.   

Secondly, expression of endogenous ligand will affect apelin receptor surface 

expression, as upon stimulation of a GPCR, a GPCR kinase signalling cascade is 
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induced, promoting beta-arrestin recruitment and ultimately, clathrin-mediated 

endocytosis (Figure 1.5). This ligand-induced receptor internalisation can promote 

cellular desensitisation if a high concentration of ligand is present (E. Kelly et al., 

2008), which may affect results.   

 

3.5 Conclusions 

Cardiomyocytes derived from hESCs display spontaneous contraction and express 

standard cardiac markers.  hESC-CMs also express apelin receptor protein at a level 

similar to that seen in the adult heart.  Together, these results confirm this as a suitable 

model to investigate human cardiomyocyte physiology and the role of apelin receptor 

signalling in hESC-CM differentiation and function, indicative of its role in the human 

heart.   
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4. Generation of an shRNA Inducible Apelin Receptor 

Knockdown System 

4.1 Introduction 

A key advantage of using PSCs is their amenability to genetic editing, with a wide 

range of techniques used to manipulate the expression of proteins of interest as 

detailed in Section 1.  Of particular use in hESCs are inducible systems, allowing 

temporal control of gene expression, meaning the role of a particular protein can be 

interrogated at distinct stages of differentiation.   

One of the aims of this project was to investigate the role of the apelin receptor both 

throughout the differentiation process to hESC-CMs and in differentiated hESC-CM 

function.  To do this, a previously developed and optimised protocol (Bertero et al., 

2016) was used to generate, for the first time, a novel apelin receptor inducible 

knockdown system.   

This system consists of a stably expressed transgene integrated at the AAVS1 locus, 

using the artificial CAG promoter to drive transgene expression (Bertero et al., 2016) 

(Figure 4.1).  The AAVS1 locus is a genomic safe harbour, meaning it is capable of 

integrating new genetic material, facilitating predictable expression without introducing 

damaging alterations to the host genome (Papapetrou and Schambach, 2016).  

Integration of a transgene at the AAVS1 locus using the CAG promoter has also been 

shown to drive stable transgene expression in hESCs and upon differentiation to the 

three primary germ layers, validating this locus for expression of the transgene in 

differentiated downstream cell types, including cardiomyocytes  (DeKelver et al., 2010; 

Bertero et al., 2016).   

 

Figure 4.1: Transgene generated containing apelin receptor shRNA targeted to the AAVS1 

locus. 5′-HAR/3′-HAR = upstream/downstream homology arm, SA = splice acceptor, T2A 

= self-cleaving T2A peptide, Puro = puromycin resistance, pA = polyadenylation signal, H1 

= H1 promoter, CAG = CAG promoter, TO = Tet operon, tetR = tetracycline-controlled 

repressor.  Adapted from Bertero et al., 2016.  
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The approach used is known as single step optimized inducible knockdown 

(sOPTiKD).  The transgene consists of a short hairpin RNA (shRNA) targeting the 

gene of interest – in this case, APLNR – under the control of a tetracycline response 

element.  The sOPTiKD system has been shown to induce reversible and rapid 

knockdown, displaying tetracycline dose responsiveness.  Furthermore, this system 

has been used to induce substantial knockdown in a range of differentiated cell types, 

including cardiomyocytes.  Bertero et al. demonstrated that 5 days of tetracycline 

treatment resulted in over 90% knockdown of an eGFP reporter transgene in hESCs.  

This study also induced knockdown of various genes known to be involved in 

development, resulting in severe differentiation deficiencies, providing evidence of the 

applicability of this system to study human development in vitro (Bertero et al., 2016).  

Together, these results suggest that this system provides a method for modulating 

apelin receptor expression both during differentiation of and in differentiated hESC-

CMs.   

This section describes the generation and validation of the apelin receptor inducible 

knockdown system in hESC-CMs.  Based on literature searches, this is the first 

application of the sOPTiKD system to knockdown not only the apelin receptor, but any 

GPCR.   

 

4.2 Methods 

The methods relevant to this section are listed in Table 4.1 and described in Section 

2, with further detail for selected methods below. 

Method Section  

Cell culture and hESC-CM differentiation 2.2 and 2.4 

siRNA mediated APLNR knockdown 2.9 

Generation of shRNA clones targeting the apelin receptor for knockdown 2.10 

Analysis of APLNR gene expression by qRT-PCR 2.4 

Saturation radioligand binding 2.7 

Data analysis and statistics 2.24 

Table 4.1: Descriptions of the methods used in this section found can be found in the listed 

corresponding section.  
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4.2.1 siRNA mediated apelin receptor knockdown 

Wild-type hESC-CMs at day 20-30 of differentiation were transfected with one of two 

short interfering RNAs (siRNAs) targeting APLNR or a control siScramble as described 

in Section 2.9, using DharmaFECT 1 and Opti-MEM media.  Cells were incubated with 

transfection mixture overnight and then washed with CDM-BSA and fresh media 

added.  After 1-2 days of recovery, cells were collected for RNA extraction and qRT-

PCR as described below.    

 

4.2.2 Generation of hESC cell lines carrying shRNA targeting the apelin receptor 

An apelin receptor tetracycline (Tet) inducible shRNA knockdown system was 

generated by utilising the single-step optimised inducible knockdown system 

(sOPTiKD) developed by Bertero et al. (2016) as described in Section 2.10.  The 

pAAV-Puro_siKD plasmid was digested and one of five annealed and modified 

shRNAs targeting the APLNR gene ligated into the plasmid.  Successful shRNA 

insertion was confirmed by Sanger Sequencing.   

H9 hESCs were transfected with targeting shRNA vector (Figure 4.1), along with two 

AAVS1 zinc finger nuclease plasmids designed to ensure specific targeting using 

Lipofectamine 2000 and Opti-MEM.  Cells were allowed to grow to 80% confluence 

before performing selection based on puromycin resistance (Figure 4.2).      

 

Cells surviving antibiotic selection were manually selected, grown clonally and 

genotyped by PCR using different combinations of primers to determine if integration 

of the transgene was successful (Figure 4.3).  See Section 2.10 for primer sequences 

and further details.  

 

Figure 4.2: Simplified schematic of the strategy used for generation of apelin receptor iKD 

hESCs. ELD and KKD ZFNs = zinc finger nuclease variants. 
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hESCs with positive genotyping results were then cultured with tetracycline 

hydrochloride (+ Tet) included in the culture medium at a concentration of 1 µg/ml for 

three days, with daily refresh, in attempt to induce knockdown of the apelin receptor.  

Tetracycline titration has previously been performed and identified this concentration 

as optimal to induce substantial gene knockdown (Bertero et al., 2016).  qRT-PCR 

and saturation radioligand binding were performed as described below to determine 

knockdown efficiency at the gene and protein level, respectively.   

For hESC-CMs, H9 hESCs cultured in the presence of tetracycline for 4 days were 

plated for differentiation as described in Section 2.3.  Throughout differentiation, 

tetracycline was included in the culture medium, with refresh at each media change 

stage (every 2 days).  At day 14 of differentiation, hESC-CMs were collected for 

determination of knockdown efficiency by qRT-PCR and saturation radioligand 

binding. 

As a control, an additional line was generated, carrying a transgene with shRNA 

targeting the β2 microglobulin gene (B2M).  β2 microglobulin is a component of MHC 

molecules, expressed in almost every cell of the body and has only a single genetic 

variant in humans (L. Li et al., 2016).  Because of this universal and conserved 

expression, the B2M gene is frequently used as a housekeeping gene for qRT-PCR 

(Vandesompele et al., 2002; Kodama et al., 2019), and as an endogenous control in 

knockdown experiments (Bertero et al., 2016; Ervin et al., 2019).  B2M knockdown 

Figure 4.3: Representative agarose gels of PCR products from genotyping.  H9 = 

untransfected control.  Red circle = negative result.  (A) LOCUS PCR: No band = transgene 

integrated, (B) 3’-INT: Band around 1.1 kb = correct transgene integrated (3’ end), (C) 5’-

INT: Band around 1.4 kb = correct transgene integrated (5’ end).   
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has previously been shown to reduce immunogenicity, however it does not affect stem 

cell self-renewal or pluripotency (Matin et al., 2004; D. Wang et al., 2015).  Additionally, 

knockdown of B2M in mouse ESC-CMs had no effect on expression of cardiac 

markers or spontaneous contraction (Karabekian et al., 2015).   

 

4.2.3 qRT-PCR for determination of knockdown efficiency 

qRT-PCR was performed using TaqMan Gene Expression Assays, as detailed in 

Section 2.4, for APLNR gene expression using RNA isolated from hESCs and hESC-

CMs cultured with and without tetracycline.  Human 18S rRNA was used as a 

housekeeping gene.  Primer sequences are detailed in Table 2.4.  APLNR  expression 

was normalised to housekeeping gene expression and relative expression compared 

to the corresponding cell line cultured without tetracycline calculated using the 2(-ΔΔCT) 

method (Schmittgen and Livak, 2008). 

 

4.2.4 Saturation radioligand binding for determination of knockdown efficiency  

hESCs and hESC-CMs cultured with and without tetracycline were collected and lysed 

and protein content determined as described in Section 2.7.  For apelin receptor KD 

lines, saturation binding was performed using increasing concentrations of [125I]apelin-

13 as described in Section 2.7.  For control line cells carrying the shB2M transgene, 

binding assays using a fixed concentration (FCB) of [125I]apelin-13 were performed as 

described in Section 2.7.   

 

4.3 Results 

4.3.1 Using siRNA to knockdown APLNR expression in hESC-CMs 

Initially, to investigate apelin receptor function in hESC-CMs, siRNA targeting APLNR 

was used in attempt to induce knockdown.  Here, two distinct siRNAs (siAPLNR1 and 

siAPLNR2) were used at two concentrations (20 nM and 40 nM), and hESC-CM 

transfection protocol was optimised to maximise siRNA uptake without inducing 

toxicity or cardiomyocyte death.  APLNR expression was determined by qRT-PCR 72 
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hours after transfection and compared to expression level measured for the 

corresponding siScramble transfected cells (Figure 4.4).  

In one experiment, siAPLNR1 transfected hESC-CMs were found to express a similar 

level of APLNR gene compared to siScramble cells at both concentrations, indicating 

unsuccessful knockdown.  In contrast, at 20 nM concentration, siAPLNR2 reduced 

APLNR expression by over 90% (relative expression of 0.07).  Intriguingly, when 40 

nM siAPLNR2 was used, relative expression was only reduced to 0.7. However, in two 

further replicates this successful knockdown was not reproducible, and APLNR 

expression was in fact increased in some samples compared to siScramble (data not 

shown).  Hence using siRNA to target apelin receptor expression in hESC-CMs was 

abandoned.   

 

 

 

 

 

4.3.2 Generation of shRNA based apelin receptor inducible knockdown hESCs  

Owing to the limited efficiency of siRNA-mediated knockdown, a previously described 

and optimised method was used to generate hESC-lines stably expressing an 

inducible knockdown shRNA based system, known as sOPTiKD (Bertero et al., 2016).  

Lines were generated as described in Section 4.2.2, and cell clones with positive 

genotyping results cultured in the presence of tetracycline for 3 days in attempt to 

induce apelin receptor knockdown.  At the gene level, a number of lines were shown 

to have successful APLNR knockdown (iKD) (Figure 4.5).  Most efficient knockdown 

was seen for homozygously targeted shAPLNR 2 clone 2 with relative expression of 

0.11±0.02 + Tet compared to 1.01±0.16 in Control cells (expression normalised to – 

Figure 4.4: Comparison of relative expression of the apelin receptor gene (APLNR) in 

siRNA transfected hESC-CMs using two different siRNAs (A and B).  n = 1 for all 

conditions.  In subsequent experiments, results were not reproducible and knockdown was 

unsuccessful (data not shown). 



110 
 

Tet).  In heterozygously targeted clones, a smaller reduction in APLNR gene 

expression was seen, as expected for lines carrying only one allelic copy of the 

transgene.  Crucially, in control hESCs carrying a transgene with shRNA targeting the 

B2M gene no difference in APLNR gene expression was seen independent of 

tetracycline inclusion.   

Two homozygously targeted clones were expanded for further culture and use in all 

subsequent apelin receptor iKD experiments – shAPLNR 2 clone 2  which displayed 

~90% reduction in expression and shAPLNR 5 clone 3 which displayed a slightly lower 

level of reduction in expression (~80%).  These two clones were selected as both 

showed substantial APLNR knockdown, but shAPLNR 2 clone 2 had slightly higher 

knockdown than shAPLNR 5 clone 3.  shB2M clone 8 was also expanded for use as 

a control throughout the project.  Subsequently, shAPLNR 2 clone 2 and shAPLNR 5 

clone 3 are referred to as 2.2 and 5.3, respectively, and shB2M clone 8 is simply 

referred to as B2M.      
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Figure 4.5: Comparison of relative expression of the apelin receptor gene (APLNR) in iKD 

transgene targeted hESCs cultured in the presence of tetracycline. Expression normalised 

to Control – Tet mean expression.  (A) Mid-level knockdown in heterozygously targeted 

clones, (B) substantial knockdown in homozygously targeted clones and (C) no change in 

expression in positive control cells carrying shRNA targeting β2 microglobulin. n = 2 

technical replicates for all conditions, hence statistical significance could not be 

determined.  Data represent mean±sem.  
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4.3.3 Determination of apelin receptor knockdown efficiency in hESCs 

4.3.3.1 Apelin receptor knockdown efficiency at the gene level in hESCs 

The two iKD lines, 2.2 and 5.3, were expanded in culture and tetracycline included in 

the culture medium for 4 days in attempt to induce knockdown.  Tetracycline treatment 

significantly reduced expression of APLNR gene in both lines (Figure 4.6A).  There 

was no significant difference in level of knockdown between the 2.2 and 5.3 hESCs 

lines, as well as no difference in expression of APLNR in control cells cultured without 

tetracycline, therefore the results for the two lines were pooled (Figure 4.6B).  Pooled 

results displayed an 87% decrease in expression of the APLNR gene in KD compared 

to control.  Crucially, no differences in expression of APLNR were seen in B2M control 

cells (Figure 4.6C). 

 

4.3.3.2 Apelin receptor knockdown at the protein level in hESCs 

The next aim was to determine the level of apelin receptor knockdown at the protein 

level in apelin receptor iKD hESCs cultured in the presence of tetracycline for 4 days.  

After determining total protein content, saturation radioligand binding using [125I]apelin-

13 was performed (Figure 4.7A).  As described above, no difference was seen in the 

level of knockdown for 2.2 and 5.3 at the gene level, therefore results from the two 

Figure 4.6: Comparison of relative expression of the APLNR gene in iKD hESCs. (A) 

Expression in two lines of apelin receptor iKD hESCs, 2.2 and 5.3 (n = 3 for both) was 

similar in both control (- Tet) and apelin receptor KD (+ Tet, 4 days).  Therefore, results for 

the two lines were pooled (B), to give n = 6.  (C) Expression of APLNR in B2M control line 

cultured with or without tetracycline for 4 days. n = 3.  Relative expression compared to 

line – Tet mean expression.  Expression compared by one-way ANOVA with Tukey’s 

multiple comparisons test (A) or unpaired, two-tailed Student’s t-test (B and C), **p<0.01, 

***p<0.001, ****p<0.0001.  Data represent mean±sem.  
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lines have been pooled here.  As described previously, specific binding was plotted 

and for control cells cultured in the absence of tetracycline, binding was found to be 

saturable over the concentration range tested, with affinity for [125I]apelin-13 calculated 

to be 3.6 x 10-10 M.  In APLNR KD hESCs, binding of [125I]apelin-13 was almost 

completely abolished, with specific binding appearing as a straight line rather than a 

saturating curve.  Measured specific binding was very low, almost comparable to that 

seen for non-specific, indicating little to no expression of apelin receptor protein.  Note 

that due to the low specific binding seen in APLNR KD hESCs, and the fact that a 

curve was not generated, LIGAND software was not able to calculate accurate values 

for affinity and receptor density in APLNR KD hESCs.   

In contrast, binding of a fixed concentration of [125I]apelin-13 was unaffected by 

tetracycline treatment in shB2M transgene carrying hESCs (Figure 4.7B), indicating 

no change in expression of the apelin receptor at the protein level.  

 

4.3.4 Determination of apelin receptor knockdown efficiency in hESC-CMs 

4.3.4.1 Apelin receptor knockdown efficiency at the gene level in hESC-CMs 

Following successful APLNR KD in hESCs, the next aim was to determine whether it 

was possible to knockdown apelin receptor in hESC-CMs.  Here, hESCs were cultured 

in the presence of tetracycline for 4 days before inducing differentiation to 

cardiomyocyte, with tetracycline treatment maintained throughout differentiation 

Figure 4.7: (A) Saturation specific [125I]apelin-13 binding in hESCs expressing the 

shAPLNR transgene cultured with or without tetracycline for 4 days. (B) Specific binding of 

a fixed concentration of [125I]apelin-13 in hESCs expressing shB2M transgene cultured with 

or without tetracycline for 4 days. Specific binding levels compared by unpaired, two-tailed 

Student’s t-test. n = 3 for all. Data represent mean±sem.  
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(referred to subsequently as early KD) and until collection on day 14-17.  APLNR KD 

was successful in both lines, however in contrast to what was observed in hESCs, 

interestingly here the 2.2 and 5.3 lines displayed differing levels of knockdown.  In 2.2 

hESC-CMs treated with tetracycline, APLNR expression was reduced by 91% 

compared to control (Figure 4.8A).  In 5.3 hESC-CMs, a smaller reduction in 

expression of ~60% was seen following tetracycline treatment (Figure 4.8B).  Although 

both lines displayed a significant decrease in APLNR expression, because of this 

difference in knockdown level, for all subsequent experiments the 2.2 and 5.3 lines 

were treated separately to investigate the effect of level of APLNR KD on hESC-CMs.   

Again, as seen in hESCs, expression of APLNR in shB2M control hESC-CMs was 

unaffected by tetracycline treatment (Figure 4.8C).    

 

4.3.4.2 Apelin receptor knockdown at the protein level in hESC-CMs 

In hESC-CMs with early KD, saturation radioligand binding was also performed.  As 

seen for WT cardiomyocytes, for both 2.2 and 5.3 control lines cultured without 

tetracycline, [125I]apelin-13 bound with a subnamolar affinity of 3.8 x 10-10 M and 1.3 x 

10-10 M, respectively, and binding was saturable over the concentration range tested 

(Figure 4.9A and B).  In contrast, in 2.2 hESC-CMs treated with tetracycline, 

[125I]apelin-13 binding was greatly reduced, again indicating little expression of apelin 

Figure 4.8: Comparison of relative expression of the APLNR gene in iKD hESC-CMs, with 

or without tetracycline treatment in hESCs for 4 days prior to initiating differentiation and 

then maintained throughout cardiomyocyte differentiation (early KD). Expression of APLNR 

in two lines of apelin receptor iKD hESC-CMs, (A) 2.2 and (B) 5.3.  (C) Expression of 

APLNR in B2M control line hESC-CMs cultured with or without tetracycline. n = 4 for all.   

Relative expression compared to line – Tet mean expression.  Expression compared by 

unpaired, two-tailed Student’s t-test, *p<0.05.  Data represent mean±sem.  
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receptor protein.  In the 5.3 line, hESC-CMs were found to bind more [125I]apelin-13 

than 2.2, although this was still reduced compared to control hESC-CMs.  These 

results are in agreement with what was seen at the gene level in terms of APLNR 

expression.   

Consistent with previous experiments, binding of a fixed concentration of [125I]apelin-13   

in shB2M hESC-CMs was unchanged with tetracycline treatment (Figure 4.9C).  

 

4.4 Discussion 

Here the aim was to knockdown the expression of the apelin receptor in hESC-CMs 

to generate a model that can be used to gain insights into the receptor’s role in 

cardiomyocyte function.  Two approaches were utilised – transfection of siRNA 

targeting APLNR into hESC-CMs, and generation of a hESC line stably expressing a 

transgene producing a shRNA directed against the apelin receptor and expressed 

under the control of a tetracycline inducible element. 

   

4.4.1 Unsuccessful siRNA mediated knockdown of the apelin receptor in hESC-CMs 

Initially, I attempted to induce APLNR knockdown in hESC-CMs directly, by 

transfecting apelin receptor specific siRNAs.  This method produced highly variable 

Figure 4.9: (A) Saturation specific [125I]apelin-13 binding in shAPLNR 2.2 hESC-CMs 

cultured with or without tetracycline throughout differentiation (early KD).  n = 4.  (B) 

Saturation specific [125I]apelin-13 binding in shAPLNR 5.3 hESC-CMs cultured with or 

without tetracycline throughout differentiation (early KD).  n = 3.  (C) Specific binding of a 

fixed concentration of [125I]apelin-13 in hESC-CMs expressing shB2M transgene cultured 

with or without tetracycline throughout differentiation. Specific binding levels compared by 

unpaired, two-tailed Student’s t-test. n = 3.  Data represent mean±sem.  
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results, and although successful knockdown was seen with one siRNA, this was not 

reproducible using the same transfection concentrations and conditions.   

There are a number of reasons why siRNA mediated knockdown may have been 

unsuccessful.  Firstly, hESCs-CMs are particularly difficult to transfect (Tan et al., 

2019; Bodbin et al., 2020).  Optimisation of hESC-CM transfection has been poorly 

studied, with few papers published addressing the matter.  There are multiple methods 

of transfection available, such as lipofection, viral-transduction and nucleofection, 

however the efficiency of these methods in PSC-CMs remains low, often with high 

toxicity (Bodbin et al., 2020).  For example, transfection using magnetic nanoparticles 

to transfect hiPSC-CMs achieved a transfection efficiency of only 18% (Yamoah et al., 

2018).  In this thesis, DharmaFECT transfection reagent was selected, which has been 

optimised for siRNA delivery via lipofection.  However, the maximum transfection 

efficiency that has been reported for lipofection transfection is only 56% (Tan et al., 

2019), which may not be sufficient to produce substantial knockdown.    

Inducing knockdown of the apelin receptor is further complicated by the fact that 

GPCRs are typically expressed at very low levels (Chakraborty et al., 2015; Insel et 

al., 2015).  As reported in Section 3, wild-type hESC-CMs express the apelin receptor 

at a density of ~16 fmol/mg, which is particularly low even for a GPCR.  In comparison, 

regions of the rat brain have a reported density of 220 fmol/mg for the GPCR α2-

adrencoeptor (Phan et al., 2017), while in the human lower urinary tract muscarinic 

receptor density was found to be around 700 fmol/mg (Anisuzzaman et al., 2008).  It 

has previously been demonstrated that level of target gene expression is a critical 

determinant of siRNA mediated knockdown efficiency, with superior gene silencing 

seen for highly expressed transcripts (Hong et al., 2014).  Hence this low level apelin 

receptor expression is not optimal.  The combination of low initial receptor expression 

with a poor transfection efficiency is likely why the siRNA method of gene silencing 

was unsuccessful.   

 

4.4.2 Generation of a novel apelin receptor inducible knockdown system 

Following on from the failed attempts to induce knockdown with siRNA, I opted to 

generate an apelin receptor inducible knockdown system in hESCs, using the 

previously described sOPTiKD system (Bertero et al., 2016).  Using this tetracycline 
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inducible system, robust apelin receptor KD at the gene and protein level has been 

demonstrated in both hESCs and hESC-CMs generated from apelin receptor KD 

hESCs.   

A small number of studies have previously knocked down GPCRs in a variety of stem 

cell types (Q. Wang et al., 2020; C. S. Lee et al., 2021; Eichberg et al., 2021).  

