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ABSTRACT 

Based on data from the World Healthcare Organisation, cardiovascular diseases 

are the primary cause of disease-related death globally, with myocardial 

infarction (MI) being the most prevalent. If not treated effectively, MI can 

progress to heart failure (HF). With 70 million prescriptions for HF in 2014 and 

515 people in the UK being hospitalised daily with MI, the British Heart 

Foundation calls for novel robust treatments. Even though cardiac stem cell 

(CSC) therapy for MI has been under investigation for more than a decade, there 

still has not been a consensus over the identity of the adult endogenous CSC. 

Recent clinical trials, using selected Ckit+ cells or the cardiosphere-derived cells 

(CDCs) have shown moderate results.  

The aim of this thesis was to develop a digestion-based method for isolation of 

cardiac progenitor cells (CPCs) from the mouse atria. The resulting “CTs” were 

isolated by collagenase/trypsin (where their name has resulted from) digestion 

with a prolonged period step for cell attachment. CTs were compared to isolated 

CDCs for their marker expression, using RT-PCR and Immunocytochemistry, 

showing cells with a mesenchymal phenotype which expressed SCA1 and CKIT. 

The CDCs had more of a fibroblast phenotype with higher Ddr2 and Wt1 

expression.  

Using a TGF-β1 differentiation protocol, the CTs could be differentiated more 

effectively to a CM lineage than could the CDCs. In addition, Oleic acid (OA) 

supplementation stimulated the Peroxisome proliferator-activated receptor 

alpha pathway and led to maturation of the CT cells, both before and after 

differentiation. The differentiated CTs begin to express Tnnt2, while OA led to 

Myh7 increase and upregulated their oxidative metabolism. Finally, the CTs were 

more able to survive under serum-starvation than the CDCs, and transfection 

with miR-210 could enhance CT survival under these conditions and increased 

VEGF secretion. 

By digestion of the whole atria and allowing a prolonged time for attachment, we 

have developed a novel isolation protocol which generates a cell population 

containing a range of progenitors. Cells within this population can survive under 

serum starvation and can be differentiated to a CM lineage, making them a 

promising therapeutic population.  
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1.1. THE HEART, MI & HF  

The heart is a four-chamber pump that contracts 60 – 100 times per minute. 

Apart from the cardiomyocytes (CMs), the cells involved in contraction, the heart 

has endothelial cells (ECs), smooth muscle cells (SMCs), and fibroblasts.  

Myocardial infarction (MI) is the primary cause of disease-related death in the 

world with no reliable therapy1. Acute coronary syndromes, like MI, account for 

half of all cardiovascular deaths in the industrialised world, with around 20% of 

patients developing heart failure (HF) and having a 1-year mortality rate2,3. 

Other studies focusing on older MI patients suggest that this percentage may 

reach 64%4. Therefore, HF remains a rapidly growing problem in Western 

societies5.  

In terms of physiology, MI is caused by an occlusion of a coronary artery of the 

heart, usually due to an atherosclerotic plaque, which leads to restricted 

perfusion of the ventricular muscles6. As a result, there is massive loss of CMs7 

and a collagenous scar is formed in the infarcted region, which is electrically 

uncoupled from the rest of the myocardium and has impaired contractile ability6. 

This is followed by a complex inflammatory response involving the release of 

macrophages, monocytes and neutrophils, to clear the necrotic cells and 

subsequent neuro-hormonal signaling8 (Figure 1.1).  

 

 

 

 

 

 

  

 

 

 

 

Figure 1.1. Schematic of MI, caused by occlusion at a coronary artery, leading to an 

ischemic fibrotic scar, CM loss and induction of inflammation and ECM production 
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The full involvement of the immune system in cardiac injury is still under 

investigation. It is considered to be one of the key players orchestrating the 

ventricular changes that follow MI, from the initial adaptive response to what is 

known as left ventricular remodeling9. Among these changes in myocardial 

structure and function are ventricular dilation, wall thinning, CM hypertrophy 

and poliploidisation, induction of extracellular matrix (ECM) protein synthesis 

and the eventual scar formation6,10. The structural and functional remodeling, 

occurs along with metabolic remodeling, as will be explained later11. 

Current therapeutic strategies focus on reperfusion, thrombolysis and reducing 

the workload of the heart using pharmacological agents (such as b-blockers and 

angiotensin-converting enzyme inhibitors) or surgical procedures (such as 

bypass grafting or implanting a ventricular assist device)12,13,14. Recent advances 

in treatment have improved time to reperfusion, but progress in identifying 

efficient therapies to offer more than symptom alleviation and support the 

surviving myocardium is yet to result in substantial clinical benefit15,16. The long-

term solution would be heart transplantation, but with the limited numbers of 

donors and the need for chronic immunosuppressants17,  the search for finding 

an alternative solution to the problem of end stage HF is becoming increasingly 

more urgent. 

 
 

1.2. CELL THERAPY POST-MI 

MI can lead to a loss of up-to 1 billion CMs, which cannot be replaced, due to the 

insufficient degree of regeneration in the adult heart18. An attractive alternative 

solution could be offered by stem cell therapy (SCT), which has the potential to 

regenerate the damaged tissue and restore its contractility, harnessing the self-

renewal and differentiation potential of stem cells (SCs)19. In vivo, the 

transplanted cells can act via a combination of the following mechanisms; a) 

replicate themselves and/or differentiate to mature CMs; b) stimulate the 

endogenous cardiac cells to regenerate; c) exert a beneficial effect via paracrine 

mechanisms of action20 (Figure 1.2).  
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Figure 1.2. Schematic of SCT. The mechanisms of action of the transplanted cardiac stem 

cells (CSCs) can be by differentiation of the donor cells or via paracrine mechanisms 

 

 
 

1.2.1. PLURIPOTENT STEM CELLS  

Embryonic stem cells ESCs can be isolated from the inner cell mass (ICM) of 

pre‐implantation embryos21 and are remarkable for their self-renewal potential, 

allowing them to be maintained and propagated in vitro, without losing their 

pluripotent SC phenotype22. The signalling pathways responsible for 

maintenance of ESC self-renewal involve leukemia inhibitory factor (LIF), bone 

morphogenic protein (BMP)23, or fibroblast growth factor (FGF) and 

Nodal/Activin24. With the right chemical cues, these cells can be differentiated 

into a plethora of cell types, as they are able to give rise to cells from all three 

germ layers25. This ‘ideal’ SC type is not appropriate for SCT due to the risk of 

teratoma formation and the potential rejection of the allogeneic cells.  

Induced-Pluripotent Stem Cells (iPSCs), introduced in 2006, are a promising 

source for in vitro CMs. They have an ESC-like phenotype and can be derived 

from the somatic cells of patients, originally via reprogramming with the 
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overexpression of pluripotency transcription factors: OCT4, SOX2, KLF4 and 

cMYC26,27.  Over the years the reprogramming process has become more 

efficient28. iPSCs allow for autologous SCT treatment, disease modelling and drug 

screening29. Several studies have shown their promising therapeutic potential 

for post-MI cardiac treatment30,31,32. Even though this cell type offers an 

ethically-approved, autologous approach for cardiac SCT, there may still be 

immunological issues33 and tumorgenicity concerns when using them.  

An interesting tool for cell therapy that originated from the field of pluripotent 

SCs, mainly ESCs, are the pluripotent, in vitro–generated, stem cell–derived 

cardiomyocytes (SC-CMs). These have been shown to integrate structurally and 

functionally with healthy host cardiac tissue in vivo in various studies34,35,36. 

Despite the promising in vivo results, the initiation of beating in SC-derived CMs 

does not mean that these cells have the metabolic characteristics of mature CMs 

found in the healthy heart. Studies have shown that SC-CMs have immature 

calcium handling37,38 and a response to drugs more akin to CMs from the failing 

heart39.  

 

1.2.2. ADULT PROGENITOR CELLS (PCs) 

Progenitor cells (PCs) are adult stem cells, with limited self-renewal and 

differentiation potential, as they are partially pre-committed to a specific lineage. 

They are found in small numbers at specific niches in adult organs, where they 

interact with ECM molecules40. These interactions involve signalling pathways 

that offer cell protection and ensure a balance between self-renewal and 

division, thus providing the tissue with differentiated progeny41,42. Even though 

the PCs are tissue-specific and pre-committed, studies have suggested that they 

have adequate plasticity to trans-differentiate in vitro, given specific chemical 

cues, to cell types of other lineages43.  This thesis will focus on PCs that have been 

proposed as candidates for SCT: bone marrow-derived stem cells, skeletal 

myoblasts, endothelial progenitor cells, mesenchymal stem cells, and 

endogenous cardiac progenitor cells.   
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1.2.2.1. BONE MARROW-DERIVED STEM CELLS (BMSCs) 

BMSCs are a multipotent mixture of cell subtypes, comprised of a hematopoietic 

stem cell (HSC)-fraction and a mesenchymal stem cell (MSCs) fraction, with 

endothelial progenitor cells (EPCs)44. They can differentiate into osteoblasts, 

chondrocytes and adipocytes, and contribute to the regeneration of mesenchymal 

tissues such as: bone, cartilage, muscle, adipose, and stroma45. BMSCs were the 

first candidates to be extensively studied for cardiac SCT, because of pre-existing 

experience on bone marrow transplantations and availability of donor samples. 

Initially, mixed BMSCs46 and lineage-negative (lin-) bone marrow-derived 

mesenchymal stem cells (BM-MSCs)47 were used for in vivo cardiac regeneration 

studies, in both mice and rats, inducing improvement in cardiac function. 

Allogeneic lin- BM-MSC transplantation resulted in short-term improvement in 

the post-infarcted mouse and rat heart48,49, whereas other studies were not as 

encouraging50. 

Later studies investigating the therapeutic mechanism doubted the BMSCs 

cardiogenic potential, suggesting that the transplanted BM-HSCs51 or BM-MSCs52 

fused with endogenous cells in the heart. Other studies suggested that the donor 

BM-MSCs stimulated the regenerative activity of endogenous CPCs53 and did not 

differentiate themselves. More than 40 randomised control trials and 2700 

patients later, the evidence for a beneficial effect of BM cell therapy for MI 

patients is still not sufficient. Even though Fisher et al. in a clinical trial review 

this year reported reduction in mortality after administering autologous BM-

derived cells to HF patients54, the analyses of MI trials offers controversial 

conclusions54,55,56. 

 

1.2.2.2. SKELETAL MYOBLASTS 

While BMSCs were the extensively-studied and easily accessible candidates for 

SCT, skeletal myoblasts were the obvious and logical alternative, as they are able 

to generate muscle cells similar to those needed in the heart post-MI.  

Transplantation of skeletal myoblasts improved cardiac function in animal 

studies, showing scar tissue replacement, reduced post-MI adverse remodeling 

and functional improvement57,58,59,60. However, there have been several reports 
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doubting the capacity of myoblast-derived cardiac cells to form intercalated 

discs, eventually leading to their inability to couple electromechanically and 

synchronise with the recipient myocardium61,62,63. This inadequacy of skeletal 

myoblasts was confirmed by the discouraging results from phase-II human 

clinical studies64,65. Despite some studies suggesting reduction in 

arrhythmogenic incidents66, the risk of arrhythmias implies a major problem of 

skeletal myoblasts transplantation. On the whole, despite the mixed results, the 

risk of reported arrhythmias makes skeletal myoblasts an un-ideal candidate for 

SCT. 

 

1.2.2.3. MESENCHYMAL STEM CELLS 

MSCs (other than BM-MSCs) are multipotent and have immunosuppressive 

properties and low tumorgenicity67,68. They can be found in most post-natal 

organs and tissues69,70 and can be recognised by the expression of cell surface 

markers: CD73, CD90, CD105, CD44 and CD166 and the lack of CD34, CD31, 

CD14, CD45, CD133 and CD1971. This cell type has been described as 

immunomodulatory, and it is even suggested to be immunosuppressive and safe 

for allogeneic transplantations72,73, but this property has been recently 

challenged74. 

Umbilical cord MSCs75, adipose-derived MSCs76 and amniotic fluid MSCs77 are 

key MSC types for their differentiation and therapeutic potential, as well as the 

ease of their isolation. More specifically, both rat and pig adipose-derived MSCs 

have demonstrated therapeutic effect  after infarction in preclinical studies
78,79

.  

Umbilical cord MSCs had beneficial effect as well, when administered in the 

infarcted mouse heart, increasing capillary density and preserving cardiac function
80

. 

Similarly, after human adipose-derived MSCs or human cord blood-derived MSCs 

had been injected into the rat heart post-MI, they led to higher ejection fraction 

and reduced scar size81.  

A common characteristic of all the MSC subtypes is their pro-angiogenic and anti-

apoptotic paracrine secretome, which might account for the observed 

improvement82,83,84. Nonetheless, with proven safety and encouraging results, 

the adipose-derived MSCs have been tested in patients and showed 

improvement in left ventricular ejection fraction (LVEF) and perfusion as well as 
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reduced infarct size85. The HUC-HEART trial, which uses umbilical cord MSCs, is 

currently ongoing86. In summary, MSC SCT has proved to be efficient in 

improving cardiac function, thereby opening the door for larger clinical trials, 

with the vision of allowing for an off-the-shelf treatment.  

 

1.2.2.4. ENDOGENOUS CARDIAC PROGENITOR CELLS (CPCs) 

In the quest of finding the ideal progenitor cell type to regenerate the infarcted 

myocardium, the endogenous, adult, cardiac progenitor cells (CPCs) are an 

obvious and appealing candidate. The key players in this field, which have been 

extensively studied, made their appearance in the last 13 years (Figure 1.3), (for 

details on the markers see Table 1.1) with more cell types being added, based on 

different isolation methods, or being identified using different markers. The 

common characteristic of the suggested CPCs is a pre-commitment to the cardiac 

lineage, based on expression of cardiac transcription factors, and the ability to 

express contractile proteins after differentiation. 

 

 

 

Figure 1.3. The main adult CPC populations, most extensively studied for ischemic 

cardiac disease treatment and the principal investigators involved in the studies 
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1.2.2.4.1. CKIT+ CPCs 

A CPC type that has drawn a lot of attention are the Ckit+ CPCs (see Table 1.1). In 

2003 Beltrami et al., from the Anversa group, identified a Lin- Ckit+ cell 

population able to differentiate to all three constituent cell types of the heart 

(CMs, ECs, SMCs) and showed cardiac regeneration in a rat MI model87. 

Subsequent studies supported the beneficial effect after cardiac injury, but 

suggested that the Ckit+ cells were of BM origin88. Other researchers suggested 

that the majority of Ckit+ cells in the heart are mast cells89,90. Alongside that, 

studies specifically examining the lin- Ckit+ population suggested that they are 

endothelial cells91 or maybe a mixed population of both92.  Studies looking at the 

issue from a developmental perspective, suggested that Ckit+ cells contribute to 

new CMs after injury in the neonate, but they were unable to do so in the adult 

heart93, in line with previous observations regarding the role of Ckit+ cells in the 

neonatal heart94. In 2013, Ellison et al. showed that Ckit+ were necessary for 

cardiac recovery in rodent models of diffuse myocardial damage causing acute 

heart failure95. Subsequent studies challenged this conclusion and showed 

opposing results96,97,98. In 2011, the Anversa group used Ckit+ CPCs in a phase-I 

Stem Cell Infusion in Patients with Ischemic cardiomyopathy (SCIPIO) clinical 

trial showing encouraging results for post-MI treatment99. However, in 2014 the 

results were questioned for their integrity100. 

 
 

1.2.2.4.2. STEM CELL ANTIGEN (SCA1) CPCs 

Oh et al. in 2003 identified the Sca1+  (Table 1.1) endogenous CPCs in the mouse 

heart, having stem-like self-renewal characteristics and the ability to home to the 

injured myocardium101. Later it was shown that this cell population led to 

increased ejection fraction and neoangiogenesis, after injection into the acutely 

infarcted mouse heart102. It was also shown that Sca1+ CSCs contribute to the 

generation of CMs during normal ageing and after injury Sca1+ cells were 

induced to differentiate to three cardiac cell types103. In line with these 

observations, a genetic deletion of Sca1 caused primary cardiac defects in heart 

contractility, repair and to the endogenous CPCs proliferation104. A recent study 

by Noseda et al. has shown that Platelet-Derived Growth Factor Receptor α 
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(PDGFRα) marks the clonogenic cardiogenic subtype of Sca1+ CPCs, which is 

able to differentiate into CMs, SMCs and ECs in vivo, with superior regenerative 

potential105. The cardiac side population (SP) cells, identified by their ability to 

extrude a DNA-binding dye via the Abcg2 transporter, have been shown to be 

more than 80% Sca1+ 106,107. Several studies have shown the ability for multi-

potential differentiation of SP CPCs106, and for migration and homing into the 

injured rat heart108. Although the human Sca1 isoform does not exist, a Sca1-like 

cell population has been isolated from the human heart using the murine antibody and 

has been extensively studied by the Goumans group
109

. 

 

Marker/ 
Trans- 

cription  
Factor 

Full name Type 

Expressed 
in  

Relevant 
cell 

Function  

Effect of 
genetic 

deletion Refs. 

(in rodents) 

Sca1  

Stem cell 
antigen-1 

Ly6 family of 
glycosyl 

phostidylinos
itol (GPI)-

anchored cell 
surface 

proteins 

HSCs, 
mammary 

SCs, mature 
T-cells,  

prostate, 
dermis, 
skeletal 
muscle, 

heart, liver 

cell 
signalling,                        
B & T cell 
activation 

primary 
cardiac defects 
in myocardial 
contractility, 

impairment of 
CSC 

proliferation, 
cardiac 

dysfunction 

104,110, 
111,112  lymphocyt

e antigen 6 
complex 

Ly6a 

Ckit   

proto-
oncogene 

Ckit 
(CD117) 

tyrosine-
protein 

kinase Kit 

HSCs, 
thymocyte 

progenitors, 
mast cells, 

cardiac 
progenitors, 

prostate 
SCs, tumour 

cells  

cell 
survival, 

proliferati
on & 

differentia
tion 

inhibited 
epithelial cell 

growth & 
impaired CSC 

migration 

113,114, 
115,116, 94  stem cell 

growth 
factor 

receptor 
SCFR 

cytokine 
receptor 

Wt1 
Wilms 

tumour 
protein 

transcription 
factor with 
proline / 

glutamine-
rich DNA-

binding 
domain 

cardiac ECs, 
developing 
epicardium 

epithelial 
to 

mesenchy
mal 

transition, 
vasculo-
genesis 

Prenatal death, 
thin 

myocardial 
wall, 

117, 118, 
119, 120 

 

Table 1.1. The main markers and transcription factors  for the identification of CPCs; 

general information, role and function, related to the heart 
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1.2.2.4.3. CARDIOSPHERE-DERIVED CELLS (CDCs) 

In 2004 Messina et al. isolated and cultured CSCs from mouse and human tissue 

explants121. The explant-derived cells (EDCs) cells were induced to form cell 

clusters, known as cardiospheres that were enriched for Ckit121. The spheres 

comprise of a mixture of progenitor cells, intermediate differentiating cells, 

fibroblasts and endothelial cells. Cells originating from them (CDCs) are 

clonogenic and self-renewing, characterised by Ckit/CD90/CD105 with low 

expression of: CD34, CD31122. Studies from the Carr group showed that they can 

also be isolated from patients123, and rodent models of different co-

morbidities124, 125. In a study completed by our group, CDCs were shown to 

improve cardiac function when administered in rat heart following myocardial 

infarction126, which was supported by other studies in both rat127 and pig128 

hearts. In addition, human CDCs were shown to have superior, beneficial 

paracrine secretome, than BM-MSCs or adipose-derived MSCs129. A study this 

year, by the Marban group, demonstrated that this cell type had a beneficial 

effect in a rat HF model, by decreasing fibrosis and inflammation130. The 

ALLSTAR trial (NCT01458405) is currently assessing the use of allogeneic CDCs 

in MI patients.  

However, the fact that CDCs are a mixed population, which may also contain 

fibroblasts (CD90+/Ddr2+) and immune/ hematopoietic cells (Ckit+/CD45+), has 

raised concerns as to whether this is the optimal CSC population for regenerative 

applications131. Also, there is considerable variability in the reported cell 

markers, among different studies, suggesting that this culture method may be 

unreliable123. 

 

1.2.2.4.4. EPICARDIAL STEM CELLS  

The epicardium hosts a CPC niche132,119 and a well-established marker for 

epicardial cells, stemming from epicardial development, is Wilms Tumour 

protein 1 (Wt1)133. Epicardial SCs have been shown to migrate and differentiate 

into CMs during development134. In 2007 Smart et. al demonstrated that 

thymosin beta-4135 can activate endogenous quiescent adult epicardial cells  

after myocardial infarction (MI), to migrate and induce neovascularization118, 
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later showing that these cells can also differentiate to CMs in vivo and regenerate 

the injured myocardium and express Wt1136. Even though the epicardium-

derived SCs can lead to the formation of new CMs in the developing heart, the 

level of such contribution post-MI, without exogenous pre-stimulation137, 

requires further investigation.  

 

1.2.2.4.5. CELL COMBINATIONS 

Different approaches are investigating the delivery of combinations of cell types. 

A recent study showed that the injection of MSCs with Ckit+ CPCs in the infarcted 

myocardium led to a 2-fold greater reduction in scar size compared to either cell 

administered alone, and improved cardiac function138. 

In models of rat MI, co-culturing MSCs with skeletal myoblasts created cell sheets 

which, when transplanted, enhanced angiogenesis potential and functional 

recovery139, and the co-transplantation of cord blood mononuclear cells and 

MSCs, led to enhanced reduction of scar tissue and improved regeneration140. In 

another study comparing a range of human iPSC-derived cardiac cell ratios, the 

combination of 75% CMs and 25% non-CMs had the optimum tissue-remodelling 

properties141.  

Recently, the Sussman group, has proposed 3D CardioClusters comprising CPCs, 

MSCs and EPCs and stem cell hybrids of MSCs and CPCs, known as 

CardioChimeras, in an effort to harness and combine the special characteristics 

of each individual cell type into a robust SCT treatment142,143. 

 
 

1.3. CARDIAC DEVELOPMENT & TRANSCRIPTION FACTORS 

Several other CPC populations have been characterised based on the expression 

of cardiac transcription factors that are also involved in cardiac development 

(Table 1.2). Some of the main transcription factors are: NK class of 

homeodomain proteins (NKX2.5), Insulin gene enhancer protein (ISL1), GATA 

zinc-finger transcription factors (GATA4), the MADS domain transcription factor 

(MEF2C), T-box 5 (TBX5), as well as numerous other regulators. These factors 

are connected by complex regulatory relationships, which make unravelling the 
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earliest transcriptional circuits in the heart challenging and the identification of a 

"master regulator" for cardiogenesis so far impossible144,145.  