However, based on literature searches this is the first use of an inducible knockdown 

system to target a GPCR in stem cells.  

4.4.2.1 The power of the sOPTiKD inducible knockdown system 

There are a number of advantages of using the sOPTiKD system.  Firstly, the shRNA 

transgene is designed to integrate into the host cell genome (Bertero et al., 2016), 

ensuring stable long-term expression, in contrast to the transient transfection seen for 

the siRNA approach described above.  This means that one round of hESC 

transfection can be performed and the transgene expression will remain at a stable 

level in proliferating descendants of the transfected cell.  This is an advantage, as in 

proliferating cells such as hESCs, transiently transfected genetic material is diluted 

over time as the cells divide (T. K. Kim and Eberwine, 2010).   

Furthermore, transfection efficiency is often higher for shRNA compared to siRNA, and 

potency is often increased as shRNA makes use of endogenous processing 

machinery, meaning lower copy numbers and concentrations of transfection materials 

can be used (Rao et al., 2009).  The apelin receptor targeting shRNA is expressed 

under the control of a H1 promoter (Bertero et al., 2016), producing a double stranded 

transcript that mimics the structure of a pre-miRNA, meaning the hairpin is processed 

as an endogenous miRNA, which function to promote mRNA decay and repress gene 

expression (Sheng et al., 2020).  The shRNA is then transported to the cytoplasm by 

Exportin5, where it is processed by Dicer to form a siRNA duplex (normally ~22 

nucleotides long).  The double stranded RNA is then loaded on to the RNA-induced 

silencing complex (RISC), where one strand (the ‘passenger strand’) is cleaved by 

AGO2.  This leaves the guide strand complexed with RISC, which goes onto bind to 

its complementary mRNA target, promoting mRNA cleavage (J. K. W. Lam et al., 

2015) (Figure 4.10).  
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The sOPTiKD system is integrated into a genetic locus which ensures expression in 

the differentiated progeny of the hESCs.  This is advantageous, as it is easier to 

achieve high transfection efficiency in hESCs when compared to hESC-CMs (Bodbin 

et al., 2020).  Additionally, because expression of the shRNA is under the control of a 

tetracycline response element, there is temporal control of APLNR KD, and 

knockdown can also be reversed by removing tetracycline (Bertero et al., 2016).  This 

is particularly beneficial here, as transgene expression is retained throughout 

differentiation from hESC to hESC-CM so APLNR KD can be induced at any stage 

throughout development simply by adding tetracycline to the culture medium.  This is 

a powerful tool, allowing the exploration of the role of the apelin signalling system both 

throughout differentiation and in differentiated hESC-CMs, as well as in the 

differentiation and function of other cell types.     

Figure 4.10: Processing of APLNR shRNA transgene to induce apelin receptor KD.  Figure 

created using Biorender.com.  
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4.4.2.2 Differing levels of APLNR KD in two lines of shAPLNR hESC-CMs 

When generating APLNR KD hESCs, a number of lines were identified with substantial 

knockdown, with two selected for further culture and study (2.2 and 5.3).  When 

examining knockdown efficiency at the gene level in hESCs, level of APLNR KD was 

similar in the two lines following tetracycline treatment.  Interestingly, however, in 

hESC-CMs treated with tetracycline, the 5.3 line displayed ~60% knockdown while 2.2 

displayed ~90% knockdown.  The reason for this divergence is unclear but it could be 

that the shRNA transgene is expressed at a lower level in the 5.3 hESC-CMs 

compared to 2.2.  Alternatively, the tetracycline response element may be less 

accessible in the 5.3 line, or the tetracycline concentration is not reaching sufficient 

levels at the response element to induce as substantial APLNR KD as seen in 2.2.   

Nevertheless, these fortuitous results are useful, as this provides another tool for 

investigation of apelin receptor function.  By inducing knockdown in both 2.2 and 5.3, 

insights can be gained into the effect of level of apelin receptor KD on hESC-CM 

differentiation and function, allowing the determination of whether a ‘threshold’ of 

apelin receptor expression level is needed.  

 

4.5 Conclusions 

The apelin receptor was successfully knocked down at both gene and protein level in 

hESCs and hESC-CMs. Based on literature searches, not only is this the first use of 

the sOPTiKD system to knockdown the apelin receptor, but also the first application 

of this system to knockdown a GPCR in hESCs or hESC-CMs. This is of particular 

note as GPCRs are challenging to knockdown due to their low expression level. 

This platform can be used to investigate the role of the apelin receptor in hESC-CM 

differentiation and function, by inducing knockdown at defined stages and 

characterising any resulting phenotype as described in the following sections.   
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5. Effect of Apelin Receptor Knockdown throughout hESC-

Derived Cardiomyocyte Differentiation 

5.1 Introduction 

Having generated the apelin receptor inducible knockdown system, the next aim was 

to determine the effect of knocking down the apelin receptor throughout hESC-CM 

differentiation.   

As described in Section 1, the apelin signalling system has previously been shown to 

have an important role in cardiovascular development.  Apelin receptor KO mice are 

not born in Mendelian ratio, with the majority dying in utero displaying severe defects 

in heart formation (Kang et al., 2013).  The effects of apelin receptor activation in 

development are mainly dependent on ELA, as apelin peptide KO mice are normal, 

although do show defective cardiac contractility with  age or stress (Kuba et al., 2007; 

Charo et al., 2009).  In contrast, loss of function mutations in the zebrafish ELA gene 

resulted in a high proportion of embryonic lethality and only rudimentary heart 

formation (Chng et al., 2013; Pauli et al., 2014).   

Despite this clear involvement of the apelin signalling system in heart formation, there 

is a lack of a suitable human in vitro model to investigate the contribution of the apelin 

receptor in human cardiomyocyte development.    

This section describes the effect of APLNR KD on hESC-CM differentiation.  The 

results show that loss of apelin receptor greatly reduces hESC-CM differentiation 

efficiency and increases the number of fibroblasts.  Furthermore, APLNR KD 

throughout differentiation affects the function of resulting hESC-CMs, influencing cell 

adhesion properties, increasing apoptosis and disrupting voltage signalling. 

 

5.2 Methods 

The methods relevant to this section are listed in Table 5.1 and described in Section 

2, with further detail for selected methods below. 
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Method Section 

Cell culture and hESC-CM differentiation 2.2 and 2.3 

Troponin T and Thy1 flow cytometry co-stain 2.6 

Analysis of stage specific marker gene expression by qRT-PCR 2.4 

EthD-1 staining to quantify cell death 2.11 

Binding of apelin fluorescent ligand 2.12 

Peptide production determined by ELISA 2.8 

RNA sequencing of apelin receptor KD hESC-CMs 2.13 

hESC-CM adhesion assay 2.14 

Measuring hESC-CM voltage signalling using FluoVolt 2.15 

Measuring hESC-CM calcium signalling using Fluo-4, AM 2.16 

Effect of apelin receptor ligands on hESC-CM differentiation 2.17 

Data analysis and statistics  2.24 

 

5.2.1 Cell culture 

hESCs were maintained as described in Section 2.2, cultured with or without 

tetracycline (1 µg/ml, daily refresh) for 4 days, and then plated for differentiation as 

described in Section 2.3.  Tetracycline treatment was maintained throughout 

differentiation and hESC-CM culture, with refresh every second day.  Cells were 

visualised with a brightfield microscope, and images acquired using an iPhone 7 

mounted on a LabCam adaptor.  

 

5.2.2 qRT-PCR for stage specific markers 

At defined stages throughout differentiation, cells were lysed and RNA extracted.  

qRT-PCR for stage specific markers was performed using SYBR Green as described 

in Section 2.4, with GAPDH used as a housekeeping gene.  Expression was 

normalised to housekeeping gene expression and relative expression compared to 

control cells with transgene targeting B2M cultured with tetracycline (B2M + Tet) 

calculated using the 2(-ΔΔCT) method (Schmittgen and Livak, 2008). 

Table 5.1: Descriptions of the methods used in this section found can be found in the listed 

corresponding section.   
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5.2.3 Effect of apelin receptor ligands on hESC-CM differentiation 

To determine the effect of apelin receptor activation on hESC-CM differentiation, in 

Section 5.3.3, control or apelin receptor KD hESC-CMs were cultured in the presence 

of apelin receptor ligands throughout differentiation (Section 2.17).  At day 14, cells 

were analysed by flow cytometry to determine TnT and Thy1 positive percentages 

(Section 2.6).  The concentration of ligands used was higher than that seen 

physiologically. In Sections 5.3.1 and 5.3.2, no exogenous ligands were included and 

effects are dependent on endogenously produced ligands.  

 

5.3 Results 

In Section 4, significant knockdown of the apelin receptor was demonstrated in two 

lines of hESC-CMs, generated from hESCs cultured in the presence of tetracycline for 

4 days and maintained in tetracycline throughout differentiation (early KD).  2.2 hESC-

CMs displayed a greater decrease in apelin receptor expression (~90% KD at the gene 

level) compared to 5.3 hESC-CMs which had ~60% KD.  I therefore aimed to 

determine the effects of loss of apelin receptor.  Throughout Section 5, apelin receptor 

KD was induced in hESCs and maintained throughout differentiation and hESC-CM 

culture (early KD).  

 

5.3.1 Effect of apelin receptor knockdown on hESC-CM differentiation 

Throughout this section no exogenous apelin receptor ligands were added to cultures 

and effects are dependent on endogenous apelin receptor signalling.  

5.3.1.1 Morphological changes in hESC-CMs with apelin receptor KD throughout 

differentiation 

Looking firstly at cell morphology, brightfield microscopy revealed distinct differences 

between control and apelin receptor KD cells (Figure 5.1).  Control lines formed 

homogenous sheets of beating cardiomyocytes, while 2.2 line APLNR KD cells grew 

as patches of clumped cardiomyocytes with areas of mesenchymal-like cells and 

fibroblasts interspersed in between.  It should also be noted that there was variability 

in the outcome of distinct differentiations of the 2.2 line cultured with tetracycline, with 

different cardiomyocyte and fibroblast/mesenchymal-like cell density seen as shown 
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in the representative images displayed in Figure 5.1F.  In contrast, there were no visual 

differences between control and APLNR KD 5.3 hESC-CMs.  

Control cells (B2M ± Tet and shAPLNR – Tet) displayed strong, synchronous 

contraction.  Again, in 5.3 hESC-CMs, no difference in contraction was seen between 

control and APLNR KD hESC-CMs.   Conversely, APLNR KD in the 2.2 line also had 

marked consequences on spontaneous contraction, with variability seen in distinct 

differentiations as described above.  In some differentiations, when focussing on areas 

of cardiomyocytes in 2.2 APLNR KD cells, contraction was weak and the hESC-CMs 

did not appear to function together, contracting asynchronously.  Furthermore, in other 

differentiations there was no contraction observed in the whole field of view (Videos 

5.1-5.3).  These initial results suggest that the apelin receptor has an important role in 

cardiomyocyte development, with a certain threshold level needed to ensure proper 

differentiation.   

Importantly, B2M line hESC-CMs looked similar regardless of tetracycline inclusion, 

suggesting that any effects seen in APLNR KD lines are dependent on loss of the 

apelin receptor, rather than tetracycline itself.  

Figure 5.1: Representative brightfield images of control and APLNR KD hESC-CMs at day 

14-17.  shB2M control hESC-CMs cultured (A) without and (B) with tetracycline.  5.3 

shAPLNR hESC-CMs cultured (C) without and (D) with tetracycline.  2.2 shAPLNR hESC-

CMs cultured (E) without and (Fi-iv) with tetracycline treatment.  Multiple images to show 

variability in differentiation.  Scale bar = 200 μm. 
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5.3.1.2 Effect of APLNR KD on hESC-CM differentiation efficiency 

Having visualised differences in cardiomyocyte differentiation with apelin receptor KD, 

it was important to quantify changes in differentiation efficiency.  To do this, cells were 

co-stained for the cardiac marker troponin T (TnT) and fibroblast marker Thy1, and 

analysed by flow cytometry (Figure 5.2).   

For 2.2, control cells were found to stain 58.1%±3.1 TnT positive and 32.5%±3.2 Thy1 

positive.  In APLNR KD, there was a significant increase in Thy1 positive cells to 

67.7%±1.5. In tandem, there was a decrease in troponin positive percentage 

(13.8%±1.9), indicating a decrease in cardiomyocyte differentiation efficiency and an 

increase in the number of cells acquiring a fibroblast identity with apelin receptor 

knockdown. 

In the 5.3 line, 67.1%±9.8 of control cells stained positively for troponin T, with 

24.0%±2.0 staining positively for Thy1.  For APLNR KD cells, there was a trend for a 

decrease in troponin positive (55.5%±11.0) and increase in Thy1 positive (31.6%±6.3) 

but this was small and did not reach significance.    

There was a trend towards an increase in cardiomyocyte differentiation in B2M control 

cells cultured in the presence of tetracycline but this was not significant.  Thy1 positive 

percentage was unaffected by tetracycline in the B2M line.   

These results further support the hypothesis that a threshold level of apelin receptor 

expression is needed for efficient hESC-CM differentiation.  
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5.3.1.3 Effect of apelin receptor KD on cardiomyocyte differentiation stage specific 

markers  

Following on from establishing the importance of apelin receptor in hESC-CM 

differentiation, the next aim was to identify if there is a particular differentiation stage 

at which loss of apelin receptor expression has its effects.   

To determine if APLNR KD affects expression of cell stage specific markers, qRT-PCR 

using primers directed against characterised markers of differentiation stage was 

performed (Burridge et al., 2014; Mendjan et al., 2014).  At the end of each stage of 

differentiation (Figure 3.1, FLyAB, FBRI, FB, Day 10 as described in Section 2.3), cells 

were collected and RNA was extracted.  Table 5.2 describes the developmental stage 

for each sample.    

 

 

 

Figure 5.2: Flow cytometry staining to determine hESC-CM differentiation efficiency with 

APLNR KD.  (A) Representative flow cytometry plot of control and APLNR KD hESC-CMs 

co-stained for troponin T (TnT, APC) and Thy1 (PE).  Quantification of TnT (top) and Thy1 

(bottom) positive percentages from flow cytomteric co-stain for (B) 2.2 control and APLNR 

KD hESC-CMs, (C) 5.3 control and APLNR KD hESC-CMs and (D) shB2M control and + 

tetracycline hESC-CMs. n = 3 for all, compared by unpaired, two-tailed Student’s t-

test,**p<0.01.  Data represent mean±sem. 
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Sample Day of differentiation Developmental stage 

FLyAB 2 Mesoderm 

FBRI 6 Cardiogenic mesoderm 

FB 8 Cardiac progenitors 

Day 10 10 Early cardiomyocytes  

 

Initially, expression of APLNR gene was determined to ensure knockdown was seen 

throughout differentiation.  As shown in Figure 5.3A, there was significant knockdown 

of APLNR across all stages of differentiation, with a higher level of knockdown seen 

in the 2.2 line, consistent with previous results.   

 Next, expression of various markers at each stage of differentiation was quantified in 

control (B2M + Tet) versus APLNR KD cells (Figure 5.3B-E).  Across the differentiation 

stages, for the majority of markers examined no significant difference was found.  After 

the FB stage (cardiac progenitors), there was a significant increase in THY1 gene 

expression in the 2.2 line, however this increase was not significant at day 10.  

Expression of THY1 at day 10 was however variable, correlating with what is seen in 

the images in Figure 5.1.  A significant increase in expression of the gene encoding 

the ryanodine receptor was seen in the 2.2 line with APLNR KD, however reasons for 

this are unclear.  It was therefore hypothesised that the apelin receptor may be 

involved in the late stages of cardiomyocyte differentiation, at the onset of contraction.   

Table 5.2: Day of collection and developmental stage for samples analysed for cell stage 

markers.  See Figure 3.1.  
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Consistent with this hypothesis, when visualising the cells across differentiation 

stages, the morphology of control and APLNR KD is comparable in the 2.2 line until 

the late stages of differentiation, as shown in the image time course in Figure 5.4.  As 

the effect on cardiomyocyte differentiation efficiency is not pronounced in the 5.3 line, 

only images of 2.2 are shown.   

Figure 5.3: (A) Comparison of relative expression of APLNR gene across 4 stages of 

differentiation.  Expression displayed relative to mean expression in B2M + Tet for each 

stage. n = 3, expression levels compared by unpaired, two-tailed Student’s t-test, *p<0.05, 

**p<0.01. Comparison of relative expression of stage specific markers across 4 stages of 

differentiation, (B) FLyAB mesoderm, (C) FBRI cardiogenic mesoderm, (D) cardiac 

progenitors and (E) D.10 early cardiomyocytes.   Expression displayed relative to mean 

expression in B2M + Tet for each gene. n = 3, expression levels compared by one way 

ANOVA followed by Tukey’s post hoc test, *p<0.05. Data represent mean±sem.   
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5.3.1.4 Effect of APLNR KD on cell death  

Next, changes in apoptosis or cell death were investigated to determine if this 

underlies the differences seen in differentiation efficiency.  To investigate this, at each 

differentiation stage (Figure 3.1) a live/dead assay was performed using a live cell 

nuclear stain (NucBlue) and cell impermeant Ethidium Homodimer-1 (EthD-1).  Before 

media change at each stage, number of nuclei and number of EthD-1 positive cells 

were counted and expressed as a ratio for control and APLNR KD cells (Figure 5.5).  

At early stages, no change in cell death was seen in APLNR KD cells compared to 

B2M control line cultured with tetracycline.  However, at both day 10 and day 12, a 

significant increase in the number of dead cells per number of nuclei was observed in 

the 2.2 APLNR KD line (Figures 5.5C and D), again supporting my proposal of a role 

for apelin receptor in the late stages of differentiation.  As expected from previous 

results, no change was seen in the 5.3 line.     

Taking these results together, I hypothesise that the apelin receptor promotes cell 

survival in late stage cardiomyocyte differentiation.   

 

Figure 5.4: Representative time course images of control (top) and APLNR KD (bottom) 

2.2 line throughout cardiomyocyte differentiation.  Scale bar = 200 µm.  
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5.3.2 Effect of APLNR KD throughout differentiation on hESC-CM function 

Having established an effect of APLNR KD on differentiation efficiency, the next aim 

was to determine if there were any functional consequences of APLNR KD on the 

resulting hESC-CMs if knockdown is maintained from hESC throughout differentiation 

to hESC-CM.   

Throughout this section no exogenous apelin receptor ligands were added to cultures 

and effects are dependent on endogenous apelin receptor signalling.  

5.3.2.1 Effect of APLNR KD on ability to bind apelin peptide  

To investigate the effect of APLNR KD on ability of hESC-CMs to bind ligands, a 

fluorescently tagged version of the native [Pyr1]apelin-13 peptide (apelin647) was 

used (Figure 5.6).  This assay was also used to visualise the APLNR KD and verify 

the saturation radioligand binding assay results shown in Section 4.3.4.  Control and 

APLNR KD hESC-CMs were incubated with fluorescent ligand for 90 minutes before 

imaging.  In the four control conditions (2.2 and 5.3 cultured without tetracycline and 

B2M ± tetracycline), punctate binding of apelin647 was seen.  In both APLNR KD lines, 

apelin647 binding was drastically reduced as expected, with a greater reduction seen 

Figure 5.5: Number of dead cells per number of nuclei for APLNR KD (2.2 and 5.3) cells 

compared to control (B2M) at distinct stages of cardiomyocyte differentiation (see Figure 

3.1).  (A) PreFB = day 6, (B) PreCDM-BSA = day 8, (C) day 10, (D) day 12 and (E) day 14.  

n = 2 with 3 technical replicates for each, mean values compared by one way ANOVA 

followed by Tukey’s post hoc test, *p<0.05, **p<0.01. Data represent mean±sem.   
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in the 2.2 line.  These results are in agreement with the saturation radioligand binding 

experiments described in Section 4.3.4. 

Importantly, tetracycline itself had no effect on apelin647 binding as demonstrated by 

the comparable binding seen in B2M hESC-CMs regardless of tetracycline inclusion.  

Binding of apelin647 to apelin receptor was confirmed by incubating with a saturating 

concentration of [Pyr1]apelin-13 (10 µM).  

 

 

 

   

 

Figure 5.6: Representative images of hESC-CMs incubated with apelin647 fluorescent 

ligand and Hoechst 3342 nuclear dye.  (A) 2.2 line control and APLNR KD hESCs, (B) 5.3 

line control and APLNR KD hESCs and (C) B2M control line hESC-CMs cultured with and 

without tetracycline.  (D) Non-specific binding (NSB) was determined by the inclusion of a 

saturating concentration of [Pyr1]apelin-13.  Scale bar = 50 µm.  



131 
 

5.3.2.2 Effect of APLNR KD on hESC-CM peptide production  

To quantify the effect of APLNR KD on ligand production, ELISAs for apelin and ELA 

using conditioned supernatant from control and APLNR KD hESC-CMs were 

performed (Figure 5.7).  It was hypothesised that there may be an upregulation of 

ligand production to compensate for reduced signalling due to loss of apelin receptor.  

Interestingly, a decrease in apelin peptide production was seen in B2M hESC-CMs 

cultured with tetracycline, suggesting an effect of tetracycline itself (data not shown), 

hence here data for the two lines of APLNR KD hESC-CMs were compared to B2M + 

Tet hESC-CMs.  In terms of ELA expression, no significant difference was seen 

between conditions.  Similarly, for both APLNR KD lines, no significant difference in 

apelin peptide production was seen.   

     

5.3.2.3 RNA sequencing of APLNR KD hESC-CMs 

RNA sequencing of control and APLNR KD hESC-CMs was performed to generate an 

unbiased view of the effect of APLNR KD.  The aim here was to identify potential 

functional consequences of APLNR KD and inform the design of subsequent 

functional assays.   

At day 15 of differentiation, control and APLNR KD hESC-CMs were collected for RNA 

extraction, quality control analysis performed and samples sent for next generation 

Figure 5.7: Comparison of concentration of (A) ELA and (B) apelin in conditioned 

supernatant from control (B2M + Tet) and APLNR KD (2.2 and 5.3) hESC-CMs. n = 4 for 

B2M ELA, n = 3 for 2.2 ELA, n = 2 for 5.3 ELA, n = 4 for B2M apelin, n = 4 for 2.2 apelin, 

n = 2 for 5.3 apelin. Means compared by one way ANOVA followed by Tukey’s post hoc 

test.  Data represent mean±sem.   
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bulk RNA sequencing (Figure 5.8A).  Note that here the two lines of APLNR KD hESC-

CMs (2.2 and 5.3) were analysed together and are referred to simply as APLNR KD 

throughout this section.  Analysis was performed with assistance from E.L. Robinson 

(University of Colorado) and E.E. Davenport (Wellcome Sanger Institute).    

Analysis of sequencing data identified 272 differentially expressed genes (DEGs) with 

APLNR KD, with approximately 50% downregulated and 50% upregulated compared 

to control (Figure 5.8B).  XGR pathway analysis was performed, with a small number 

of significantly differentially expressed pathways identified, many of which were 

associated with adhesion and integrin signalling (Figure 5.8C), prompting the design 

of an assay to determine the effect of APLNR KD on hESC-CM adhesion as described 

in the following section.   

Furthermore, of the DEGs identified with APLNR KD, SCN5A, the gene encoding the 

cardiac sodium channel NaV1.5, was the third most significantly downregulated gene 

(Q value < 0.01, Figure 5.8D).   This was chosen for further characterisation as the top 

druggable and physiologically relevant target (IUPHAR/BPS Guide to Pharmacology, 

https://www.guidetopharmacology.org/) (S. D. Harding et al., 2021).  NaV1.5 is essential 

for cardiomyocyte depolarisation and conduction of the cardiac action potential (Abriel, 

2010; Rook et al., 2012).  The pore forming α-subunit of the voltage-dependent cardiac 

sodium channel NaV1.5 is encoded by the SCN5A gene, and mutations in this gene 

have been associated with a number of cardiac arrhythmic disorders such as Brugada 

syndrome (Rook et al., 2012).  Therefore the effect of APLNR KD on voltage signalling 

in hESC-CMs was investigated as described in Section 5.3.2.4.   
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5.3.2.3 Effect of APLNR KD on hESC-CM adhesion  

Following on from the RNA sequencing results, an assay was designed to determine 

the effect of APLNR KD on hESC-CM adhesion.  hESC-CMs were detached from the 

original culture plate, replated at a defined density and then fixed at three 

predetermined time points (3 hours, 12 hours and 24 hours).  Cells were then stained 

Figure 5.8: (A) Workflow for bulk RNA sequencing of APLNR KD hESC-CMs.  This figure 

was created using Biorender.com.  (B) Plot representing number of up- and downregulated 

differentially expressed genes (DEGs) in APLNR KD hESC-CMs compared to control. (C) 

Selected pathways identified from XGR pathway analysis. Of the small number of 

pathways identified, many were associated with adhesion and integrin signalling. (D) 

Expression of SCN5A gene encoding the cardiac sodium channel Nav1.5 in APLNR KD 

hESC-CMs compared to control. Control n = 3, APLNR KD n = 4, means compared by 

two-tailed Student’s t-test, *p<0.05.  Data represent mean±sem.  
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with DAPI nuclear stain to allow quantification of cell number, and phalloidin which 

binds to actin filaments, allowing visualisation and quantification of cell area and 

width/length ratio (Figure 5.9).  For imaging and quantification, the Opera Phenix High-

Content Screening System and Harmony image analysis software were used with 

assistance from T.L. Williams (University of Cambridge).   

To control for any effects of tetracycline itself, all values for the two lines of APLNR KD 

hESC-CMs (2.2 and 5.3) were compared to B2M line hESC-CMs cultured with 

tetracycline (control).  At all three time points, a trend for an increase in the number of 

cells was seen for 2.2 APLNR KD hESC-CMs, however this did not reach significance.  

In contrast, number of 5.3 hESC-CMs was comparable to that seen for control cells.  

For all three cell lines, no difference was seen in mean cell area at any time point.  Cell 

width/length ratio was also quantified to give an indication of the effect of APLNR KD 

on hESC-CM shape – a lower width/length ratio indicates a more elongated cell, while 

a high value represents a rounder cell.  2.2 hESC-CMs were found to have a 

significantly lower width/length ratio at the three hour time point compared to control 

cells.  At subsequent time points however, no difference was seen.  For 5.3 hESC-

CMs no difference was seen at any of the three time points.     
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Figure 5.9: Effect of APLNR KD on hESC-CM adhesion properties.  (A) Representative 

images of (i) control and (ii) APLNR KD hESC-CMs stained with phalloidin-488 (green) and 

DAPI nuclear stain blue) after 3 hours of culture.  Scale bar = 50 µm.  (B) Number of control 

and APLNR KD cells sticking at defined time points after replating.  (C) Mean cell area of 

control and APLNR KD hESC-CMs at defined time points after replating.  (D) Mean 

width/length ratio of control and APLNR KD hESC-CMs at defined time points after 

replating.  n = 4 for all, mean values compared by one way ANOVA followed by Tukey’s 

post hoc test, **p<0.01. Data represent mean±sem.   
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5.3.2.5 Effect of APLNR KD on hESC-CM voltage signalling  

Following on from the identification of SCN5A as a significantly downregulated gene 

in APLNR KD hESC-CMs, the next aim was to investigate the effect of APLNR KD on 

voltage signalling.  Previously the APLNR has been suggested to influence cardiac 

electrophysiology, and apelin peptide signalling has been shown to modulate 

cardiomyocyte sodium currents (Farkasfalvi et al., 2007; Chamberland et al., 2010).  

Additionally, in atrial fibrillation patients, plasma apelin levels are reduced and can be 

restored by cardiac resynchronisation therapy (Ellinor et al., 2006; Francia et al., 

2007).  

Here, the voltage sensitive FluoVolt Membrane Potential dye was used, with beating 

rate controlled by external electrical stimulation paced at 1 Hz.  Videos of voltage 

transients were recorded, with an example recording shown in Video 5.4.  A custom 

MATLAB code written by S. Bayraktar (University of Cambridge) was used to extract 

values for waveform time to peak (TTP) and time to 90% decay (T90).  The code 

allows the user to select regions of interest, therefore here only regions containing 

cardiomyocytes (and not contaminating fibroblasts or mesenchymal cells) were 

selected.  Analysis revealed differences between the B2M hESC-CMs cultured in the 

presence of tetracycline (data not shown), suggesting a tetracycline effect.  Therefore 

results for 2.2 and 5.3 APLNR KD hESC-CMs were compared to B2M + Tet hESC-

CMs (Figure 5.10).  Representative traces are displayed for each condition.  Three 

traces are shown for 2.2 APLNR KD hESC-CMs to indicate the variability seen in 

different differentiations.  Observing the traces, the waveform appears different for the 

2.2 line compared to control and 5.3 hESC-CMs, with smaller intervals in between 

spikes seen.  The spike shapes themselves also appear different.   

Interestingly, APLNR KD in 2.2 hESC-CMs was found to significantly increase both 

time to peak (TTP) and time to 90% decay (T90) compared to control (221.0 ± 18.3 

ms APLNR KD vs 124.2 ± 10.1 ms control TTP, 119.7 ± 11.8 ms APLNR KD vs 51.0 

± 2.6 ms control T90, Figure 5.10).  In agreement with previous results. APLNR KD in 

5.3 line hESC-CMs had little effect on TTP or T90.     
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In cardiomyocytes, tight regulation of voltage signalling, the associated ion fluxes and 

subsequent action potential are essential for contractility in a process known as 

excitation-contraction coupling.  It was therefore hypothesised that the prolonged 

voltage sensing seen in 2.2 APLNR KD hESC-CMs may result in defective 

contractility, resulting from disruption to ion handling.     

Figure 5.10: Effect of APLNR KD (2.2 and 5.3 lines) on hESC-CM voltage signalling.  (A) 

Representative traces from MATLAB code output for (i) control, (ii) 5.3 + Tet and (iii-v) 2.2 

+ Tet hESC-CMs.  Code designed and written by S. Bayraktar (University of Cambridge). 

(B) Time to peak (TTP) and (C) time to 90% decay (T90) compared to control.  n = 6 for 

all, mean values compared by one way ANOVA followed by Tukey’s post hoc test, 

**p<0.01. Data represent mean±sem.   
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5.3.2.6 Effect of APLNR KD on hESC-CM calcium signalling  

Tight regulation of changes in intracellular calcium, induced by changes in membrane 

potential, is also essential for cardiomyocyte excitation-contraction coupling.  

Following cardiac sodium channel induced depolarisation, intracellular calcium 

concentration increases, resulting in muscle contraction (Eisner et al., 2017).  

Therefore, following on from the identification of an effect of APLNR KD on voltage 

signalling, effect on calcium signalling was also determined.   

A similar approach to that described for voltage measurements was taken, making use 

of the calcium sensitive dye Fluo-4, AM (Video 5.5A), with hESC-CMs paced at 1 Hz 

and the same MATLAB code used for analysis.  Again, a tetracycline effect was seen 

in B2M hESC-CMs (data not shown), therefore results for 2.2 and 5.3 APLNR KD 

hESC-CMs are compared to B2M + Tet hESC-CMs.  Observing the traces, few 

differences in the shape of the waveforms were seen.  

For both APLNR KD hESC-CM lines, no difference was seen in either TTP or T90 

when compared to control cells (Figure 5.11), in contrast to what was seen for voltage 

signalling.   
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This is in agreement with previous studies using apelin receptor KO mice, in which no 

difference in calcium transients of isolated cardiomyocytes was seen compared to WT 

(Charo et al., 2009). 

For both voltage and calcium imagining, it should be noted that when observing 

signalling in the 2.2 APLNR KD cells, transients were not coordinated across the whole 

field of view as seen for control cells.  Instead, flashing patches were observed, 

correlating with where contractile cardiomyocytes were present (Video 5.5B).  This 

was variable, depending on the differentiation efficiency.  For analysis, only areas 

containing cardiomyocytes were selected, therefore effects in hESC-CMs have been 

isolated.  

Furthermore, for both fluorescent dyes, using the described experimental set-up it was 

not possible to quantify the magnitude of the signal.  This is because the control and 

KD cells may not have taken up equal quantities of the dye or may have had different 

Figure 5.11: Effect of APLNR KD (2.2 and 5.3 lines) on hESC-CM calcium signalling.  (A) 

Representative traces for (i) B2M + Tet, (ii) 2.2 + Tet and (iii) 5.3 + Tet hESC-CMs.  (B) 

Time to peak (TTP) and (C) time to 90% decay (T90) compared to control.  n = 6 for all, 

mean values compared by one way ANOVA followed by Tukey’s post hoc test. Data 

represent mean±sem.   
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fluorescent light exposures, leading to bleaching.  This makes it inaccurate to quantify 

the magnitude of the signal.  In the future, to overcome this a ratiometric dye such as 

Fura-2 may be used (Hwang et al., 2015), or genetically encoded calcium sensors 

such as the previously described RGECO could be introduced (Kaestner et al., 2014; 

Sparrow et al., 2019).   

 

5.3.3 Effect of apelin receptor ligands on hESC-CM differentiation  

Significant reduction in expression of apelin receptor had effects on hESC-CM 

differentiation, suggesting an important role for apelin receptor in cardiomyocyte 

development.  Therefore, the effect of apelin receptor stimulation on hESC-CM 

differentiation efficiency was investigated, by including physiologically high 

concentrations of exogenous apelin receptor ligands.    

5.3.3.1 Effect of apelin receptor ligands on wild-type hESC-CM differentiation 

It has previously been shown that apelin peptide can improve the differentiation 

efficiency of cardiomyocytes from hESCs, and increase the number of contractile cells 

in embryoid bodies formed using the hanging drop method (I.-N. E. Wang et al., 2012).  

Therefore, the effect of inclusion of ligands targeting the apelin receptor on 

cardiomyocyte differentiation efficiency using a growth factor driven differentiation 

protocol was determined here.   

Compound Concentration Description 

[Pyr1]apelin-13 10 nM or 1 µM Equal activation of G-protein and β-arrestin.  

Naturally occurring peptide ligand. 

MM07 1 µM Preferentially activates G-protein signalling 

pathway.  Synthetic peptide, improved stability 

compared to endogenous apelin. 

26525 300 nM Preferentially activates G-protein signalling 

pathway.  Synthetic peptide, improved stability, 

high affinity.  

31515 300 nM Equal activation of G-protein and β-arrestin.  

Synthetic peptide, improved stability, high affinity. 

Table 5.3: Apelin receptor ligands included in hESC-CM cultures throughout 

differentiation.  

 



141 
 

In a pilot experiment, several different apelin receptor ligands were used (Table 5.3).  

The ligands selected were either equal in their ability to activate G-protein and β-

arrestin signalling pathways, or biased towards the G-protein signalling pathway 

compared to the β-arrestin pathway.  This was in attempt to determine which molecular 

pathways are involved in the apelin receptor’s role in hESC-CM differentiation.  

Ligands were included from day 0 of differentiation and maintained until collection for 

flow cytometry co-staining at day 14, with refresh every second day when media was 

changed.    

Resulting cells were co-stained for TnT and Thy1 to determine differentiation 

efficiency.  Across all compounds tested, little effect was seen on Thy1 positive 

percentage.  As Thy1 staining was already low in control cells cultured without any 

ligand addition, it may not be possible to reduce this number any further.  However, in 

all conditions, ligand inclusion promoted a trend towards an increase in TnT positive 

percentage (Figure 5.12A).   

As little difference was seen between the different compounds, the experiment was 

repeated using only [Pyr1]apelin-13 at a concentration of 10 nM.  Here, inclusion of 

apelin peptide significantly improved cardiomyocyte differentiation efficiency, 

increasing TnT positive percentage from 71.7%±1.1 to 82.5%±0.9 (Figure 5.12B).   

 

Figure 5.12: (A) Effect of inclusion of apelin receptor ligands throughout differentiation on 

troponin T positive (TnT +) and Thy1 positive (Thy1 +) percentage. n = 1. (B) TnT positive 

and (C) Thy1 positive percentage from flow cytometric analysis of control hESC-CMs and 

hESC-CMs cultured in the presence of 10nM [Pyr1]apelin-13 throughout differentiation.  n 

= 6. Means compared by unpaired, two-tailed Student’s t-test, *p<0.05. Data represent 

mean±sem. 
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There was no effect on Thy1 positive percentage, but this was low in both control and 

ligand treated cultures (Figure 5.12C).   

These results further support the key role of apelin receptor signalling in 

cardiomyocyte differentiation.   

 

5.3.3.2 Effect of apelin receptor ligands on APLNR KD hESC-CM differentiation 

In 2.2 APLNR KD hESC-CMs, around 90% knockdown of apelin receptor is seen, with 

a significant reduction in TnT positive percentage and cardiomyocyte differentiation 

efficiency.  I therefore wanted to test the hypothesis that by stimulating the small 

amount of remaining apelin receptor protein, hESC-CM differentiation could be 

rescued.   

2.2 line APLNR hESC-CMs were generated from hESCs cultured in the presence of 

tetracycline for 4 days prior to starting differentiation, with tetracycline treatment 

maintained throughout differentiation until collection at day 14.  Additionally, cells were 

treated with 10 nM [Pyr1]apelin-13 throughout.   

Flow cytometry demonstrated an increase in TnT positive percentage from 31.0%±4.1 

to 45.0%±3.2, with no difference seen in Thy1 positive percentage (Figure 5.13).    

Although the increase in differentiation efficiency is small, given how little apelin 

receptor expression remains, the fact that any improvement is seen demonstrates the 

importance of apelin receptor signalling in cardiomyocyte differentiation. 
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5.4 Discussion 

The aim of this section was to determine the effects of early APLNR KD on 

differentiation and function of the resulting hESC-CMs.  By knocking down the apelin 

receptor prior to the initiation of differentiation, insights have been gained into an 

important role for the apelin receptor in the development of hESC-CMs. 

This is the first time apelin receptor expression has been knocked down throughout 

the differentiation of human ESCs to cardiomyocytes.  Furthermore, there are few 

published reports in which knockdown of any GPCR has been induced throughout 

differentiation of PSC to cardiomyocyte.  In one study, knockdown of a cardiomyogenic 

cell-surface marker, latrophilin-2 in mouse ESCs was found to reduce the gene 

expression of cardiac markers and resulted in fewer contractile cells formed via 

embryoid body differentiation (C. S. Lee et al., 2021).  Interestingly, this reduction in 

cells with cardiomyocyte identity is similar to what was observed here with apelin 

receptor KD and using a better defined differentiation protocol.  

   

Figure 5.13: (A) TnT positive and (B) Thy1 positive percentage from flow cytometric 

analysis of control APLNR KD hESC-CMs and APLNR KD hESC-CMs cultured in the 

presence of 10nM [Pyr1]apelin-13 throughout differentiation.  n = 4. Means compared by 

unpaired, two-tailed Student’s t-test. Data represent mean±sem. 
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5.4.1 The apelin receptor in cardiomyocyte development 

APLNR KD had drastic effects on hESC-CM differentiation efficiency in the 2.2 line, 

which achieves a knockdown level of ~90% compared to control.  These findings are 

consistent with previous studies, in which the apelin signalling system was identified 

as a critical regulator of heart development in both mice and zebrafish (Charo et al., 

2009; Chng et al., 2013; Kang et al., 2013; Pauli et al., 2014)   

Furthermore, a previous study has investigated the expression of the apelin receptor 

in mouse ESCs and in their differentiation to cardiomyocyte using the embryoid body 

method (D’Aniello et al., 2013).  This found that loss of apelin receptor expression 

resulted in defective cardiomyocyte differentiation, with aplnr overexpression 

increasing efficiency of differentiation.  This study also showed that loss of apelin 

receptor affected the expression of key regulators of cardiomyogenesis (D’Aniello et 

al., 2013).   

In the 2.2 line, APLNR KD resulted in a significant increase in Thy1 positive staining, 

indicating an increase in the number of fibroblasts.  This is consistent with the 

previously reported role of the apelin receptor in regulation of both physiological and 

pathophysiological fibrosis of a range of organs including the heart, lungs and liver (S. 

Huang et al., 2016).  Activation of the apelin signalling pathway has been shown to 

reduce cardiac fibrosis (S. Huang et al., 2016), correlating with the results seen for 

APLNR KD.   

It should be noted that the 2.2 hESC line cultured without tetracycline consistently 

differentiated with ~60% efficiency.  This is lower than some reports, however 

differentiation efficiency is protocol and stem cell line dependent, and is likely 

dependent on some property of the stem cell line itself, or an effect of the introduced 

genetic manipulation.  The hESC-CMs used here were not subjected to metabolic 

selection with lactate media – this normally necessary to increase differentiation 

efficiency to these high levels.  Lactate selection was not used as in pilot experiments 

this caused all the apelin receptor knockdown cells to die due to the very low 

differentiation efficiencies.  Despite the lower differentiation efficiency of the 2.2 line, it 

was still significantly reduced with apelin receptor knockdown.   

Future studies inducing APLNR KD by tetracycline treatment at different stages 

throughout differentiation would be interesting in determining at which stage apelin 
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receptor signalling is important.  From the current results, cells appear similar in early 

differentiation with differences appearing in the late stages, but it is unclear if these 

differences are because of events occurring earlier in differentiation.     

5.4.1.1 Effect of APLNR KD on expression of markers of cardiac development 

The effects of APLNR KD on cardiomyocyte differentiation cell stage marker 

expression have been investigated, but few significant effects were found, despite 

observing a clear phenotypic effect of APLNR KD in hESC-CMs.   

An early study investigated the effects of zebrafish grinch mutation in the agtrl1b gene, 

an APLNR homolog (Scott et al., 2007).  Here, grinch mutants were found to have 

profound defects in cardiomyogenesis ranging in severity from reduction in heart size 

to complete absence of heart formation, and few cells staining positively for cardiac 

myosin.  The effects of grinch mutations at different stages of heart development were 

investigated, examining stage specific markers similarly to Section 5.3.1.3.  This study 

found that nkx2-5 expression was greatly reduced in grinch mutants, suggesting a role 

for apelin receptor signalling in early development (Scott et al., 2007).  NKX2.5 is a 

transcription factor with a critical role in cardiomyocyte development, and mutations in 

this gene in humans are associated with a number of congenital heart diseases 

(Bouveret et al., 2015).  Therefore expression of the NKX2-5 gene was quantified in 

the early stages of differentiation in the APLNR KD cells.  However, no significant 

difference was seen compared to control, although there was a trend towards a 

decrease in expression in the 2.2 line at the cardiogenic mesoderm stage (Figure 5.3).   

In performing qRT-PCR, expression of a number of standard genes has been 

quantified.  However, although well characterised stage specific markers were 

selected, this method is biased.  Having an unbiased view of the full transcriptome, 

such as that provided by RNA sequencing (S. Zhao et al., 2014), at each stage of 

differentiation with APLNR KD would be beneficial.  Here, the focus was not on the 

developmental stages but rather the effect on resulting hESC-CMs, therefore RNA 

sequencing was performed at day 15 of differentiation, which identified a number of 

pathways which could be explored with further assays.  However, in the future it would 

be interesting to perform sequencing at each differentiation stage to identify DEGs 

between control and APLNR KD cells.  This could provide further insight into the apelin 
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receptor mechanism of action and downstream signalling effects in its role in 

cardiomyocyte development.   

5.4.1.2 Effect of APLNR KD on cell death in hESC-CM differentiation 

The role of controlled cell death in mammalian heart development is widely accepted 

(van den Hoff et al., 2000).  As it is thought that tight regulation of apoptosis and cell 

death is needed for differentiation to proceed correctly, the effect of APLNR KD on cell 

death in hESC-CM differentiation was also examined.  It has previously been shown 

that in order to initiate differentiation, a subset of ESCs undergo apoptosis to remove 

differentiation resistant cells which do not exit pluripotency (E. S. Wang et al., 2015).  

Furthermore, in 3 week old embryoid bodies, stimulation with pre-apoptotic stimuli was 

found to increase cardiac differentiation, via caspase activation in cardiac progenitor 

cells (Bulatovic et al., 2015).  It has also been shown that WNT signalling acts to 

regulate caspase-dependent signalling which promotes cardiogenesis (Abdul-Ghani 

et al., 2011).  However, cellular stress can also cause unprogrammed cell death, which 

has detrimental consequences on hESC-CM function, and can affect intercellular 

communication and signalling (Saraf et al., 2021). 

APLNR KD was found to increase cell death in the 2.2 line at day 10 and 12 of 

differentiation.  Generally at this stage, hESC-CMs have formed and relatively robust 

beating will have been established.  As shown in the time course of images, the 2.2 

APLNR KD cells start to show visual differences from around day 8.  From day 6 

onwards, a trend towards increased cell death is seen in 2.2 cells, reaching 

significance at day 10.  Activation of the apelin receptor has previously been shown to 

be protective against endoplasmic reticulum (ER)-stress induced cardiomyocyte 

apoptosis in ischemia/reperfusion injury (Tao et al., 2011), demonstrating a 

cardioprotective role, via regulation of autophagy (Jiao et al., 2013).  I therefore 

hypothesise that loss of apelin receptor results in cellular stress and disruption to 

intracellular signalling in developing cardiomyocytes, culminating in cell death.  The 

reduced number of cardiomyocytes then leaves space for proliferation of cells with a 

fibroblast identity to overgrow, which appear to be less susceptible to APLNR KD.   

To further test this hypothesis, a co-staining experiment for a cardiac marker (e.g. 

Troponin T, α-myosin heavy chain), fibroblast/mesenchymal marker (Thy1) and a cell 

death marker must be carried out in order to determine if the observed cell death is 
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restricted to cells with a cardiomyocyte identity.  Additionally, the method used here 

for detecting cell death cannot distinguish between apoptosis and necrosis, hence it 

would also be beneficial to make use of an assay specific for apoptosis, such as 

Annexin V staining (Vermes et al., 1995), to determine the contribution of the two 

processes to the APLNR KD phenotype.   

 

5.4.2 APLNR KD in differentiation has functional effects on hESC-CMs 

Along with the reduction in differentiation efficiency, APLNR KD throughout 

development had functional consequences on the resulting hESC-CMs.  From RNA 

sequencing analysis, two areas were identified as differentially regulated in APLNR 

KD hESC-CMs and selected for further exploration – cell adhesion and voltage 

signalling.    

5.4.2.1 The role of APLNR signalling in hESC-CM adhesion 

From XGR analysis, a number of pathways associated with adhesion and integrin 

signalling were identified as differentially regulated in APLNR KD hESC-CMs 

compared to control.  The apelin receptor has previously been shown to promote 

expression of adhesion molecules in endothelial cells (Lu et al., 2012; Strohbach et 

al., 2018), however its role in cardiomyocyte adhesion is not well established.  

Sequencing analysis revealed significant change in expression of genes involved in 

signalling events mediated by focal adhesion kinase (FAK).  Consistent with this, in 

HEK cells, apelin treatment was found to induce FAK-mediated phosphorylation and 

resulted in increased F-actin staining indicating increased focal adhesion formation 

(Hashimoto et al., 2005).  Any relationship between the apelinergic system and integrin 

signalling molecules has not been well investigated in the published literature.   