The necessity for understanding cardiogenesis is based on the notion that 

developmental paradigms are recapitulated during post-natal repair146. An 

increasingly complex transcriptional-factor network emerges which guides the 

cardiogenic program from gastrulation through to the ultimate maturation of 

cardiac myocytes147 (Figure 1.4). 

 

 

Trans- 
cription  
Factor 

Full name Type 

Express
ed in  

Relevant 
Function  

Effect of genetic 
deletion 

Refs. 

(in rodents) 

Mef2c 

Myocyte-
specific 

enhancer 
factor 2C transcription 

factor of Mef2 
family 

skeletal 
& 

cardiac 
muscle 

cardiogenesis 
vascular 

development, 
neurogenesis 

prenatal death, 
abnormalities in 

the heart & 
vascular system 

148, 
149, 
150 

MADS box 
transcripti

on 
enhancer 
factor 2 

GATA4 
GATA-

binding 
factor 4 

zinc finger 
transcription 

factor 
CMs 

embryo-
genesis & 

myocardial 
differentiatio

n 

mutations have 
been associated 

with cardiac 
septal defect 

151, 
152 

Isl1 

Insulin 
gene 

enhancer 
protein 1 

transcription 
factor with 

two domains 

SHF 
CPCs, 

cardiac 
neural 
crest 

cardio-
vascular 

development 

severely 
deformed heart 153, 

154 

Nkx2.5 
NK2 

homeobox 
5 

Homeobox-
containing 

transcription 
factor 

prenatal 
heart, 

pharynx, 
thyroid, 
stomach 

cardio-
genesis 

prohibits cardiac 
looping, defects 

in growth, 
haematopoiesis 
& angiogenesis 

155, 
156, 

Tbx5 T-box 5 
transcription 

factor of T-
box family 

prenatal 
heart, 
SHF 

cardio-
genesis, 

myogenesis & 
vascular 

development 

Prenatal death, 
enlarged hearts, 
septation defects 

157, 
158, 
159 

 

Table 1.2. The main transcription factors involved in the development of the heart. Isl1, 

GATA4, Nkx2.5 and Mef2c are also used as markers for the identification of 

developmental stages of the CPCs  
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Figure 1.4. Schematic summarising the complex regulatory networks and signalling 

molecules that govern the differentiation of pluripotent SCs to mature cardiac cells.  

In blue: the main transcription factors and genetic markers characterising each cell 

population. In purple: signalling molecules positively and negatively controlling the 

differentiation steps; green arrows indicate induction, whereas red ones indicate 

inhibition. Pluripotent SCs (mainly expressing Nanog, Oct4 and Sox2) give rise to mes-

endoderm, commit to the mesodermal lineage (characterised by Mesp1, Flk1, Tbx6), and 

then differentiate to cardiac progenitors. Cardiac progenitors (expressing a variety of 

markers: Ckit, Sca1, Mef2c, Hand1/2, Tbx5, GATA4, Nkx2.5, Isl1, WT1, Tbx18) can give 

rise to cardiac fibroblasts and mature cardiac cells. The latter express myosins (MHC/ 

MLC), a-Actin and actinin. Ventricular CM, atrial CM, endocardial cell and vascular SMC, 

indicate some of the different types of mature cardiac cells that can originate from 

cardiac progenitors. The information shown in this figure can be found in the literature 

referenced in 1.3 (147, 144, 160, 161) 

 

 

The extensive research that has been done, however, opens the way for crosstalk 

between the field of cardiac stem cell research and cardiac development, in an 
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effort to unravel the identity of the CSCs. The formation of the vertebrate heart is 

a complex morphogenetic process that depends on the spatio-temporally 

regulated contribution of cardiac progenitor cells160. More specifically, in the 

developing mouse embryo162, cells migrate anteriorly from the primitive 

streak and form the cardiac crescent, with the second heart field lying medial to 

it. This step is followed by the formation of the heart tube, which begins to loop 

with the contribution of the cardiac neural crest cells. These cells migrate from 

the embryonic pharyngeal arches to the arterial pole, with the pro-epicardial 

organ forming next to the venous pole. The looped heart tube at this stage 

comprises of the following cardiac compartments: outflow tract, right atrium, left 

atrium, right ventricle and left ventricle. Subsequently, the heart ‘matures’ after 

septation, with the formation of the interventricular septum, the aortic arch, the 

aorta, the caval veins and the pulmonary vein.  

The cell types that contribute to the formation of the developing heart originate 

from the first and second heart fields (FHF, SHF), with some contribution from 

epicardial progenitors. The FHF is reported to be characterised by the Tbx5, Isl1 

and epicardial progenitors marked by Wilms tumour-1 (WT1) or T-box 

transcription factor 18 (Tbx18)133. Other cardiogenic factors identified by 

embryonic lineage tracing or analysis of gene silencing include homeobox 

protein Nkx2.5, Mef2c and GATA4. The secretion of Wnt inhibitors and Bmp 

antagonists orchestrate the initiation of heart morphogenesis, together with 

signals from BMP and FGF, which activate the expression of cardiac specific 

transcription factors, such as: homeodomain protein Nkx2.5. Nkx2.5 activates a 

number of downstream transcription factors (such as MEF2 and GATA) which 

activate the expression of cardiac muscle specific proteins145. 

 

1.4. CAN THE HEART REGENERATE ITSELF? 

For decades this question has caused a lot of debate. It started with observations 

of hypertrophied hearts in patients with certain medical conditions, which led to 

one’s wondering what it was that allowed the enlargement of the heart. Around 

the early 1900s the answer was hyperplasia and hypertrophy of pre-existing 

CMs163, because of the controversy as to what would be adequate evidence of  
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CM cell division164,165,166. The notion of a heart that can survive and remain the 

same since birth clashes with cell death, in case of ischemic cardiac diseases and 

HF167,168. Without CM replication or SC regeneration this would end up with 

complete deterioration of the cardiac muscle. First indications of cardiomyocyte 

proliferation started to appear right before the 2000s. With CMs being renewed  

in the mouse heart169 and a suggested turnover of  7 - 40% per year in the human 

heart170, having endogenous CPCs as a source for this renewal. In 2007, the Lee 

group used conditional genetic fate mapping in mice indicating that CMs 

renewed by the contribution of endogenous CPCs after injury - but not during 

normal aging171, with a much lower estimated rate. Similarly,  the Bergman 

group, using nuclear carbon-14 (14C) integration in human DNA, showed <1% 

turnover per year in the adult heart, decreasing with age172. A similar annual 

rate, again declining with age but increasing after myocardial injury, was 

observed in mice using 15N imaging mass spectrometry by the Lee group173. 

Interestingly, the latter showed that the new CMs originated from pre-existing 

ones, which contradicts their previous study reflecting discrepancies and 

difficulties with the techniques used174. From a metabolic perspective, the 

postnatal switch from glycolysis to oxidative phosphorylation has been 

suggested to be the cause for the CM cell-cycle arrest175, with the cycling CMs 

residing in protected hypoxic niches176. 

Coming back to the initial question, the postnatal heart has a degree of 

regenerative potential, especially after injury. As mentioned above, there are 

several studies suggesting a turnover of CMs of around 1%, supporting the 

hypothesis that the pre-existing CMs rather than CPCs, are responsible for the 

regeneration177. At the same time, the SC field has supported evidence of 

endogenous CPC populations being able to give rise to the CM lineages in the 

heart, especially after injury87,103. The above, along with differences between the 

animal/ human models, or the techniques for defining CM division, leave the 

question of how the heart regenerates unanswered. 
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1.5. OVERVIEW OF CARDIAC METABOLISM 

The heart is a fascinating organ that beats 100,000 times a day and pumps 7200 

L of blood through the body, in the same period, using 35 L of O2 for energy 

production. It requires about 6 kg of adenosine triphosphate (ATP), which it 

utilises at a rate of 30 mg per second to sustain myocardial contraction and 

maintain ion homeostasis178,179. Since the heart has low capacity for energy 

storage180, an array of metabolic networks guides ATP production rates, based 

on demand. The heart has been characterised as a metabolic omnivore, being 

able to use a variety of substrates for energy production (see reviews181,182). It is 

responsible for almost 10% of the whole body fuel consumption; with fats 

accounting for 70% of ATP production and carbohydrates for the remaining 

30%. Glucose, pyruvate, TGs, glycogen, lactate, ketone bodies, FAs of different 

chain-lengths and certain amino acids, are among the energy-providing 

substrates of the heart.  

Energy, in the form of ATP, can be produced in the cytosol via glycolysis (Figure 

1.6); catabolism of glucose, derived from carbohydrates. The end-product of 

glycolysis is pyruvate, which can be further reduced to produce lactate. In case of 

carbohydrate shortage, gluconeogenesis of pyruvate, re-oxygenation of lactate or 

glycerol metabolism, can be used as sources of glucose synthesis 183,181. 

Pyruvate can alternatively enter the mitochondria in the form of acetyl-

coenzyme A (Acetyl-CoA) and be oxidised in the TCA cycle (also known as Krebs 

cycle), in a process called oxidative phosphorylation184.  The reducing 

equivalents of this chained reaction act as hydrogen carriers (Nicotinamide 

Adenine Dinucleotide Hydrogen; NADH and Flavin Adenine Dinucleotide 

Hydrogen; FADH2), and enter the electron transport chain (ETC). There the 

coupled-transfer of electrons and H+ creates an electrochemical proton gradient 

that leads to the production of ATP. Under aerobic conditions more than 95% of 

ATP production comes from oxidative phosphorylation185.  

ATP can also be generated by the degradation of lipids (including triglycerides) 

into FAs, which are metabolized in the mitochondria via beta-oxidation (Figure 

1.6). This metabolic pathway converts Fatty Acyl-CoA to Acetyl-CoA, allowing for 

its flux into the TCA cycle. Finally, the generated NADH and FADH2 will lead to 
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ATP synthesis, through the ETC and oxidative phosphorylation185. In the healthy 

heart 50-80% of the energy is generated via beta-oxidation186.   

Oxidative phosphorylation yields 36 ATP / glucose, being more efficient than 

glycolysis (4 ATP / glucose). Lipids, due to their reduced state are more oxygen-

demanding than glycose (producing 2.8 ATP / O2, versus 3.7 ATP / O2), but on the 

other hand they are more energy-dense (high yield of ATP / carbon) 187,188. 

 

 

 

 

 

 

Figure 1.6. Schematic of basic cell metabolic pathways for energy production. 

 

 

The heart has a remarkable ability to adapt to changes in its physiological state 

by selecting the most efficient substrate, depending on the conditions of its 

environment3. For example, as explained earlier, it is known that FAs require 

more oxygen than glucose, to generate the same amount of ATP 181,189. Hypoxia 

leads to Hypoxia-inducible factor (HIF) upregulation, which has been shown to 

increase glycolysis and suppress mitochondrial oxidative metabolism182,190. 

Thus, the heart regulates its substrate selection under hypoxic conditions, 

shifting towards the more oxygen-efficient fuel; glucose. In addition, a network of 
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interrelated mechanisms exists, that controls the interactions and the fluxes of 

glucose and fatty acid metabolism. It was first described as the glucose-fatty acid 

cycle by Randle (Randle cycle)191, and the complexity of this network is yet to be 

fully explored 192. 

 

1.6. STEM CELL THERAPY – CURRENT OBSTACLES 

The controversy and inconsistent results of the plethora of pre-clinical and 

clinical studies, could be because of differences in key aspects, including: cell 

dose, timing and routes of administration, detection time-points, disease 

models193,194,195,196.   

Despite remarkable advancements in the field of SCT for ischemic diseases, one 

of the main obstacles of successful therapeutic interventions is the extremely low 

cell retention of the transplanted cells. The harsh environment in the ischemic 

heart: of hypoxia, nutrient restriction, inflammation, with the additional issue of 

mechanical stress, lead to cell death and their being pumped outwards from the 

delivery sites. Several studies have demonstrated massive loss of the 

transplanted cells in a short period after administration197; 90% of the injected 

MSCs were lost within the first day, and 99% in the first week198, or about 85% 

of transplanted Ckit+ CPCs being lost after 1 day and 87% after 1 week post-

transplantation199, similar to that seen for rat neonatal CMs200.  

Since cellular retention directly relates to the observed outcomes of SCT201, 

strategies aimed at improving cell homing, survival and retention of infused cells 

within the heart are currently being investigated202,203, such as pre-conditioning 

the transplanted cells with different signaling molecules204,205 and genetically206 

or epigenetically207 modifying the cells ex vivo (see review208). In addition, tissue 

engineering and the use of different types of biomaterial scaffolds, has been 

demonstrated to increase cell retention at the ischemic region and improve the 

efficacy of SCT209,210,211. Still, the inflammation, either due to the scaffold212 or the 

regional inflammatory environment of the scar, is likely to impact negatively on 

tissue engineering approaches. Studies have reported massive loss of cells, 

including 95% of the MSCs seeded in a collagen scaffold after one week213. 
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1.7. THESIS AIMS  

With the collective vision of enhancing stem cell therapy, this thesis focuses on 

assessing and optimizing different aspects of the culture and expansion of CPCs 

in vitro. Given the review on current knowledge provided in the introduction, the 

identity of the optimal CPC population is still unclear. 

 

For this purpose this thesis:  

1. designs an enzymatic digestion protocol for isolation of CPCs from the 

adult mouse atria 

 

2. investigates the characteristics of unsorted isolated CPC populations, 

from the adult mouse atria, using a standardised (CDCs) and the newly 

developed protocol  

 

3. evaluates the differentiation potential of these two CPC populations using 

an established TGFβ1 protocol, which has been applied previously to 

sorted CPCs  

 
4. analytically assesses the metabolic profile of CPCs after fat 

supplementation, in an attempt to subsequently understand whether a 

forced shift in the CPC metabolism, by introducing fats as a substrate, can 

further mature the differentiated cells 

 
5. compares the therapeutic potential of the two CPCs in an in vitro 

environment resembling the ischemic region, by assessing their capacity 

for survival and their paracrine secretome to induce neoangiogenesis 

 
6. investigates the effect of miR-210, as a pre-conditioning factor, to increase 

the therapeutic potential of the CPCs, by revaluating the aforementioned 

parameters  
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2. MATERIALS & METHODS 
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ABBREVIATIONS 
ABBREVIATION Full Name 
5-AZA 5-Azacytidine 
A.A. Ascorbic Acid 
APAF1 Apoptotic protease activating factor 1 
A-SA Alpha Sarcomeric Actin 
ANF Atrial Natriuretic peptide 
ATG Autophagy-related gene 
ATP Adenosine Triphosphate  
BCL-2 B-cell lymphoma 2 
BSA Bovine Serum Albumin 
BM Bone Marrow 
BMP Bone Morphogenic Protein 
CADUCEUS CArdiosphere-Derived aUtologous stem CElls to reverse ventricUlar 

dySfunction 
CANX Calnexin 

CEM Complete Explant Medium 
CDC Cardiosphere-Derived Cell 
CGM Cardiosphere Growing Medium 
CKIT proto-oncogene Ckit / tyrosine-protein kinase Kit (CD117) 
CNTRL Control 
CM Cardiomyocyte 
CO2 Carbon Dioxide 
CPC Cardiac Progenitor Cell 
CSC Cardiac Stem Cell 
CT Collagenase Trypsin cell 
CX43 Connexin 43  
DDR2 Discoidin Domain Receptor 2 
DH2O Distilled water 
DIFF Differentiation samples 
DIFF + OA Differentiation samples + Oleic Acid 
DMSO DiMethyl SulfOxide 
EB Embryoid Body 
ECL  Enhanced Chemiluminescence  
ECM Extracellular Matrix 
EDC Explant-derived Cell 
EGF Epidermal Growth Factor 
EPC Endothelial Progenitor Cell 
ESC Embryonic Stem Cell 
FA Fatty Acid 
FADH2 Flavin Adenine Dinucleotide Hydrogen 
FBS Fetal Bovine Serum 
FGF Fibroblast Growth Factor 
HF Heart Failure 
HIF Hypoxia-Inducible Factor 
HRPT Hypoxanthine-guanine phosphoribosyltransferase 
HSC Hematopoietic Stem Cell 
GATA4 GATA binding protein 4 
GCDM Gouman’s Cardiac Differentiation Medium 
GLUT1 Glucose transporter type 1  
GLUT4 Glucose transporter type 4 
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ICA Icariin 
ISL-1 ISL1 transcription factor, (Insulin gene enhancer protein – Islet1) 
IMDM Iscove's Modified Dulbecco's Medium 
IPSC Induced-Pluripotent Stem Cell 
LV Left Ventricle 
LVEF  Left Ventricular Ejection Fraction 
MEF2C Myocyte Enhancer Factor 2C 
MI Myocardial Infarction 
MIRNA / MIR Micro-Ribonucleic Acid 
MLC Myosin Light Chain 
MSC Mesenchymal Stem Cell 
mTOR mammalian Target Of Rapamycin 
MYH6 myosin, heavy chain 6, cardiac muscle, alpha 
MYH7 myosin, heavy chain 7, cardiac muscle, beta 
MYL2  myosin light chain 2 
NADH Nicotinamide Adenine Dinucleotide Hydrogen 
NKX2.5 NK2 homeobox 5 
NP Nanoparticle 
OA  Oleic Acid 
OCT-3/4 Octamer-binding Transcription factor 4 / (POU5F1 ; POU domain, 

class 5, transcription factor 1) 
P/S Penicillin, Streptomycin  
P/S/G  Penicillin, Streptomycin, L-Glutamine 
PX Passage x (x=number) 
PBS Phosphate Buffered Saline 
PDH Pyruvate Dehydrogenase 
PDK4 Pyruvate Dehydrogenase Kinase-4 
PGC1Α Peroxisome Proliferator-Activated Receptor Gamma Coactivator 1 
PDGFRΑ Platelet-Derived Growth Factor Receptor, alpha 
PFA Paraformaldehyde 
PPARΑ Peroxisome Proliferator Activated Receptor Alpha 
ROS Reactive Oxygen Species 
RT-PCR Real-Time – Polymerase Chain Reaction 
RT Room Temperature 
RXR Retinoid X Receptor 
SC-CM Stem Cell–Derived Cardiomyocyte 
SCA1 Stem cells antigen-1  
SCIPIO Stem Cell Infusion in Patients with Ischemic cardiOmyopathy 
SCT Stem Cell Therapy 
SDHA Succinate Dehydrogenase complex, subunit A 
SMC Smooth muscle cell 
SOX2 Sex (determining region Y)-box 2 / (SRY) 
SP Side Population 
TBX T-box family gene 
TERT telomerase reverse transcriptase 
TG Triglyceride 
TGFΒ1 Transforming Growth Factor Beta 1 
TM  Transition Medium  
TNNT2 (Cardiac) Troponin T2 
ULK Unc-51 like autophagy activating kinase  
VSELs Very Small Embryonic-Like cells 
WT1 Wilms Tumour protein 1 
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2. MATERIALS & METHODS 

 

2.1 MICE  

For this study wild type male; C57BL/6 mice, obtained from a commercial 

breeder (Harlan, Oxon, UK).  

All animal procedures were reviewed and approved by the United Kingdom 

Home Office, conforming to the UK government regulations (Home Office 

License; PPL; 30/2755 & 30/3322 and PIL; 30/10405). 

 

2.2 ISOLATION AND EXPANSION OF MOUSE CARDIAC PROGENITOR CELLS 

(CPCS) 

 

2.2.1 CARDIOSPHERE-DERIVED CELLS (CDCS) ISOLATION  

2.2.1.1 STANDARD ATRIAL EXPLANTING METHOD (CDCS) 

The atrial explants cultures were based on the method of Smith et al122, modified 

as it is used in our lab214. More specifically, the isolated mouse hearts were 

immediately washed with Dulbecco's phosphate buffered saline (DPBS) 

(Invitrogen, Fisher Scientific - UK Ltd), containing 15% Pen/Strep antibiotics and 

stored in Complete Explant Medium (CEM) on ice, until further processing.  CEM 

comprised of Iscove's modified Dulbecco's medium (IMDM) (Invitrogen, Fisher 

Scientific - UK Ltd) supplemented with 20% foetal bovine serum (FBS) 

(Invitrogen, Fisher Scientific - UK Ltd), 1 U/ ml penicillin, 1 ug/ml streptomycin 

and 0.2 mM L-glutamine (P/S/G), (Gibco, Life Technologies, Fisher Scientific - UK 

Ltd) (Table 1). The atria were excised (Figure 1a), washed thoroughly in DPBS 

with Pen-Strep and minced mechanically into small pieces, after 3 minutes of 

0.05% trypsin-EDTA (Invitrogen, Fisher Scientific - UK Ltd) digestion. The 

explant-pieces were plated on fibronectin-coated 6-well plates (coating solution 

comprised of fibronectin & DPBS in a 3 ul: 1 ml ratio) with 1 ml of CEM (Figure 

1b) and cultured in an incubator at 37oC, 20% O2 and 5% CO2. The following day, 

0.5 ml of medium was removed and replenished by fresh CEM.  After an average 

of 6 days explant-derived cells appeared around the tissue pieces, termed as 



34 
 

Explant-derived cells (EDCs) (see Results 3.1). The explan cultures were fed 

every 2 days, with 0.5 ml of fresh CEM. 

 

2.2.1.2. CARDIOSPHERE FORMATION  

EDCs reached confluency around the tissue-pieces after approximately 1.5 

months, on average, and were isolated using dissociation with Versene 1X 

(1:5000; Gibco) and subsequently, trypsin digestion. The average amount of 

20,000 cells/ atrial explant was obtained each time. EDCs were either grown to 

passage 2 (P2) or cultured further through a cardio-sphere step, using the 

“Hanging Drop” method. Collected EDCs were re-suspended in Cardiosphere 

Growing Medium CGM (Table 2.1.) at a concentration of 2 x 104 cells/ml and 

plated in 25 ul droplets, hanging from the inside of the (un-coated) lid of plates 

(Figure 2.1c). The hanging drop cultures were kept for 4 days at 37 oC; the 

cardiospheres were collected by elution with PBS and were plated in fibronectin-

coated 12-well plates, with CEM. Cardiosphere-derived cells (CDCs) could be 

observed coming out of the spheres and were cultured/passaged to P4 (see 

Results Chapter 3). 