Taken together, the RNA sequencing results and the limited published data suggest a 

potential involvement of apelin receptor signalling in the adhesion properties of hESC-

CMs.  A simple assay was performed to determine the effect of APLNR KD on hESC-

CM adhesion properties, however no significant differences were found.  The design 

of this assay may not be optimal to capture any differences, and therefore could be 

further addressed.  There are a number of techniques which have been used to 

examine the adhesion properties of a wide range of cell types which could be utilised 

here (Keselowsky and García, 2005; Khalili and Ahmad, 2015).  It will also be 
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important to determine the effect of APLNR KD on cell-cell adhesion, as intercellular 

connections between cardiomyocytes are essential for function and contractility 

(Noorman et al., 2009).   

Furthermore, integrin signalling is also essential for cardiac development, with both 

FAK KO and integrin-β1 KO mice displaying cardiac developmental defects (Fassler 

et al., 1996; Peng et al., 2008).  Hence the change in adhesion signalling in APLNR 

KD hESC-CMs may contribute to the poor differentiation efficiency.  However, there 

are no drugs currently available to target molecules related to adhesion, hence no tool 

compounds are available to aid further study.   

5.4.2.2 The role of apelin receptor in voltage signalling 

RNA sequencing revealed a significant decrease in expression of the SCN5A gene in 

APLNR KD hESC-CMs, which encodes the cardiac voltage gated sodium channel, 

NaV1.5.  This channel is essential for the initiation and conduction of cardiac action 

potentials, with mutations in the SCN5A gene associated with a number of cardiac 

arrhythmic disorders (Rook et al., 2012).  Because of this, the effect of APLNR KD on 

voltage signalling in hESC-CMs was determined. 

Previously, apelin signalling has been associated with regulation of voltage signalling.  

Firstly, in atrial fibrillation patients apelin peptide expression is reduced (Ellinor et al., 

2006), with expression levels returned to normal with long term resynchronisation 

therapy or electrical cardioversion (Francia et al., 2007; Kallergis et al., 2010).  

Furthermore, apelin treatment of isolated rat ventricular myocytes was shown to 

increase action potential conduction velocity (Farkasfalvi et al., 2007), which was 

recapitulated in canine left ventricle (Chamberland et al., 2010).  This effect was found 

to be dependent on an increase in sodium current by decreasing the activation 

potential and modulating channel gating kinetics (Chamberland et al., 2010).  These 

results were recently confirmed in a mouse model of atrial fibrillation, in which 

treatment with apelin increased cardiomyocyte sodium current, resulting in decreased 

incidence of atrial arrhythmias (Y. M. Kim et al., 2020).   

In agreement with this, in APLNR KD hESC-CMs, voltage signalling was found to be 

prolonged, suggesting dysregulation of ion handling dynamics.  The inotropic effects 

of apelin receptor activation have been proposed to be dependent on its effects on 

voltage signalling due to the tightly linked excitation-contraction coupling of 
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cardiomyocytes (Farkasfalvi et al., 2007).  In the analysis of voltage signalling, when 

using the MATLAB code for extracting values for TTP and T90, areas of culture 

containing contractile cardiomyocytes were selected.  However, as shown in the image 

panels in Figure 5.1, the 2.2 line APLNR KD cultures form clumps of cardiomyocytes 

interspersed with variable numbers of fibroblast like cells.  It is therefore difficult to 

interpret whether the effect on voltage signalling is a cell-autonomous effect due to 

disruption within the hESC-CMs themselves because of loss of apelin receptor 

signalling, or because the hESC-CMs are not able to form a homogenous sheet.  Cell-

cell adhesion of cardiomyocytes is essential for maintaining function and for 

electrophysiological regulation (J. Li et al., 2006), hence the disruption of inter-

cardiomyocyte contact by fibroblasts may have detrimental effects on voltage 

signalling.  Furthermore, contact with other hESC-CMs has been shown to promote 

maturation (Karbassi et al., 2020), which also effects electrophysiology.  However, in 

the context of the heart, cardiac fibroblasts have been shown to secrete factors that 

promote cardiomyocyte maturation (Ieda et al., 2009), therefore it is unclear what 

effect the fibroblast like cells seen in the APLNR KD cultures might have on 

electrophysiology.  Ideally, metabolic selection would be performed for hESC-CMs as 

described in Section 2.3 to isolate cardiomyocytes to investigate functional 

consequences of APLNR KD specifically in hESC-CMs.  However, when this was 

attempted, hESC-CM survival was very low, consistent with a previously published 

report that metabolic selection is ineffective in cardiomyocyte cultures with poor 

differentiation efficiency.     

In the cardiac action potential, initial depolarisation caused by the opening of sodium 

channels promotes an influx of calcium ions (Ca2+) through voltage gated Ca2+ 

channels, promoting calcium induced calcium release (CICR) from the sarcoplasmic 

reticulum.  The Ca2+ ions then bind to myofilaments promoting contraction (Bers, 2002) 

(Figure 5.14).   
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Owing to the dysregulation of voltage signalling in APLNR KD hESC-CMs, it could be 

hypothesised that calcium signalling would also be affected.  However, no difference 

in calcium signalling was found between control and KD hESC-CMs.  This is consistent 

with previous reports, in which stimulation of rat cardiomyocytes with apelin increased 

voltage conduction velocity and cardiomyocyte contractility but had no effect on 

calcium transient amplitude (Farkasfalvi et al., 2007).  Furthermore, in cardiomyocytes 

isolated from aplnr KO mice, no changes in calcium transients were observed (Charo 

et al., 2009).   

My results therefore support the proposal that the positive inotropic effects of apelin 

receptor activation in cardiomyocytes are induced by an increase in conduction 

velocity and an increase in Ca2+ sensitivity of myofilaments (Farkasfalvi et al., 2007; 

Charo et al., 2009).  In the future, it would also be beneficial to develop a protocol to 

simultaneously measure calcium and contractility (Ahola et al., 2018), owing to the 

importance of calcium in controlling cardiomyocyte contraction.     

Figure 5.14: Excitation-contraction coupling in cardiomyocytes. (1) Action potential enters 

cell, promoting sodium ion entry and depolarisation.  (2) Voltage gated calcium channels 

open and Ca2+ enters, (3) activating ryanodine receptors (RyR) and inducing calcium 

induced calcium release from the sarcoplasmic reticulum (SR).  (4) Free Ca2+ from SR and 

extracellular entry binds to myofilaments promoting contraction.  This figure was created 

using Biorender.com  
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Furthermore, patients with heart failure can be predisposed to developing arrhythmic 

conditions.  As discussed in detail in Section 1, apelin receptor signalling is decreased 

in heart failure (K. S. Chong et al., 2006) and atrial fibrillation patients have also been 

reported to have reduced apelin signalling (Ellinor et al., 2006).  Therefore there is 

potentially a previously overlooked link between apelin receptor activation, voltage 

signalling and development of heart failure.    

It would be interesting to measure the effect of loss of apelin receptor on hESC-CM 

contraction.  However, owing to the poor differentiation efficiency, early apelin receptor 

KD resulted in insufficient cardiomyocytes to be able to generate viable engineered 

heart tissues (EHTs) to measure force generation in 3D.  Therefore, as described in 

Section 6, contractility of hESC-CMs with APLNR KD induced by tetracycline 

treatment post differentiation was measured.   

5.4.2.3 Linking NaV1.5 voltage sensing and adhesion  

Returning to the specific downregulation of NaV1.5 in APLNR KD hESC-CMs, it is 

important to note that this channel also has links to cell-adhesion.  There is increasing 

evidence that the associated β1 subunits of Nav1.5 act as adhesion molecules, 

including by forming trans homophillic interactions with other β1 subunits on 

neighbouring cells (Salvage et al., 2020).  This interaction is thought to facilitate 

ephaptic coupling, which is the transfer of action potentials between cells through the 

movement of sodium ions within narrow clefts (Veeraraghavan et al., 2018).  Hence, 

in the APLNR KD hESC-CMs the reduced SCN5A expression could be linked with the 

altered regulation of adhesion signalling also identified by RNA sequencing, both 

contributing to the functional dysregulation identified.   

 

5.4.3 Apelin receptor activation enhances hESC-CM differentiation efficiency 

Two previous studies have shown that inclusion of apelin peptide in the culture media 

of both mouse and human ESCs enhances the differentiation to cardiomyocyte using 

the hanging drop method (I.-N. E. Wang et al., 2012; D’Aniello et al., 2013).  I have 

shown, for the first time, that this is also true for hESCs differentiated to 

cardiomyocytes in 2D, using a growth factor/small molecule inhibitor differentiation 

protocol.  This improved differentiation efficiency further supports the importance of 

the role of the apelin receptor in cardiomyocyte differentiation.   
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In the pilot experiment, the effects of four different compounds on hESC-CM 

differentiation were tested.  The endogenous ligand [Pyr1]apelin-13 and three synthetic 

peptides were used.  All the synthetic peptides have previously been shown to be 

highly potent in vivo, and have modifications resulting in increased stability and 

significantly longer half-lives compared to the native [Pyr1]apelin-13.  Bolus infusion of 

the synthetic peptides in rats resulted in a decrease in blood pressure, an effect which 

was maintained for a significantly prolonged time compared to that induced by 

[Pyr1]apelin-13 (J.J. Maguire, University of Cambridge, unpublished,).   

GPCRs signal through multiple pathways – namely heterotrimeric G-proteins and β-

arrestins – resulting in different outcomes, in a concept known as biased signalling (P. 

Yang et al., 2019).  Here two G-protein biased compounds were used in an attempt to 

determine if the effects of apelin receptor activation in hESC-CM differentiation were 

G-protein or β-arrestin dependent.  A G-protein biased agonist can be beneficial as 

prolonged stimulation of receptor leads to desensitisation and β-arrestin mediated 

internalisation (P. Yang et al., 2019; Read et al., 2020), as described in Section 1.7.  

Furthermore, a previous study has reported that the apelin receptor can act in a G-

protein independent manner, signalling via β-arrestin in response to stretch promoting 

hypertrophy in a mouse model of chronic pressure overload, suggesting a G-protein 

biased agonist would be beneficial (Scimia et al., 2012).  Despite this, all ligands 

induced a similar increase in cardiomyocyte differentiation efficiency, hence the native 

[Pyr1]apelin-13 peptide was selected for further experiments.   

Following on from this, the possibility of rescuing hESC-CM differentiation with APLNR 

KD by including [Pyr1]apelin-13 in the culture media was investigated.  A small 

increase in TnT positive percentage was observed, which is perhaps expected, as in 

the 2.2 line ~90% of apelin receptor expression is lost, meaning there is little receptor 

available for receptor-ligand interaction.  However, this is an exciting observation, and 

suggests that it may be possible to rescue differentiation with a modified ligand with 

higher stability and potency than [Pyr1]apelin-13, such as that provided in the 26525 

and 31515 ligands.  Therefore in the future this experiment should be repeated using 

these ligands at different concentrations.  It would also be interesting to start ligand 

inclusion in both control and APLNR KD at different points throughout differentiation 

to determine at what point apelin receptor activation is having an effect.   
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5.4.4 Differences in 2.2 and 5.3 APLNR KD hESC-CMs 

As described in Section 4, two lines of apelin receptor inducible KD hESCs were 

generated, which display differing levels of APLNR KD when differentiated to hESC-

CMs.  Interestingly, in the 5.3 line which has around ~60% APLNR KD, few effects 

were seen on hESC-CM differentiation efficiency or function.  In stark contrast, 2.2 

hESC-CM differentiation efficiency was drastically reduced with ~90% APLNR KD, 

with functional consequences seen in resulting hESC-CMs.  Interestingly, in RNA 

sequencing analysis both lines were analysed together, with 272 DEGs found.  

Together these results suggest that the apelin receptor has a complex role in hESC-

CMs, and it may be that some of its functions can be performed even at a reduced 

expression level.  There does, however, appear to be a threshold expression level 

needed for correct hESC-CM differentiation and function.   

 

5.5 Conclusions 

APLNR KD throughout differentiation of hESC-CMs has detrimental effects on 

differentiation efficiency.  Furthermore, APLNR KD detrimentally prolongs voltage 

signalling which could have negative effects on cardiomyocyte contractility.  Gene 

expression analysis showed that changes in voltage signalling could be linked to 

reduced expression of the cardiac sodium channel NaV1.5, which may also be related 

to changes in regulation of pathways involved in cell adhesion.     

My results are consistent with what has previously been reported in the literature for 

the role of the apelin receptor in cardiomyocyte development and function, but for the 

first time the effect of loss of apelin receptor in human ESC differentiation to 

cardiomyocyte has been examined.  This provides a more clinically relevant system, 

hopefully generating more translatable results.  These results have also revealed 

potentially underappreciated links between the apelin receptor and voltage signalling 

and adhesion properties, which are both key for correct cardiomyocyte contractility 

and function.   

This also highlights the power of using hESCs for investigation of human 

cardiomyocyte development.  Owing to the amenability of PSCs to genetic editing, and 

the ability to induce differentiation to cell type of interest, protein function can be 
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investigated in human cardiomyogenesis by manipulating gene expression.  This can 

provide novel insights and highlight previously poorly studied links, such as the 

potential link between apelin receptor, voltage signalling and adhesion as seen here. 
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6. Effect of Apelin Receptor Knockdown in hESC-Derived 

Cardiomyocytes 

6.1 Introduction 

After establishing the effect of APLNR KD throughout differentiation of hESC-CMs, the 

next aim was to investigate the consequences of APLNR KD in differentiated hESC-

CMs, which could give an indication of the consequences of loss of apelin signalling 

in the heart.   

The apelin receptor has an important role in cardiac contractility, as discussed in detail 

in Section 1.  Activation of the apelin receptor in the adult heart increases cardiac 

contractility, with apelin being one of the most potent inotropes identified to date in 

both rats and humans ex vivo (Szokodi et al., 2002; Maguire et al., 2009; Japp et al., 

2010; Murza et al., 2016; Perjés et al., 2016).  Furthermore, adult aplnr and apln KO 

mice were found to have reduced capacity to respond to cardiac stress such as 

exercise (Charo et al., 2009).  Apelin KO mice also display reduced cardiac 

contractility with age and develop severe pressure overload induced heart failure 

(Kuba et al., 2007).  In human disease, apelin receptor signalling is downregulated 

(Iwanaga et al., 2006; K. S. Chong et al., 2006), with apelin or ELA infusion in animal 

models shown to improve systolic and diastolic function and also reduce detrimental 

cardiac remodelling and fibrosis (M. Wang et al., 2013; Pang et al., 2014).   

It has therefore been proposed that targeting the apelin receptor for the treatment of 

heart failure may represent a novel therapeutic option.  However, further study is 

needed to better understand the role and mechanism of action of the apelin receptor 

in the heart, and there is currently a lack of a suitable human in vitro model.    

Therefore, in this section hESC-CMs were generated from the apelin receptor 

inducible knockdown hESCs.  Upon completion of differentiation, APLNR KD was 

induced by 6-8 days of culture with tetracycline treatment.  Following confirmation of 

successful APLNR KD, effect on cell morphology and identity, peptide production and 

calcium and voltage signalling was determined.   

Using 3D engineered heart tissues offers a platform that more closely represents the 

heart in vivo.  The heart responds to the Frank-Starling law, that increased ventricular 

filling and accompanied increase in stretch results in an increase in cardiac 
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contractility, and in turn an increase in cardiac output, which is essential for adapting 

to changes in demand, such as that induced by exercise (Asnes et al., 2006).  EHTs 

have been shown to respond to stretch following the Frank-Starling mechanism, 

offering a system to measure contractility (Asnes et al., 2006).  Therefore, to 

investigate the role of the apelin receptor in force generation, 3D engineered heart 

tissues were generated using APLNR KD hESC-CMs, with loss of apelin receptor 

found to have detrimental effects on cardiac contractility.   

 

6.2 Methods 

The methods relevant to this section are listed in Table 6.1 and described in Section 

2, with further detail for selected methods below. 

Method Section 

Cell culture and hESC-CM differentiation 2.2 and 2.3 

Analysis of APLNR gene expression by qRT-PCR 2.4 

Saturation radioligand binding 2.7 

Troponin T and Thy1 flow cytometry co-stain 2.6 

Peptide production determined by ELISA 2.8 

Measuring hESC-CM voltage signalling using FluoVolt 2.15 

Measuring hESC-CM calcium signalling using Fluo-4, AM 2.16 

Generation of 3D engineered heart tissues (EHTs) 2.18 

RNA extraction from EHTs 2.22 

Measurement of voltage and calcium signalling in EHTs 2.19 

Measurement of EHT force generation using Aurora myograph 2.20 

Second-Harmonic Imaging Microscopy of EHTs 2.21 

Data analysis and statistics 2.24 

  

6.2.1 Cell culture 

hESCs were maintained as described in Section 2.2, before inducing to differentiate 

to hESC-CMs as described in Section 2.3.  Tetracycline treatment was initiated at day 

14-15 and maintained for 6-7 days, with refresh every second day. 

Table 6.1: Descriptions of the methods used in this section found can be found in the listed 

corresponding section.   
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In some assays, hESC-CMs were first subjected to metabolic selection using sodium-

lactate containing media as described in Section 2.3.  In this case, hESC-CMs were 

lactate selected, allowed to recover for 2 days in CDM-BSA and then subjected to 

tetracycline treatment for 6-8 days.   

Throughout Section 6, no exogenous apelin receptor ligands were added to cultures.   

 

6.2.2 qRT-PCR for determining APLNR KD efficiency 

qRT-PCR was performed using TaqMan Gene Expression Assays, as detailed in 

Section 2.4, for APLNR gene expression using RNA isolated from hESC-CMs cultured 

with and without tetracycline.  Human 18S rRNA was used as a housekeeping gene.  

APLNR  expression was normalised to housekeeping gene expression and relative 

expression compared to the corresponding cell line cultured without tetracycline 

calculated using the 2(-ΔΔCT) method (Schmittgen and Livak, 2008). 

 

6.2.3 Generation of 3D EHTs 

3D engineered heart tissues were generated as described in Section 2.18.  A 

schematic representation of the workflow is shown in Figure 6.1.  APLNR iKD hESCs 

were induced to differentiate to hESC-CMs, subjected to metabolic selection and then 

cast in constructs alongside a supportive fibroblast cell line, HS-27A, in a collagen gel.  

EHTs were cultured for 14 days, with or without tetracycline, to allow establishment of 

robust contraction and to induce APLNR KD, before performing functional assays.  
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6.2.4 Gene expression analysis in EHTs 

For the determination of APLNR gene expression in EHTs, constructs composed of 

hESC-CMs only were used, as HS27-A cells were also found to express the apelin 

receptor and hence may affect results.  However, expression of the apelin receptor by 

HS-27A does not influence other results, as the focus is on investigating the effects of 

APLNR KD in hESC-CMs on cardiomyocyte function, hence supportive HS-27A cells 

were included in EHTs subjected to functional assays.    

 

6.2.5 Measurement of EHT force generation using Aurora myograph 

Following 14 days in culture, EHTs were transferred to a myograph and force 

generation measured as described in Section 2.20.  At all pacing rates, differences in 

active and passive force were seen for APLNR KD hESC-CMs, therefore results are 

shown for pacing at 1 Hz only.  

 

Figure 6.1: Workflow for the generation and measurement of 3D engineered heart tissues 

(EHTs).  This figure was created using Biorender.com. 
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6.3 Results 

In Section 5, the consequences of APLNR KD throughout differentiation on both 

hESC-CM differentiation efficiency and in resulting hESC-CMs were established, 

indicative of the role of the apelin receptor in development.  Throughout Section 6, 

APLNR KD in hESC-CMs was induced post differentiation (referred to as late KD 

hESC-CMs), and the effects of KD characterised.  This allows the modelling of apelin 

receptor function in adult cardiomyocytes.   

 

6.3.1 Determination of APLNR KD efficiency induced in hESC-CMs 

Before performing any assays, the efficiency of late APLNR KD was first established.  

Again, hESC-CMs were produced from the two shAPLNR hESC lines, 2.2 and 5.3, as 

well as the control B2M line.  After 14-15 days of differentiation, when robust beating 

is consistently observed, tetracycline treatment was initiated for 6-7 days.   

To achieve a pure population of hESC-CMs, for some assays metabolic selection was 

performed prior to the initiation of tetracycline treatment.  This allows the investigation 

of the effect of APLNR KD in cardiomyocytes without influence from contaminating 

other cell types, such as fibroblasts.   

6.3.1.1. APLNR KD efficiency at the gene level in differentiated hESC-CMs 

hESC-CMs with and without tetracycline treatment were collected and APLNR gene 

expression determined by qRT-PCR (Figure 6.2).  For the 2.2 line, significant KD was 

seen for both non-selected and lactate selected hESC-CMs (66% KD non-selected, 

74% lactate selected).  In contrast to what was seen in the early KD hESC-CMs, the 

level of KD in late hESC-CMs was comparable in the non-selected 5.3 and 2.2 lines 

(66% and 69%, respectively).  Post lactate selection, KD in the 5.3 line was not as 

efficient (50%) and did not reach significance.  Importantly, as seen in the early KD, 

expression of APLNR was unaffected in B2M hESC-CMs by tetracycline inclusion for 

both non-selected and selected cells.   
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6.3.1.2 APLNR KD efficiency at the protein level in differentiated hESC-CMs 

Having confirmed late KD at the gene level, the next aim was to determine the 

efficiency of KD at the protein level by performing saturation radioligand binding 

(Figure 6.3).  Here, non-selected hESC-CMs were used, and as a very similar level of 

KD at the gene level was observed in the two shAPLNR lines, results have been 

pooled.  As reported in previous sections, for control hESC-CMs binding of [125I]apelin-

13 was saturable, with a binding affinity of 1.6 x 10-10 M calculated.  In hESC-CMs 

treated with tetracycline, specific binding was reduced substantially.  In agreement 

with the reduction in gene expression as reported above, the reduction in binding was 

not as pronounced as that seen for the early KD 2.2 line.  Again, binding of a fixed 

concentration of [125I]apelin-13 in B2M hESC-CMs was similar irrespective of 

tetracycline treatment.   

 

Figure 6.2: Comparison of relative expression of the apelin receptor gene (APLNR) in iKD 

(A) non-selected or (B) lactate selected hESC-CMs, with or without tetracycline treatment 

for 6-8 days post differentiation. Expression of APLNR in two lines of apelin receptor iKD 

hESCs, (i) 2.2 and (ii) 5.3.  (iii) Expression of APLNR in B2M control line hESC-CMs 

cultured with or without tetracycline for 6-8 days. n = 3 for all.   Relative expression 

compared to line – Tet mean expression.  Expression compared by unpaired, two-tailed 

Student’s t-test, *p<0.05, **p<0.01.  Data represent mean±sem. 
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6.3.2 Effect of late APLNR KD in differentiated hESC-CMs 

Having established robust APLNR KD at the gene and protein level in differentiated 

hESC-CMs, the next aim was to determine the effect of late KD on hESC-CM function.  

It is important to note, that although ~60% KD was seen, this is not as severe as the 

KD seen in the 2.2 early KD hESC-CMs.   

6.3.2.1 Morphology and spontaneous contraction in late APLNR KD hESC-CMs 

First, the effect of late APLNR KD on hESC-CM morphology was examined.  As shown 

in Figure 6.4, hESC-CMs looked similar with and without APLNR KD for both 2.2 and 

5.3 lines.   

Figure 6.3: (A) Saturation specific [125I]apelin-13 binding in shAPLNR hESC-CMs cultured 

with or without tetracycline for 6-7 days post differentiation.  n = 3.  (B) Binding of a fixed 

concentration of [125I]apelin-13 in hESC-CMs expressing shB2M transgene cultured with 

or without tetracycline for 6-7 days post differentiation. Specific binding levels compared 

by unpaired, two-tailed Student’s t-test. n = 3.  Data represent mean±sem. 

Figure 6.4: Representative brightfield images of control and late APLNR KD hESC-CMs 

at day 20-21 (after 6-7 days of tetracycline treatment).  shB2M control hESC-CMs cultured 

(A) without and (B) with tetracycline.  (C) Control and (D) late APLNR KD 2.2 shAPLNR 

hESC-CMs.  (E) Control and (F) late APLNR KD 5.3 shAPLNR hESC-CMs.  Scale bar = 

200 μm. 
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Spontaneous contraction was also recorded, with no obvious differences observed 

regardless of APLNR KD (Videos 6.1-6.3).  

6.3.2.2 Effect of late APLNR KD on cardiomyocyte identity in hESC-CMs 

To determine if APLNR KD had effects on the proportion of cardiomyocytes, hESC-

CMs were co-stained for the cardiac marker, TnT and the fibroblast marker, Thy1.  In 

Section 5, APLNR KD throughout development was shown to significantly reduce TnT 

positive percentage and increase Thy1 positive percentage, indicating reduced 

differentiation efficiency.  It was also hypothesised that the apelin receptor promoted 

cell survival in late stage differentiation.  It was therefore important to determine if 

APLNR KD altered troponin positive percentage if induced upon completion of 

differentiation.   

APLNR KD in both 2.2 and 5.3 hESC-CMs had no effect on either TnT positive 

percentage or Thy1 positive percentage (Figure 6.5).  As expected, no changes were 

seen in B2M regardless of tetracycline inclusion.  For all conditions, a troponin positive 

percentage of around 70-80% and a Thy1 positive percentage of less than 20% was 

recorded, indicating high efficiency differentiation.  These results are consistent with 

the images shown in Figure 6.4, in which hESC-CM cultures looked comparable for 

all conditions.     
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These results suggest that loss of the apelin receptor does not cause hESC-CMs to 

lose their cardiomyocyte identity when cultured for 6-7 days.  It would be interesting to 

repeat this experiment with tetracycline treatment maintained for a longer period.  

Although tetracycline treatment acts like a switch, with shRNA targeting the apelin 

receptor produced when tetracycline treatment is initiated, it may take time for the 

apelin receptor protein already present to be internalised or degraded.  Furthermore, 

apelin receptor protein expression was found to be knocked down within the 6-7 days 

of tetracycline treatment used here, however it may take longer for an effect of this KD 

to be seen.   

6.3.2.3 Effect of late APLNR KD in hESC-CMs on peptide production 

As discussed in Section 5, ELISAs for ELA and apelin were performed using 

conditioned supernatant from control and APLNR KD hESC-CMs to determine if any 

change in ligand production was induced by reducing receptor expression.  Data for 

2.2 and 5.3 KD hESC-CMs are compared to B2M + Tet hESC-CMs here.  For both 

lines, there was a trend towards an increase in production of both ligands, but only 5.3 

ELA production reached a significant level of increased expression (Figure 6.6).  It 

Figure 6.5: Quantification of TnT (top) and Thy1 (bottom) positive percentages from flow 

cytomteric co-stain for (A) 2.2 control and APLNR KD hESC-CMs, (B) 5.3 control and 

APLNR KD hESC-CMs and (C) shB2M control and with tetracycline treatment hESC-CMs. 

n = 3 for all, compared by unpaired, two-tailed Student’s t-test.  Data represent mean±sem. 
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could be suggested that under conditions of reduced apelin receptor expression, a 

feedback loop is formed to increase ligand production in a compensatory response.   

 

Interestingly, apelin ligand production appears higher here than that seen in early KD 

hESC-CMs in Section 5.3.  This may reflect the fact the hESC-CMs were cultured for 

a week longer and hence matured more.  

6.3.2.4 Effect of late APLNR KD in hESC-CMs on voltage signalling 

Having identified prolonged voltage signalling in hESC-CMs with APLNR KD 

throughout differentiation, the next aim was to determine if late APLNR KD had effects 

on hESC-CM voltage signalling.  Here, FluoVolt voltage sensitive dye was used, with 

hESC-CMs paced at 1 Hz and waveform TTP and T90 measured.  APLNR KD lines 

were compared to B2M hESC-CMs cultured with tetracycline to control for any effects 

of tetracycline treatment itself.  In contrast to what was seen for 2.2 hESC-CMs with 

APLNR KD throughout differentiation, no difference in TTP or T90 was seen between 

either of the APLNR KD lines compared to control (Figure 6.7A).   

Voltage signalling was also measured in hESC-CMs with APLNR KD induced after 

metabolic selection.  Again, values for TTP and T90 were similar in both APLNR KD 

lines and control hESC-CMs (Figure 6.7B).   

 

Figure 6.6: Comparison of concentration of (A) ELA and (B) apelin in conditioned 

supernatant from control (B2M + Tet) and late APLNR KD (2.2 and 5.3) hESC-CMs. n = 3 

for all.  Means compared by one way ANOVA followed by Tukey’s post hoc test, *p<0.05.  

Data represent mean±sem.   
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6.3.2.5 Effect of late APLNR KD in hESC-CMs on calcium signalling 

Owing to the essential role of calcium signalling in cardiomyocyte contractility, the 

effect of late APLNR KD on calcium signalling was also measured.  Calcium signalling 

in hESC-CMs paced at 1 Hz was measured using Fluo-4 calcium sensitive dye.  As 

seen in hESC-CMs with APLNR KD throughout differentiation, loss of apelin receptor 

expression had no effect on calcium signalling (Figure 6.8A).  This is, again, in 

agreement with previous studies which have suggested apelin receptor activation 

promotes calcium sensitisation rather than increase in calcium release (Farkasfalvi et 

al., 2007; Charo et al., 2009).    

As seen for voltage signalling, performing lactate selection before inducing APLNR KD 

also had no effect on calcium signalling between control and KD hESC-CMs (Figure 

6.8B). 

Figure 6.7: Effect of late APLNR KD (2.2 and 5.3 lines) on hESC-CM voltage signalling.  

(i) Time to peak (TTP) and (ii) time to 90% decay (T90) in APLNR KD compared to control 

for (A) non-selected and (B) lactate selected hESC-CMs.  n = 3 for all, mean values 

compared by one way ANOVA followed by Tukey’s post hoc test. Data represent 

mean±sem.   



166 
 

 

 

 

 

 

 

 

 

 

 

6.3.3 Effect of APLNR KD in 3D EHTs 

Although effects on voltage and calcium signalling were not evident in hESC-CMs with 

late KD, because of the results generated in Section 5 relating to the effect of APLNR 

KD throughout differentiation, the effect of APLNR KD on the function of 3D EHTs was 

investigated.  From previously published reports of the role of the apelin signalling 

system in heart contractility (Farkasfalvi et al., 2007; Charo et al., 2009; Maguire et al., 

2009; Japp et al., 2010; Read et al., 2019), the aim was to determine the effect of KD 

on voltage signalling, calcium signalling and force generation.   

Taking account of the results generated up to this point, as the level of APLNR KD 

throughout differentiation in the 5.3 line was not sufficient to cause effect, and similar 

levels of KD were seen in both lines when induced post differentiation, I elected to 

Figure 6.8: Effect of late APLNR KD (2.2 and 5.3 lines) on hESC-CM calcium signalling.  

(i) Time to peak (TTP) and (ii) time to 90% decay (T90) in APLNR KD compared to control 

for (A) non-selected and (B) lactate selected hESC-CMs.  n = 3 for all, mean values 

compared by one way ANOVA followed by Tukey’s post hoc test. Data represent 

mean±sem.   



167 
 

focus on the 2.2 line compared to B2M in 3D EHTs.  In the subsequent section, APLNR 

KD 2.2 EHTs are simply referred to as APLNR KD.  

6.3.3.1 Determination of APLNR KD efficiency in 3D EHTs 

Before performing any functional assays, the ability to achieve sufficient APLNR KD 

in 3D EHTs was determined.  hESC-CMs were generated, subjected to metabolic 

selection and then cast in moulds in a collagen matrix, where they were cultured for 

14 days with or without tetracycline treatment.  A representative video of an EHT in 

culture is shown in Video 6.4.  At this point, RNA extraction and qRT-PCR were 

performed to determine APLNR gene expression.  In the 2.2 line, tetracycline 

treatment was found to significantly reduce APLNR expression by ~71% compared to 

control cultured without tetracycline (Figure 6.9A).   

In EHTs generated from the B2M line, when compared to B2M control cells, 

tetracycline appeared to increase APLNR expression, although this was variable and 

did not reach significance (Figure 6.9B).  Therefore, to control for any tetracycline 

effect, expression of APLNR in 2.2 EHTs treated with tetracycline was compared to 

B2M + Tet EHTs, with expression found to be reduced by ~83% in APLNR KD (Figure 

6.9C).   

 

Figure 6.9: Comparison of relative expression of the apelin receptor gene (APLNR) in 

EHTs, with or without tetracycline treatment for 14 days. (A) Expression of APLNR in apelin 

receptor iKD EHTs treated with tetracycline compared to control cells cultured – Tet.  (B) 

Expression of APLNR in B2M control line EHTs cultured with tetracycline for 14 days 

compared to control cells cultured - Tet.  (C) Expression of APLNR in APLNR KD EHTs 

compared to relative expression in B2M control EHTs cultured + Tet for 14 days.    n = 4 

for shAPLNR line, n = 3 for shB2M line. Expression compared by unpaired, two-tailed 

Student’s t-test, *p<0.05.  Data represent mean±sem. 
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6.3.3.2 Effect of APLNR KD in 3D EHTs on voltage signalling 

Next, effect of APLNR KD on voltage signalling in EHTs paced at 1 Hz was determined 

using voltage sensitive dye.  Similar to what was seen in late KD hESC-CMs, APLNR 

KD had no effect on TTP or T90 (Figure 6.10).  APLNR KD EHTs were compared to 

EHTs generated from B2M hESC-CMs cultured with tetracycline to control for effects 

of tetracycline itself.   

 

6.3.3.3 Effect of APLNR KD in 3D EHTs on calcium signalling 

The effect of APLNR KD on calcium signalling in EHTs was also examined.  Consistent 

with previous results and published literature, APLNR KD had no effect on calcium 

signalling compared to control (Figure 6.11).  Again, APLNR KD EHTs were compared 

to B2M EHTs cultured with tetracycline to control for tetracycline effect.   

 

 

Figure 6.10: Effect of APLNR KD in 3D EHTs on voltage signalling (A) time to peak (TTP) 

and (B) time to 90% decay (T90) compared to control.  n = 3 for all, mean values compared 

by unpaired, two-tailed Student’s t-test. Data represent mean±sem.   



169 
 

 

6.3.3.4 Effect of APLNR KD in 3D EHTs on force generation 

An advantage of producing EHTs is that they can be used to measure force of 

contraction.  Previous studies have shown that EHTs generated using the protocol 

utilised here follow the Frank-Starling law, generating increased force of contraction in 

response to increasing strain (Ruan et al., 2015; Bargehr et al., 2019).  Using an 

Aurora myograph and a custom stretch protocol, the effect of APLNR KD on EHT 

active and passive force was quantified.  Active force is the force produced by the 

cardiomyocytes themselves as they beat, therefore indicating contractility, with a 

higher value representing better contractile performance.  Passive force is a measure 

of how much force required to keep the EHT at a particular stretch.   An increased 

passive force suggests that the tissue is stiffer, as more effort is required to keep it at 

that stretch level compared to a more elastic tissue which will stretch easily.  Therefore 

a lower value here is generally better (Colomo et al., 1997).   

EHT force generation was measured on the myograph, with recordings analysed using 

a custom MATLAB code written by S. Bayraktar (University of Cambridge).  A 

representative image of the recording output is shown in Figure 6.12A.  EHTs were 

subject to a staircase of stretching, with 4% increases in length strain applied 

sequentially.    

Tetracycline treatment was found to increase contractility in EHTs, as shown in the 

B2M line cultured with tetracycline (Figure 6.12B).  Reasons for this are unclear, and 

Figure 6.11: Effect of APLNR KD in 3D EHTs on calcium signalling (A) time to peak (TTP) 

and (B) time to 90% decay (T90) compared to control.  n = 3 for all, mean values compared 

by unpaired, two-tailed Student’s t-test. Data represent mean±sem.   
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contractility reverted to the baseline level when tetracycline was removed.  Therefore, 

the APLNR KD EHTs were compared to the B2M + Tet condition.  EHTs were 

subjected to stretch and pacing at 1 Hz, and active and passive force was measured 

for APLNR KD compared to control (Figure 6.12C).  Linear regression was performed 

to produce the Frank-Starling curve of force (Figure 6.12D), and slope of the resulting 

curve plotted (Figure 6.12E).  Data points were normalised for slope calculations for 

each value by subtracting the mean value of recordings for all conditions at each 

stretch point, to centre the values around zero (Figure 6.12E).   

Control EHTs responded to the Frank-Starling mechanism as expected, producing 

increased contraction in response to the applied stretch.  Conversely, APLNR KD 

EHTs were less capable of responding to stretch and the slope of active force was 

significantly reduced, indicating reduced contractile ability.  Furthermore, the slope of 

passive force was significantly increased for APLNR KD EHTs compared to control, 

indicative of increased tissue stiffness and decreased compliance.  
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Figure 6.12: Effect of APLNR KD on force generation in EHTs.  (A) Representative image 

of output from MATLAB code for analysis of force measurements generated by Aurora 

force transducer.  (B) Active force generated by B2M EHTs cultured with and without 

tetracycline for 14 days.  Tetracycline was found to increase contractility, therefore B2M + 

Tet EHTs were used as a control.  (C) Active and passive force produced by control and 

APLNR KD EHTs as measured by force transducer in response to increasing strain. (D) 

Linear regression of force produced to generate Frank-Starling curve of active and passive 

force. (E) Normalised slope of generated Frank-Starling curve of active and passive force. 

n = 4, means compared by unpaired, two-tailed Student’s t-test, ***p<0.001, *p<0.05. Data 

represent mean±sem. 
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6.3.3.5 Effect of APLNR KD in 3D EHTs on collagen expression 

Having identified an increase in stiffness in the APLNR KD EHTs, second-harmonic 

imaging microscopy (SHIM) was performed to investigate the effects of APLNR KD on 

EHT collagen content.  SHIM takes advantage of the natural properties of collagen, 

which interacts with light to produce intrinsic contrast which can be visualised without 

any exogenous staining (X. Chen et al., 2012).  Consistent with the increase in 

stiffness, by quantifying pixel intensity, APLNR KD EHTs were found to express 

increased collagen compared to control (Figure 6.13).  This correlates with the 

previously reported anti-fibrotic action of apelin peptide in heart failure (Pchejetski et 

al., 2012; X. Zhang et al., 2016). 

 

Together, these results show that APLNR KD has negative consequences on force 

generation in EHTs, resulting in increased tissue stiffness, decreased contractile ability 

and increased collagen deposition.  In previous studies, cardiomyocyte preparations 

isolated from heart failure patients show significantly increased passive force and 

decreased contractile force (Borbély et al., 2005; Blair et al., 2020).  Therefore, the 

hESC-CM model recapitulates the phenotype of a failing cardiomyocyte, providing a 

potential platform for modelling heart failure in a human in vitro system.   

Furthermore, APLNR KD appears to result in a failure of the Frank-Starling 

mechanism, with the EHTs less able to respond to increasing stretch compared to 

control EHTs.  

Figure 6.13: Effect of APLNR KD on collagen expression in EHTs.  Representative images 

from second-harmonic imaging microscopy of (A) control and (B) APLNR KD EHTs to 

visualise collagen.  (C) Quantification of mean pixel intensity of control and APLNR KD 

EHT collagen signal. n = 3, means compared by unpaired, two-tailed Student’s t-test, 

*p<0.05.  Data represent mean±sem. 
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6.4 Discussion 

This section focussed on the role of the apelin receptor in differentiated hESC-CMs, 

by inducing KD after completion of differentiation, to gain insights into the role of the 

cardiac apelin receptor in cardiomyocyte function rather than development.  By making 

use of both 2D and 3D culture methods, I have identified involvement of the apelin 

receptor in hESC-CM contractility.   

This is the first time expression of the apelin receptor has been manipulated in hESC-

CMs, likely owing to its low expression as discussed previously, making it difficult to 

induce knockdown.  As only a low number of transcripts are present, it is harder for 

the processed shRNA targeting the mRNA to find and interact with its binding partner.  

Furthermore, literature searches indicate a lack of studies that have successfully 

knocked down any GPCR in PSC-CMs and characterised the effect.   

 

6.4.1 Comparison of early and late APLNR KD in hESC-CMs 

6.4.1.1 Effects of APLNR KD in hESC-CMs compared to APLNR KD throughout 

differentiation 

Tetracycline treatment for 6-7 days was found to reduce apelin receptor expression by 

around 60-70% in hESC-CMs (late KD).  Although significant, this reduction is less 

than that seen in the 2.2 line with tetracycline treatment throughout differentiation 

(~90%).  The effects of this late APLNR KD were examined, performing similar assays 

to those used in Section 5, where the effect of APLNR KD throughout development 

(early KD) on resulting hESC-CM function was investigated.  Some key similarities 

and differences in effects on hESC-CM function depending on when APLNR KD was 

induced were identified.   

In early KD, loss of apelin receptor was found to decrease hESC-CM differentiation 

efficiency, with decreased number of cells with cardiomyocyte identity present and 

increased number with a fibroblast identity.  Flow cytometry co-staining for a 

cardiomyocyte marker and a fibroblast marker in late KD cultures was performed, to 

determine if loss of apelin receptor promotes loss of cardiomyocytes, which could arise 

from death of hESC-CMs or de-differentiation to other cell types such as fibroblasts.  
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In contrast to what was seen for early KD, late APLNR KD had no effect on percentage 

of cells with cardiomyocyte identity.  

Secondly, with early APLNR KD, there was no effect on hESC-CM ligand production 

as measured by assaying conditioned supernatant from hESC-CMs.  In contrast, a 

trend towards an increase in both peptides was seen for both lines with late APLNR 

KD, with a significant increase in ELA expression found for the 5.3 APLNR KD hESC-

CMs.   

Furthermore, in contrast to what was found for early KD where voltage signalling was 

prolonged, in late KD hESC-CMs there was no effect on voltage signalling.  

Conversely, for both early and late KD, calcium signalling was unaffected.   

6.4.1.2 Potential reasons for differences in effects of early and late APLNR KD in 

hESC-CMs 

There are a number of potential explanations for these differences, both technical and 

biological.   

The differences observed may be because the apelin receptor has a different role in 

development and in differentiated cardiomyocytes.  The apelin receptor has been 

shown to have roles in both cardiac development and heart function in adults (Read 

et al., 2019), however the differences in signalling pathways activated at the different 

life stages are poorly characterised.  Hence, this is a powerful model system, and 

future studies will be able to investigate the molecular signalling involved in apelin 

receptor activation in a human system in both development and differentiated 

cardiomyocytes.   

The differences in effects may also be dependent on the stages of the hESC-CMs 

themselves.  Early KD hESC-CMs were assayed at day 14-17 of differentiation, 

whereas assays for late KD were performed at later stages of differentiation (Day 20-

24).  hESC-CMs are known to have an immature phenotype, with long-term culture 

shown to increase markers of maturation, including cell morphology, contractility, 

calcium handling and electrophysiology (Karbassi et al., 2020).  Although gradual 

increases in maturation continue to be observed when hPSC-CMs are cultured for up 

to 1 year (Kamakura et al., 2013), many changes in maturation occur within the first 

1-4 weeks of culture (Piccini et al., 2015).  Hence the difference in age of hESC-CMs 
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at the time of assaying may have effects on the results generated here.  This could be 

investigated further by assaying the APLNR KD hESC-CMs at the same time point 

regardless of timing of inducing APLNR KD (e.g. assaying both early and late KD 

hESC-CMs at day 22).  

Furthermore, in early KD, tetracycline treatment was maintained for 4 days prior to 

initiating differentiation, followed by 14-17 days of differentiation and maintenance 

culture (18-21 days total tetracycline treatment).  In late KD, tetracycline was included 

in culture medium for only 6-7 days total.  Although I established in Section 6.3.1 that 

this was sufficient time to induce robust KD at both the gene and protein level, it may 

not be sufficient time to allow functional consequences to manifest.  The degradation 

and turnover rate of GPCRs is not well characterised and is highly variable depending 

on the receptor and cellular environment (Drake et al., 2006; Kumagai et al., 2015).  

For example, post-translational modification, such as phosphorylation, has been 

shown to affect protein turnover rate.  Phosphorylation of the calcineruin regulator, 

calcipressin 1, significantly decreased its degradation time (Genescà et al., 2003).  

The apelin receptor has been shown to undergo a variety of post-translational 

modifications including phosphorylation and glycosylation under different conditions 

(Y. Wu et al., 2017), which may affect protein half-life.  As discussed in Section 4, 

activation of a GPCR results in phosphorylation by GRKs and subsequent 

internalisation of receptor.  Once internalised, the receptor can either be recycled back 

to the cell surface or sent for degradation (Penela et al., 2006).  Therefore, ligand 

exposure can also affect protein turnover.  Furthermore, expression and rate of activity 

of GRKs can alter phosphorylation of GPCRs (Ribas et al., 2007), therefore affecting 

internalisation and degradation rate.  A point mutation induced at apelin receptor 

serine 348 abolished the recruitment of GRK and β-arrestins, and inhibited 

subsequent internalisation and degradation of ligand activated apelin receptor (X. 

Chen et al., 2014), highlighting the importance of GRK expression in apelin receptor 

processing.   

To investigate the length of time needed from initiation of tetracycline treatment to 

significant reduction in apelin receptor expression, a time course experiment could be 

carried out.  By initiating tetracycline treatment and then collecting RNA and protein 

samples at regular intervals (e.g. every 24 hours), the time taken to achieve significant 

APLNR KD could be determined.  A further experiment that could be performed is to 
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maintain tetracycline treatment in late KD for 18-21 days, as was done for the early 

KD hESC-CMs.  However, this would mean the two conditions were at different stages 

of differentiation, which may cause further issues as described above.  It is important 

to determine the time needed to achieve APLNR KD, so sufficient time is given to allow 

any effects of KD to manifest.        

Finally, the efficiency of the tetracycline inducible system may be different across the 

differentiation stages.  It has previously been shown that tetracycline-regulated gene 

expression was highly variable across differentiation of mouse haematopoietic cells, 

and also between cells within the same population indicating inconsistent expression 

of the tetracycline response element (Takiguchi et al., 2013).  However, for the system 

used here, this should not be the case as the transgene has been previously shown 

to be expressed stably and consistently across differentiation stages (Bertero et al., 

2016).  It could be hypothesised that the tetracycline is less able to access the 

response element in hESC-CMs compared to hESCs.  In attempt to induce similar 

levels of KD in late KD, a tetracycline titration curve could be performed to determine 

if a greater degree of KD can be induced by increasing tetracycline concentration.  

Therefore, a number of experiments could be performed to further investigate the 

differences in results generated in early and late APLNR KD hESC-CMS.  The 

technical differences should first be addressed.  Depending on results generated here, 

biological differences in the role of the apelin receptor in development and in 

differentiated cardiomyocytes could then be investigated.  It would be interesting to 

perform RNA sequencing analysis on late APLNR KD hESC-CMs to determine if 

similar DEGs and pathways are identified as those seen in early KD hESC-CMs. 