 

 

 

 

 

 

 

 

Figure 2.1. Technical steps of the isolation of atrial CPCs via the Cardiosphere-

derived cells (CDCs) Isolation method; 1a. excision of the mouse atria, 1b. wells 

with explant atrial pieces, 1c. plates with hanging drops 

 

 

 

a b c 
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CEM : Media & 

Components 

Final 

Concentration 

 CGM : Media & 

Growth Factors 

Final 

Concentration  

IMDM 80% 

 DMEM/F12 63.4% 

 IMDM 27.3% 

FBS 20% 

 FBS 6.8% 

 B27 2% 

L-Glutamine 2mM 

 Cardiotrophin 25 ng/ml 

 FGF 20 ng/ml 

Pen/Strep 100U/ml 

 EGF 16 ng/ml 

 Thrombin 25 ug/ml 

 

Table 2.1. Concentration of solutions and growth factors in Complete Explant 

Medium (CEM) & Cardiosphere Growing Medium (CGM). 

 
 

2.2.1.3. CELL EXPANSION  

Both CDC and CT cultures were maintained at 37 oC in a humidified, 5% CO2 

incubator. The CEM medium was replaced every 3 days, and cells were passaged 

after reaching 90% confluency.   

 

2.2.2 COLLAGENASE-TRYPSIN DIGESTIONS (CTS)  

Mouse atria were excised, as before, washed thoroughly with PBS containing P/S 

and minced mechanically. The tissue-pieces were then transferred to a falcon 

tube containing 0.5 ml of the digestion solution (comprising of 0.1% trypsin & 

0.1% Collagenase II (Calbiochem, 286 U/ mg)); and were incubated in a water 

bath at 37 oC for a total of 1 hour, with frequent shaking. Every 10 minutes the 

digestion-solution containing the tissue pieces was mechanically triturated with 

a syringe and needle, then left on ice for 1 minute to allow for the undigested 

tissue pieces to settle. Afterwards, the supernatant was collected, neutralized 

with the addition of FBS-containing medium, and plated on fibronectin-coated 6-

well plates, after running it through a strainer. Fresh digestion solution was 

added to the remaining tissue pieces in the tube and incubated for another 10 
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minutes, as before, until 1 hour was reached. This intermittent digestion at 37 oC 

for 1 hour was the only way to get surviving fibroblast-like cells, resulting from 

the digestion protocol. The cells could be observed attaching after 2 days. They 

were collected and passaged when they reached 90% confluency, for further 

experiments and analysis. 

 

2.2.2.1. RE-PLATING ISOLATION METHOD (SLOWLY-ADHERING 

PROGENITORS) 

CTs were isolated as above (2.2.2) and cell suspension was plated in fibronectin-

coated wells, as before. Then, the cell culture solution was subjected to a series of 

re-plating steps, as described in a study done on skeletal-muscle progenitors215. 

More specifically, the cell culture solution was transferred to a new fibronectin-

coated well, 2 hours post-isolation and then the same was done 24 hours later 

for the next 5 days. The cells that adhered in the well after the 6 x re-plating 

steps were expanded as slowly-adhering cardiac progenitor cells (SA-CPCs). 

 

2.2.3. EXPLANT & CT CULTURE FROM THE SAME MOUSE ATRIA  

Mouse atria were isolated, as before, washed thoroughly with PBS with P/S and 

minced mechanically. The atrial pieces were mixed and half of them were 

transferred in a petri dish with trypsin, as per the Standard Explant Culture 

Protocol (2.2.1.1.), the other half was added to the digestion solution, as per the 

Collagenase-Trypsin Digestions (2.2.2.). Both isolation protocols were performed 

simultaneously, to avoid any time-related variability during the isolation of the 

progenitors.  

 

2.3. STATISTICAL ANALYSIS 

For all the experiments in this thesis the n number refers to biological replicates. 

Results are presented as means ± standard errors for RT-PCR and means ± 

standard deviation for other analyses. Differences were considered significant at 

p<0.05, determined using analysis of variance with a Student's t-test. 

Experiments with greater than 2 test groups were assessed by a one-way 

analysis of variance (ANOVA) with a Tukey post hoc test. GraphPad Prism 7. 
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2.4. CELL PROLIFERATION ASSAY  

Cells isolated via Collagenase digestion (P0) were plated in 25 mm2 fibronectin-

coated flasks and were cultured in CEM (at 37 oC; 5% CO2; being fed every 2 

days), until reaching confluency. Then they were trypsinised and counted, using 

the Neubauer haemocytometer, under an inverted light microscope (Nikon, UK). 

Then 150,000 cells were plated in new fibronectin-coated flasks and cells were 

trypsinised and counted as before, after reaching confluency. This process was 

repeated until passage 7. 

 

2.5. RNA ISOLATION – CDNA CONVERSION  

2.5.1 RNA EXTRACTION & QUANTIFICATION – QUALITY CHECK  

Collected cell pellets were kept at -80 oC, until analysis. Total RNA was extracted 

using the RNeasy Mini Kit (QIAGEN Ltd. - Manchester UK), following the 

manufacturer’s protocol. Beta-mercaptoethanol was added in the RLT Lysis 

buffer (10 ul/ml) and, the extraction solution was treated with DNase, prior to 

RNA elution (RNase-Free DNAse Set – QIAGEN Ltd. - Manchester UK), to degrade 

any residual DNA. The resulting RNA- yield and purity was defined using the 

NanoDrop spectrophotometer (for pure RNA; A260/280=~2).  

 

2.5.2 REVERSE TRANSCRIPTION 

Complementary DNA (cDNA) was synthesized on the same day, from the isolated 

RNA solution, using the High Capacity cDNA Reverse Transcription kit (Life 

Technologies, Fisher Scientific - UK Ltd), following the manufacturer’s protocol 

(Table 2.2.). cDNA aliquots were kept at -20oC for further use. 

 

 Step 1 Step 2 Step 3 Step 4 

Temperature (oC) 25 37 85 4 

Time (minutes) 10 120 5 until sample 
collection 

 

Table 2.2. Thermal cycler reverse transcription conditions 
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2.6. REAL-TIME POLYMERASE CHAIN REACTION (RT-PCR)  

2.6.1. PRIMERS & PRIMER DESIGN  

A custom-made primer-array for cardiac progenitor markers (Gata4, Nkx2.5, 

Ckit, Isl1, Mef2c, Flk1) was designed and validated by PrimerDesign 

(Southampton, UK). All the other primers used in this study were designed using 

the NCBI Primer-Blast online tool (www.ncbi.nlm.nih.gov/tools/primer-blast/). 

Selected criteria, for optimal primer design, for SYBR Green RT-PCR, include; 

primer length of ~20 nucleotides,  

 melting temperature of 65-75oC,  

 GC content of 50-60%,  

 primers ending in G or C, and finally  

 primers flanking the exon-exon border of the gene  

The latter allows for avoiding the amplification of any genomic DNA 

(gDNA). 

 

2.6.2. PRIMER EFFICIENCY TESTING 

The designed primers’ efficiency was assessed by performing Quantitative PCR, 

using serial dilutions of cDNA samples in RNAse/DNAse-free water, from mouse 

whole-heart samples. To these, 0.5 ul of each primer of the primer pairs were 

added. The resulting threshold cycles (Ct values) were plotted against the log10 of 

the cDNA serial dilution. Primer efficiency is calculated as E = (10(-1/s)-1) x 100%, 

where E is the amplification efficiency and s is the slope of the dilution curve. 

 

 2.6.3. RT-PCR REACTION PREPARATION  

Real-time PCR was performed using the StepOnePlus Real-Time (Applied 

Biosystems, Life Technologies, Fisher Scientific - UK Ltd). Relative mRNA levels 

were normalized to Canx, Sdha, Hrpt housekeeping genes, as suggested through 

performing an initial comparative analysis of several reference genes (geNorm 

Kit; Primerdesign); including: B2M, Ywhaz, Atp5b, Ubc, Canx, Eif4a2, Rpli3a, 

Sdha, Cyc1, Gapdh, Actb, 18S and analysing the output with geNorm software, 

using “qBase+” (Biogazele, Belgium). As detection system for the reaction SYBR 

green fluorescent intercalating dye was used (SYBR Green PCR mastermix, Life 

http://www.ncbi.nlm.nih.gov/tools/primer-blast/
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Technologies, Fisher Scientific - UK Ltd). The fluorescence of the dye increases, 

once it binds to the DNA double helix. Thus, the more the PCR reaction amplifies 

the substrate (Table 2.3), the more DNA is created and the more the resulting 

fluorescence is generated.  

 

Component  ul/reaction 

AB Slow mix (dNTPS, RNA polymerase, SYBR fluorescent 
probe) 

5 

Primer forward 0.5 

Primer reverse 0.5 

RNase&DNase Free H2O 1.5 

cDNA template 2.5 

Table 2.3.  Volumes of components of RT-PCR reaction 

 

Data was analysed using the published ΔΔCt method Livak method, plotting the 

data as 2-ΔΔCt±SD (on certain occasions 2-ΔΔCt±SE was used, as stated)216,217 (Table 

2.4). 

 

1  Calculate  Δct 

2  Calculate  Standard Deviation Of Δct 

3  Calculate  ΔΔct 

4  Calculate  Standard Deviation ΔΔct 

5  Calculate  Standard Error ΔΔct 

6  Calculate  ΔΔct ± SD 

7  Calculate  2- ΔΔct ± SD 

 

Table 2.4. Calculation-steps that were followed for the qPCR data analysis. 
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2.7. IMMUNOCYTOCHEMISTRY  

2.7.1 CELL PREPARATION & FIXATION  

For Immunocytochemistry and Cell imaging purposes, the cells of interest (EDCs, 

CDCs, CTs) P2-P4 were seeded in 24-well plates, on fibronectin-coated cover 

slips (2×104 cells/well) and were fixed with 4% PFA for 30 minutes at 4oC and 

subsequently kept in PBS at 4oC. The fixation method was selected after 

evaluation of the quality of staining, after several methods (Table 2.5. – data not 

shown). 

 

Method Paraformaldehyde 
concentration (%) 

Incubation 
time 

Temperature 

1 4% 10’ RT 
2 1% 10’ RT 
3 4% 30’ 4 oC 
4 1% 30’ 4 oC 
5 4% 2’ 37oC  ( added in cell 

medium) 
 4% 8’ RT 

Table 2.5.  Concentration of PFA and incubation conditions, of the tested fixation 

methods 

 

2.7.2. ANTIBODY STAINING  

After cell fixation, for intracellular staining, cells were permeabilised with 0.2% 

Triton X in PBS for 10 minutes. Then cells were blocked with a blocking solution 

comprising of 2% FBS and 2% Bovine serum albumin (BSA, Sigma-Aldrich Ltd. - 

Dorset, UK) for 30 minutes. Primary antibody staining followed (Appendix B); 

either overnight at 4 °C or for 1 hour at room temperature. After washing the 

cover slips with PBS for 4 times, in the case of non-conjugated antibodies; cells 

were labelled with secondary antibody (Appendix B) for 30 minutes at room 

temperature. In case of negative-control samples blocking solution alone was 

used, with the secondary antibody (where it applies). The slides were rinsed as 

before, and then stained with 150 ul of 4’,6-diamidino-2-phenylindole (DAPI, 

Sigma-Aldrich Ltd. - Dorset, UK) 0,1% in PBS, for 5 minutes and mounted on 

glass slides, with a of 50% PBS and 50% Glycerol (Fisher Scientific - UK Ltd) as a 
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mounting medium. The slides were then kept at 4 oC, protected from light, until 

imaging. 

 

2.7.3. CONFOCAL MICROSCOPY 

Immunostaining was assessed using laser confocal microscopy (Inverted 

Olympus Fluoview FV1000 Confocal system). For image analysis FIJI software 

(‘Fiji Is Just ImageJ’) was used. Positive staining was assessed comparing to a 

negative control; either cells stained only with DAPI or with just the secondary 

antibody and DAPI.   

 

 2.7.4. MITOCHONDRIAL STAINING  

For mitochondrial imaging the MitoTracker® Red CMXRos (Fisher Scientific - UK 

Ltd) intracellular dye was used. The probe enters the live cells with passive 

diffusion, accumulates in active mitochondria and is retained after fixation. A 

working solution of 10 nM mitotracker, in non-FBS medium was incubated for 40 

minutes with the cells. Then cells were washed with DPBS and fixed with PFA. 

After imaging the cells at Excitation/ Emission wavelengths of 579/599 nm, the 

fluorescence intensity was analysed using the FIIJI image analysis software (Fiji 

is Just ImageJ). More specifically, the outline of each cell was selected and the 

average fluorescence intensity was measured for each condition (Figure 2.2.). 

 

 

 
Figure 2.2. Representative cell images, after MitoTracker® Red CMXRos staining, 

under analysis with the FIJI software; the yellow outlines in each image mark 

each cell, allowing for the quantification of the fluorescence intensity per cell. 

a 
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2.8. FLOW CYTOMETRY  

2.8.1. CELL PREPARATION 

For Flow Cytometry analysis, the cells of interest (DCs, CTs) were isolated and 

grown on coated surfaces, depending on the passage and experiment of interest. 

Subsequently, the cells were collected as a single suspension, washed with PBS 

and fixed with 4% PFA in tubes, at 4oC. Then, the cells were washed with PBS and 

used at a final concentration of at least 3*105/ ml.  

 

2.8.2. ANTIBODY STAINING & ANALYSIS 

Fixed cells were blocked with a blocking solution of 2% FBS and 2% BSA for 30 

minutes. Then they were incubated with the appropriate concentration of 

primary antibody, either for 1 hour at room temperature or preferably overnight 

at 4oC, on a shaker. PBS was added in the tubes and then centrifugation at 1400 

rpm for 5 minutes followed, to wash off the primary antibody. A 30 minute 

incubation with the secondary antibody at RT was done, where necessary, and 

then the cells were washed again with centrifugation. Finally the cell pellet was 

resuspended in 300 ul of PBS. Unstained cells or cells without a secondary 

antibody, resuspended in 500 ul of PBS, were used as a negative control and to 

calibrate the FACS machine. All the samples were kept on ice and in the dark 

until they were analysed. Flow Cytometric Analysis was done using a 

FACSCalibur flow cytometer (BD Biosciences, San Jose, CA). FlowJo software was 

used for data analysis. Each acquisition included 1 x 104 events. The percentage 

of positive cells was determined by setting a threshold excluding the negative 

population, as estimated via the negative control samples. 

 

2.9. COLONY FORMING ASSAY  

Cells were collected at the passages of interest P2 or P7 and subsequently re-

plated in appropriate dilutions to assess colony-forming ability, based on 

protocol by Franken et. al218. The assay is based on the ability of progenitor cells 

to proliferate and form colonies with unique morphology, as an indication of the 

heterogeneity of their progeny. Cell dilutions were made, so that 60, 180 and 360 

cells were plated in duplicates in 6-well plates and cultured for 2 weeks. 

Afterwards, the wells were washed with DPBS and fixed with 70% cold Ethanol 
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for 2 hours at 4oC and then left to dry. Colonies were stained with a Crystal Violet 

dye solution (2 mg/ml) (Sigma-Aldrich Ltd. - Dorset, UK) for 5 minutes, which 

stains nuclei a deep purple colour.  They were subsequently washed 2 times with 

tap water, they were drained inverted and left to dry overnight. The plates were 

then scanned for colony count and further characterisation. Colonies were 

defined to consist of at least 50 cells. Colony-forming capacity was expressed 

using the following formula: 

𝐶𝑜𝑙𝑜𝑛𝑦 − 𝑓𝑜𝑟𝑚𝑖𝑛𝑔 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (%)

= (
𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑑𝑎𝑦 14

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑎𝑡 𝑑𝑎𝑦 0
) ∗ 100% 

 

 

2.10. CARDIAC PROGENITOR DIFFERENTIATION TOWARDS CM LINEAGE 

2.10.1. MOUSE-ESC DIFFERENTIATION  

The differentiated mouse-ESC which were used as a positive control for 

comparison with differentiated CDCs or CTs in RT-PCR experiments, were 

donated by Dr. Richard Tyser (Prof. Paul Riley group, DPAG, Oxford). The 

samples were collected either at day 4, day 7,or day 14 of differentiation. 

Differentiation was induced using the hanging drop culture – embryoid body 

formation method219.  

 

2.10.2. TGFΒ1 DIFFERENTIATION (GCDM) 

To differentiate cardiac progenitors, the TGFβ1 differentiation was used220. More 

specifically, CDCs or CTs were seeded in CEM on gelatine-coated flasks 0,1% 

(Sigma-Aldrich Ltd. - Dorset, UK); at a density of 25 x 104 cells per 25cm2 flask or 

at 2 x 104 cells per well in a 24-well plate. The next day, when the cells were 

attached, the medium was replaced with Gouman’s Cardiac Differentiation 

Medium (Table 2.6), containing 5 uM 5-Azacytidine. For the next 2 days, 5-

Azacytidine was added, at a concentration of 5 uM. Then, at day 4 the medium 

was refreshed with plain “GCDM” and at day 6 the medium was replaced with 

GCDM supplemented with 10-4 M Ascorbic Acid and 1ng/ml TGFβ1. From that 

point forward, AA was added every 2 days and TGFβ1 twice weekly, while 

medium was refreshed every 2-3 days (Figure 2.3). The GCDM-differentiated 
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cells were collected after 25 days of differentiation. Cells grown in flasks were 

collected for qPCR analysis, while cells were grown in 24-well plates for either 

imaging or radiolabelled assays. Undifferentiated, but over-confluent cells were 

used as a control for the different assays. 

 

GCDM : Media & Components Final Concentration 

IMDM 47% 

Ham’s F12 – GlutaMAX-I 47% 
Horse serum 2% 

MEM non-essential amino acids 1% 
Insulin-Transferrin-Selenium 1% 

Pen/Strep 2% 
Drug supplementation Final Concentration 

5-Aza 5uM 

TGF-β1 1ng/ml 
AA 1mM 

Table 2.6. Concentrations of media and components added in the Goumans 

Cardiac Differentiation Medium (GCDM) 

 

 

 

 

 

Figure 2.3. Schematic representation of the timeline of the TGF-β1 differentiation 

protocol 220; yellow arrows mark the days when 5-Aza was added, whereas blue 

is for Ascorbic Acid and red for TGF-β1. 

 

2.11. METABOLIC SUBSTRATE MANIPULATION  

2.11.1. OLEIC ACID TREATMENT  

Both CDCs and CTs were metabolically manipulated by supplementation of the 

medium with Oleic Acid (OA). Cells were seeded in 6-well plated for either 48 

hours, 1 week or 1 month, with the GCDM basal medium (without any drug 
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addition) supplemented with 75 μM, 150 μM and 300 μM OA conjugated to 

albumin (Sigma-Aldrich Ltd. - Dorset, UK). As a control CDCs or CTs were 

cultured in Bovine Serum Albumin (Sigma-Aldrich Ltd. - Dorset, UK) 

supplemented medium. (Table 2.7). Cells were initially kept for 48 hours, to 

determine the acute effects of OA on the transcriptome, and 1 week to look at the 

changes in the proteome. 

Oleic Acid (μM) BSA (μM) 

300 20 
150 10 
75 5 

Table 2.7. Concentrations of OA and the equivalent BSA concentrations, for the 

control conditions 

 

2.11.2. ICARIIN TREATMENT 

CTs were metabolically manipulated by supplementation of the medium with 

Icariin. Cells were seeded in 6-well plate for 48 hours with the GCDM basal 

medium (without any drug addition) supplemented with 5 μM and 20 μM of 

Icariin (concentrations decided based on221,222), dissolved in DMSO (Table 2.8.). 

Since DMSO is toxic to the cells, testing of various ratios indicated the minimum 

effective amount, that allowed us to efficiently get Icariin powder into solution 

(data not shown) and was used for the experiments. As a control CTs were 

cultured in DMSO-supplemented medium.  

 

Icariin (μM) DMSO (μM) 

20 0.5 
5 0.125 

Table 2.8. Concentrations of Icariin and the equivalent DMSO concentrations, for 

the control conditions 

 

2.11.3. TGF-Β1 DIFFERENTIATION + OLEIC ACID (GCDM+OA) 

Following the 25-day TGFβ1 differentiation, as described in 2.10.2, the 

differentiating cells were cultured in OA 300 uM-supplemented GCDM, for either 

1 week or 1 month. Subsequently samples were collected for further analysis. 
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2.12. WESTERN BLOTS 

2.12.1. CELL LYSATE PREPARATION  

Cells were trypsinised and kept at -80oC. The pellet was defrosted and the cells 

were lysed using lysis buffer (Appendix C). Subsequently, they were 

homogenised with a 21G needle, boiled for 5 minutes (95°C) and finally 

centrifuged for 10 minutes at 13,000 rpm.  

 

2.12.2. PROTEIN ASSAY 

The cell lysate was diluted 1:3 in distilled water and 50 ul of the working 

solution were analysed in duplicates on a 96-well plate. To determine the protein 

content of the samples the BCA protein kit (Perbio, UK) was used, according to 

the manufacturer’s protocol. Standards were prepared for the standard curve, 

for the quantification. The absorbance was measured with a Multiscan FC plate-

reader (Fisher Scientific - UK Ltd) at 550 nm and at 37oC. 5% b-mercaptoethanol 

was added to the remaining cell lysate supernatant of each sample, the sample 

was boiled at 95% for 5 minutes, and then they were centrifuged at 13,000 rpm 

for 10 minutes at 4 oC. An aliquot, subsequently, was stored at -80 °C.  

 

2.12.3. POLYACRYLAMIDE GEL ELECTROPHORESIS &  PROTEIN TRANSFER  

For the preparation of the electrophoresis gels, 10% APS was made first. A 1.5 

mm thick 12.5% resolving gel was made up (Appendix C) and poured between 

the glass sheets of the electrophoresis apparatus. Stacking gel was prepared and 

poured on top of the resolving gel-layer. After both gels were set, 30 ul of each 

sample were loaded, along with the rainbow marker. The gel was run at 120 V 

and checked frequently, then transferred onto a nitrocellulose membrane (Pall 

Life Sciences) at 180 mA for 1 hour. SDS transfer buffer was used to soak up all 

the components used in the transfer apparatus. Ponceau staining (Sigma-Aldrich 

Ltd. - Dorset, UK) was used for 5’ minutes on a rocker at RT, to check that the 

transfer was successful and protein loading was even. 
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2.12.4. IMMUNOBLOTTING AND DETECTION 

Initially, the membrane was blocked, using TBS-Tween (Appendix C) with 5% 

milk powder, for 1 hour at room temperature, followed by incubation with the 

primary antibody (Appendix C) in 5% milk, overnight at 4 °C on a shaker. The 

following day, after washing the membrane in TBS-Tween for 1 hour the 

secondary antibody was added (Appendix C), for 1 hour at room temperature. 

For detection, ECL Western blotting detection solution (GE Healthcare, 

Amersham) was used.  The films (Kodak) were exposed and developed in the 

dark room. The bands were analysed using a pixel counting programme 

(ImageStudioLite) and the pixel counts normalised to the control of each sample. 

After development, the membranes were washed in TBS-Tween and then placed 

in 15ml of stripping buffer (Sigma-Aldrich Ltd. - Dorset, UK) for 20 minutes, and 

then washed for 30 minutes in TBS-Tween before repeating the process above.  

 

2.13. METABOLIC ASSAYS  

2.13.1. GLUCOSE-14C OXIDATION MEASUREMENT 

To measure the rates of glucose oxidation of the CTs in each condition, the 

Collins et al. method was followed223 with some modifications. CTs were seeded 

in gelatine-coated 24-well plates and were grown as an untreated CNTRL, 

differentiated or treated with OA for 48 hours, 1 week or 1 month.  Subsequently, 

they were incubated for a total of 4 hours in the presence of radiolabelled 

glucose; 10 mM glucose containing 0.185 MBq D-U-14C-glucose, in a no-glucose 

basal medium DMEM (A14430, Gibco. Life Technologies, Fisher Scientific - UK 

Ltd). A total volume of 0.5 ml/well was used, of either DMEM-alone (negative 

CNTRL), or DMEM with 14C-glucose. In addition, wells without cells, containing 

DMEM with 14C-glucose were used as a second negative CNTRL. The 14CO2, 

produced by the glucose oxidation was trapped on KOH-soaked filter papers 

covering the inside of the 24-well plate that was used as a lid for the apparatus 

(Figure 2.4.). A perforated rubber gasket, with holes corresponding to each well 

of the 24-well plate, was put between the two plates. A metallic contraption was 

screwed tightly around the “plate-sandwich”, so the whole apparatus with the 

cells and the media was sealed for the length of the experiment.  
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To trigger the release of the 14CO2, perchloric acid was added to the well, at each 

desired time-point, to kill the cells. The samples were kept for 1 hour to allow for 

the release of dissolved 14CO2. Filter papers containing trapped 14CO2 were 

analysed using a scintillation counter.  

 

 

 

 

 

 

 

 

 

 

Figure 2.4. The apparatus constructed for trapping 14CO2 : a1. the plate-

sandwich, with a blue rubber gasket, a2. with the KOH-soaked filter paper in the 

top right well. The plate-sandwich is placed in the metallic contraption (a3.). b: 

the plate-sandwich depicting the upper-plate (b1.), the rubber gasket (b2.) and 

the bottom-plater (b3.). c: the plate-sandwich positioned in the metallic 

contraption, ready to be placed in the incubator 

 

2.14. CELL TRANSFECTIONS  

2.14.1. FLUORINE-NANOPARTICLE CELL TRANSFECTION 

The nanoparticles (NPs) used in this study were designed by Dr. R.S.M. Gomes224  

during her DPhil with our group. They are biodegradable, of 170 nm diameter 

and consist of a poly (lactic acid-co-glycolic acid) (PLGA) core coated with 

protamine sulphate (PS), a small cationic agent. The later allows for miRNA 

loading on the NP170s, and further intracellular delivery23. In addition, they are 

labelled with fluoresceinimine for imaging purposes (Figure 2.5). CDCs or CTs at 

P3-P4 were used for transfection with the NP170s. Both CPCs were seeded in 

gelatine-coated 24-well plates (80,000 cells/ well) and left to attach overnight. 

2 

1 

3 

1 

2 

3 

a 

b 

c 
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NP170s were added at a concentration of 1.25 mg/ 106 cells (standard dose) in 

0,5 ml of 2%-serum CEM. An incubation of just 4 hours was reported to yield 

maximum transfection, so we examined 2 hours, 6 hours and 24 hours. In 

addition the NP170s concentration was checked at 2 x standard dose.  After the 

end of the incubation, cells were washed with PBS and labelled with 

MitoTracker® Red CMXRos (Methods 2.5.3), to co-assess cell viability. Cells were 

washed with PBS and fixed with PFA 4% at 5oC, for Flow Cytometry analysis 

(Methods 2.6.). Cells double-positive for red (MitoTracker® Red CMXRos) and 

green (fluoresceinimine) were considered both alive and labelled with NP170s. 

Cells labelled with just MitoTracker® Red CMXRos were used as a negative 

control. 

 

 

Figure 2.5. Schematic representation of the components comprising the ‘NP170’ 

NPs (image taken from R.S.M. Gomes et. al.) 

 

2.14.2. NANOPARTICLE - MIRNA TRANSFECTION  

NP170s were used (as in 2.14.1) with mirVanaTM miRNA Mimics (Ambion, Life 

Technologies, Fisher Scientific - UK Ltd), following manufacturer’s protocol. 

MiRNA Mimics were used at a final concentration of either 10 nM or 40 nM in 

serum-free IMDM containing P/S/G; (1 U/ ml penicillin / 1 ug/ml streptomycin / 

0.2 mM L-glutamine. The miRNA solution was let to sit for 5 minutes at room 

temperature prior to further use. MiRNA were conjugated with the NP170s at a 

concentration of 12 ug miRNA/mg of NP170s, in DPBS for 1 hour on a shaker, at 

room temperature. CPCs, both CTs and CDCs, were seeded overnight in gelatine-

coated 6-well plates (200,000 cells/ well). The cells were washed with DPBS and 

the NP170-miRNA solution was added in each well. Subsequently the cells were 
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kept at a 37oC incubator for 6 hours (optimal transfection time, see Results 

Figure 5.5). 

 

2.14.3. DHARMAFECT – MIRNA TRANSFECTION  

As a commercial transfection kit, DharmaFECT Reagent #1 (Fisher Scientific - UK 

Ltd) was used, according to manufacturer’s protocol. MiRNA mimics were used 

at a final concentration of either 10 nM or 40 nM in serum-free IMDM with just 

P/S/G; (1 U/ ml penicillin / 1 ug/ ml streptomycin / 0.2 mM L-glutamine. 

DharmaFECT Reagent #1 was used at a 1:100 ratio, in serum-free IMDM. Both 

the miRNA mimic solution and the DharmaFECT Reagent #1 solution were left to 

sit for 5 min at room temperature prior to further use. Subsequently, the two 

reagent solutions were mixed together and were put at a shaker at room 

temperature for 20 minutes. CPCs, both CTs and CDCs, were seeded overnight in 

gelatine-coated 6-well plates (200,000 cells/ well). The cells were washed with 

PBS and the DharmaFECT-miRNA solution was added in each well. Subsequently 

the cells were kept at a 37 oC incubator for 48 hours. 

 

2.15. APOPTOSIS INDUCTION & CELL SURVIVAL ASSAY 

For induction of apoptosis the serum-starvation was used225. CTs or CDCs at P5, 

untreated or pre-transfected with mimics; miR-210 or negative-miR (depending 

on the experiment), were cultured in CEM without FBS for 3 days and 10 days. 

The non-serum CEM medium was refreshed every 2 days. After the end of the 

starvation the cells were washed with PBS twice and then counted, following the 

standard haemocytometer approach and the Countess Automated Cell Counter 

(Invitrogen, Fisher Scientific - UK Ltd).  

 

2.16. ENZYME-LINKED IMMUNOSORBENT ASSAY (ELISA) FOR VEGF  

CTs or CDCs were cultured in fibronectin-coated 6-well plates (100,000 cells/ 

well) or 24-well plates (25,000 cells/ well), in either CEM of CEM without FBS. 

Cell culture medium was collected after 24 hours of culture and stored at -20 oC 

until use. Before analysis, the samples were thawed and then span down at 3000 

rpm for 5 minutes, to remove cell debris. VEGF ELISA was performed, following 
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manufacturer’s protocol (Bio-Techne, R&D Systems, Canada). The ELISA was 

measured using a Multiscan FC plate-reader (Fisher Scientific - UK Ltd). 

2.17. METABOLITE MEASUREMENTS  

Glucose and lactate levels were determined using the ABX Pentra 400 Chemistry 

Analyzer (Horiba Ltd., USA). To run this assay, cell culture medium was collected 

after each experiment and stored at -20 oC until use. Before analysis, the samples 

were thawed and span at 3000 rpm for 5 minutes, to remove cell debris. Samples 

were analysed using the ABX Pentra with glucose reagent (Glucose PAP CP 

A11A01668, Horiba UK Ltd., Northampton) and lactate reagent (Lactic Acid 

A11A01721, Horiba UK Ltd., Northampton), which upon binding on the glucose 

and lactate molecules present in the medium, emit fluorescence. The 

fluorescence signal is detected and then the concentration of the metabolites is 

calculated, by the analyser, based on the calibrators that are loaded along with 

the samples of interest. 

 

2.18. MIRNA TARGET PREDICTION 

To investigate the mechanism of miR-210-induced survival, bioinformatics 

search was used. The predicted target genes for miR-210 were checked both the 

TargetScan and Miranda (MicroCosm) algorithms (see 5.1.3). 

 

2.20. POLY-CASPASE ACTIVITY ASSAY 

To measure caspase activity, CTs at P5 were seeded in a black 96-well plate in 

duplicates and were let to grow overnight in CEM. The next day wells were 

transfected (see 2.14.3) with miRNA mimics; miR-210 or negative-miR, while the 

rest were kept in normal cell culture medium. After the end of the transfection 

the miRNA-treated wells were serum-starved for 72 hours, and subsequently 

labelled for apoptotic cell staining with the FAM-FLICA Poly Caspase kit; FAM-

VAD-FMK (637) (ImmunoChemistry Technologies, LLC, Bio-Rad, Kidlington UK), 

following manufacturers’ protocol. For normalisation during analysis wells 

without a dye were used. Caspase activity was assessed as fluorescence intensity, 

using a plate reader (FLUOstar® Omega, BMG LABTECH Ltd., Aylesbury UK) at 

excitation/emission: 488/530 nm. 
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APPENDIX A – RT-PCR PRIMERS 

Target gene Sequence 5’-3’ Supplier 
Acadm Forward AGAACCAGACCTACAGTCGC Sigma Aldrich 
Acadm Reverse CCTTCATCGCCATTTCTGCG Sigma Aldrich 
Fabp3 Forward AGCATGACCAAGCCTACTACC Sigma Aldrich 
Fabp3 Reverse CACCAGTGACTTGACCTTCCG Sigma Aldrich 
Glut1 Forward CTGGCGGGAGACGCATAGTT Sigma Aldrich 
Glut 1 Reverse GAACTCCTCAATAACCTTCTGGGG Sigma Aldrich 
Glut 4 Forward GGCTCTGACGATGGGGAACC Sigma Aldrich 
Glut 4 Reverse AAACTGAAGGGAGCCAAGCA Sigma Aldrich 
Pgc1α Forward TCTCAGAAGGGGCTGGTTG Sigma Aldrich 
Pgc1α Reverse AGCAGCACACTCTATGTCACT Sigma Aldrich 
Pparα Forward ACTACGGAGTTCACGCATGTG Sigma Aldrich 
Pparα Reverse TTGTCGTACACCAGCTTCAGC Sigma Aldrich 
Tnnt2 Forward CTGAGACAGAGGAGGCCAAC  Sigma Aldrich 
Tnnt2 Reverse ACCAAGTTGGGCATGAAGAG  Sigma Aldrich 
Igfr1 Forward GCTTCAGTCCCTTCCATTCCC Sigma Aldrich 
Igfr1 Reverse TTTGGAGCAGTAGTTGTGCCG Sigma Aldrich 
Casp9b Forward CTCCACCTTCCCAGGTTTTGTC Sigma Aldrich 
Casp9b Reverse AATGCCATCCAAGGTCTCGAT Sigma Aldrich 
Cs Forward TCCATCACAGCGGCGAC Sigma Aldrich 
Cs Reverse AGGCAGGATGAGTTCTTGGC Sigma Aldrich 
Hprt Forward TCAGTCAACGGGGGACATAA Sigma Aldrich 
Hprt Reverse GGGGCTGTACTGCTTAACCAG Sigma Aldrich 
Sdha Forward  AACTACAAGGGACAGGTGCTG Sigma Aldrich 
Sdha Reverse CTCCCACAGGCATACAGAC Sigma Aldrich 
Pdk4 Forward CAAAGACGGGAAACCCAAGC Sigma Aldrich 
Pdk4 Reverse CACACTCAAAGGCATCTTGGAC Sigma Aldrich 
CD45  Forward AGACAGGGTTGTTCTGTGCC Sigma Aldrich 
CD45  Reverse GGTATTGCTCATAGCTGCACAC Sigma Aldrich 
Oct3/4  Forward GAGAACCGTGTGAGGTGGAG Sigma Aldrich 
Oct3/4 3 Reverse TCGAACCACATCCTTCTCTAGC Sigma Aldrich 
Wt1 Forward TTCAAGGACTGCGAGAGAAG Sigma Aldrich 
Wt1 Reverse GGGAAAACTTTCGCTGACAA Sigma Aldrich 
Myh7 2 Forward CTACCAGACAGAGGAAGACAGGA Sigma Aldrich 
Myh7 2 Reverse TTGGAGCTGGGTAGCACAAGA Sigma Aldrich 
Myh6 2 Forward CCTACCAGACAGAGGAAGACAAG Sigma Aldrich 
Myh6 2 Reverse TGGAGAGGTTATTCCTCGTCG Sigma Aldrich 
Myl2 Forward TCCAAAGAGGAGATCGACCA Sigma Aldrich 
Myl2 Reverse CCAGAGCCAAGACTTCCTGTT Sigma Aldrich 
PDGFRα Forward GCACCAAGTCAGGTCCCATT Sigma Aldrich 
PDGFRα Reverse TGTCCAGGTCTTTCTTCGGC Sigma Aldrich 
Casp9 Forward ACCTTCCCAGGTTTTGTCTCCTG Sigma Aldrich 
Casp9 Reverse TGCAGGTCTTCAGAGCGAGC Sigma Aldrich 
Casp6 Forward CTCGCGGGCAGGTGAAAGTA Sigma Aldrich 
Casp6 Reverse TGTCTCTGTCTGCGTTGGTG Sigma Aldrich 
Casp3 Forward GTCCACTGACTTGCTCCAT Sigma Aldrich 
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Casp3 Reverse AGCTTGGAACGGTACGCTAAG Sigma Aldrich 
Apaf1 Forward CGCAAACACCCAAGGTCTCT Sigma Aldrich 
Apaf1 Reverse CCACTCTCCACAGGGACAAC Sigma Aldrich 
Cd36 Forward TTAATGGCACAGACGCAGCC Sigma Aldrich 
Cd36 Reverse GGATTCTGGAGGGGTGATGC Sigma Aldrich 
Tert Forward CTTGCGGTTGAAGTGTCACG Sigma Aldrich 
Tert Reverse CACACATGCATGGAACCTGT Sigma Aldrich 
Vimentin Forward CAGCAGTATGAAAGCGTGGC Sigma Aldrich 
Vimentin Reverse CAGAGAGGTCAGCAAACTTGG Sigma Aldrich 
Cx43 Forward  GAAGTACCCAACAGCAGCAG Sigma Aldrich 
Cx43 Reverse TGGGCACCTCTCTTTCACTTAAT Sigma Aldrich 
CD34 Forward CTGACTTGAGAAAGCTGGGGA Sigma Aldrich 
CD34 Reverse CCATCAAGGTTCCAGCTCCAG Sigma Aldrich 
Acta2 Forward CTGACAGAGGCACCACTGAA Sigma Aldrich 
Acta2 Reverse CATCTCCAGAGTCCAGCACA Sigma Aldrich 
CD105 Forward GGTACAGTGCATCGACATGG  Sigma Aldrich 
CD105 Reverse CAGAATCCCACAAGCTCCAA  Sigma Aldrich 
Ddr2 Forward ACTACAGTCGGGATGGCAAC  Sigma Aldrich 
Ddr2 Reverse ACACGTTCATGGAGTGGTCA  Sigma Aldrich 
CD90 Forward CAGAATCCCACAAGCTCCAA  Sigma Aldrich 
CD90 Reverse GCCAGGAAGTGTTTTGAACC Sigma Aldrich 
Desmin Forward GAGGTTGTCAGCGAGGCTAC  Sigma Aldrich 
Desmin Reverse GAAAAGTGGCTGGGTGTGAT  Sigma Aldrich 
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APPENDIX B – MICROSCOPY ANTIBODIES & DYES 

 

IMMUNOCYTOCHEMISTRY 

Primary 
antibody 
target 

Manufacturer  Dilution  Secondary 
antibody   

Dilution Manufacture  

CD90 - PE  Life 
technologies 
A14729  

1:100  N/A N/A  

DDR2  Santa Cruz  
sc-7555  

1:200  AF488 
Donkey 
anti goat  

1:200 Invitrogen 
A11055  

CD105  Santa Cruz  
sc-18893  

1:100  AF488 
Goat anti 
Rat 

1:200 Life 
Technologies 
A11006  

CD45  Invitrogen  
MCD4500  

1:100  AF488 
Goat anti 
Rat  

1:200 Life 
Technologies 
A11006  

CKIT Santa Cruz  
sc-5535  

1:100  AF568 
Goat anti 
rabbit  
AF488 
Donkey 
anti rabbit  

1:200 Invitrogen 
A11011 
Invitrogen 
A21206  

SCA1 - 
FITC  

Bd Pharmingen 
557405  

1:50  N/A  N/A  

Oct3/4  Santa Cruz  
sc-9081  

1:50  AF568 
Goat anti 
rabbit   

1:200 Invitrogen 
A11011  

SOX2  Santa Cruz  
sc-17320  

1:50  AF488 
Donkey 
anti goat  

1:200 Invitrogen 
A11055  

Cardiac 
TNNT2  

Abcam  
Ab10214  

1:200  AF488 
Donkey 
anti mouse  

1:1000 Invitrogen 
A21202  

MHCb  Abcam  
Ab15  

1:200  AF488 
Donkey 
anti mouse  

1:1000 Invitrogen 
A21202  

DAPI 
(Nucleus) 

 1:5000 N/A N/A Life 
Technologies 

Rodamine 
Phalliodin 
(fActin) 

 1:1000 N/A N/A Invitrogen 
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APPENDIX C – WESTERN BLOTTING COMPONENTS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Resolving Gel Buffer - 500ml ( pH to 8.8) 
Component Concentration  Amount (g) Supplier 
Tris 1.5M 90.83 Sigma-Aldrich 
SDS 0.4% 2 Fluka 

BioChemika 
    
Stacking Gel Buffer - 500ml ( pH to 6.8) 
Component Concentration  Amount (g) Supplier 
Tris 0.5M 30.28 Sigma-Aldrich 
SDS 0.4% 2 Fluka 

BioChemika 

Resolving  Gel – 12.5 % 
Component Amount Supplier 
Protogel (ml) 15 Sigma-Aldrich 
Resolving gel buffer (ml) 12.5  
Water (ml) 10  
10% APS (ul) 250 Merk 
TEMED (ul) 60 Sigma-Aldrich 
   
Stacking Gel – 4 gels 
Component Amount Supplier 
Protogel (ml) 3.4 Sigma-Aldrich 
Stacking gel buffer (ml) 5  
Water (ml) 7.5  
10% APS (ul) 80 Merk 
TEMED (ul) 40 Sigma-Aldrich 

Transfer Buffer - 1.5L 

Component Concentration Amount Supplier 

Tris-Base (g) 25mM 4.54 Sigma-
Aldrich 

Glycine (g) 192mM 21.61 Sigma-
Aldrich 

Methanol (ml) 20% 300 Sigma-
Aldrich 

Sample Buffer Dye - 50ml 
Component Concentration Amount Supplier 
Tris-Base 187.5mM 1.136g Sigma-Aldrich 
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Glycerol  30% 15ml Sigma-Aldrich 
SDS  6% 3g Fluka 

BioChemika 
Brilliant Blue Dipped tip Dipped tip Sigma-Aldrich 
    
10x TBS – 1L 
Component Concentration Amount Supplier 
Tris-Base 100mM 30.3 Sigma-Aldrich 
NaCl  9% 90g Sigma-Aldrich 
    
10x TBS- Tween – 2L 
Component Concentration Amount Supplier 
10x TBS 10% 200ml  
Tween 0.05% 1ml Sigma-Aldrich 

    

10x electrophoresis buffer – 1L 

Component Concentration Amount Supplier 

Tris-Base  0.25M 30.3g Sigma-Aldrich 

Glycine  1.92M 144g Sigma-Aldrich 

SDS  1% 10g Fluka 
BioChemika 

Primary 
Antibody 

Species Dilution Supplier  Secondary 
Antibody 

Dilution Supplier 

Citrate 
Synthase 

Rabbit 
IgG 

1:1000 Alpha 
Diagno- 
stics 

Goat anti-
rabbit 

1:2000 Santa 
Cruz 
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3.1. INTRODUCTION 

3.2.1. SEEKING FOR THE IDEAL CPC IN VITRO 
In Chapter 1 we discussed the main stem cell types used in cardiac cell therapy. 

We described the properties of MSCs, characterised by the presence of CD73, 

CD90, CD105, CD44 and CD166 and the lack of hematopoietic markers (1.2.3.3), 

as well as the different types of endogenous CPCs, with the popular markers for 

their recognition; Sca1, Ckit, Wt1 (Table 1.1). In addition to these markers, we 

mentioned the main cardiac transcription factors (MEF2c, GATA-4, NKX2.5, 

ISL1), (Table 1.2) that are being used for characterisation of the potential of 

cardiac progenitors. The identity of the CSC remains unclear. The Ckit+ or Sca1+ 

CSCs, as well as the CDCs, all share common mesenchymal markers, like CD90 

and CD105, or some of the cardiac transcription factors (see 1.2.2.4). As the 

search for characterising the “best” endogenous cardiac cell population for 

treatment purposes continues, new studies introduce additional candidates, 

from outside the traditional CPC groups. 

 

3.2.2. WHAT IS THE CARDIAC FIBROBLAST? 

Any attempts to understand cardiac regeneration post-MI, or to characterise the 

endogenous CPCs (see 1.2.2.4), would not be fruitful without addressing the 

existence and identity of cardiac fibroblasts. Fibroblasts were introduced by 

Friedenstein AJ. in the late 1960s, described from spleen and BM as proliferative, 

adherent cells226. Soon after, Owen M. in 1988 was talking about “fibroplastic 

colonies” originating from BM stromal SCs, from a single colony-forming unit 

fibroblast227. Prockop DJ in 1997 described that these plastic-adherent cells 

could be useful for non-hematopoietic tissue therapy, differentiating in vitro into 

osteoblasts, chondrocytes, adipocytes, and myoblasts44. Nowadays, we know 

fibroblasts are interstitial cells of mesenchymal lineage, found in almost every 

organ of the body228. They are believed to originate from cardiac MSCs that are 

activated and transdifferentiate229 or from circulating SCs (mainly BM-SCs)230, 

with the recent addition of the epicardial epithelial-to-mesenchymal transition 

as a source231.  All this could hint that fibroblasts are important for the good 

function of the heart, and therefore the organ has the ability to recruit them from 

various sources232. Several studies have investigated the percentage of the 
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different cardiac cell populations. Fibroblasts have been found to take up about 

60–70% of the human heart230 and 40 - 60% of the total cell population of the rat 

heart228. The murine adult heart was shown to be composed of 56% CMs and 

27% fibroblasts233, indicating that the organism-models for cardiac research 

differ in the cellular composition of the organ.  