   

6.4.2 APLNR KD in EHTs reduces cardiac contractility 

From the results generated for early KD hESC-CMs and because of the previously 

reported role of the apelin receptor in cardiac contractility, it was important to 

investigate the effects of APLNR KD on hESC-CM force generation.  To do this, 3D 

EHTs were generated, before inducing APLNR KD and measuring force generation 

using a myograph.   
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6.4.2.1 Measuring hESC-CM contractility in 2D 

There are examples in the literature of systems which have been developed to 

measure PSC-CM contraction in 2D.  These include a video analysis technique 

designed to extract information on cardiomyocyte beating dynamics and 

mechanobiology (Ahola et al., 2014).  This has further been combined with calcium 

signalling analysis to simultaneously measure PSC-CM contractility and calcium 

signalling (Ahola et al., 2018).  Furthermore, automated systems have been developed 

for simultaneously measuring contraction and calcium signalling in single isolated 

PSC-CMs (Pointon et al., 2015).   

Although it would be interesting to measure the effect of early APLNR KD on 

contractility, I have not made use of any of the aforementioned techniques here for the 

following reasons.  Techniques used to investigate beating dynamics do not give 

information on the force of contraction generated by the hESC-CM, only on the motion 

of contraction (Ahola et al., 2014).  Automated systems for measuring single cell 

hESC-CMs were also not utilised, as measuring properties of single hESC-CMs is not 

representative of the in vivo environment, with cardiomyocyte contractility known to be 

dependent on interactions with neighbouring cardiomyocytes, other supportive cells 

types and the extracellular matrix (Karbassi et al., 2020).     

Recently, systems have been created to allow simultaneous measurement of action 

potentials, calcium signalling and contractility in 2D hPSC-CMs, utilising 

MUSCLEMOTION software (van Meer et al., 2019).  The imaging components needed 

for performing this assay are not easily available, however it would be interesting to 

measure early APLNR KD hESC-CMs in this system to determine if the voltage effects 

observed are linked to changes in contractility. 

6.4.2.2 Measuring hESC-CM contractility in 3D 

Owing to the lack of availability of a system to quantify force of contraction in 2D, it 

was not possible to examine effects of early APLNR KD on hESC-CM contractility.  

The Sinha group possesses the equipment and expertise to produce 3D EHTs and 

quantify force of contraction (Bargehr et al., 2019), hence this method was used to 

investigate effects of APLNR KD on hESC-CM contractility.  Furthermore, culturing in 

3D has been shown to facilitate maturation of hESC-CMs, promoting interaction of 

hESC-CMs with neighbouring cells and extracellular matrix (Karbassi et al., 2020).  
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Unfortunately, this technique needs a high number of hESC-CMs (Tulloch et al., 2011; 

Ruan et al., 2015).  Because of the defects in cardiomyocyte differentiation seen in 

early APLNR KD hESC-CMs, it was not possible to generate EHTs from these cells.  

However, an advantage of the iKD system is that KD can be induced at any time, 

therefore hESC-CMs were generated, cast in moulds to produce EHTs and then 

APLNR KD induced by culturing with tetracycline throughout the 14 days culture period 

required for EHT maturation.   

It should be noted, that for force measurements, APLNR KD hESC-CMs were cast as 

constructs alongside a supportive fibroblast cell (HS-27A).  This is because it has 

previously been shown that tissues formed from hESC-CMs alone display poor 

contractility, with influence from fibroblast cells needed to promote extracellular matrix 

remodelling and tissue compaction (Tiburcy et al., 2017).  Bargehr et al. (2019) 

showed that inclusion of a supportive cell type can drastically increase the contractile 

force generated by resulting EHTs.  These results were recapitulated in the system 

used in this project, in which force generation was minimal in hESC-CM only EHTs 

compared to EHTs also containing HS-27A cells (Figure 6.14).    

 

 

 

 

 

 

6.4.2.3 APLNR KD EHTs recapitulate the phenotype of a failing cardiomyocyte  

The APLNR KD EHTs were found to produce reduced active force, indicating 

decreased contractility, and increased passive force, indicating increased stiffness.  

The APLNR KD EHTs did not respond to the Frank-Starling mechanism, similar to 

Figure 6.14: Active force generated by hESC-CM only EHTs compared to EHTs 

composed of hESC-CMs + HS-27A fibroblast cells cultured for 14 days.  n = 2. Data 

represent mean±sem. 
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what has previously been shown in isolated cardiomyocytes from apelin receptor KO 

mice (Parikh et al., 2018).  This is consistent with the previously proposed role of the 

apelin receptor as a stretch receptor (Scimia et al., 2012) and suggests the apelin 

receptor may have a key role in the Frank-Starling response.  Further work is needed 

here to ascertain whether there is mechanistic contribution from the apelin receptor or 

if the apelin receptor KD prevents integration and maturation of the hESC-CMs in the 

EHTs. Crucially, the observed changes are recapitulative of the phenotype of a failing 

cardiomyocyte.  Previously, cardiomyocytes isolated from myocardial biopsies from 

human hearts with diastolic heart failure were found to generate twice as much passive 

force compared to cardiomyocytes isolated from control hearts (Borbély et al., 2005). 

There is controversy regarding the effect of heart failure on cardiomyocyte active force 

generation.  In preparations of right and left ventricle from human failing heart, active 

force was significantly reduced by around 30% when subjected to increasing strain 

(Blair et al., 2020).  In contrast, another study reported that the maximum calcium 

activated force generated by control and heart failure isolated cardiomyocytes was 

comparable, and suggested that decline in force in heart failure is dependent on tissue 

remodelling (McDonald et al., 2020).  However, the results of this study were variable, 

likely reflecting the inherent variability associated with using samples from human 

patients, such as differences in age, sex and, perhaps most importantly, disease 

aetiology as there is large interpatient heterogeneity in heart failure presentation 

(McDonald et al., 2020).  In animal models, consistent decreases in active force 

generation are reported for heart failure cardiomyocytes.  In a rat model of 

spontaneous hypertensive heart failure, force generation in isolated cardiomyocytes 

was significantly decreased, correlating with a marked decrease in left ventricular 

performance (Hanft et al., 2017).  Furthermore, in cardiomyocytes isolated from a 

mouse model of dilated cardiomyopathy, active force was significantly decreased 

while passive force increased, correlating with a decline in cardiac output (Édes et al., 

2008).   

My results also recapitulate what has previously been seen in EHTs generated from 

PSC-CMs carrying mutations associated with heart failure.  Firstly, one study 

investigated the effect of disease-associated phospholamban mutation on heart 

function by generating EHTs from iPSC-CMs derived from a patient suffering from 

dilated cardiomyopathy (DCM).  Mutant EHTs were found to produce decreased active 
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force and increased passive force compared to control, indicating decreased 

contractility and increased stiffness.  CRISPR/Cas9 correction of the mutation rescued 

the decreased contractility to a level similar to that recorded for control tissues 

(Stillitano et al., 2016).  In another study, iPSC-CMs were generated from DCM 

patients carrying truncating mutations in the sarcomere protein titin, which account for 

~20% of familial and sporadic cases of DCM and are the most common genetic cause 

of DCM.  Mutant iPSC-CMs incorporated into EHTs were found to generate less than 

50% of the active force compared to control (Hinson et al., 2015).  Interestingly, EHTs 

generated from mouse cardiac cells with myosin-binding protein-C (cMyBP-C) KO 

produced increased maximal force output (Wijnker et al., 2016).  Mutations in the 

MYBPC3 gene are the most common genetic cause of hypertrophic cardiomyopathy, 

which manifests differently to DCM.  The hypercontractility of EHTs correlates with the 

phenotype seen in hypertrophic cardiomyopathy patients, however the reasons for the 

observed hypercontractility are unclear (Nag et al., 2017).   

In the APLNR KD EHT model, increased stiffness is observed.  Myocardial stiffness is 

a hallmark of heart failure, with contributions from both increased collagen deposition 

and increased stiffness of the cardiomyocytes themselves (Borbély et al., 2005).  In 

the APLNR KD EHT model, it would be interesting to determine if the increased 

stiffness is due to an increase in collagen or because of an effect on the hESC-CMs 

themselves, or some combination of the two.  The APLNR has previously been shown 

to regulate both physiological and pathophysiological organ fibrosis (S. Huang et al., 

2016), with apelin treatment in rats following myocardial infarction found to reduce 

fibrosis and associated collagen deposition, by inhibiting angiotensin II induced NF-κB 

activation (X. Zhang et al., 2016).  Furthermore, improved ventricular remodelling and 

function and attenuated fibrosis was observed in a model of surgically induced 

pressure overload with 14 days apelin administration (Pchejetski et al., 2012).  Here, 

APLNR KD EHTs were found to contain increased collagen compared to control, likely 

contributing to the increased stiffness and reduced contractility observed.  This finding, 

in a human based system, supports the hypothesised anti-fibrotic properties of apelin 

receptor activation, highlighting the potential of therapeutically targeting the receptor 

to reduce the detrimental cardiac remodelling seen in heart failure.   

Taken together, this work confirms that the APLNR KD EHTs recapitulate the 

contractile properties of a failing cardiomyocyte, with most similarity to the phenotype 
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of cardiomyocytes associated with DCM.  Related to this, increased collagen 

deposition was seen, correlating with the increase in fibrosis observed in human 

diastolic dysfunction (Raman et al., 2009).  The results support a key role for apelin 

signalling in heart contractility and the Frank-Starling mechanism, and the link between 

reduced apelin signalling and decreased contractile performance observed in heart 

failure patients (K. S. Chong et al., 2006).  This offers a system to further investigate 

the signalling pathways in the apelin receptor’s role in cardiac contractility.  Moving 

forwards, it would be interesting to determine the effect of stimulating the EHTs with 

apelin receptor ligands (biased and non-biased).  Furthermore, more generally, it is 

proposed that the APLNR KD EHTs could be used as a platform for modelling diastolic 

heart failure in vitro in a human system, and for screening compounds for potential 

novel treatments for heart failure.   

Having demonstrated the effects of APLNR KD in EHTs, in the future EHTs carrying 

apelin receptor mutations associated with disease could also be produced to 

investigate functional consequences.  EHTs can be generated from hiPSCs (Hinson 

et al., 2015), therefore by isolating hiPSCs from patients carrying APLNR mutations, 

the contribution of the mutation to changes in contractility and disease could be 

assessed.  Alternatively, genetic editing technology such as CRISPR/Cas9, could be 

used to introduce genetic variants before producing EHTs (Mosqueira et al., 2018), to 

investigate the consequences of identified apelin receptor mutations.    

6.4.2.4 Advantages of EHTs 

There are a number of advantages of using EHTs.  As mentioned above, incorporating 

hESC-CMs into EHTs promotes maturation, altering metabolism, cytoskeletal 

arrangement, calcium handling and electrophysiology (Greenberg et al., 2018).  For 

example, it was previously shown that hiPSC-CMs had NaV1.5 subcellular distribution, 

sodium current density and action potential upstroke velocity more comparable to adult 

values when cultured in EHTs compared to 2D cultures (Lemoine et al., 2017).  The 

altered electrophysiological properties could potentially explain why effects on voltage 

signalling were observed in hESC-CMs with APLNR KD throughout development but 

not in EHTs with APLNR KD.   

The increased maturation is thought to be in part dependent on the presence of non-

cardiac cells within the EHT (e.g. fibroblasts), which are essential for cardiomyocyte 
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maturation in vivo through cell-cell signalling and interactions (Karbassi et al., 2020).  

For example, in mouse embryonic heart development, cardiac fibroblasts regulate 

cardiomyocyte proliferation and ventricular chamber formation via β1-integrin 

signalling (Ieda et al., 2009).  The mechanical strain provided by the EHT mould itself 

can also promote maturation (Leonard et al., 2018), which can be further increased by 

subjecting the EHTs to stretching, promoting cytoskeletal alignment to more closely 

recapitulate what is seen in the adult heart (Ruan et al., 2016).  Overall, the heart is a 

3D organ with multiple cell types, in which cell-cell and extracellular matrix interaction 

and mechanical loading are essential for function.  Hence, EHTs offer a more 

representative model to investigate heart physiology and pathophysiology, and also 

for drug screening (Greenberg et al., 2018).  In recent years, efforts have been made 

to increase throughput for drug screening using EHTs, with methods designed for 

producing 96-well micro arrays for EHT contractile force analysis (Thavandiran et al., 

2020).   

 

6.5 Conclusions 

The apelin receptor can be significantly knocked down at the gene and protein level in 

differentiated hESC-CMs by culturing with tetracycline over a period of 6-7 days, but 

over this time period, few functional consequences were seen in 2D cultures.  

However, inducing APLNR KD in EHTs generated from hESC-CMs had significant 

detrimental effects on contractility, with APLNR KD EHTs displaying increased 

stiffness and decreased contractile force generation.  The changes to contractility were 

associated with increased collagen deposition.  This is consistent with previous studies 

reporting the positive inotropic and anti-fibrotic effects of apelin receptor activation, 

both ex vivo and in vivo, providing a platform for future investigation of the pathways 

activated by apelin receptor signalling.  This is also recapitulative of the loss of apelin 

signalling seen in heart failure which correlates with reduced contractile performance.  

In the future, this system could be used for investigating the consequences of apelin 

receptor mutations associated with disease, by making use of genetic engineering to 

introduce mutations or by utilising hiPSCs isolated from patients carrying apelin 

receptor mutations.      
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Furthermore, the APLNR KD EHTs offer a potential novel model for diastolic heart 

failure, displaying the key characteristics of increased stiffness and decreased 

contractility which are seen in heart failure patients.  This platform could therefore be 

used for screening novel treatments for heart failure in a human based system.    
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7. Generation of hESCs Carrying an Apelin Receptor 

Genetic Variant and Effect of the Apelin Receptor Genetic 

Variant in hESC-Derived Cardiomyocytes  

7.1 Introduction 

PSCs are amenable to genetic editing (Avior et al., 2016).  As shown in the previous 

sections, the expression of proteins of interest can be manipulated by introducing 

knockdown, knockout or over expression systems (Y. Chen et al., 2015; Bertero et al., 

2016; Ma et al., 2018).  Going beyond this, PSCs can also be subjected to more 

precise genetic manipulation to introduce variants and mutations using technology 

such as CRISPR/Cas9 (González et al., 2014; Gupta et al., 2018).  This could be used 

to introduce disease causing mutations in WT cells, or to correct disease causing 

mutations in hiPSCs derived from patients with genetic disease (Granata et al., 2016; 

Gupta et al., 2018).   

The NIHR BioResource BRIDGE project is a sub-study of the ongoing 100,000 

Genomes Project (Genomics England) (Turnbull et al., 2018), aiming to identify 

sequence variants associated with poorly understood inherited rare diseases (Gräf et 

al., 2018).  The project has undertaken next generation sequencing of 13,000 patients 

with rare diseases, with the majority presenting with cardiovascular and bleeding 

disorders, and to date, performed case-control analysis of 7,423 patients (Gräf et al., 

2018).  A strength of the BRIDGE project is the ability to provide phenotypic 

information on the patients, and it also offers the opportunity for patient recall in order 

to perform further investigations.   

From the 7,423 patients screened so far, around 50 variants in the APLNR gene have 

been identified.  The Davenport group has previously selected 11 variants of interest 

by using a predetermined exclusion criteria as shown in Table 7.1.  The aim of the 

group is to determine the effects of the identified variants on apelin receptor binding, 

distribution and function.   
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Property Criteria 

Rare Frequency < 1 in 10,000 

Conservation Sites conserved in the apelin receptor across 29 

vertebrate species 

Deleterious Sites predicted to be deleterious by SIFT and Poly-

Phen-2 (Flanagan et al., 2010) 

Impact on receptor function Sites predicted to impact receptor function using 

GPCRdb (https://gpcrdb.org/) (Kooistra et al., 2021)  

 

Rarity was included as part of the selection criteria because it is generally believed 

that rare variants contribute more to disease susceptibility than common variants.  In 

relation to this, the “common disease-common variants” paradigm suggests that 

genetic diseases common in the population are dependent on genetic variants that 

are frequently found (Pierre and Génin, 2014).   

Of the identified variants, preliminary work has characterised their effects on apelin 

receptor distribution and ligand binding in transfected CHO cells, which do not express 

the apelin receptor endogenously (Appendix I, T.L. Williams and R.E. Kuc, University 

of Cambridge, unpublished).  This work has identified the R168H apelin receptor 

variant, in which a single point mutation results in the substitution of an arginine amino 

acid for a histidine at position 168 (Figure 7.1), as particularly interesting.  R168 has 

previously been shown to form an important interaction with the G-protein biased small 

molecule CMF-019 (Read et al., 2016).  The patient that the R168H variant was 

identified in has a potentially associated rare bleeding disorder phenotype.  Apelin 

signalling has previously been implicated in the regulation of platelet function and 

thrombosis (Adam et al., 2016), however in this study apelin was found to be anti-

thrombotic.  Therefore, in the R168H individual, the bleeding disorder may be 

dependent the apelin receptor variant in cells other than platelets, on variants in other 

proteins or some combination of the two.  Nevertheless, we sought to investigate the 

functional consequences of R168H in hESC-CMs.   

Table 7.1: Predetermined exclusion criteria for selecting APLNR variants identified from 

the NIHR BioResource BRIDGE study for further investigation.   

https://gpcrdb.org/
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In CHO cells, R168H had no effect on apelin receptor expression or distribution, but 

abolished ligand binding in both radioligand binding and fluorescent ligand assays.  

Having identified the R168H variant as having effects on ligand binding, it would be 

beneficial to investigate its effects on the function of a clinically relevant cell type.  Here 

therefore, base editing technology (Komor et al., 2016) was used to introduce a single 

point mutation in hESCs, resulting in an amino acid change from arginine to histidine.  

By introducing the variant in hESCs, differentiation to cell types of interest (in this case, 

cardiomyocytes) can be induced and the consequences of the genetic change on cell 

function in a clinically relevant cell investigated.  

Base editing is a modified form of CRISPR/Cas9 technology that introduces precise 

single base point mutations but does not introduce DSBs, and also does not rely on 

homology-directed repair (HDR) or require donor templates, in contrast to classic 

CRISPR/Cas techniques (Anzalone et al., 2019).  In genetic editing, DSBs can lead to 

generation of undesired genetic changes, such as indels and translocations (Kosicki 

et al., 2018).  Furthermore, relying on HDR to induce point mutations is inefficient due 

to competing cellular genetic repair mechanisms such as non-homologous end joining 

(NHEJ), again resulting in undesired genetic changes (Paquet et al., 2016).  Therefore, 

base editing offers a system that results in reduced indel generation and off target 

effects, and greatly increased editing efficiency (Molla and Yang, 2019).  Base editors 

are made up of a catalytically inactive Cas9 and a base modifying enzyme, which can 

Figure 7.1: Representation of the apelin receptor amino acid sequence with R168 shown 

in purple.  Plot generated from https://gpcrdb.org/protein/apj_human/  

https://gpcrdb.org/protein/apj_human/
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induce a single nucleotide change on the target strand, whilst also generating a nick 

in the non-edited DNA strand, which is then repaired using the newly edited strand as 

a template (Rees and Liu, 2018).  Here a cytosine base editor (CBE) was used, which 

induces a change from G-C to A-T (Komor et al., 2016; Koblan et al., 2018).  Previously 

CBEs have been shown to have a 37% efficiency whilst generating an indel 

percentage of only 1.1%, in comparison to HDR with donor DNA which had a much 

higher indel rate (4.3%) and greatly reduced efficiency (0.5%) (Komor et al., 2016).  

Therefore, base editing offers a powerful technology to introduce genetic variants of 

interest or to correct disease associated mutations not only in PSCs (Qi et al., 2020), 

but in a wide range of cells.  Base editing has the potential to be used in vitro for 

investigating genetic disease (Y. Zeng et al., 2018) and also in vivo for gene therapy 

(Villiger et al., 2018; Koblan et al., 2021).   

In this section the generation of hESCs carrying a heterozygous R168H apelin 

receptor variant using CBE is described.  R168H hESCs were then induced to 

differentiate to hESC-CMs, and effects of the variant on apelin receptor expression 

and binding determined.  In agreement with the Davenport group’s previous work, 

R168H did not affect receptor expression but reduced apelin receptor ligand binding.  

The effects of R168H on hESC-CM differentiation were investigated, with the R168H 

variant found to reduce differentiation efficiency.  hESC-CM function was also 

examined by investigating the effects on peptide production, voltage signalling and 

calcium signalling.  The R168H variant also prolonged voltage sensing, similar to what 

was seen with APLNR KD.  

 

7.2 Methods 

The methods relevant to this section are listed in Table 7.2 and described in Section 

2, with further detail for selected methods below. 
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Method Section 

Genome editing using base editor technology to generate 

hESCs with R168H APLNR variant 

2.23 

Cell culture and hESC-CM differentiation 2.2 and 2.3 

Analysis of APLNR gene expression by qRT-PCR 2.4 

Saturation radioligand binding 2.7 

Binding of apelin fluorescent ligand 2.12 

Immunocytochemistry for apelin receptor 2.5 

Troponin T and Thy1 flow cytometry co-stain 2.6 

Peptide production determined by ELISA 2.8 

Measuring hESC-CM voltage signalling using FluoVolt 2.15 

Measuring hESC-CM calcium signalling using Fluo-4, AM 2.16 

Statistical analysis 2.24 

 

7.2.1 Genome editing using base editor technology to generate hESCs with R168H 

APLNR variant  

hESCs carrying the R168H APLNR variant were generated as described in Section 

2.23.  gRNA was designed and inserted into an expression vector, and then 

nucleofected alongside the BE4max base editor plasmid into H9 hESCs.  Cells were 

then subjected to puromycin selection and resistant colonies selected manually for 

clonal expansion.   

Upon reaching sufficient confluence, genomic DNA was extracted from clonal cells for 

genotyping, to determine if successful genetic change had been induced.  The 

required genetic change to induce a change from arginine to histidine at position 168 

is shown in Table 7.3.  

Amino acid change Position Base change Position 

Arg  His 168 CGC  CAC 812-814 

Table 7.2: Descriptions of the methods used in this section found can be found in the listed 

corresponding section.   

Table 7.3: Base change needed to introduce R168H variant and associated position within 

the APLNR gene. Red = edited base.     
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The region of interest was amplified by PCR and samples sent for analysis by Sanger 

Sequencing.  Generated sequencing traces were aligned to WT APLNR genetic 

sequence and examined to identify a change from a guanine (G) to adenine (A) at 

base position 813.  From the clones sequenced, two separate clones (referred to as 

V1 and V2 subsequently) were found to have been successfully base edited, with a 

double peak for G and A visible at position 813, indicating heterozygous mutation 

(Figure 7.2). 

 

 

 

 

 

 

The patient in which the R168H variant was identified was heterozygous for the 

variant, hence the heterozygous base edit was deemed acceptable for further 

investigation.  Interestingly, no homozygous clones were found in sequencing analysis 

of over 50 clones, therefore it was hypothesised that homozygous R168H mutation 

may be lethal.   

The two heterozygous clones identified were expanded in culture and induced to 

differentiate to hESC-CMs. 

  

7.2.2 Cell culture and hESC-CM differentiation 

WT, V1 and V2 hESCs were maintained in E8 complete media as described in Section 

2.2 on vitronectin coated plates.  For differentiation to hESC-CMs, hESCs were plated 

Figure 7.2: Representative sequencing trace of R168H V1 hESC clonal line showing a 

double peak at position 813 (red circle), indicating heterozygous point mutation with one 

allele containing G (black) and the other A (green), leading to a change in amino acid from 

arginine to histidine.  
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at a density of 1.2 x 106/well of a 6-well plate, with differentiation protocol followed as 

described in Section 2.3.  Throughout Section 7, no exogenous apelin receptor ligands 

were added to cultures. 