Cardiac fibroblasts are involved in the production of ECM proteins, like collagen, 

and offer structural support to the tissues234. In addition, they are involved in 

processes like inflammation, fibrosis and tissue repair235. More specifically, post 

infarction cardiac fibroblasts are activated, by mechanical stress, alterations in 

the extracellular matrix environment and release of growth factors, chemokines 

and cytokines236. Alpha-smooth muscle actin (α-SMA) is an actin isoform that is 

expressed by fibroblasts upon differentiation to myofibroblast237. This process 

takes place upon wound healing, when myofibroblasts are involved in cardiac 

remodelling, in cases like infarction and fibrosis237,238. The contractile and 

coupling ability of myofibroblasts (with the resident CMs) is still under debate, 

while further studies are needed to understand what happens in vivo239. Apart 

from α-SMA, activated fibroblasts can express a number of other markers under 

pathological conditions that are normally expressed in other cell types, such as 

fibroblast-specific protein 1 FSP1 (see below), or the epicardial WT1232. 

Morphologically fibroblasts are elongated, flat spindle-shaped cells, yet there are 

reports describing variability among different tissues230,228. The lack of a definite 

marker that would allow their identification makes the study of cardiac cells and 

SCs more complicated. To begin with, Discoidin Domain-containing Receptor 

(DDR2), a collagen receptor, with a receptor tyrosine kinase function, is a 

popular cardiac fibroblast marker involved in their proliferation234,240. In 

addition, vimentin is an intermediate filament protein involved in epithelial-to-

mesenchymal transition241 and has been reportedly involved in fibroblastic 

wound healing81. Another filament protein, FSP1, is involved in epithelial-to-

mesenchymal transition and has been suggested as a fibroblast marker242. The 

tyrosine kinase receptor PDGFR, involved in tissue fibrosis, is considered to be 

expressed by fibroblasts, such as lung myofibroblasts243. Finally, CD90 or 

Thymocyte antigen 1 (Thy-1), a cell surface glycoprotein with multiple 

functions244, has been used as a fibroblast marker. The marker has been shown 
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to label myofibroblasts in the adult heart, capable of differentiating into CM-like 

cells245. The identity of the fibroblast cell, though, is still elusive because of the 

lack of specificity of these markers, which are also expressed in several other cell 

types240,246,247 (see Table 3.1).  

The lack of specificity, along with the fact that the marker expression changes 

under pathological conditions, makes the distinction of connective fibroblasts, 

activated myofibroblasts and other cells very challenging. 

 

 

Gene Full Name Cell Types Expressed Ref 

Vimentin Vimentin 

fibroblasts, telocytes, ECs, 

macrophages, leukocytes, 

tumour cells, neuronal cells, 

SMCs 
246

 

Ddr2 
Discoidin Domain-

containing Receptor 2 

fibroblasts, osteocytes, 

leukocytes, tumour cells 240
 

Fsp1 
Fibroblast-specific 

protein 1  

fibroblasts, lymphocytes, 

macrophages, SMCs, 

myeloid cells 247
 

αSMA 
alpha Smooth Muscle 

Actin 
myofibroblasts, SMCs, MSCs 235

 

Pdgfrα 
Platelet-Derived 

Growth Factor Receptor  

alpha 

BM-MSCs, MSCs, fibroblasts, 

skeletal muscle progenitors, 
105

, 
248

 

CD90/ 
Thy-1 

Thymocyte antigen 1 

fibroblasts, neuronal cells, 

BM-SCs, lymphocytes, CPCs, 

thymocytes, MSCs 

249
, 

250
, 

232
 

 

Table 3.1. Table of common markers that have been used to identify fibroblasts  

 

 

3.2.3. FIBROBLASTS & OTHER CELLS 

As mentioned above, fibroblasts are considered to be of mesenchymal origin. 

Various studies have questioned the differences between MSCs or mesenchymal 

stromal cells and fibroblasts, since they have genetic, immunomodulatory and 

morphological similarities251,252. The more cell types that are being introduced in 

the discussion, the less clear the distinctions become.  

http://www.ncbi.nlm.nih.gov/pubmed/21173249
http://www.ncbi.nlm.nih.gov/pubmed/21173249
http://www.ncbi.nlm.nih.gov/gene/18595
http://www.ncbi.nlm.nih.gov/gene/18595
http://www.ncbi.nlm.nih.gov/gene/18595
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Pericytes, circulating perivascular cells involved in tissue repair, have been 

termed as cardiac MSCs253. They express hematopoietic and immune cell 

markers (CD45, CD34, CD68 etc), as well as CD146 and PDGFRα and b253. In 

addition, it has been shown that pericyte transplantation post-MI can lead to 

functional and structural recovery of the human heart254. Interestingly, a study 

comparing MSCs from adult or fetal tissues, fibroblasts and pericytes, for 

differentiation capacity, morphology, genetic and marker expression (all 

expressed FSP1 & CD146), demonstrated striking similarities255. 

Another circulating cell type related to fibroblasts is the fibrocyte. Fibrocytes 

have been termed as mesenchymal progenitors, and are a collagen-producing, 

leukocyte sub-population of the peripheral blood256. They are mainly 

characterised by myeloid markers CD45, CD34, CD11b257, and have wound 

healing, and immunomodulatory properties. Studies have shown many 

similarities between fibrocytes and myofibroblasts, including a-SMA expression 

and secretion of pro-inflammatory factors257, with implication in the process of 

fibrosis in several tissues258. 

Finally, a cell type introduced in 2010 is the cardiac telocyte. Upon discovery it 

was termed as an Interstitial Cajal-like Cell (ICLC) found in the mammalian 

heart259. These cardiac interstitial stromal cells have thin elongations called 

“telopodes”, that are composed of the “podomer” axons, with occasional “podom” 

clusters where mitochondria reside260.  In the adult heart, telocytes, are in 

contact with CPCs and CMs, to support the normal function of the heart260. Their 

numbers and function decline post-MI261, while after transplantation telocytes 

have been shown to aid cardiac regeneration262. Taken all together, there are no 

clear distinctions between cell types that resemble fibroblasts, and “actual 

fibroblasts”, with the latter still being an undefined cell type itself263,228.  

 

In addition to the aforementioned cell types there are other less known adult 

stem cell populations, like the Very Small Embryonic Like (VSEL) stem cells264. 

These cells have been suggested to be epiblast-derived stem cells that reside in 

adult tissues, like the BM, blood, heart and brain265. VSELs express early cardiac 

and endothelial lineage markers (GATA4, Nkx2.5, and von Willebrand factor), 

and can be stimulated to migrate after injury, like MI and ischemic stroke266. This 
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cell population was found to be able to differentiate into  HSCs,  MSCs, epithelial 

cells, CMs and germ cells. Guidelines state that murine BM-derived and human 

umbilical cord VSELs are Sca1+/ Lin- and CD133+/ Lin-, respectively, and also 

express Oct4+ and Nanog+267. Despite the promising results and the initiation of 

a clinical trial for severe angina treatment, VSELs were soon questioned as 

researchers could not easily identify them in samples268. A study in 2012 on 

human umbilical cord-derived VSELs suggested that they represent a 

heterogeneous and inactive population that phenotypically resembled neither 

pluripotent nor adult stem cells. In addition these cells were unable to be 

expanded in vitro269. Since 2013, studies have refuted the very existence of VSELs 

in adult tissues268. Studies on the characteristics of human VSELs from 

peripheral blood continued in 2016, with a study using human peripheral blood 

samples showing that their number does not change with age270. 

 

3.2.4. WHERE DO CPCs LIVE? 

Cardiac SCs or CPCs have been isolated by various groups for a decade now (for 

this part of the introduction we will not revisit epicardial progenitors – see 

Introduction 1.2.2.4.4). However, in some cases including those referenced by 

many subsequent papers, studies neglect to specify which region of the heart the 

specimens originate from, including those conducted by the Anversa group271,272. 

Others would digest the tissue using a perfusion method, and therefore would 

isolate from the ventricles, as in the initial description of Sca1+ cells by Oh H. et 

al.101. The CDC isolation protocol of Smith RR. et al. was also conducted using the 

ventricles122, while the initial Messina et al. study used both atrial and 

ventricular specimens, without distinguishing or comparing121. The human atria 

have been used as a source, like the Sca1+ cell of Smits A. et al.220 and the Bolli R. 

et al. SCIPIO clinical trial, where autologous Ckit cells were used from the RA 

appendage99. Finally, many in vitro studies on rodent CSCs isolate them from the 

whole heart273,274,121,275.  

Interestingly, studies have shown that there are more stem cell niches found in 

the atria and apex of the adult mouse, than the ventricles276, or that more Ckit+ or 

Sca1+ CPCs can be isolated from them277 and that the atrial niches are more 

hypoxic and correlate with long-term quiescent repopulating CSCs278. Previous 
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data from our group have shown that EDCs isolated from the rat atria have 

significantly higher expression of Ckit than the ventricles279 and that agrees with 

observations the human right atrium is the most appropriate source for Ckit+ 

and Isl1+ CSCs280. Based on this short review of the isolation studies, we decided 

to focus our work on a specific compartment of the heart, the atria. Beside the 

encouraging results about the resident CSCs in the atria, it is also a compartment 

in the human heart that is commonly accessible for tissue biopsy. 

 

3.2.5. ISSUES WITH ISOLATION PROTOCOLS FOR CPCS 

In addition, to the complexity of identifying and characterising CPCs, the culture 

conditions also affect the phenotype of cells281,282. For example in 2013, a new 

cell type was introduced from the human right atrial appendages, selected based 

on high aldehyde dehydrogenase (ALDH) enzymatic activity, which also 

expressed Ckit, CD34, Oct4 and Isl1 283. These marker-selected cells, though, 

when expanded ex vivo alter their phenotype. They lose expression of CD34, 

while they start expressing CD13, CD44, and CD49c, starting to resemble CDCs or 

Ckit+ CSCs283.  So, in vitro expansion techniques might account for some of the 

differences observed among the different CPC cell types. Still, it is impossible to 

use the adult CPCs for cell therapy, without expansion in vitro, because of large 

cell number that is required post-MI.  

As shown in Figure 1.3., certain popular candidates are selected populations 

based on marker expression, or followed by clonogenic selection, or even total 

populations isolated via a specific protocol. The best possible isolation method 

would be one that would yield a big number without much time cost. The 

population should grow quickly and demonstrate a CPC phenotype. The 

clonogenic isolations, of Ckit+ CPCs from the Ellison G. group284 and the of Sca1+ 

CPCs from the Schneider MD. group105 are promising, resulting in homogenous 

cardiogenic self-renewing populations. Nonetheless, the selected CSCs comprised 

4% and 3% of the mouse heart and their success of generating single cell–

derived clonal colonies was ∼30% and 1% respectively (the former data are 

given from a P4 single cell, and not at P0, as the latter). This indicates a very low 

cell yield and a long time to grow the millions (if not billions) of cells required, 

starting from only one cell.  
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The Carr group has a long history of working with CDCs 285,126,124, which are a 

mixed population of CPCs. The explanting protocol, as described by Messina et 

al121. and later Smith RR et al.122, and used in our lab has a long expansion step286 

and gives rise to a very heterogeneous cell population123. In addition it is not a 

particularly robust protocol, as the cell yield is very variable121. More specifically, 

Dr. Perbellini F. (Thesis – unpublished data) explanted mouse atrial tissue and 

found a great variation in the yield of EDCs/ explant piece, as did Messina E et 

al.121, in addition to noticing explants without any EDC outgrowth. While, EDCs 

themselves had variable morphology and marker expression. Furthermore, Chan 

H et al., in another study from our group noticed substantial differences in the 

time required to acquire EDCs from human atrial biopsies, spanning from 7 to 

55 days123. 

 

APPENDIX D - Cluster of Differentiation (CD_ ) Molecules - Full Names 

Cluster of 
Differentiation CD_ 

antigen 
Official full name 

CD11b Integrin alpha M  

CD14 CD14 antigen 

CD19 CD19 antigen 

CD31 Platelet and endothelial cell adhesion molecule 1 (PECAM-1) 

CD34 CD34 antigen 

CD36 CD36 antigen 

CD44 CD44 antigen 

CD45 Ptprc protein tyrosine phosphatase, receptor type, C 

CD49c Integrin alpha 3 

CD73 5' nucleotidase 

CD90 Thymus cell (thymocyte) antigen 1 

CD105 Endoglin 

CD117 KIT proto-oncogene receptor tyrosine kinase 

CD146 Melanoma cell adhesion molecule 

CD166 Activated leukocyte cell adhesion molecule (ALCAM) 

 

Table 3.2. Table of the official full names corresponding to the CD nomenclature for the 

CD molecules referenced in this thesis. The information was retrieved from the National 

Center for Biotechnology Information (NCBI) Gene website 

(https://www.ncbi.nlm.nih.gov/gene), for the house mouse CD molecules. 

https://www.ncbi.nlm.nih.gov/gene
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3.2.6. STUDY AIMS 

As the cardiac stem cell field has been looking for the real cardiac progenitor, so 

did researchers in the skeletal muscle field. Gharaibeh et al.287, arguing that 

marker-selected isolations are not reliable, modified and used marker-

independent method for isolating skeletal-muscle-derived progenitors with high 

stemness and therapeutic characteristics. Therefore, we were interested to try 

using this “preplate technique” on the cardiac tissue. Given our belief that a 

mixed cell population might survive and integrate better in the infarcted heart, 

supported by various approaches of mixed cell population, in this chapter: 

 I tried alterations to the standard explanting protocol, to reduce the 

expansion time or obtain more stem-like CDCs 

 In addition, I developed a new protocol for the isolation of CPCs from the 

mouse atria, based on enzymatic digestion 

 I strived to phenotypically characterise the cell types obtained  

 Finally, I compared the CPCs yielded with isolated CDCs, from same atrial 

tissue, on the premises of proliferation rate, heterogeneity, colony-

forming capacity, marker expression 
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3.3. RESULTS  

3.3.1. ATTEMPTS TO OPTIMISE THE EXPLANTING PROTOCOL 
Initially, I attempted to alter the standard explanting protocol, developed by 

Messina E. et al.286 and optimised by Smith RR. et al.122, in order to make it more 

efficient. I focused on the Explant-derived cells (EDCs), the migratory cells that 

appear around the explants and are trypsinised to be processed at the 

cardiosphere step (Figure 3.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Different steps of the explanting protocol. (a) & (b) explants marked 

as 1. and EDCs coming out of the tissue explant marked as 2. (b3) indicates the 

very confluent region around the explants. (c1) plated cardiosphere and (c2) 

CDCs coming out of the sphere, (d) CDCs P2, (e) CDCs P4. (scale bars: a,d,e:100 

μm, b,c: 200μm). 

 

 

Since multiple EDC harvests can be done it was important to understand the 

differences, in terms of the stemness markers, in order to use the most suitable 

one(s) to make CDCs. We noticed substantial gene expression changes among the 

different conditions (Figure 3.2), which led to the conclusion that we would not 

combine different harvests for our study, as it would increase the sample 

variability. Despite the fact that growing EDCs to P2 seemed appealing, as it 
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would allow us to obtain more CDCs from them, given the marked reduction of 

Ckit and Sca1 (Figure 3.2) we decided to proceed using harvest 1 P0 EDCs (H1 

P0). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. Gene expression changes between EDCs harvest 1 and 2, and 

passages P0 and P2. (n=4, error bars: standard error,  p* <0.01 and p# <0.02 

indicating difference to H1PO) 

  

 

In order to better characterise the EDCs H1 P0 immunocytochemical analysis 

was conducted for CD45, CKIT, CD90, and SCA1 (Figure 3.3). CD90 was found 

strongly expressed in the imaged EDCs (57% +/- 28% n = 3 slides; 9/15 cells), 

while SCA1 was fainter and labelled a subset of the cells (30% +/- 7% n = 4 

slides; 21/79 cells). 100% of the cells expressed CKIT (n = 3 slides; 72/72 cells), 

with a proportion double-stained for CD45 (56% +/- 24% n = 4 slides; 9/16 

cells),  suggesting a hematopoietic origin of the EDCs. 
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Figure 3.3. Immunocytochemistry on EDCs P0, stained with (a) secondary 

antibodies for negative control, (b-d) SCA1, (e-g) CKIT, (h-j) CD90 (k-n) 

CD45/CKIT double-staining, all co-stained with DAPI (b, e, h, k). Scale bars: 50 

μm.  

 

 

 

Furthermore, the cardiosphere step, which is believed to enhance the Ckit 

expression of the CDCs because of the hypoxic conditions that take place in the 

core of the sphere122, was manipulated. The cardiospheres were kept at the 
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hanging drop stage for 5 days, and Ckit gene expression was significantly 

increased (Figure 3.4). Unfortunately, some of the droplets would dry out in the 

duration of 5 days or the retrieved cells would have reduced survival, therefore 

the study was continued using CDCs originating from a 3-day cardiosphere step, 

as before. 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. Ckit gene expression on CDCs P0 after 3 days or 5 days of the 

cardiosphere step (n=3, error bars: standard error, *p<0.04) 

 

 

3.3.2. DEVELOPING A DIGESTION-BASED PROTOCOL FOR CPC ISOLATION 

The two atrial CPC populations that this study focuses on are the collagenase-

trypsin isolated cells and the CDCs. The former was a protocol designed after 

coming across the protocol from Gharaibeh et al.287 and Okada et al.215 for 

isolating skeletal-muscle-derived progenitors with high stemness and 

therapeutic characteristics. The expansion method comprised of daily re-plating 

of the digestion suspension, in empty flasks, until only the slowly adhering cells 

remained (see 2.2.2.1). 

Given that the cardiac muscle is different in composition to skeletal muscle, 

several digestion mixes were compared (see 2.2.2) looking for the one that 

allowed the yield of  highest number of cells from mouse atria, as certain 

protocols were too harsh and lethal for the cells (Table 3.3). Cell viability was 

checked at various time points during each digestion protocol (every 5’, 10’, 30’), 

by observing Trypan blue-treated cells (which would stain blue only if dead) 
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under the microscope. After each digestion trial, the cultures were grown and 

checked for viable cells after one week. 

 

 

PROTOCOL Outcome after 1 week 

30U/ ml Collagenase II ;  1h debris only - No cells 

30U/ ml Collagenase II ; 80' ,                                   

then  0,1% Collagenase II ; 30' 
debris only - No cells 

0,1% Collagenase II ; 1h very few fibroblast-like cells 

 0,1% Collagenase II ; 1h +                                  

then 0,1% trypsin ; 20'  35 
very few fibroblast-like cells 

0,1% Collagenase II; 50'                                         

then add: 0,1% trypsin 20' 
very few fibroblast-like cells 

0,1% Collagenase II; 85' debris only - No cells 

trypsin in Krebs buffer +              

0,1% Collagenase II 
very few fibroblast-like cells 

0,1% trypsin + 0,1% Collagenase 

II mix ; 1h 

 highest number of 

fibroblast-like cells 

Table 3.3. Different digestion protocols used for CPC isolation from the mouse 

atria 

 

 

Applying this to digest mouse atria, a slowly attaching population of cells was 

identified that looked morphologically like the one described by Gharaibeh et al. 

287 (Figure 3.5). However, the results of the isolation method were variable; some 

samples were quiescent over many weeks, before they started to proliferate. The 

lack of consistency of this protocol urged us to abandon it. Therefore the 

digestion method was adapted without purifying for only the fast or slow 

adhering fraction, and allowed all cells in the digestion to attach over 72 hours 
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without completely refreshing the medium (which would risk throwing away 

any slower adhering cells). Hereafter these cells will be the “CT” cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5. The cells isolated via the slow-adhering pre-plating protocol. (a)-(c) 

the skeletal muscle-derived cells isolated from Gharaibeh et al. and (d)-(f) the 

cells isolated by the same method applied on mouse atria. (d) cells 1 week after 

the last pre-plating step, (e) 40x zoom of initial magnification, aiming at the 

yellow square region, (f) 3 days after “awakening” of certain cell colonies, 

indicating rapid proliferation. Original magnification  x10 for all images (except for 

(e)).  

 

 

In an effort to increase the stemness and cardiogenic potential of CTs, they were 

processed via a cardiosphere step, as done in the explanting protocol (see 3.3.1). 

A population of cells was obtained that was labelled “CT_CDCs” and was initially 

checked for its gene expression profile, in comparison to CTs at P2 (Figure 3.6.). 

The cardiosphere formation led to an increase in Ckit gene expression, but a 

significant decrease in Sca1. The mesenchymal/fibroblast markers CD90, Ddr2 

and CD105 decreased, with the latter changing significantly (Figure 3.6). 
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Figure 3.6. Gene expression changes at CTs after being processed via the 

cardiosphere step and reaching P2. (n=4, error bars: standard error, *p<0.04 , 

#p<0.02 indicating difference to CTs ) 

 

 

The interest in this population was soon hindered by the fact that the CTs would 

not form cardiospheres consistently, with a failure rate of 40%. Some samples 

would result in malformed clusters of cells that did not adhere to the wells to 

give rise to CDCs (Figure 3.7.). Therefore this approach was abandoned and the 

rest of the study was continued using CTs. 

 

 

 

 

 

 

 

 

 

Figure 3.7. Phase contrast representative images, (a) and (b), of cardiospheres 

from CTs. (scale bars 200 μm) 
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3.3.3. CTS INCREASE PROLIFERATION & HOMOGENEITY, WITH PASSAGING 

Since the first few isolations of CTs it was apparent that they were very 

proliferative and this allowed for a shorter expansion protocol, than the one 

required with CDCs (Table 3.4). Despite the variability among the different 

isolations, this observation was reproducible and confirmed by collaborators and 

colleagues that used the protocol of CT isolation. 

 

 

  Average Time & Yield at P0 Average Time to P2 

CDCs 40,000 cells/ 40 days 2 months 

CTs 120,000/ 10 days 20 days 

 

Table 3.4. Representative numbers stating the length of each protocol, for 

isolations from whole mouse atria/protocol and upon confluency at P0 and P2. 

 

 

To understand the nature of the CT cells that were isolated, they were grown for 

more than 40 passages, surpassing the limit of somatic cells, to investigate their 

capacity for proliferation (see Methods 2.4). After passage 7, the cells became 

morphologically homogenous and their proliferative capacity increased 

substantially. At each successive passage, the number of cells in a confluent flask 

increased, indicating that the cell size was smaller (Figure 3.8. and 3.9.).   

 

 

 

 

 

 

Figure 3.8. CTs under phase contrast microscope, as observed at (a) p2, (b) p4, 

and (c) p6. (scale bars 100 μm) 
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Figure 3.9. Absolute cell numbers of CTs, from a confluent flask, between the 

different passages (P1-P6). (n=4, *p<0.04 indicating difference to p2) 

 

 

To compare the homogeneity of CTs to CDCs, we performed a Colony Forming 

Unit assay (see Methods 2.9). Looking into the images of the colony forming 

assay, after staining (see Methods 2.9), the CTs were more homogenous than 

CDCs, and became more homogenous at p7 in comparison to p2 (Figure 3.10).  

We also observed that CTs had higher colony forming capacity, at P7 than at P2 

(Figure 3.11). This suggested that the change in proliferation rate that the CTs 

show after p6 could be associated with a change in their characteristics. 
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Figure 3.10. Colony Forming Unit Assay on A) CDCs P2, B)CTs P2, C)CTs P7. Right 

panel indicates the morphology of the colonies stained with crystal violet, 

numbers 1 – 4 correspond to different representative shapes and sizes, 

indicating variability of the populations 
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Figure 3.11. Comparison of the colony forming capacity of CTs p2 and p7. (a) the 

number of colonies by cell seeding density and (b) plot of colony forming 

capacity. (n=4, error bar: standard deviation, *p<0.002, and #p<0.01, compared 

to CTs p2) 

 

 

Subsequently, the gene expression changes from P2 to P7 were checked, as the 

morphological and growth alterations of CTs (see above) could be associated 

with a selection of the stem-like colonies. The RT-PCR analysis showed reduction 

of Ckit, while Sca1 remained unchanged (Figure 3.12a). The rest of the cardiac 

transcription factors did not change significantly, except for Nkx2.5 that 

increased at P7 (Figure 3.12a). This could indicate differentiation towards a 

cardiac lineage, which would match the increase in Myh7 (MHCb) (Figure 3.12b). 
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In addition the hematopoietic marker CD45 was upregulated at P7 (Figure 

3.12b). 

 

 

 

 

 

 

 

 

 

 

Figure 3.12. Gene expression changes of (a) SC markers and cardiac transcription 

factors, and (b) hematopoietic and mature cardiac markers, of CTs from P2 to P7. 

(n= 3, error bars: standard error, *p<0.03, #p<0.05 indicating difference to CTs P2) 

 

 

3.3.4. CTS CONTAIN A POPULATION OF STRONGLY-ADHERENT CELLS WITH 

HIGH LEVELS OF STEMNESS MARKERS 

While conducting CT isolations a small fraction of cells was observed that were 

strongly adherent on fibronectin at P0-P2 and would not detach with the normal 

trypsinisation process. They would require at least 3 x of 4’ trypsinisations and 

would appear consistently in the CT culture. Their distinct morphology, with 

small, round bubble-like shape at P0 (Figure 3.13a) would make them 
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distinguishable. They would retain this shape until P2, at which stage the cells 

would spontaneously alter their morphology and start to proliferate (Figure 

3.13b). Looking into their gene expression profile, these cells (“CTs adh”) had 

high levels of stemness markers, especially Oct4 (Figure 3.14).  

In addition to RT-PCR, OCT4 and SOX2 were checked with immunocytochemistry 

(Figure 3.15), where 100% of cells (from 2 slides imaged; 7 cells) expressed 

OCT4 (SOX2 was not visible in any of the slides). 

 

 

 

 

 

 

 

 

Figure 3.13. Strongly adherent CTs at (1) P0 and (b) P2 after being activated, 

under phase bright. Original magnification x10 for all images. 

 

 

 

 

Figure 3.14. Gene expression changes of SC markers and cardiac transcription 

factors, of CTs and the strongly adherent CTs, both at P2. (n= 3, error bars: 

standard error, *p=0.01 indicating difference to CTs) 
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Figure 3.15. Immunocytochemistry on strongly adherent CTs P0, stained with (a) 

secondary antibodies for negative control, SCA1, (c-e) SOX2/OCT4 double-

staining, (b)  co-stained with DAPI. Scale bars: 50 μm.  

 

 

Despite our interest in expanding and working with this population of CTs alone, 

the variability in the time that the “strongly-adherent” CTs took to stop being 

quiescent, and start proliferating, was a major disadvantage of this approach. 

With an average time span from a few days to 4 weeks, the lack of robustness 

and reproducibility led us to resume working with the total population of 

isolated CTs, as previously. 

 

 

3.3.5. CTS HAVE CONSISTENTLY HIGHER STEMNESS MARKER SCA1 THAN 

CDCs 

After isolating CDCs and CTs, from mouse atria, and expanding them to P2 they 

were compared on their gene expression, using RT-PCR (Figure 3.16). CTs had 

significantly higher expression of the fibroblast-mesenchymal marker CD90, and 

the stemness marker Sca1, and reduced expression of the fibroblast marker 
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Ddr2. The hematopoietic marker CD45 and the mast cell marker Tryptase, as 

well as the stemness markers Oct4 and Sox2 were checked and found not 

expressed (or “undetermined”), as was Myh7 (MHCb). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16. Representative graph of gene expression differences of CTs P2 

compared to CDCs P2 (n= 5, error bars, standard error, *p=0.0001, #p=0.002, 

indicating difference to CDCs P2) 

 

 

While conducting more isolations we decided that in order to avoid the observed 

variability in our populations we should isolate both CTs and CDCs from the 

same tissue atria (see Methods 2.2.3) and characterise the cells at P4, as that was 

the passage that would allow us to obtain enough cells for different comparisons.  

The comparison of gene expression, with RT-PCR, at P4 (Figure 3.17) showed 

that CTs had significantly higher Sca1 expression, but lower Ckit, than CDCs. Both 

mesenchymal markers CD90 and CD105 were increased, the former significantly. 

Looking into the fibroblast markers, a reduction in Ddr2 gene expression was 

observed, compared to CDCs, whereas Vimentin, did not change. Also, gene 

expression levels of Tnnt2, an indicator of spontaneous differentiation, were the 

same. Finally, Wt1, an epicardial marker, was significantly reduced in CTs 

compared to CDCs (Figure 3.17). 
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Figure 3.17. Gene expression differences of CTs P4 compared to CDCs P4, from 

the same mouse atria (n= 3, error bars, standard error, *p=0.05, #p<0.02 

indicating difference to CDCs P4) 

 

 

To confirm the expression of certain markers of interest immunocytochemistry 

was used on CTs and CDCs at P4 (Figures 3.18 & 3.19, respectively).  

CTs expressed SCA1 (94% +/- 9% n = 8 slides; 151/162 cells) and CKIT (96% +/- 

7% n = 3 slides; 81/86 cells), while we noticed that a portion of Sca1 cells were 

CD90+ (47% +/- 19% n = 4 slides; 12/22 cells) were Sca1 double-positive, while 

not all Sca1+ cells were CD90+ (Figure 3.18j).  

CDCs (Figure 3.19) did not express Sca1 (n = 2 slides; 33 cells imaged). CKIT was 

found very faintly expressed in 96% of the imaged CDCs (96% +/- 9% n = 4 

slides; 111/117 cells). 39% of the CDCs expressed CD90 (n=3 slides; +/- 10%). 
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Figure 3.18. Immunocytochemistry on CTs for (a-c) SCA1, (d-f) CKIT, (g-i) CD90 

and SCA1 double staining, co-stained with DAPI (a, d, g), (k): secondary 

antibodies for negative control,. Scale bars: 50 μm.  
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Figure 3.19. Immunocytochemistry on CDCs, for (a-c) SCA1,  (d-f) CKIT, (g-i) 

CD90, co-stained with DAPI (a, d, g), (j): secondary antibodies for negative 

control. Scale bars: 50 μm.  
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3.3.6. CTS & CDCS SHOW SIMILAR LEVELS OF CARDIAC DEVELOPMENTAL 
MARKERS  
To assess the stage of maturity of the isolated CPCs along the cardiac lineage, 

gene expression at P4 was compared with a mESC cell line at day 4 and 7 of 

differentiation via embryoid body (EB) formation (see Methods 2.10.1.), as a 

positive control. The early-onset cardiac genes that are involved in the 

development of the embryonic mouse heart (Introduction Table 1.2), could allow 

us to characterise and position the CPC population at a developmental stage.  

Agreeing with the genetic changes during differentiation, the stemness genes 

(Oct4, Ckit and Tert) reduced their expression as mESCs progressed from day 4 

(EBs d4) to day 7 (EBs d7) of differentiation, while the early-onset cardiac 

markers (Nkx2.5, Gata4, Mef2c, Isl1) increased (Figure 3.20). Furthermore, the 

CTs and CDCs did not differ substantially in the gene expression pattern of the 

cardiac developmental markers at P4 (Figure 3.20). The stemness markers were 

reduced in the CPC populations, which had more comparable cardiac lineage 

gene expression levels to mESCs at d7 of differentiation. 

 

 

 

 

 

Figure 3.20. Gene expression levels of stemness and cardiac developmental 

markers of CDCs and CTs, compared to mESCs at day 4 and day 7 of 

differentiation to CMs. (n=3 for the CPC population, normalised to EBs d4, no 

significant difference of CTs to CDCs). 

 

0.0001

0.001

0.01

0.1

1

10

100

1000

Oct4 Ckit Tert Nkx2.5 Gata4 Mef2c Isl1

Fo
ld

 D
if

fe
re

n
ce

 

CDCs VS CTs cardiac developmental markers 

EBs d4

EBs d7

CDCs

CTs



85 
 

3.3.7. CTS CONTAIN A POPULATION OF TELOCYTES  
As described in 3.2.3. telocytes are mesenchymal cells with distinct morphology 

from that of any other cell type. Observing our primary isolation cultures of CTs 

we were baffled by some cells with elongated branches, different to the common 

fibroblast- or CM-morphology (Figure 3.21). 

 

 

 

 

 

 

 

 

 

 

Figure 3.21. (a) CTs P0 and (b) CTs P2. Yellow arrows indicating cells with elongated 

branches 

 

After doing a literature search and coming across the telocyte references in a 

couple of papers, we decided to use Immunocytochemistry to identify whether 

we had telocyte populations in our CT cultures (see 3.2.3). Using the combination 

of Ckit/CD34 antibody staining (see Methods 2.7), we could identify telocytes in 

non-confluent cultures (Figure 3.22). In addition we stained with MitoTracker® 

Red CMXRos and we could observe mitochondria located at the podoms of the 

telocytes (see Methods 2.7.4) (Figure 3.23). 
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Figure 3.22. Immunocytochemisty of telocytes, double-stained for CKIT and 

CD34, (a) secondary antibodies for negative control, (b) CD34, (c) CKIT, (d) CKIT 

and CD34 double staining. Scale bars: 50 μm.  

 

 

 

 

 

 

 

 

 

Figure 3.23. (a), (b) Immunocytochemisty of telocytes, stained with MitoTracker® 

Red CMXRos for mitochondrial labelling. Yellow arrows at (a) marking the 

podoms with mitochondrial clusters. Scale bars: 50 μm. 
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3.4. DISCUSSION 

3.4.1. ATTEMPTS TO OPTIMISE THE EXPLANTING PROTOCOL 

This study compares CDCs and CTs isolated from the atria of adult mice. As 

described in 3.2.5, previous findings from our group have demonstrated an 

unpleasant variability in the protocol outputs, including lack of robustness in the 

cell isolation, variable cell yield, and cell characteristics. Davis DR. et a.l288 used 

this method to explant tissue from rat, mouse, pig and human heart, and stated 

that the EDCs varied in their time of growth and proliferation, as seen by Smith 

RR. et al.122 Also, the cell yield would be affected by cell culture media or 

differences in animal strains289. 

I, therefore, decided to attempt to optimise the explanting protocol. To my 

knowledge there has been one published modification, focusing on the 

cardiosphere step, whereby after obtaining the CDCs, they were processed again 

via a cardiosphere step, to obtain what was called "secondary cardiospheres"290. 

This was tested in cells from mice and later from human tissue291, and gave rise 

to cells with higher differentiation potential, better engraftment and paracrine 

activity. 

EDCs were subsequently checked, given that no study to this day has compared 

the EDC harvests, and that studies have combined 2123- 5289 harvests in order to 

obtain more cells, for CDC formation. The different EDC harvests that were 

analysed were variable, with reduction in stemness markers with later harvest 

or higher passage (Figure 3.2). Markers like CKIT, CD45, SCA1 were expressed, 

being strongly positive for CD90 (Figure 3.3), similar to those observed by Dr. F. 

Perbellini from our lab (thesis - unpublished data). Dr. Perbellini saw CKIT, 

CD90, CD45, and SCA1 expression, as well as Chan H et al123.. These are similar to 

other studies that found CKIT+/CD90+/CD34+/CD45+ EDCs123,288. Any variations 

could be explained by the fact that we used H1 P0 EDCs from mice, whereas 

other studies were done in rats, combining harvests. Finally, a  higher Ckit 

expression was achieved, by increasing the length of the cardiosphere step 

(Figure 3.4). This, as Smith RR et. al.122 suggested, maybe due to the hypoxic core 

of the cardiosphere. Unfortunately this reduced cell viability, which agrees with 

what Bartosh et al. who made hanging drop spheres from human MSCs for more 
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than 3 days and found the cells were dying because of nutrient deprivation and 

medium acidity292. 

 

3.4.2. DEVELOPING A DIGESTION-BASED PROTOCOL FOR CPC ISOLATION 

As described in the Introduction, several methods are used to isolate CPCs 

(Figure 1.3). Different groups isolate them with enzymatic digestion, followed by 

clonogenic selection or magnetic sorting, based on certain markers or use the 

explanting protocol. The digestion method involves Collagenase293,271,101,220 

(often type II293) in all the studies, but the type or duration of isolation is not 

always clear. Therefore different combinations of digestion solutions were 

tested, aiming to obtain the highest amount of viable cells after 1 week (Table 

3.4). A combination of 0,1% trypsin + 0,1% Collagenase II mix for 1 hour was 

eventually selected, conditions lethal to the sensitive CMs101. The idea of 

combining Collagenase and trypsin originated form the Gharaibeh et al287. study 

on slow-adhering Skeletal muscle CPCs. As shown in Figure 3.5., we identified 

cells with that morphology, but the protocol was sufficiently robust to use for cell 

therapy purposes.   

Cardiospheres were attempted to be formed from the CTs, and the resulting 

CT_CDCs had increase Ckit expression, although Sca1 and CD105 were 

significantly reduced, as well as CD90 (Figure 3.6). Interestingly, not all CTs 

could form cardiospheres. The sphere assay was developed to increase stemness 

markers, but it is now known that it is not sufficient to establish it294. This assay 

has not been used in other CPCs, apart from EDCs. Bartosh et. al., made spheres 

from MSCs that had advanced immunomodulatory potential, using the hanging 

drop approach292. In a subsequent paper, they state that approximately 30–50% 

of the initial amount of cells can be recovered from the spheres, and that cells 

have 80-90% viability295. This lack of robustness is similar to what we observed 

in our CT hanging drop spheres. 

 

3.4.3. CTS SHOW INCREASED PROLIFERATION AND HOMOGENEITY, WHILE 

PASSAGE INCREASES 

The digestion-based isolation protocol yielded more cells and in shorter time, 

than the explanting method (see Table 3.4). The latter depends on the migratory 
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ability of cells out of the explants and it is very variable. As described in 3.2.5., 

studies from our group have shown that certain explants did not have any EDC 

outgrowth or the number of EDCs varied a lot among the pieces of tissue or the 

samples279, (Dr. Filippo Perbellini thesis, unpublished data).   

Studies on MSCs and BM stromal cells have discussed the importance of cell size, 

suggesting that smaller cells have greater multipotentiality and differentiation 

capacity than larger cells296,297. The CTs became more proliferative, smaller in 

size and homogenous, as they progressed from P2-P7 (Figure 3.9, 3.10). 

Interestingly, colony-forming capacity reduces with passage in the MSCs studies, 

which is not what we observed, probably because p7 is not high-enough a 

passage to observe this in CTs. A study in UCB MSCs described very high 

proliferation at P7, but the cell morphology became gradually more irregular and 

bigger298. To our knowledge there have not been studies of passaging and 

morphology done on CPCs, Dr. Perbellini though, did notice increased colony 

forming capacity in CDCs with higher passage (thesis – unpublished data), 

similar to what we see in CTs here (Figure 3.11).  

The CTs at P7, had decreased expression of the stemness marker Ckit, while Sca1 

remained at the same levels (Figure 3.12). At the same time the hematopoietic 

CD45, as well as Nkx2.5, Gata4 and Myh7 were increased. The CTs are a mixed 

population, and it seems that with time in culture they begin to differentiate, 

interestingly, without losing their proliferative capacity.  

 

3.4.4. CTS CONTAIN A POPULATION OF STRONGLY-ADHERENT CELLS WITH 

HIGH LEVELS OF STEMNESS MARKERS 

In CT primary cultures we consistently noticed cells that would strongly adhere 

to the bottom on the flasks, and had distinct morphology that would not change 

(Figure 3.13). These cells increased expression of stemness markers, especially 

Oct4 (Figure 3.14), which was later verified with immunocytochemistry (Figure 

3.14). They would remain quiescent over variable lengths of time and would 

then be activated to proliferate at some point at P2 (Figure 3.13 b), the 

inconsistent nature of the method made it unappealing for cell therapy. We later 

realised that the characteristics of these cells resemble the Oct4+/ Sca1+ Very 

Small Embryonic Like (VSEL) Stem Cells, that have been isolated from BM, blood, 
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heart and brain tissues265. What drew our attention was the fact that these cells 

do not proliferate in vitro if cultured alone, and they are quiescent266. Even 

though there is not enough evidence to call these strongly-adherent CTs "VSELs", 

it would explain what we observed. Finally, the expression pattern of Oct4, at 

Figure 3.14, shows that it is not only localised in the nucleus. This could be 

explained by the fact that Oct4 can be found in two isoforms, with different 

localisation patterns (nucleus and cytoplasm) representing different levels of 

activity299. 

 

3.3.5. CTS HAVE CONSISTENTLY HIGHER STEMNESS MARKER SCA1 THAN 

CDCs 

Using the digestion protocol that was developed CTs were isolated, and 

compared to CDCs at P2 (populations isolated from different atria, different 

mice), and later at P4 using the same atria for both isolations. 

RT-PCR showed at both P2 (Figure 3.16) and P4 (Figure 3.17), that CTs had 

consistently significantly higher expression of Sca1 and CD90, than CDCs. Ddr2 

was also found reduced in both cases, whereas CD105 levels were comparable. 

Endogenous Ckit cells, side population cells, colony-forming fibroblasts, and 

CDCs express Sca1, as well as Ckitt293. Loss of Sca1 expression from Ckit+ CPCs 

has shown to lead to decreased growth rate and increased differentiation marker 

expression104, rendering this marker a very attractive one for cell therapy. The 

higher CD90 expression in CTs could indicate a more fibroblast nature (see 3.2.2) 

than CDCs, even though this is contradicted by the reduction in Ddr2 that we 

observed. CD90 has been previously been shown to be expressed in 

CDCs122,300124.  

The marker expression of SCA1, CKIT, CD90 was confirmed with 

immunocytochemistry in CTs (3.18) and CDCs (3.19), interestingly the former 

had a fraction of Sca1+ cells that did not express CD90 (Figure 3.18j), whereas 

CDCs did not express it (Figure 3.17c). Neither Oh et al.101 who introduced the 

Sca1+ murine CPCs, nor Smits A. et al220. who isolated Sca1+ CPCs from human 

atria investigated CD90 expression. Both found Ckit expression in their Sca1+ cell 

populations. A recent paper from 2014 in human CSCs, shows that CD90 

distinguishes two populations of CSCs with the positive fraction having better 
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differentiation potential to CMs245 (for differentiation comparison see Chapter 

4). Finally, the higher expression of Wt1 in CDCs (Figure 3.17) suggests an 

epicardial origin of these cells. It could be that epicardial cells are predominantly 

migrating out of the explants and retain the Wt1 expression at the CDC stage, 

whereas they only form a small part of the CT cell digestion.  

 

3.3.6. CTS AND CDCS SHOW SIMILAR LEVELS OF CARDIAC DEVELOPMENTAL 

MARKERS  

The array of cardiac transcription factors that are present during cardiac 

development (see Introduction 1.3) could help us characterise the CPC 

population of this study. The RT-PCR analysis (Figure 3.20) showed that CTs and 

CDs had comparable level of gene expression of these markers, which resembled 

that of mESCs at day 7 of differentiation. The fact that CDCs express cardiac 

transcription factors, namely Gata-4 and Nkx2.5 has been shown by our lab 

previously126. Also Smits A et al.220 showed that human Sca1+ atrial CPCs express 

Isl1, Ckit, Nkx2.5, Mef2c and Gata-4. The expression of cardiogenic markers by 

CPC populations (GATA4, NKX2.5, TBX5, and MEF2c), has been also review by 

Mercola M et al.147. All these together indicate that CTs is a cardiac progenitor 

population comparable to CDCs, belonging to the cardiac lineage. 

The fact that they express fibroblast markers is evident, and described in the 

literature. We are not currently certain to what extent they are fibroblasts, or 

could be called so, but even so a very interesting study by the group of 

Rosenthal’s N. group301, suggested that we should revisit the notion of cardiac 

fibroblasts. Focusing on a CD90+, Ddr2+, periostin+ “fibroblast” population from 

the mouse heart, they noticed that they also had “an unexpected enrichment in 

cardiogenic transcription factors” and suggested that they are useful for cardiac 

development and regeneration. 

 

3.3.7. CTS CONTAIN A POPULATION OF TELOCYTES  

Telocytes have been identified in cardiac tissue slices as supportive interstitial 

cardiac cells, with an important role in cardiac regeneration (see 3.2.3). In the 

heart, TCs have been observed in the myocardium, epicardium, endocardium and 

valves. Cells with the distinct telocyte morphology were found in the CT cultures 
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(Figure 3.21). Telocytes have been observed in vitro in CM primary cultures302 

and are mainly characterised by CD34/ CKIT double-expression, as was 

observed (Figure 3.22). Additionally we demonstrated the existence of 

mitochondria in telocyte podoms, as described previously260 (Figure 3.23). The 

existence of telocytes has not been mentioned in any other study describing 

other CPCs. CD34 has been observed as a marker in various studies, including the 

CDCs, whereas it is depleted in Ckit+/Lin- isolations. Oh et al. mentioned that the 

murine SCA1+/ CKIT+ CPCs expressed CD34101, whereas the human atrial Sca1+ 

did not220. It is possible that some of the CD34 cells in other isolation protocols 

are indeed telocytes. 