 

7.2.3 qRT-PCR for APLNR expression  

qRT-PCR for APLNR gene expression was performed using TaqMan Gene 

Expression analysis as described in Section 2.4, with 18S rRNA used as a 

housekeeping gene.  Expression was normalised to housekeeping gene expression 

and relative expression compared to WT using the 2(-ΔΔCT) method (Schmittgen and 

Livak, 2008).  

 

7.3 Results 

7.3.1 Effect of R168H variant on apelin receptor expression 

Following generation of the two hESC lines carrying the R168H variant, the first aim 

was to determine the effect of the introduced variant on expression of the apelin 

receptor.  Previous work by the Davenport group has shown that in CHO cells 

transiently transfected with R168H apelin receptor, expression of the apelin receptor 

at the protein level is unchanged compared to control, but ligand binding is abolished, 

indicating a change in binding properties or an effect on the ligand binding site.    

7.3.1.1 Effect of R168H variant on APLNR gene expression 

First, APLNR gene expression was determined by qRT-PCR in both hESCs and 

hESC-CMs carrying the R168H variant and compared to WT.  For both hESCs and 

hESC-CMs, no significant difference was seen between the two R168H lines (V1 and 

V2) and WT (Figure 7.3), supporting previous results that the R168H variant does not 

affect expression of the apelin receptor.   
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7.3.1.2 Effect of R168H variant on apelin receptor protein expression 

Next, the effect of the R168H variant on apelin receptor protein expression was 

investigated.  Saturation radioligand binding was performed using both hESCs and 

hESC-CMs and compared to WT (Figure 7.4).  In hESCs, in both variant lines, binding 

of [125I]apelin-13 was substantially reduced, with very low values for specific binding 

seen.  Similarly, in R168H variant hESC-CMs, much reduced binding was observed.  

This suggests that the R168H variant is less able to bind the apelin ligand, in 

agreement with the Davenport group’s previous work examining [125I]apelin-13 binding 

in CHO cells transiently transfected with R168H apelin receptor.   

 

 

 

Figure 7.3: Comparison of relative expression of the apelin receptor gene (APLNR) in WT 

and R168H variant (V1 and V2) (A) hESCs (WT n = 2, V1 and V2 n = 4) and (B) hESC-

CMs (n = 4 for all).  Relative expression compared to WT mean expression.  Expression 

compared by one way ANOVA followed by Tukey’s post hoc test.  Data represent 

mean±sem. 
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Following on, hESC-CMs carrying the R168H variant were either incubated with 

apelin647 fluorescent ligand or stained using an antibody specific for the apelin 

receptor, in attempt to differentiate between effects on protein expression and protein 

function.  Binding of fluorescent apelin647 was almost completely undetectable in both 

V1 and V2 R168H hESC-CMs (Figure 7.5).  In contrast, binding of anti-apelin receptor 

antibody was similar in WT and both R168H variant line hESC-CMs (Figure 7.6).  It 

should be noted that the morphology of the variant hESC-CMs was different to WT (as 

described further below), hence the number of cells per field of view was different.  

Despite this change in morphology, the apelin receptor antibody still bound to the 

variant hESC-CMs.  

Figure 7.4: Saturation specific [125I]apelin-13 binding in WT and R168H (A) hESCs and (B) 

hESC-CMs.  n = 4 for WT, n = 3 for both V1 and V2 for hESCs and hESC-CMs.  Data 

represent mean±sem. 
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Figure 7.5: Representative images of (A) V1 R168H variant line, (B) V2 R168H variant 

line and (C) WT hESC-CMs incubated with apelin647 fluorescent ligand (300 nM, red) and 

Hoechst 3342 nuclear dye (blue).  Non-specific binding (NSB) was determined by the 

inclusion of a saturating concentration of [Pyr1]apelin-13 (shown in Figure 5.6).  Scale bar 

= 50 µm.  

Figure 7.6: Representative images of (A) V1 R168H variant line, (B) V2 R168H variant 

line and (C) WT hESC-CMs stained with anti-apelin receptor antibody (green) and Hoechst 

3342 nuclear dye (blue).  (D) WT hESC-CMs incubated with secondary antibody alone.  

Scale bar = 50 µm.  
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Together, these data confirm previous work in CHO cells, that the R168H variant does 

not affect apelin receptor expression, but results in a substantial decrease in ligand 

binding.  However, the hESC-CMs represent a more clinically relevant system.  The 

R168H hESCs are heterozygous for the mutation, hence some functional apelin 

receptor expression is likely to remain, and therefore binding of either radiolabelled or 

fluorescently tagged ligand was not completely abolished.    

 

7.3.2 Effect of R168H apelin receptor variant on hESC-CM differentiation 

After confirming the effects of the R168H variant on apelin receptor expression and 

ligand binding, the effects of the variant on hESC-CM differentiation were examined.   

7.3.2.1 Morphological changes in hESC-CMs with R168H apelin receptor variant 

The morphology of R168H hESC-CMs appeared different to WT hESC-CMs.  Beating 

hESC-CMs appeared in patches, with other cell types interspersed between clumps 

of cardiomyocytes (Figure 7.7).  This phenotype is similar to that seen for hESC-CMs 

with APLNR KD throughout differentiation, although not as severe as seen for some 

differentiations of the 2.2 KD line.  Again, there was variability in distinct differentiations 

with regard to how disrupted the hESC-CMs were.  Interestingly, from observing the 

cells interspersed between the contractile cardiomyocytes, they did not appear to 

show a fibroblast-like morphology as seen in the APLNR KD cultures.   

 

The changes in differentiation are further exemplified in the recorded videos, in which 

clumps of hESC-CMs are seen to contract, with non-contractile areas found in-

between.  The contraction seen is more robust than that seen for APLNR KD hESC-

Figure 7.7: Representative brightfield images of (A) WT, (B) V1 and (C) V2 R168H hESC-

CMs at day 14.  Multiple images to show variability in differentiations.  Scale bar = 200 μm. 
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CMs, likely due to the less severe change in hESC-CM morphology.  However, in 

many of the cultures, there was no regular beating rhythm and patches of 

cardiomyocytes contracted independently of other contractile areas (Videos 7.1 and 

7.2).    

7.3.2.2 Effect of R168H apelin receptor variant on hESC-CM differentiation efficiency 

The effect of the R168H variant on hESC-CM differentiation was quantified by 

performing TnT/Thy-1 flow cytometry co-staining (Figure 7.8).  As seen for APLNR 

KD, hESC-CM differentiation efficiency was significantly reduced in both R168H 

variant lines, as indicated by a decrease in TnT positive percentage (51.6±5.1% V1 

and 58.9±3.4% V2 compared to 79.6±5.1 WT).  However, there was no significant 

change in Thy1 positive percentage.   

 

Together these results show that the R168H apelin receptor variant decreases 

cardiomyocyte differentiation efficiency but does not increase the number of fibroblasts 

present in the culture, as reflected in the images displayed above (Figure 7.7).  It is 

therefore unclear what the other cell types present in the culture are.  Around 40-50% 

of cells do not stain positively for TnT, with ~30% staining positive for Thy1, leaving 

20-30% unaccounted for.  It could be suggested that the R168H heterozygosity results 

in a stalling of the differentiation process, generating cardiac progenitor cells that do 

Figure 7.8: Quantification of (A) TnT and (B) Thy1 positive percentages from flow 

cytomteric co-stain for WT and R168H (V1 and V2) apelin receptor variant hESC-CMs.  n 

= 3 for all, compared by one way ANOVA followed by Tukey’s post hoc test, *p<0.05, 

**p<0.01.  Data represent mean±sem. 
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not express sufficient TnT to be detected in the staining protocol used here and hence 

stain as double negatives. 

In the future, it would be interesting to determine if the differentiation efficiency can be 

rescued by application of exogenous ligand.  To do this, a similar protocol to that used 

in Section 5.3.3 could be used.  However, as it appears that the R168H apelin receptor 

is incapable of binding apelin ligand, it seems likely that there will be no effect of 

ligands targeting the apelin binding site and ligands targeting alternative sites may be 

needed.   

 

7.3.3 Effect of R168H apelin receptor variant on hESC-CM function 

Having established the effects of the R168H apelin receptor variant on hESC-CM 

differentiation, the effect of the variant on resulting hESC-CM function was also 

investigated.  For all assays in this section, hESC-CMs were measured at day 14-16.  

7.3.3.1 Effect of R168H apelin receptor variant on hESC and hESC-CM peptide 

production  

First, the effects of R168H on apelin receptor ligand production were quantified by 

performing ELISAs using conditioned supernatant from WT and R168H V1 and V2 

hESC-CMs (Figure 7.9).  Comparing R168H hESC-CMs to WT, no differences in ELA 

production were seen.  In contrast, both lines of R168H variant hESC-CMs were found 

to produce significantly increased levels of apelin peptide compared to WT control.   

Figure 7.9: Comparison of concentration of (A) ELA and (B) apelin in conditioned 

supernatant from WT and R168H variant (V1 and V2) hESC-CMs. n = 6 for WT, n = 3 for 

both V1 and V2. Means compared by one way ANOVA followed by Tukey’s post hoc test, 

*p<0.05, **p<0.01.  Data represent mean±sem.   
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These results suggest that in the R168H hESC-CMs, where apelin receptor activation 

is reduced due to the R168H variant’s lack of ability to bind peptide, there is a 

compensatory upregulation of apelin production, in attempt to increase apelin receptor 

signalling.    

7.3.3.2 Effect of R168H apelin receptor variant on hESC-CM voltage signalling 

Previously, APLNR KD throughout differentiation was found to significantly prolong 

voltage sensing in hESC-CMs.  The effect of the R168H variant on hESC-CM voltage 

signalling was therefore investigated.  As described previously, FluoVolt voltage 

sensitive dye was used to quantify TTP and T90 in WT and R168H hESC-CMs.  

Interestingly, TTP was significantly increased in both R168H variant lines compared 

to WT, however no effect was seen on T90 (Figure 7.10).   

 

This is different to what was seen in APLNR KD throughout differentiation, where both 

TTP and T90 were increased compared to control.  This suggests that in the R168H 

hESC-CMs, there is dysregulation of depolarisation but not recovery.  Nevertheless, 

this prolongation of voltage TTP could have detrimental effects on excitation-

contraction coupling.     

7.3.3.3 Effect of R168H apelin receptor variant on hESC-CM calcium signalling   

The effect of R168H on hESC-CM calcium signalling was also investigated, utilising 

Fluo-4 calcium sensitive dye and MATLAB analysis.  Consistent with what was 

Figure 7.10: Effect of R168H variant on hESC-CM voltage signalling (A) time to peak 

(TTP) and (B) time to 90% decay (T90) compared to WT.  n = 6 for WT, n = 3 for both V1 

and V2.  Mean values compared by one way ANOVA followed by Tukey’s post hoc test, 

***p<0.001. Data represent mean±sem.   
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previously seen in hESC-CMs with APLNR KD, both throughout differentiation and 

post differentiation, no significant difference was seen between V1 and V2 hESC-CMs 

compared to WT control (Figure 7.11).   

However, when performing this analysis, areas of visually beating cardiomyocytes are 

selected, meaning areas containing other cell types are not included.  As shown in 

Figure 7.7, in both variant lines hESC-CMs are interspersed with other cell types which 

may influence contractility and signalling.  Therefore surface plots of calcium signalling 

for the entire field of view for unpaced hESC-CMs were created using MATLAB.  The 

plots show that R168H hESC-CM contraction and calcium signalling was 

asynchronous, with large non-contractile areas and patches of hESC-CMs firing 

calcium spikes randomly (Video 7.3).  

 

7.4 Discussion 

The aim of this section was to introduce an apelin receptor genetic variant R168H, 

previously identified to abolish ligand binding in CHO cells, into hESCs using base 

editing technology.  By differentiating to hESC-CMs, the consequences of this variant 

in a clinically relevant cell type have been identified, and further insight has been 

gained into the role of the apelin receptor in both cardiomyocyte development and 

function.  The work presented here is preliminary and further investigation and 

Figure 7.11: Effect of R168H variant on hESC-CM calcium signalling (A) time to peak 

(TTP) and (B) time to 90% decay (T90) compared to WT.  n = 6 for WT, n = 3 for both V1 

and V2.  Mean values compared by one way ANOVA followed by Tukey’s post hoc test. 

Data represent mean±sem.   
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characterisation are needed to fully understand the consequences of the R168H 

variant in hESC-CMs.   

 

7.4.1 Generation of a novel apelin receptor variant hESC line using base editing  

Two novel distinct clonal lines of hESCs carrying the R168H apelin receptor variant 

have been generated, with literature searches suggesting that this is the first use of 

base editing to target the apelin receptor.   

Base editing is a relatively new technique, having first been demonstrated by the Liu 

lab in 2016 (Komor et al., 2016).  It presents a powerful tool for genetic editing, by 

introducing sequence changes without the need for DSBs, or relying on donor 

templates or error prone endogenous repair mechanisms.  This means that efficiency 

is much increased and error rate much decreased compared to standard 

CRISPR/Cas9 genetic editing (Komor et al., 2016; Anzalone et al., 2019).  Here a CBE 

was used to introduce a base change of G-C to A-T.  CBE base editors are composed 

of a catalytically inactive Cas nuclease fused to a cytidine deaminase, which is an 

enzyme that deaminates cytosines (Anzalone et al., 2020).  BE4max was used as the 

base editor in this project, which is a modified version of the original CBEs, designed 

to have improved nuclear localisation.  BE4max also contains a Cas nickase, designed 

to nick the non-deaminated strand, promoting more efficient repair and generating 

stable change of the base pair targeted (Koblan et al., 2018).    

Interestingly, although a large number of clones were selected and sequenced, only 

two heterozygous positive clones were found.  Correlating with this, the R168H variant 

was identified in a patient who was heterozygous for the mutation.  Hence it is 

hypothesised that homozygous R168H mutation is not viable, with those hESCs with 

homozygous base edit dying in culture.   

The R168H variant in hESCs and hESC-CMs did not affect apelin receptor expression, 

but reduced ligand binding, consistent with previous results generated in CHO cells 

transfected with R168H apelin receptor.  Structural studies within the Davenport group 

have shown that the R168H variant is found in the binding pocket of the apelin receptor 

(Read et al., 2016), suggesting that mutation of this residue affects the conformation 

of the receptor, preventing ligand binding.  Both arginine and histidine are basic side 
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chains, hence at neutral pH both will be positively charged, however the different side 

chains may affect receptor conformation.  The site is also predicted to be important for 

G-protein coupling (Read et al., 2016), but that has not been investigated here.   

7.4.1.1 Heterozygous R168H variant reduced binding of apelin receptor ligands 

The heterozygous R168H variant reduced binding of both fluorescent and 

radiolabelled apelin in hESC-CMs.  However, intriguingly, the binding was reduced by 

more than the predicted 50% expected from the mutation of one allele, suggesting that 

either more variant receptor is expressed compared to WT, or variant receptor is 

having detrimental effects on WT receptor.  To investigate this, two sets of qRT-PCR 

primers were designed to bind to the region containing the variant, which were 

identical apart from the single base change, with the last base of the primer binding at 

the genetic variant.  Unfortunately, when these primers were tested on either WT or 

R168H apelin receptor plasmid DNA, equal amplification was seen for both primers 

regardless of which DNA was used.  This suggests that the single base change was 

not sufficient to differentiate between the two alleles by qRT-PCR.  In the future, it will 

be important to determine if there are differences in expression level between the 

variant and WT alleles.   

It could be suggested that the R168H variant is having a dominant negative effect, 

having detrimental effects on WT receptor, perhaps affecting WT receptor localisation 

or binding ability (Dosil et al., 1998).  If the R168H variant influences WT ligand 

binding, that would explain the large reduction in binding of apelin ligands.  However, 

if reduced ligand binding is dependent on dominant negative effects, this suggests that 

the apelin receptor is forming dimers or larger multimers (Dosil et al., 1998).  There is 

much controversy in the field of GPCRs surrounding oligomeric states of class-A 

GPCRs, and there is debate as to the existence or role of homodimerisation in GPCR 

function (Terrillon and Bouvier, 2004; Franco et al., 2016; Kasai et al., 2018).  

Nevertheless, there have been multiple studies suggesting the existence of GPCR 

homodimers.  In one study, fluorescence correlation microscopy identified homodimer 

configuration of six different class-A GPCRs, including muscarinic and dopamine 

receptor families (Herrick-Davis et al., 2013).  Furthermore, crystal structure studies 

have revealed dimerization of the β1 adrenergic receptor in the ligand-free state (J. 

Huang et al., 2013).  Notably, one study found that ~60% of apelin receptor molecules 

were expressed as homodimers or oligomers, and dimerization was disrupted by 
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introducing mutations to the transmembrane domains (Cai et al., 2017).  Therefore, it 

could be hypothesised that R168H is affecting WT receptor function via the formation 

of homodimers.  It will be necessary to investigate dimerisation in the future, for 

example by performing cross linking to bind interacting receptors followed by western 

blot using an antibody directed against the apelin receptor (Y. Yang et al., 2007).  This 

would provide insight into the role of dimerization in the function of the apelin receptor.     

 

7.4.2 Effect of R168H apelin receptor variant on hESC-CM differentiation and function 

Following generation of the R168H variant lines, hESCs were induced to differentiate 

to cardiomyocytes and the effects on differentiation and resulting hESC-CM function 

characterised.   

7.4.2.1 R168H apelin receptor variant reduces hESC-CM differentiation efficiency  

Cardiomyocyte differentiation efficiency of R168H hESCs was reduced compared to 

control, with a lower TnT positive percentage recorded.  However, in contrast to what 

was observed with early APLNR KD (Section 5), there was no increase in the Thy1 

positive percentage.  Instead an increase in double negative stained cells was 

observed, suggesting that the cells have neither a cardiomyocyte or fibroblast identity.  

It could be hypothesised that introduction of the R168H variant results in a stalling of 

hESC-CM differentiation, resulting in the generation of cardiac progenitors which do 

not stain positively for TnT.  To investigate this, a further stain could be carried out for 

a cell marker specific for early cardiac development such as Brachyury (mesoderm 

marker) or NKX2.5 (transcription factor regulating heart development) (Mendjan et al., 

2014).  Alternatively, the R168H variant could result in induction of differentiation to a 

completely different lineage, hence stains for more diverse cell markers could also be 

used, such as CD31 (endothelial cell marker) (L. Liu and Shi, 2012).   

7.4.2.2 R168H apelin receptor variant results in increased apelin peptide production 

Conditioned supernatant collected from R168H variant hESC-CM cultures was found 

to contain increased apelin peptide, indicating increased cellular production.  There 

are potentially multiple explanations for this increase.  The WT hESC-CMs were found 

to produce apelin, suggesting an autocrine or paracrine mechanism of action on the 

apelin receptor.  Negative feedback loops are essential for the control of ligand 

production in autocrine signalling pathways, with activation of the receptor signalling 
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to control the regulation of ligand production (Segers and De Keulenaer, 2021).  In 

R168H hESC-CMs, receptor activation is reduced due to the reduced binding ability 

of the apelin receptor, which could result in upregulation of ligand production in attempt 

to compensate for the reduced receptor signalling (Figure 7.12).   

 

 

 

 

 

Another hypothesis is that the increased apelin production is coming from the other 

cell types present in the culture.  As described above, the R168H variant resulted in 

decreased differentiation efficiency, with the identity of the other cell types present in 

the culture unclear.  Depending on their cellular identity, their apelin ligand production 

will be different (Kleinz and Davenport, 2004; Read et al., 2019).  For example, if the 

cells are acquiring a more endothelial identity, apelin expression will be upregulated 

as these cells represent the main source of apelin ligand production in vivo (Kleinz 

and Davenport, 2004).  This further highlights the importance of determining what the 

contaminating cell types are within the R168H cultures.   

7.4.2.3 The effect of R168H apelin receptor variant on hESC-CM voltage and calcium 

signalling and contraction 

The R168H variant was found to have effects on hESC-CM voltage signalling, 

prolonging TTP.  However, in contrast to what was seen in the early KD hESC-CMs, 

Figure 7.12: Simplified representation of the hypothesised effect of the R168H apelin 

receptor variant on apelin peptide production.  (A) In WT hESC-CMs, apelin ligand (blue) 

binds to the apelin receptor, inducing a negative feedback mechanism to reduce apelin 

production.  (B) In R168H hESC-CMs, there is reduced apelin receptor activation due to 

impaired ligand binding caused by the introduced variant, meaning the negative feedback 

loop is reduced and apelin production is therefore higher.  Figure created using 

Biorender.com.  
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R168H did not affect T90.  Reasons for this are unclear, but it suggests that the 

introduction of heterozygous R168H variant effects the action potential depolarisation 

stage but not the recovery phase (Grant, 2009).  The depolarisation phase is 

dependent on cardiac sodium channels, including NaV1.5 (Rook et al., 2012), the gene 

for which was downregulated in early KD hESC-CMs.  Therefore the reduction in 

apelin receptor signalling caused by the R168H variant could have consequential 

effects on sodium channel signalling, resulting in the prolongation of TTP.  Apelin 

treatment has previously been shown to increase action potential conduction velocity 

in isolated rat cardiomyocytes and also increase sodium current (Farkasfalvi et al., 

2007; Chamberland et al., 2010), supporting the hypothesis that apelin receptor 

activation is involved in the regulation of sodium channel kinetics and associated 

voltage signalling.   

Consistent with previous sections, the R168H variant had no effect on hESC-CM 

calcium signalling TTP or T90.  However, when examining the pattern of contraction 

and associated calcium signalling, compared to control the beating was 

uncoordinated, with patches of hESC-CMs contracting at different rates and calcium 

spikes firing asynchronously.  This uncoordinated contraction may be due to defects 

in the hESC-CMs themselves, or it could be due to influence from the interfering cells 

found interspersed between the cardiomyocyte patches.  Cell-cell contact between 

cardiomyocytes is crucial for electrophysiological signalling and regulation of 

contraction (J. Li et al., 2006), as described previously.  Hence it will be essential to 

isolate the effects of R168H in hESC-CMs on contractility.  This could be done by 

performing metabolic selection to remove contaminating cell types, leaving a pure 

population of hESC-CMs.  It is unclear how well metabolic selection will work in these 

cultures, as it resulted in high cell death in early KD hESC-CM cultures, but it should 

be attempted in the future.   

 

7.4.3 Future experiments with apelin receptor variant hESCs 

Here, the characterisation of the effects of the R168H apelin receptor variant has been 

initiated.  The R168H hESC lines offer a powerful tool for investigating the functional 

consequences of the variant in a range of assays using hESC-CMs, but also in other 

differentiated progeny.  



204 
 

7.4.3.1 Investigating the effects of R168H apelin receptor variant on hESC-CM 

contractility 

The next area that should be examined is the effect of the R168H apelin receptor 

variant on hESC-CM contractility.  Here, 3D EHTs could be produced and force 

generation measured as described in Section 6 (Bargehr et al., 2019).  Given the 

reduced contractility and increased stiffness seen in APLNR KD hESC-CMs, and the 

established positive inotropic effects of apelin receptor activation (Maguire et al., 2009; 

Japp et al., 2010; Perjés et al., 2016), it would be interesting to see if there were 

consequences of R168H on EHT contractile properties.  As mentioned above 

however, this will be dependent on the successful metabolic selection of hESC-CMs 

carrying the variant.   