 

In the world of cardiac regeneration the single-marker CPC isolation seems ideal, 

but it is time-consuming, with low cell yield and not consistently robust. In 

addition, approaches using mixed cell populations or combinations of cells have 

proven to allow for better engraftment and cell survival in the infarct region, 

which is important for stem cell therapy. This study had the aim to develop a 

digestion-based protocol to identify endogenous CPCs from the mouse atria, 

arising via a method independent of marker-selection. Both CTs and CDCs were 

of mesenchymal SC-like phenotype, and had comparable expression of cardiac 

transcription factors, while CDCs had higher fibroblast marker Ddr2 and the 

epicardial Wt1. The digestion method yielded a mixed type cell population that 

was comprised of OCT4+ quiescent cells and telocytes. With variations in the 

animal models, tissue origin, isolation methods, culture conditions, and even the 

criteria of analysing the isolated cells, we have not yet found the ideal CSC. In 

addition, different cell types with overlapping marker profile are coming to light, 

but are not consistently investigated in different isolation studies, making this 

quest even more difficult.  
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4.1. INTRODUCTION 

4.2.1. CARDIAC DIFFERENTIATION IN VITRO  

One of the main characteristics of pluripotent SCs is the ability for efficient 

differentiation to a plethora of cell types, after treatment with cytokines, growth 

factors or different chemicals. In the case of multipotent SCs, the differentiation 

is mainly confined to the lineage of origin. An ideal CPC type for cell therapy 

should be capable of robust differentiation to CMs, in the hope of replenishing 

the massive loss of CMs following MI. Therefore assessing the differentiation 

potential of CPC candidates in vitro, is a necessary prerequisite step. 

Various methods and strategies have been applied, aiming to develop the optimal 

protocol for directing in vitro cardiac differentiation of stem cells. The most 

efficient ones to this day, either involve pluripotent SCs or co-culture, mainly 

with neonatal/ primary CMs (co-culture with visceral endoderm cells has also 

been successful303). Co-culture systems  have led to trans-/ differentiation of 

adipose-derived SCs304,  ECs305, CPCs306,307 into CMs. Pluripotent stem cells 

(ESCs and iPSCs) have great differentiation potential. Directed cardiac 

differentiation of human pluripotent SCs, yielding a population of pure CMs with 

>80% efficiency, can be achieved by altering between activation and inhibition of 

the Wnt signalling pathway308.309. Which, in crosstalk with the Hippo and Notch 

pathways, is known to be major players in cardiogenesis310,311. In addition, 

several approaches depend on growth factors (see Review312) (see Table 1).  

In vitro differentiation of adult endogenous CPCs is very challenging, due to 

their limited plasticity. Despite a variety of differentiation studies, the ability of 

adult progenitors for differentiation, is still under debate313,314. Different 

approaches, utilising various differentiation factors have been used on both 

pluripotent SCs and CPCs, with the main ones being; DMSO, 5-Azacytidine, 

Ascorbic Acid, members of the TGF-β superfamily, oxytocin, dexamethasone and 

retinoic acid (see Table 4.1 & 4.2). 
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Table 4.1. Most common differentiation approaches, used on different mESC 

lines and CPC cell types 

 

 

 

Cytokines/growth 

factors/chemical 

compounds 

DIFFERENTIATON to CMs 

Pluripotent SCs (ESCs) 
Adult Progenitors 

(CPCs, MSCs) 

TGF-β1 family 

(TGF-β1, BMP-2, -

4) 

Behfar et al.315, Yuasa et 

al.316,  

Slager et al.317,  Lian et al.309,  

Cagavi et al.318, La Flamme et 

al.319, Menard et al.320,  

Monzen et al.321, 

Sachinidis et al.322 

Smits et al323, Goumans et 

al.324, Ye et al.273, Choi et 

al325. 

Hepatocyte 

Growth Factor 

(HGF) 

Roggia et al.326   

Oxytocin 
Paquin et al.327 , Fathi et 

al328. 

Smith et al293., Matsuura 

et al.329, Oyoma et al108. 

5-Azacytidine Choi et al.304. , Yoon et al.330, 

Fukuda et al.331, Rangappa 

et al.332, Oh et al.101, Qian 

et al.333, Xu et al.334, 

Goumans et al.324, Naeem 

et al.335 

Ascorbic acid 
Passier et a.l336, Takahashi et 

al.337, Martinez et al.338 
  

Retinoic acid 

Slager et al.317 , Wobus et 

al.339, , Zandstra et al340., 

Drab et al341. Lengerke et 

al342. 

  

DMSO 

McBurney et al.343, Ventura 

et al.344, Skerjanc et al.345 , 

Jasmin et al.346, 

  

Dexamethasone   

Bearzi et al.271, Beltrami 

et al.87, Linke et al.347, 

Smith et al.293, van Berlo97 
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Differentiation 

approaches 

main 

studies 
cell type 

 

 

TGF-β1 family 

  

  

323 
human atria Sca1+; clonally isolated & magnetic-

sorting 

324 
human fetal & adult atrial biopsies, Sca1+ magnetic-

sorting  

273 
whole mouse heart Sca1+/ CD45– magnetic-sorting 

CDCs (Isl1+) 

 

 

Oxytocin 

  

  

293 
3-6 mouse & rat whole hearts per sample, 

Ckit+/CD45–/Tryp–  magnetic-sorting  

329 mouse whole heart Sca1+ magnetic-sorting 

108 rat, mouse ventricles side population (SP) cells 

 

 

 

5-Azacytidine 

  

  

   

  

331 mouse BM stroma MSCs 

332 human adipose MSCs 

101 mouse whole heart Sca1+ magnetic-sorting 

333 human umbilical cord MSCs 

334 human BM-MSCs 

324 
human fetal & adult atrial biopsies, Sca1+ magnetic-

sorting  

335 rat BM-MSCs 

 

 

Dexamethasone 

  

  

  

  

271 human atrial or ventricular Ckit+ -sorted 

87 rats Ckit+/ Lin– magnetic-sorting 

347 
dog left ventricle Ckit+/ Lin– & Sca1+/ Lin– 

magnetic-sorting 

293 mouse whole heart Sca1+ magnetic-sorting 

97 mouse whole heart Ckit+ 

Table 4.2. Different CPC cell types differentiated to cardiac cells/ CMs  
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More specifically, 5-azacytidine is a demethylating agent that was introduced as 

a treatment for myelodysplastic syndrome, via epigenetic gene silencing348. It 

allows for the exposure of genes that are normally silenced, due to 

hypermethylation, by inhibiting of DNA methyltransferase349,350. Several in vitro 

studies suggested that 5-Aza can induce cardiac differentiation, on different MSC 

types, such as human umbilical cord-derived MSCs333, adult human BM-derived  

MSCs334, 351. Other studies have demonstrated the inefficiency of 5-Aza as a 

cardiac  differentiation agent, showing transdifferentiation to skeletal muscle 

cells, rather than cardiac cells,352 as well as unsuccessful differentiation of 

adipose-derived stem cells (ASCs)353 and adult mouse Sca1+ CPCs329. 

Ascorbic Acid (A.A. / Vitamin C), is an antioxidant compound. It has been shown 

to increase the expression of cardiac genes and their proteins and to lead to 

beating CMs in mouse ES cells, without the EB step337 . Cao et al. in 2012 

demonstrated that A.A. was able to induce cardiac differentiation and maturation 

in several human and mouse iPSC lines354. In addition, treatment of BM-derived 

MSCs with A.A. triggered their proliferation and differentiation into osteoblasts 

and adipocytes355. Even though its antioxidant activity has been credited for its 

cardiogenic differentiation effect, studies had questioned the mechanism since 

no other antioxidants could cause the same results337. In 2006 Sato H. et al. 

suggested the involvement of collagen in the process356. Indeed a study in 2012 

on both human and mouse iPSCs suggested that A.A. triggered collagen synthesis, 

which in turn stimulated CPC-specific proliferation via the MEK-ERK1/2 

pathway and cardiac differentiation354.  

Another key player in cardiac differentiation, as will be explained in detail below, 

is transforming growth factor-beta 1 (TGF-β1).  TGF-β1 has been shown to 

differentiate Ckit+ selected BM-derived MNCs into cardiac-like cells 357. In a study 

by Lim et al in 2007, differentiation of a mESC carcinoma line to beating CMs, 

upregulated TGF-β1 gene expression. This potentially drives cardiac 

differentiation by inducing the cardiac transcription factor Nkx2.5358. Goumans 

et al. used TGF-β1 to induce differentiation of adult atrial Sca1+ CPCs, in 

combination with 5-Aza and A.A324,220. The mechanism of action involves 

phosphorylation of Smad2, that leads to the expression of cardiac-specific 

proteins324. 
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Dexamethasone is a glucocorticoid compound with immunomodulatory 

properties. Initial studies showed that it stimulates differentiation and 

maturation of osteogenic progenitor cells359. The osteogenic effect of 

dexamethasone has been since then demonstrated on MSCs360,361,362. 

Interestingly, since then various groups have used it as the main agent of 

differentiation of adult selected Ckit+ CPCs to CMs347, 271,272,293. 

 

4.2.2. TGF-β & THE HEART  

The TGF-β superfamily of growth factors comprises over 30 members, including 

TGF-β (TGF-β 1-3), bone morphogenetic proteins (BMP), Activins, and Nodal363.  

These cytokines regulate numerous processes, such as embryonic development, 

cell proliferation, differentiation and immune responses364,365. TGF-β activates 

various intracellular signalling cascades366 and has been linked to several human 

pathological conditions, such as carcinogenesis and fibrosis367, 368. More 

specifically in fibrosis, TGF-β has been shown to stimulate the transition of 

fibroblasts to myofibroblasts (see 3.2.2) A crosstalk between TGF-β signalling 

and the canonical Wnt pathway has been suggested to be involved in cardiac 

fibrosis369. Most studies have been conducted in vivo on rodents. For example, a 

study on mice in 2010 showed TGF-β signaling causes increased proliferation of 

non-myocytes and expression of the “pro-fibroblast differentiation molecule” 

periostin, leading to adverse fibrosis in a cardiac hypertrophy model370. The 

source of the elevated TGF-β in these hearts was not defined.  

The crucial role of TGF-βs in cardiac development has been highlighted by a 

study of TGF-β1 and TGF-β2 gene knockout in mice, leading to cardiac defects371. 

Of the TGF-β family, distinct TGF-β isoforms have different effects on cell lineage 

specification. For example, TGF-β2 has a two-pronged effect on cardiac 

differentiation, with early expression being a positive cue and later expression 

being inhibitory 372. In the case of TGF-β1, in vitro CM differentiation studies 

have shown that it promotes cardiac differentiation by increasing expression of 

cardiac markers and contractile proteins, on human adult cardiac progenitors373, 

mouse skeletal muscle-derived progenitors374, and mouse BM cells357. Finally, it 

is suggested that the coculture-induced CM differentiation phenomenon, might 

be mediated by TGF-β secreted by the neonatal CMs375. 
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4.2.3. PEROXISOME PROLIFERATOR-ACTIVATED RECEPTORS (PPARS) 

In addition to signalling pathways that have a direct effect on differentiations, 

others can indirectly trigger a shift in the cell phenotype. Peroxisome 

Proliferator-Activated Receptors (PPARs) comprise a group of nuclear receptor 

proteins that are part of the subfamily 1 of the nuclear hormone receptor 

superfamily376. They function as ligand-activated transcription factors, so PPAR 

activity requires heterodimerization with the Retinoid X Receptor (RXR)377. This 

PPAR-RXR heterodimer can form in the absence of a ligand, however when 

activated by one, the dimer binds to specific DNA regions in the promoter of 

target genes, called peroxisome proliferator response elements (PPREs) and 

regulates their transcription378 (Figure 4.2). This activation of the PPAR-RXR 

heterodimer can occur either via an RXR- or a PPAR-ligand and it results in 

release by co-repressor proteins, and binding of co-activators379. FAs (including 

oleic, palmitic, linoleic, and arachidonic acid) are natural ligands for Pparα380. In 

addition, synthetic ligands have been chemically composed, such as; the 

ureidofibrate, GW2331381, and GW9578382, a ureidobutyric acid, and used in 

metabolic studies as Pparα agonists. Other natural compounds, like the flavonoid 

icariin can activate P38 MAPK383, which in turn increases the transcription of 

Pgc1α, which then stimulates the PPARα pathway221. 

The roles of PPARs span far beyond the stimulation of peroxisome proliferation, 

as initially shown384, being the genetic regulators of different mammalian 

metabolic pathways and subsequently numerous diseases385. Of the 3 receptor 

isoforms, alpha, gamma, and delta, Pparα and PPARd are highly expressed in the 

heart386.  Pparα functions in the liver as a master regulator of hepatic lipid 

metabolism and has been extensively researched (see Review387).  

Its most prominent role is that of regulating FA oxidation and ketogenesis, as an 

adaptative response to fasting388.  In a study in mice, conducted by Clarke K et al. 

exposure to hypoxia led to reduced Pparα levels, which functioned as an 

adaptative mechanism, required to maintain contractile function189. Studies have 

shown that Pparα target genes are involved in fatty acid metabolism389, and 

glucose metabolism390. Ding L et al. in 2007 showed that Pparα levels were 

upregulated during differentiation of ESCs to beating CMs and that inhibition of 

Pparα prevented the differentiation391. 
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Figure 4.1. Pparα binds to RXR, the heterodimer gets activated by ligands and 

Pgc1α acts as a co-activator, for Pparα.  Then, the heterotrimer binds to the 

Pparα response element (PPRE), in the promoter of target genes and increases 

the transcription rates of a number of metabolic proteins.  

 

 

Finck et al. in 2002, showed that Pparα is linked to FA-uptake in the CMs and up-

regulation of the beta-oxidation pathway392. In addition, PPAR coactivator 1α 

(Pgc1α) functions as a co-activator for Pparα393. PGC-1, was initially found 

enriched in brown adipose tissue and was characterised as a PPARg co-

activator393. Later it was shown that Pgc1α is involved in various metabolic 

processes394, primarily regulating of genes involved in FA oxidation395.   

 

4.2.4. OLEIC ACID 

As mentioned before, FAs are natural ligands for Pparα380. Oleic Acid (OA) is an 

18-carbon-FA, one of the most abundant monounsaturated FAs in the body396. 

Binding of OA to Pparα facilitates the formation of the heterotrimeric RXR- 

Pparα-Pgc1α transcription factor186. A study conducted in 2014 on the HepG2 

hepatic cell line, showed that not all FAs have the same binding affinity to Pparα 

and therefore, do not necessarily result in its activation. While OA and 
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palmitoleic increased Pparα transactivation, palmitic and stearic acid inhibited it. 

In addition others  (arachidonic, eicosapentaenoic, and docosahexaenoic acid) 

exerted both effects dependent on their concentration397. Several studies have 

investigated the effect of OA on various cell types in vitro, focusing on; cancer 

cells proliferation398,399 , cell proliferation and inflammation on ECs400,401  and 

SMCs402 , oxidative stress on fibroblasts403,404. Also it exerted a protective effect 

against lipotoxicity, in Skeletal MCs405 and insulin-producing cells406. The effect 

of OA on CMs in vitro has also been assessed. In one study, rat CMs showed myo-

fibrilar disruptions after OA treatment, whereas in others it prevented TNF-α 

induced oxidative stress407,408. In addition HL-1 CMs, incubated with OA 

developed calcium and sodium channel dysregulation409. Whereas, in mouse CMs 

it exerted a cardioprotective effect against cardiovascular insulin resistance and 

inflammation410. 

 

4.2.5. CARDIAC DEVELOPMENT - METABOLIC SWITCH (1)  

The fetal heart is adapted to an environment of low oxygen and low fatty acid 

content, so, fetal CMs are highly dependent on glycolysis for ATP production411. 

In addition, lactate availability allows for energy production via lactate oxidation. 

During development, the heart undergoes a major metabolic alteration (Figure 

1); the main physiological changes during the transition to the post-natal stage 

are the increased workload, and the demand for growth, that can not be met by 

glucose and lactate oxidation alone412,413, though immediately after birth some 

studies suggest that the main energy biogenesis mechanism is still glycolysis414. 

The parallel increase in circulating levels of free fatty acids (due to dietary 

alteration and lipid content in maternal milk) and in O2 levels, after birth, 

mediate a switch from glycolysis-dependence, to predominantly relying on 

oxidative metabolism as mature CMs415,411 . During the early postnatal period, as 

cardiac energy demands increase, the number of mitochondria increases 

dramatically416,417. Interestingly, the expression of the PGC-1 gene is also 

upregulated in the postnatal heart, before the increase in mitochondrial 

biogenesis and the metabolic switch to FA utilisation. Several studies 

demonstrated an increase in PGC-1, as well as Pparα, mRNA levels in mice or rats 

during development418,419. The suggested involvement of PGC-1a in 
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mitochondrial biogenesis was validated by studies showing that overexpression 

of PGC-1 in cardiomyocytes of transgenic mice resulted in mitochondrial 

proliferation418. The regulatory mechanism involves genes encoding several key 

mitochondrial ETC proteins, specifically the transcription factors nuclear 

respiratory factors-1 and -2 (NRF-1 and -2)420. Along with their number, proteins 

related to mitochondrial functions, such as the ETC get upregulated. Disruption 

of the ETC function during cardiac development, leads to disrupted 

mitochondrial organisation in the CMs, resulting in perturbed sarcomere 

formation and contraction421. 

 

4.2.6. CARDIAC METABOLISM IN MI & HF - METABOLIC SWITCH (2)  

Following myocardial infarction, tissue ischaemia leads to hypoxia, which in turn 

activates long-term HIF signaling at the myocardium422. As previously described, 

HIF upregulation is related to increased glycolysis. During MI, the ischemic 

region relies solely on glycogen, as an anaerobic fuel for energy production423. 

Disrupted mitochondrial integrity and function, is another characteristic of HF, 

as mitochondria can be found with membrane and ETC defects424,425, as well as 

reduced respiratory capacity425,426 and reduced oxidative 

phosphorylation427,428,429. These findings are consistent with the concept that 

during HF, as happens in cardiac stress-induced hypertrophy, the metabolic state 

of the heart resembles that of the fetal stage, switching to glycolysis, over 

mitochondrial oxidative metabolism430. Studies have shown increased glucose 

uptake431 and glycolysis185 with either no change or a decrease in glucose 

oxidation432,431. 

 

4.2.7. MITOCHONDRIA IN HEALTH & DISEASE 

Mitochondria are central organelles in energy production, so, their number, 

function, and dynamics affect ATP synthesis. The importance of mitochondrial 

integrity for maintenance of cardiac function has been also highlighted through 

several conditions which are characterised by mitochondrial mutations or 

abnormalities, causing among others; cardiomyopathy, neuromuscular 

dysfunction, diabetes mellitus and even sudden death27,28. Impaired 

mitochondrial function also occurs with aging or with cardiac disease and 
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HF28,29. The efficiency of the ETC is found to decline with age, which in turn 

decreases ATP generation433,434. 

 

4.2.8. FROM STEM CELL TO ADULT CELLS - METABOLIC SWITCH (3)  

A well-studied metabolic switch in cardiac cells is that of the transition from the 

stem cell to the CM phenotype, which is characterised by a shift from anaerobic 

to oxidative metabolism413. Similarly the Nobel laureate Otto Warburg suggested, 

in his paper in 1956, that cancer cells had perturbed cellular respiration, in 

contrast to non-cancerous adult cells435. He hypothesised that this difference in 

the metabolic state, is the fundamental drive of tumourgenesis. Since then the 

Warburg hypothesis has been well-established, characterising the metabolic 

difference between highly-proliferative (cancer cells or stem cells) and adult 

(terminally-differentiated) cells436,437.  

Basal cellular homeostasis involves processes like protein turnover, DNA repair, 

and vesicle trafficking. Proliferating cells, in addition to homeostasis 

maintenance, need more energy for anabolic processes such as cell division and 

growth. Stem and progenitor cells, as well as cancer cells, have been suggested to 

predominantly rely on glycolysis for ATP production, irrespective of oxygen 

presence; this metabolic paradox has been termed “aerobic glycolysis”3. Apart 

from Warburg’s observations on cancer cells, mouse fibroblasts438, human439 and 

mouse440 lymphocytes have been shown to utilise “aerobic glycolysis”, when 

stimulated to proliferate. ESCs derived from in vitro cultured ICMs441 or ESCs 

cultured in vitro442, show high rates of glycolysis and low oxidative 

phosphorylation. Possible explanations for this are that the cells might be 

damaged by low levels of intracellular reactive oxygen species (ROS), which 

would impair their capacity for self-renewal capacity and the maintenance of the 

stem cell phenotype443, therefore mitochondrial oxidation remains low444.  

Adult endogenous stem cells reside in hypoxic niches, in a quiescent state. As 

mentioned before, hypoxia and HIF levels reinforce the increased glycolysis 

levels of HSCs, rather than oxidative phosphorylation445. The non-oxidative 

breakdown of glucose leads to the formation of pyruvate, which subsequently is 

broken down to lactate446. Various studies have supported that the major 

function of aerobic glycolysis is to supply glycolytic intermediates for anabolic 
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reactions in cells, thus being the metabolic pathway of choice during cell 

proliferation (for Review see447). Many proliferating mammalian cells also 

consume glutamine, to provide material for biosynthesis, such as human 

MSCs448. Glutamine, as a carbon source, can supply the TCA cycle with 

intermediates that can be used for the production of new macromolecules in 

cells. A recent study by Hosios et al, in 2016, argued that glutamine contributes 

most to protein, suggesting that anaplerosis of glutamine in the TCA cycle is 

serving mainly amino acid biosynthesis449. Mature CMs consume a huge amount 

of ATP to sustain contraction450. Due to their limited ability for storing energy, 

they need continuous fueling, which is mainly supported by FA oxidative 

phosphorylation411. Interestingly, the opposite switch is needed when terminally 

differentiated cells convert to iPS; the metabolic reprogramming entails shifting 

from oxidative phosphorylation to glycolysis451. A shift in substrate availability is 

also experienced by stem/ progenitor cells during transplantation in vivo 

(Figure 4.2).  Cells are transferred from the culture medium, which contains 

about 17-25 mM glucose (depending on the culture protocol) and no FFA, to 

substrates in plasma that vary substantially. Glucose levels in mice have been 

measured between ~3.4 - 9.6 mM (2.8 – 7.5 mM in rats) 452,453 and ~0.18 - 0.6 

mM FFA285. This alteration is bound to cause changes in their metabolic 

machinery which might be one of the stimuli that induce differentiation 

following transplantation. 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. Schematic of metabolic switches during cardiac development (left) 

and cell differentiation (right).   
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4.2.9. MITOCHONDRIA IN DEVELOPMENT & CELL DIFFERENTIATION 

When stem/ progenitor cells differentiate to CMs they need to increase 

mitochondrial numbers and fatty acid metabolism. Different studies have shown 

the importance of upregulating mitochondrial oxidative metabolism for cardiac 

differentiation454,455. The idea that immature cells have under-developed 

mitochondria has been highlighted via studies in human and mouse ESCs, which 

revealed the presence of a small number of rounded and immature mitochondria 

with under-developed cristae456,421. Moreover, multipotent stem/progenitor cells 

show the same characteristics; for example, mitochondria in HSCs are relatively 

inactive in lineage-committed progenitors than in HSCs457,458. Interestingly, even 

ICM mitochondria have been shown to have a lower membrane potential, 

indicative of reduced mitochondrial function459. In addition, pluripotent ES cells 

derived from in vitro cultured ICMs show high rates of glycolysis441,460. 