7.4.3.2 Investigating the effects of R168H apelin receptor variant in other hESC-

derived cell types 

The focus of this project was to investigate the role of the apelin receptor in 

cardiomyocytes.  However, hESCs are pluripotent and can be induced to differentiate 

to any cell type in the body (Thomson et al., 1998).  It would therefore be interesting 

to investigate the consequences of the R168H variant in other cell types.  Of particular 

interest would be endothelial cells, as the patient from which the R168H variant was 

identified suffers from a genetic bleeding disorder.  Endothelial cells form the lining of 

all blood vessels, influencing a range of process such as blood flow, vessel tone and 

permeability, cellular adhesion and inflammation, through the production of a range of 

signalling factors (Deanfield et al., 2007).  Hence, endothelial cell dysfunction can have 

drastic consequences on the whole organism.   

Investigating the effect of R168H on vascular smooth muscle cells would also be 

interesting, as this cell type is exposed to various mechanical and biochemical signals 

in the blood vessels and contributes to physiological and pathological regulation of the 

vascular wall (Lacolley et al., 2012). 

The R168H apelin receptor variant hESC lines provide an ideal system for this further 

investigation, by inducing differentiation to cell type of interest and performing cell-

specific assays to determine the consequences of the variant.  Importantly, previous 

work identified that hESC-derived smooth muscle cells and endothelial cells produced 
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by the Sinha group express the apelin receptor at the gene and protein level (data not 

shown).   

7.4.3.3 Investigating the effects of other apelin receptor variants 

The work here provides a proof of principle that apelin receptor variants can be 

introduced into hESCs, and resulting hESC lines induced to differentiate to cell type 

of interest to characterise the effects of the variant.  Hence, in the future, a similar 

approach could be used to investigate the effects of all 11 APLNR variants identified 

from the NIHR BioResource BRIDGE project.  A further option for the investigation of 

the identified apelin receptor variants would be to recall the patients in which the 

variants were identified and to generate iPSCs.  Genetic editing of iPSCs could then 

be used to correct the apelin receptor variant to provide a control cell line (Ryan et al., 

2013; Sterneckert et al., 2014; Granata et al., 2016).  Both these approaches would 

provide isogenic control lines, allowing investigation of the effect of the variant in cells 

with identical genetic backgrounds apart from the single base change (Sterneckert et 

al., 2014).   

 

7.5 Conclusions 

hESCs expressing the apelin receptor carrying the R168H variant identified from the 

BioResource BRIDGE project have been generated, utilising base editing technology 

for the first time to target the apelin receptor.  Consistent with results in CHO cells, 

heterozygous expression of the R168H variant in hESCs and hESC-CMs had no effect 

on apelin receptor expression level, but decreased ligand binding.     

The R168H variant reduced hESC-CM differentiation efficiency.  Furthermore, R168H 

hESC-CMs formed patches of contractile cells with other as yet unidentified cell types 

interspersed.  The contraction pattern was dysregulated, and voltage signalling in 

R168H hESCs was prolonged, consistent with previous results.   

This system provides an excellent platform for further investigation into the effects of 

the R168H variant not only in hESC-CMs, but in other clinically relevant hESC-derived 

cell types such as endothelial cells.  Furthermore, these results indicate that the other 

10 APLNR variants identified from the BRIDGE project could be introduced into hESCs 

in a similar manner, and differentiated to cell types of interest to investigate their 
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consequences on cellular function.  Together, these studies will provide insight into 

the role of the apelin receptor in disease, and highlight the importance of particular 

amino acid residues in receptor function.   
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8. Concluding Remarks 

Since the discovery of the G-protein coupled apelin receptor (O’Dowd et al., 1993) and 

its two endogenous peptide ligands, apelin (Tatemoto et al., 1998) and ELA (Chng et 

al., 2013; Pauli et al., 2014), evidence has accumulated supporting a key role in the 

regulation of cardiovascular development, function and disease (Charo et al., 2009; 

Kang et al., 2013; P. Yang et al., 2015; Read et al., 2019).  This study has focussed 

on the role of the apelin receptor in the heart, in cardiomyocytes specifically.   

Loss of apelin receptor activation in developmental animal studies results in a high 

incidence of embryonic lethality, accompanied by severe cardiovascular defects, 

including rudimentary heart formation and poor vascularisation (Scott et al., 2007; 

Chng et al., 2013; Kang et al., 2013; Pauli et al., 2014).  Furthermore, loss of apelin 

receptor in the differentiation of mouse ESCs resulted in severely reduced 

cardiomyocyte differentiation efficiency (D’Aniello et al., 2013).  Correspondingly, 

inclusion of apelin peptides in the culture media of mouse and human ESCs has been 

shown to enhance cardiomyocyte differentiation using embryoid body differentiation 

methods (I.-N. E. Wang et al., 2012; D’Aniello et al., 2013).    

In the adult, apelin receptor activation promotes vasodilatation (Tatemoto et al., 2001; 

Brame et al., 2015) and positive inotropy (Szokodi et al., 2002; Perjés et al., 2014), 

with [Pyr1]apelin-13 one of the most potent inotropic agent identified to date (Maguire 

et al., 2009).  Crucially, the positive inotropy induced by apelin receptor activation does 

not induce cardiac hypertrophy (Ashley et al., 2005) and is also thought to be, at least 

in part, calcium independent (Seo et al., 2020).  Related to this, in cardiovascular 

disease states including heart failure and PAH, apelin receptor signalling is reduced 

(M. M. Chen et al., 2003; K. S. Chong et al., 2006; P. Yang et al., 2017b), and hence 

targeting the apelin receptor has been proposed as a potentially novel therapeutic 

option.   

Despite the growing evidence of the importance of the apelin receptor in 

cardiovascular physiology, there is a lack of a human in vitro system to investigate the 

cardiac apelin receptor.  Human PSCs are a powerful tool, due to the potential to 

induce differentiation to any cell type and their amenability to genetic manipulation 

(Avior et al., 2016).  Furthermore, they can be used to generate a potentially unlimited 

supply of cardiomyocytes which can be maintained in culture (Paik et al., 2020).  This 
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study has therefore utilised hESCs differentiated to cardiomyocytes, in combination 

with genetic engineering, to assess the role of the apelin receptor in cardiomyocyte 

differentiation and function.  This has identified a key role for the apelin receptor in the 

differentiation of hESC-CMs, and for the contractile function of differentiated hESC-

CMs.   

 

8.1 Strengths of using Pluripotent Stem Cells and Genetic 

Engineering for Investigating Protein Function 

In this study, two genetic engineering approaches were used to investigate apelin 

receptor function.  Firstly, an inducible knockdown system was generated, utilising the 

sOPTiKD technique (Bertero et al., 2016), for the first time to target the apelin receptor.  

This novel inducible system generated significant apelin receptor knockdown at the 

gene and protein level in hESCs, hESC-CMs with knockdown induced throughout 

differentiation and hESC-CMs with knockdown induced post completion of 

differentiation.  Not only is this the first time the sOPTiKD system has been used to 

target the apelin receptor, but literature searches indicate this is the first application of 

this system to a GPCR.  This is likely due to the inherent difficulty of inducing GPCR 

knockdown, owing to their very low endogenous expression levels (Chakraborty et al., 

2015).   

Apelin receptor knockdown throughout differentiation revealed a key role in 

cardiomyocyte differentiation, also highlighting poorly characterised roles of the apelin 

receptor in voltage signalling and adhesion.  Using the inducible knockdown system 

has a number of advantages, which could be utilised to further investigate the 

involvement of the apelin receptor in cardiomyocyte differentiation.  Firstly, apelin 

receptor knockdown could be induced at distinct stages of differentiation, in order to 

identify at what stage the apelin receptor has its effects.  Furthermore, the apelin 

receptor KD can also be reversed, simply by removing tetracycline.  There is therefore 

temporal control over apelin receptor expression, and by exploiting the Tet-on system, 

the key stages at which apelin receptor is needed can be defined.  The ability to induce 

knockdown in differentiated hESC-CMs is also advantageous.  It is well-known that 

transfection efficiency in hESC-CMs is often very low (Tan et al., 2019), and therefore 

techniques such as transient transfection of siRNA to induce knockdown do not 
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generate reliable reduction in protein expression.  As the transgene integrates into the 

host cell genome, expression of the shRNA targeting the apelin receptor can be 

induced at any stage (Bertero et al., 2016), including in differentiated cardiomyocytes.  

As APLNR KD throughout differentiation significantly reduced hESC-CM 

differentiation efficiency, having the option to induce KD after completion of 

differentiation meant it was possible to investigate the effect of APLNR KD on hESC-

CM function.  It should also be noted that there is currently no selective antagonist 

targeting the apelin receptor available, meaning receptor activity cannot be inhibited 

pharmacologically.  Hence the ability to reduce apelin receptor expression is 

advantageous for investigating its function.  

Secondly, base editing technology (Anzalone et al., 2019) was used to introduce an 

apelin receptor genetic variant (R168H) identified from the NIHR BioResourse 

BRIDGE project (Gräf et al., 2018; Turnbull et al., 2018) into hESCs.  Literature 

searches indicate this is the first time base editing has been used to successfully target 

the apelin receptor.  Introduction of the variant did not affect apelin receptor expression 

but significantly reduced ligand binding.  This had detrimental effects, similar to that 

seen with APLNR KD, reducing differentiation efficiency, disrupting contractile 

coordination and prolonging voltage sensing.  This highlights another strength of using 

PSCs – the ability to introduce genetic variants potentially associated with disease, 

differentiating to cell type of interest and characterising any phenotypic effects (Gupta 

et al., 2018; Ma et al., 2018).  Additionally, when phenotypic drug screening is 

performed, often control cells expressing native protein are used.  By utilising cell lines 

carrying a variant of interest, the effect of the variant on drug affinity and efficacy can 

be studied.  The use of base editing technology generates isogenic lines for control 

and variant, meaning the genetic background is identical, allowing isolation of the 

effects of the variant itself (Avior et al., 2016).  An advantage of the BRIDGE project 

is the ability to recall patients from which interesting variants were identified.  In the 

future, it could be possible to isolate iPSCs from the R168H patient, generate isogenic 

control lines by correcting the variant with genetic editing, and performing phenotypic 

characterisation.  This may generate further insight, as the effect of any confounding 

variants or influence from the patient’s genetic background could also be examined 

(Yamasaki et al., 2017).   
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Finally, perhaps the biggest advantage of hESCs is the ability to differentiate to any 

cell type of interest (Thomson et al., 1998), generating a potentially unlimited supply 

of cells for study.  Although this project has focused on the role of the apelin receptor 

in cardiomyocytes, its expression is far more widespread (Medhurst et al., 2003; Kleinz 

et al., 2005), associated with a range of physiological and pathological effects.  For 

example, in PAH apelin signalling is reduced (J. Kim et al., 2013; P. Yang et al., 

2017b).  As this condition is due to a combination of dysregulation of vascular 

endothelial and smooth muscle cells (Morrell et al., 2009), it would be interesting to 

characterise the effects of APLNR KD both in the differentiation and function of these 

cell types.  Furthermore, the R168H variant was identified in a patient suffering from a 

bleeding disorder.  Hence it would be interesting to induce differentiation to endothelial 

cells to investigate any effect of the variant in this cell type.   

Overall, these studies have shown proof of principle that it is possible to genetically 

manipulate the apelin receptor in hESCs and their differentiated progeny, to provide 

novel insights into its role and function.  Moving forwards, the genetically manipulated 

lines generated here could be used to further investigate the role of the apelin receptor 

in the cardiovascular system and beyond.  It also highlights the potential of introducing 

the various apelin receptor variants identified from the BRIDGE project into hESCs to 

characterise their effects in relevant cell types, in a human system.  This will not only 

generate more clinically translatable results (Sterneckert et al., 2014), but is easier 

and more high throughout than using animal models of disease (Giacomotto and 

Ségalat, 2010) or isolated human tissue (Avior et al., 2016).   

 

8.2 Limitations of the Project 

PSCs represent powerful tools for development and disease modelling, however their 

inherent limitation is that their differentiated progeny often display a foetal phenotype 

(Sterneckert et al., 2014).  This means that the phenotypic characteristics are 

immature compared to their adult counterparts.  For hPSC-CMs, it has previously been 

shown that their contractile force is significantly lower than that of adult 

cardiomyocytes, and they are also less responsive to inotropic stimuli (van Meer et al., 

2016).  Furthermore, conditions such as heart failure generally have a mid to late age 
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onset, which is therefore difficult to model with immature hPSC-CMs (Parrotta et al., 

2020).   

Cardiomyocyte cellular alignment and assembly of a syncytium with tightly regulated 

cell junctions is an essential step of heart development, which is difficult to mimic in 

an in vitro culture system, meaning PSC-CMs generally lack well-aligned myofibrils 

and T-tubules (Karbassi et al., 2020).   Furthermore, the cardiomyocytes generated 

tend to form a mixed population of atrial, ventricular and nodal cells (Weng et al., 

2014), which can make results more difficult to interpret.  Together, this results in more 

foetal like properties, affecting contractility, voltage signalling, calcium handling and 

metabolism (Greenberg et al., 2018).   

A number of techniques have however been shown to induce maturation of PSC-CMs, 

resulting in changes to cardiomyocyte properties, making them more adult-like.  For 

example, long term culture is a simple way to increase maturation (Kamakura et al., 

2013; Piccini et al., 2015), however effects are limited and time consuming (Karbassi 

et al., 2020).  Altering media composition has also been shown to induce maturation.  

For example, by mimicking the switch to oxidative metabolism seen in embryogenesis 

(Malandraki-Miller et al., 2018).  Using a maturation media containing low glucose and 

high levels of substrates for oxidative metabolism resulted in increased hiPSC-CM 

maturation, with changes in electrophysiology and structural organisation observed 

(Feyen et al., 2020).  Manipulation of the hiPSC-CMs generated this way resulted in 

models for long QT syndrome and DCM which more faithfully recapitulated the human 

disease states (Feyen et al., 2020).   

Another effective method of inducing maturation is through the use of 3D culture 

methods, such as the EHTs used in this study (Ruan et al., 2015; Mills et al., 2017; 

Bargehr et al., 2019).  By combining PSC-CMs in an extracellular matrix with a 

supportive cell type, suspended between two pillars, cardiomyocyte maturation can be 

induced from the combination of intercell interaction, signalling between the supportive 

cell type and the mechanical load inferred from the culture posts (Ruan et al., 2016; 

Leonard et al., 2018).  This maturation can be further increased by concurrently 

electrically stimulating the 3D tissues, as evidenced by the presence of T-tubules and 

organised myofibrils (Ronaldson-Bouchard et al., 2018).   
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In this project, the effects of apelin receptor in cardiomyocyte differentiation have been 

investigated, because of the previously proposed role of the apelin receptor in heart 

development.  Therefore, for this part of the study, the immaturity of the hESC-CMs 

should not influence results.  However, when examining the calcium handling and 

voltage sensing in the resulting hESC-CMs, the immaturity may affect results.  The 

same is true for the hESC-CMs with apelin receptor KD induced post completion of 

differentiation.  However, the effect of APLNR KD on contractility, voltage and calcium 

signalling was investigated in 3D EHTs, therefore this will have induced some 

maturation of the hESC-CMs.   

Furthermore, the expression of the apelin receptor at the gene and protein level has 

been compared to the expression in the adult heart.  From a combination of qRT-PCR, 

RNA sequencing and saturation radioligand binding, a comparable level of apelin 

receptor expression was found in hESC-CMs as that seen in human adult heart.  

Therefore, the system is suitable.  When interpreting results however, when 

extrapolating to the human heart, it is important to consider the potential differences 

arising from hESC-CM immaturity.  In future studies, further techniques could be 

employed to enhance maturation as needed.  

It should also be noted that only a single line of hESCs has been used throughout this 

thesis.  As each hESC line is isolated from a single embryo, this genetic background 

represents only one individual.  It would therefore be interesting in the future to 

introduce apelin receptor knockdown and the apelin receptor variant into further lines 

of hESCs.  Furthermore, it would be interesting to look at the effects in iPSCs (of 

introduced variants or from donors carrying apelin receptor variants inherently).   

 

8.3 Conclusions 

The studies presented here have made use of a hESC-derived cardiomyocyte model 

to reveal key roles of the apelin receptor in cardiomyocyte differentiation and function.  

This is the first time detailed characterisation of apelin receptor function in hESC-CMs 

has been carried out.   

Importantly, expression of the apelin receptor in hESC-CMs was quantified and found 

to be comparable at both the gene and protein level to that seen in adult human heart.  
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hESC-CMs were also found to produce both apelin and ELA peptides, providing a 

ligand source in the cell culture system.  Furthermore, expression of apelin receptor 

gene and protein was also seen in hESCs, in contrast to previous reports.  This 

observation is crucial, as the existence of a second, unidentified receptor for ELA in 

development has been proposed – the search for which has been unsuccessful thus 

far.  The data here supports the action of both apelin and ELA through a single 

receptor.  

To investigate the role of the apelin receptor, a novel inducible knockdown system was 

generated in hESCs.  This is the first time the apelin receptor has been successfully 

knocked down in hESC-CMs, and the first time the sOPTiKD system has been used 

to target a GPCR.  This provided a powerful platform to manipulate apelin receptor 

expression throughout differentiation to characterise apelin receptor function in 

cardiomyocytes.   

The apelin receptor has previously been shown to be important for cardiovascular 

development.  Here, knockdown of the apelin receptor throughout differentiation to 

cardiomyocyte resulted in significantly reduced cardiomyocyte differentiation 

efficiency and an increase in the number of fibroblasts.  Consistent with this, inclusion 

of apelin in the culture media increased cardiomyocyte differentiation efficiency.  

Together these results support the key signalling role of the apelin receptor in 

cardiomyocyte differentiation, in a human relevant system.  The resulting hESC-CMs 

produced with apelin receptor knockdown throughout differentiation displayed 

prolonged voltage sensing, consistent with previous studies suggesting that voltage 

signalling is an important regulator of the positive inotropic effects of apelin receptor 

activation.  Furthermore, loss of apelin receptor was associated with changes in 

adhesion properties, which has not been studied previously.     

The apelin receptor also has important effects in the adult heart, acting as a positive 

inotrope, with decreased apelin receptor signalling observed in heart failure patients.  

In 3D EHTs, knockdown of apelin receptor resulted in decreased force generation and 

increased stiffness, associated with increased collagen deposition.  This is 

recapitulative of animal knockout studies, in which loss of apelin signalling results in 

decreased contractility and ability to respond to cardiovascular stress.  Furthermore, 

it is similar to the phenotype seen in heart failure patients which have an associated 
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reduction in apelin receptor signalling.  More generally, the characteristics of the 

APLNR KD EHTs are reminiscent of the phenotype of cardiomyocytes isolated from 

dilated cardiomyopathy patients, indicating this system could be used more generally 

as a model of heart failure.  In the future, this platform could be used for screening 

novel treatments for heart failure, targeting both the apelin receptor and other 

pharmacological targets.   

It would be interesting to determine if the effects of apelin receptor knockdown both 

throughout differentiation and in EHTs are mediated through ligand-dependent 

signalling, as the apelin receptor has previously been shown to also function in a 

ligand-independent manner as discussed above (Scimia et al., 2012; Seo et al., 2020).  

The hESC-CMs were found to produce both apelin and ELA peptides, however it 

would be beneficial to determine whether the previously described stretch responsive 

function is involved in the phenotype observed here.  I have begun to investigate this, 

through the use of biased compounds which preferentially activate the G-protein 

signalling pathway, but further work is needed.  An apelin receptor antagonist would 

help elucidate the contribution of ligand-dependent versus independent effects, 

however a selective compound is not currently available.   

A second genetic manipulation technique was used to introduce a genetic variant 

identified from the NIHR BioResource BRIDGE project into hESCs.  hESC-CMs 

carrying the R168H variant had reduced apelin receptor ligand binding and also 

displayed reduced differentiation efficiency and prolonged voltage sensing.  This 

further supports the role of the apelin receptor in cardiomyocyte differentiation and 

function.  

The two approaches used in this study highlight the power of using hESC-derived cell 

types in combination with genetic manipulation to investigate protein function in a 

human based system.  Roles for the apelin receptor in cardiomyocyte development 

and function have been identified which have previously not been well characterised, 

and a potential novel model for investigating heart failure has been produced.  In the 

future, the apelin receptor cell lines generated here could be used for further 

investigation into the identified cardiomyocyte roles, and also for screening novel 

compounds which have the potential for treating heart failure and other cardiovascular 

diseases.  Furthermore, effects in other hESC-derived cell types could be investigated 
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to gain insights into the role of the apelin receptor throughout the body.  Finally, by 

introducing apelin receptor genetic variants associated with disease, the contribution 

of the apelin receptor to disease aetiology could be determined and improved 

treatments developed, contributing to the implementation of precision medicine.  
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Appendix I. Preliminary Work Characterising the Effects of 

R168H Apelin Receptor Genetic Variant  

The work in this section is unpublished and was performed by T.L. Williams and R.E. 

Kuc (both University of Cambridge) and relates to the results displayed in Section 7.  

From the NIHR BioResource Bridge Project, ~50 apelin receptor genetic variants were 

identified.  The Davenport group selected 11 variants of interest based on 

predetermined selection criteria (as described in Section 7) to perform preliminary 

characterisation in transiently transfected CHO cells.  From this initial work, variant 9 

was identified as particularly interesting (indicated with red arrow or circle throughout 

this section), as it completely abolished both radiolabelled and fluorescent ligand 

binding.  It was also found to drastically reduce G-protein signalling in response to 

[Pyr1]apelin-13.  However, it did not affect receptor membrane expression.  This 

variant was decoded as R168H, meaning an arginine residue at position 168 is 

substituted for a histidine.  This site has previously been predicted to be important for 

ligand binding and G-protein signalling (Read et al., 2016).   

First, saturation radioligand binding was performed to determine effects on receptor 

affinity and density, while dynamic mass redistribution was performed to give an 

indication of effect on G-protein dependent functional activity (Figure A.1).   
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Next, effect of the apelin receptor variants on subcellular distribution was investigated, 

by transfecting either WT or variant eGFP tagged apelin receptor into CHO cells, and 

visualising membrane expression by co-staining with a membrane marker and nuclei 

stain (Figure A.2).  The Opera Phenix High Content Screening system was used in 

combination with Harmony image analysis software to quantify eGFP membrane 

intensity.   

Figure A.1: Effect of identified apelin receptor variants on (A) saturation specific binding 

of [125I]apelin-13 and (B) calculated affinity (KD), receptor density (Bmax) and Hill slope.  (C) 

Effect of apelin receptor variants on dynamic mass redistribution, indicative of effects on 

G-protein interaction and signalling.  Data represent mean±sem.  Data for R168H 

highlighted with red arrows/circle.  
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Finally, the effect of the apelin receptor variants on binding of fluorescently tagged 

apelin647 was determined by incubating CHO cells transfected with either WT or 

variant eGFP tagged apelin receptor with saturating concentrations of fluorescent 

apelin647.  Visualisation was again performed using the Opera Phenix High Content 

Screening system and mean 647 fluorescence quantified in the whole cell and at the 

membrane (Figure A.3).     

 

 

Figure A.2: Effect of identified apelin receptor variants on receptor subcellular distribution, 

with representative images from Opera Phenix High Content Screening system and 

associated quantification of eGFP membrane intensity.  Scale bar = 50 µm.  Data represent 

mean±sem, compared by one way ANOVA with Dunnet’s post hoc test.  ***p<0.001, 

****p<0.0001.  Data for R168H highlighted with red arrows/circles.  
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Figure A.3: Effect of identified apelin receptor variants on apelin647 binding, with (A) 

representative images from Opera Phenix High Content Screening system (scale bar = 50 

µm) and associated quantification of mean 647 fluorescence in (B) the whole cell and (C) 

at the membrane.  Data represent mean±sem, compared by one way ANOVA with 

Dunnet’s post hoc test.  *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  Data for R168H 

highlighted with red circles.  
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