 

4.2.10. STUDY AIMS 

As described above, metabolic switches exist during development and 

differentiation. In addition, no cardiac differentiation protocol, to our knowledge, 

takes into account the lack of FAs as a cell culture substrate, despite the fact that 

there is a known shift to oxidative metabolism in mature cells. Both TGF-β1, and 

OA are naturally found in the body, and so, in the context of SCT and 

transplantation of CPCs in the heart after injury, it is necessary to understand 

what effect these factors will have on the transplanted cells. 

Therefore, in this chapter: 

 I investigate which one of the isolated mixed-cell population of CPCs; 

CDCs and CTs, would differentiate better using an established protocol, in 

order to better characterise the optimal cardiac progenitor population. 

 Also, I strive to answer the question of whether altering the metabolism 

would help the cells to differentiate further than a differentiation protocol 

allows. 

 Finally, I assess the effect of fatty acid availability (OA) on 

undifferentiated and differentiated CPCs, as well as that of TGF-β1 on 

undifferentiated CPCs. 
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4.3. RESULTS 

 

4.3.1. STAGES OF mESC DIFFERENTIATION VIA EMBRYOID BODY 

FORMATION 

To assess the differentiation potential of the CPCs, the Transforming Growth 

Factor - beta1 / 5-Azacytidine / Ascorbic Acid (TGF-β1, 5-Aza, A.A.) 

differentiation protocol was used, as described by Gouman’s et al. (see Methods 

2.10.2). Based on previous work in our group (Dr. F. Perbellini thesis; 

unpublished data), this protocol resulted in enhanced differentiation of CDCs 

when compared to the 5-Aza/ DMSO protocol. 

To assess the stage of maturity of the CPCs post-differentiation, gene expression 

was compared with a mESC cell line at day 4 and 7 of differentiation via 

embryoid body (EB) formation (see Methods 2.10.1.), as a positive control. These 

cells were initially checked with qPCR for the level of expression of: stemness 

genes, early-endothelial, as well as early-onset cardiac genes that are involved in 

the development of the embryonic mouse heart (Introduction Table 1.2). In 

addition, the level of gene expression of late-onset cardiac markers was checked 

in mESCs at day 14 of the embryoid body differentiation, which marks the 

endpoint of the protocol. Finally, since it has been shown before that mESCs do 

mature functionally following the 14-day protocol of differentiation (Dr. R. Tyser 

thesis, P. Riley group), it was interesting to check the metabolic genetic profile. 

More specifically, components of oxidative metabolism, which are seen in mature 

adult cardiac cells, were checked, along with the cardiac glucose transporters. 

 

Agreeing with the genetic changes during differentiation, the stemness genes 

(Oct4, Sox2, Sca1, Ckit) reduced their expression as mESCs progressed from day 

4 (EBs d4) to day 7 (EBs d7) of differentiation, while the early-onset (Gata4, 

Mef2c, Nkx2.5, Isl1) cardiac markers increased, as well as the endothelial Flk1 

marker. (Figure 4.3).  
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Figure 4.3. Gene expression levels of stemness markers (Oct4, Sox2, Sca1, Ckit), 

early-onset cardiac (Gata4, Mef2c, Nkx2.5, Isl1) and endothelial (Flk1) markers 

in mESCs at d4 and d7 of differentiation to CMs, normalized to EBs d4. (EBs: n=1) 

 

 

At day 14 the mESCs are terminally differentiated and start to beat. As expected, 

the gene expression of late-onset cardiac markers (Tnnt2 and Myh7) increased 

from day 4, day 7 and day 14 (EBs d14) of differentiation. The same was 

observed for the glucose transporter Glut4, mainly found in the adult heart, and 

for the fatty acid transporter CD36, while the gene expression of the glucose 

transporter Glut1, predominant at the fetal stage, was reduced (Figure 4.4).  

 

 

Figure 4.4. Gene expression levels of late-onset cardiac markers (Tnnt2 and 

Myh7) and Glut1, Glut4 in mESCs at d4, d7 and d14 of differentiation to CMs, 

normalized to EBs d4. (EBs: n=1) 
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To investigate further the metabolic changes, the genes involved in oxidative 

metabolism were checked. Pparα expression initially decreased from day 4 to 

day 7 of embryoid body differentiation and then showed an 8-fold increase. 

Pgc1α followed the opposite pattern, being upregulated early on and then 

downregulated when the cells terminally differentiated (Figure 4.5).  

 

 

 

 

 

 

 

 

 

 

Figure 4.5. Gene expression levels of Pparα and Pgc1α in mESCs at d4, d7 and 

d14 of differentiation to CMs, normalized to EBs d4. (EBs: n=1) 

 

 

4.3.2. TGF-β1 DIFFERENTIATION INCREASES EXPRESSION OF TNNT2 IN 

BOTH CDCS AND CTS 

Initially, CTs and CDCs at P4 were seeded in flasks and in 24-well plates, the 

following day the normal CEM medium was removed and were differentiated 

with CGDM and 5-Aza/ TGF-β1/ A.A (see Methods 2.10.2). Based on Goumans et 

al. the endpoint of the differentiation was around 25 days, after which the 

differentiated human Sca1+ selected CPCs were shown to start to beat. There was 

no beating observed in any of our differentiations of the adult mixed atrial CPCs 

of this project, so the 1 month endpoint was selected. After 1 month of TGF-β1/ 

5-Aza/ A.A. differentiation CDCs and CTs at P4 were analysed using qPCR. 

Cell morphology remained normal, relative to day 0 - prior to differentiation, 

although some changes were observed at day 20 (Figure 4.6 c). By day 30, the 

differentiated CTs formed clusters in all the samples checked (Figure 4.6 d1). The 

CTs continued to proliferate and there was a layer of cells that seemed to have 
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normal morphology (Figure 4.6. d2), suggesting that the differentiating cells 

could be located in the cluster and new undifferentiated cells continued to grow. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6. Cell morphology of differentiated CTs with the TGF-β1 protocol, at 

day 0 (a), day 10 (b), day 20 (c) and d30 (d1, d2) under light microscope. Arrow 

at d1 indicating and focusing on the cell cluster, arrow at d2 indicating and 

focusing on the cell layer underneath the tubular cell cluster (scale bars: 100 μm) 

 

 

 

Both CTs and CDCs showed significantly increased gene expression of cardiac 

troponin-T (Tnnt2) of about 10-fold (Figure 4.7, 4.8), despite the different nature 

of the two populations and the fact they were heterogeneous. Myosin heavy 

chain beta (Myh7), Connexin-43 (Cx43) and Desmin did not change significantly. 

Myosin Heavy Chain alpha (Myh6) was not expressed at all in any of the tested 

cell types (data not shown). 
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Figure 4.7. TGF-β1 differentiation of CTs at P4 compared to the respective 

undifferentiated control samples (n=4, *p<0.002, error bars: standard error), 

normalised to undifferentiated control. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8. TGF-β1 differentiation of CDCs at P4 compared to the respective 

undifferentiated control samples (n= 3, *p=0.02, error bars: standard error), 

normalised to undifferentiated control. 

 

The level of protein expression for TNNT2 and MHCb was assessed using 

Immunohistochemistry (Confocal Imaging) (Figure 3.9, 3.10). CPCs were seeded 

and differentiated, as above, at the same time as the cell samples for qPCR 

analysis.  
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Figure 4.9. Differentiated CTs, with the TGF-β1 protocol. Expression of MHCb and 

TNNT2 shown in green; a, b: control samples, c ,d: differentiated samples. (blue: 

DAPI, scale bars: 30μm) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10. Differentiated CDCs, with the TGF-β1 protocol. Expression of MHCb 

and TNNT2 shown in green; a, b: control undifferentiated samples, c, d: 

differentiated samples. (blue: DAPI, scale bars: 30um) 
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The proteins were not detected in undifferentiated cells (Figure 3.10b). After 

differentiation, both CTs and CDCs showed localised expression of TNNT2 

(Figure 3.9.d, 3.10.d). MHCb was expressed in CDCs and CTs; in the latter it was 

found in cell clusters that the CTs formed while differentiating (Figure 4.9.d and 

4.10.d).  

The CTs around the clusters did not express MHCb or TNNT2, suggesting that 

there was still a fraction of undifferentiated cells growing around the 

differentiating ones (Figure 4.6 d2). 

 

 

4.3.3. MANIPULATION OF CELL METABOLISM 

4.3.3.1. OLEIC ACID SUPPLEMENTATION STIMULATES THE PPARΑ 

PATHWAY AND METABOLICALLY MATURES CT CELLS 

To increase the maturation of the differentiating CPCs in addition to the 

pharmacological agents (TGF-β1 differentiation), the cell culture substrate 

content was altered. The aim was to harness the metabolic switch observed in 

vivo; both during normal embryonic development and post-implantation in the 

paradigm of cell therapy (see Introduction 4.2.5, 4.2.8). Ultimately the focus was 

to shift substrate metabolism from glycolysis and to increase FA oxidation by 

targeting the Pparα pathway, as it has been linked to FA oxidative metabolism 

regulation (see Introduction 4.2.3). To achieve this, the CPC culture medium was 

supplemented with FAs, as they are endogenous activators of Pparα. More 

specifically Oleic Acid (OA) was used, the predominant fatty acid normally found 

in the blood.  The effect of increasing concentrations of OA were compared at 75 

μM, 150 μM and 300 μM.  The 300 μM was selected as the highest dose because 

high levels of FA have been shown to be toxic in cells461. Also, based on previous 

work done in our group (Dr. Lucy Ambrose thesis; unpublished data) on the 

effect of OA on HL-1 CMs, a concentration of 500 μM was found severely toxic, 

causing cell death. Also studies on adipose fibroblasts showed cytotoxicity at 

concentrations higher than 400 μM for 24 hours403. 

The effect of 75 μM, 150 μM or 300 μM of OA on cell viability was checked, after 1 

week of incubation, none of which were found toxic (Figure 4.11.a, 4.11.b). 
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Figure 4.11. Effect of OA 75 μM, 150 μM and 300 μM on the viability  of CTs P4 

and CDCs P4, compared to CNTRL untreated cells (n=3, error bars: standard 

deviation) 

 

 

The gene expression of Pparα was initially checked and its co-activator Pgc1α in 

CTs P4 treated with OA 75 μM, 150 μM or 300 μM for 48 hours (see Methods 

2.10.1.), (Figure 4.12). Cells were cultured in GCDM basal medium, with added 

OA, so as to maintain the same level of glucose, amino acids and nutrients in the 

culture in all of our conditions, making the OA concentrations the only difference. 

Pgc1α was significantly upregulated as the concentration of OA increased. Pparα 

gene expression, on the other hand, did not change with increasing 

concentration of OA. This could mean that with short-term treatment with Oleic 

Acid Pgc1α gets upregulated acutely, and not Pparα. 

As the OA supplement was pre-conjugated with BSA, the gene expression of 

Pparα and Pgc1α was also compared to the untreated controls which had been 

supplemented with Bovine Serum Albumin (BSA), at the respective 

concentrations. 

 

Neither Pparα, nor Pgc1α showed any significant difference at 75 μM of OA 

supplementation, but they did increase more than 5-fold at 300 μΜ, when 

compared to the 20 μM BSA control (Figure 4.13). This data show that Oleic acid 

does activate the Pparα pathway. 
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Figure 4.12. Effect of 48h supplementation with OA 75 μM, 150 μM, 300 μM on 

the expression of Pparα, Pgc1α, at CTs P4, normalised to OA 75μM. (n=4, 

*p<0.02, #p<0,01, indicating difference to OA 75 μΜ; error bars: standard error). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13.. Effect of 48 hour supplementation with OA 75 μM and 300 μM on 

the expression of Pparα, Pgc1α, on CTs P4. Normalised to 48h BSA 

supplementation with 5μM and 20μM, respectively. (n=4; error bars: standard 

error, *p<0.04, #p<0.03, indicating difference to the respective BSA CNTRLs). 

 

Based on the aforementioned observations, to further test the long-term effect of 

OA treatment on the metabolism of the CTs the gene expression was investigated 

after treatment with OA 300 μM for 48 hours, 1 week and 1 month. Although a 

change in the CT morphology was observed after 1 month of incubation, no 

condition was found to be noticeably toxic (Figure 4.14).  
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Figure 4.14.. CTs P4 treated with OA 300 μΜ for 48 hours (4a), 1 week (4b) and 1 

month (4c) (scale bars: 100 μm) 

 

Looking into the genetic changes of the metabolic genes (Figure 4.15 & 4.16); 

Pgc1α gene expression gets significantly upregulated acutely after 48 hours and 

then drops. Pparα becomes significantly upregulated with OA supplementation 

and, Glut4 shows the exact same pattern.  The acute Pgc1α increase in gene 

expression, followed by a decrease, could suggest a potential increase in 

mitochondria (see Introduction 4.2.5). 

 

 

 

 

 

 

 

 

 

 

Figure 4.15. Effect of 48 hours, 1 week, 1 month supplementation with OA 

300μM on the expression of metabolic genes, at CTs P4. Normalised to control 

untreated CTs. (n=3; error bars: standard error, *p<0.05, $p<0.02). 

 

 

Interestingly, Pyruvate Dehydrogenase Kinase (Pdk4), involved in FA oxidation, stays 

significantly upregulated with OA addition at all time-points, as does the fatty acid 

translocase receptor CD36, which functions as an OA receptor. 
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Figure 4.16. Effect of 48 hours, 1 week, 1 month supplementation with OA 

300μM on the expression of metabolic genes, at CTs P4. Normalised to control 

untreated CTs. (n=3; error bars: standard error, *p<0.05, $p<0.02). 

 

 

But, looking into the citrate synthase gene expression (Cs), the first enzyme of 

the Citric Acid Cycle often used as a quantitative marker of mitochondria, no 

change in gene expression was observed (Figure 4.16). 

 

To investigate the mitochondrial state, CTs were incubated with MitoTracker® 

Red CMXRos (see Methods 2.5.3.). The experiments were conducted in two 

separate parts; comparing CNTRL untreated cells with 48 hours of OA 300 μM 

treatment (Figure 4.17) and subsequently the effect of 1 week of OA 

supplementation was compared to that of 48 hours (Figure 4.18). In both 

experiments an increase in the red fluorescence was observed, when the CTs had 

been exposed to OA for larger time periods.  

The laser intensity and exposure parameters of the Confocal microscope, while 

imaging, were kept the same between the two comparing groups. Therefore, the 

observed signal increase can be due to more active mitochondria, since the 

CMXRos dye accumulates in live cells based on the mitochondrial potential462.  

It is important to mention at this point that the experiments were conducted at 

different time-points, using different parameters, following the investigation of 

the long-term and short-term effect, which accounts for the inconsistency in 

fluorescence between the two 48-hour OA samples. 
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Figure 4.17. Short-term effect of OA in cell mitochondria; CTs P4; untreated 

CNTRL (a, b) and  treated with OA 300 μΜ for 48 hours (c, d), stained with 

MitoTracker® Red CMXRos. Images b, d are taken after 5% zoom of each 

respective group. (scale bars: 50 μm) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.18. Long-term effect of OA in cell mitochondria; CTs P4; treated with OA 

300 μΜ for 48 hours (a, b) or 1 week (c, d), stained with MitoTracker® Red 

CMXRos. Images b, d are taken after 2.5% zoom of each respective group. (scale 

bars: 50 μm) 
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To avoid confusion, the increase in fluorescence was measured using the Fiji Is 

Just Image J imaging software, in arbitrary units (Figure 4.19), which confirmed 

that there was a significant increase in fluorescence (see Methods 2.5.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To investigate further the changes in mitochondria, citrate synthase was checked 

with Western Blots (see Methods 2.12). CTs treated with Oleic Acid for 1 week, 

were compared to the untreated CNTRL cells. The assay showed that there was 

no change in citrate synthase protein levels (4.20). Therefore the effect of OA 

treatment could lead to an increase in the activity of mitochondria, rather than 

their number. 
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Figure 4.19.  Effect of OA 

treatment 300 μΜ for 48 
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Figure 4.20. Protein levels of Citrate Synthase estimated with Western Blot, fold 

change of expression relative to the CNTRL samples. 

 

It is known (see Introduction 4.2.8) that CPC maturation is marked by 

upregulation of oxidative metabolism and genes linked to mitochondrial number 

and activity. Given the observed changes after OA supplementation, the level of 

glucose oxidation was analysed. After culture in CDGM medium the CTs were 

supplemented with OA 300 μM for 48 hours and 1 week or no OA. Glucose 

oxidation was estimated by measuring the moles of labeled 14CO2 that were 

produced after incubation with 14C-glucose (see Methods 2.13.1). Interestingly, 

the level of glucose oxidation was increased significantly with increased time 

length of incubation with OA (Figure 4.21). 

 

 

 

 

 

 

 

 

 

 

Figure 4.21. Effect of 48 hours, 1 week, 1 month supplementation with OA 300 

μM on the glucose oxidation levels, measured as nMoles/ min/ 105 cells, 

compared to control untreated CTs. (n=4; *p<0,02 indicating differences 

amongst the groups, error bars: standard error). 
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A limitation of these experiments that required culture of the cells in 24-well 

plates was that the CTs that were grown for 1 month with OA, and became so 

over-confluent and formed sheets that detached from the slides and wells 

making any further analysis impossible. Our subsequent question was whether 

the observed metabolic maturation had any effect on or was any indication of a 

degree of functional maturation. Therefore, the effect of 48 hours, 1 week or 1 

month treatment with 300 μM OA was tested to assess any immediate effect on 

differentiating the CNTRL CTs. The RT-PCR data showed no significant change in 

the gene expression of Tnnt2 or Cx43. (Figure 4.22). Myh6, Myh7 and MLC were 

not expressed at any of the conditions checked. 

 

 

 

 

 

 

 

 

 

 

Figure 4.22. Effect of 48 hours, 1 week, 1 month supplementation with OA 

300μM on the expression of differentiation genes, at CTs P4. Normalised to 

control untreated CTs. (n=3; error bars: standard error). 

 

 

4.3.3.2. PHARMACOLOGICAL TREATMENT WITH ICARIIN DOES NOT 

STIMULATE THE PPARΑ PATHWAY IN ATRIAL CPCS 

As a next step the stimulation of the Pparα pathway was attempted using the 

pharmacological agent Icariin (referred to below as ICA). CTs P4 were tested, to 

compare with the effect of OA described in 4.2.4.1. DMSO treatment was used as 

a control, because Icariin is dissolved in DMSO (see Methods 2.11.2). Initially the 

cytotoxic effect of Icariin was assessed, showing no significant effect, compared 

to CNTRL cells (Figure 4.23). 
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Figure 4.23. Effect of Icariin 5 μM, 10 μM and 20 μM on the viability of CTs P4, 

compared to CNTRL untreated cells (n=3, error bars: standard deviation) 

 

 

Subsequently, the gene expression of Pparα and Pgc1α was checked in CTs P4 

treated with 5 μM and 20 μM of Icariin for 48 hours (see Methods 2.11.2). Cells 

were cultured in GCDM basal medium, with added Icariin, or added DMSO for the 

CNTRL cell. The tested concentrations did not exert a significant effect on Pparα 

or Pgc1α gene expression (Figure 4.24), therefore the OA approach was taken 

forward, for subsequent experiments. 

 

 

 

 

Figure 4.24. Effect of Icariin 5 μM and 20 μM on Pparα, Pgc1α gene expression on 

CTs P4. Normalised to 48h 0.125 μM and 0.5 μM DMSO treatment, respectively. 

(n=3; error bars: standard error). 
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4.3.3.3. STIMULATION WITH OLEIC ACID FOR 1 WEEK FURTHER MATURES 

DIFFERENTIATED CTS FUNCTIONALLY AND METABOLICALLY 

Based on the encouraging data indicating upregulation of the Pparα pathway 

after OA treatment in CT cells, OA was used after TGF-β1 differentiation to assess 

whether the cells could be matured further than observed before (4.2.4). CTs 

were differentiated as before (2.10.2) and at the end of the TGF-β1 

differentiation protocol half of the cell population of each sample was 

supplemented with OA 300 μM for a further period of 1 week (“DIFF+OA” 

samples) and half was collected (“DIFF” samples) (see Methods 2.10.2). The 

differentiating CTs formed cell clusters as before, but with the OA treatment the 

cells surrounding them were smaller in size than in the TGF-β1 differentiation 

condition (Figure 3.6. and Figure 4.25), potentially suggesting that the OA 

addition could be having an additional effect on the differentiated CTs.  

 

 

 

 

 

 

 

 

Figure 4.25. Cell morphology of differentiated CTs with the TGF-β1 protocol, 

followed by 1 week of OA 300 μM supplementation, under light microscope 

(scale bars: 100 μM) 

 

RT-PCR analysis of mature cardiac (Myh7, Myh6, Tnnt2, Cx43) genes was done, 

which showed that both Myh7 and Cx43 were significantly upregulated after OA 

treatment. Interestingly, Tnnt2 gene expression was not increased further 

(Figure 4.26). In order to assess the level of expression of the myocardial genes 

in the differentiated CTs they were compared to the mESCs at the day 14 of 

differentiation via EB formation (Figure 4.27). Tnnt2 gene expression was at 

similar levels as the EBs d14, but Myh7 was found much lower. The Cx43 levels, 

in both differentiation conditions, were higher than that of the EBs d14. 

a b 
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Figure 4.26. Effect of 1 week OA 300μM treatment post-differentiation on CTs at 

P4, compared to non-treated differentiated CTs and CNTRL undifferentiated CTs 

P4. (n=4, *p<0,02, $p<0,01 compared  to CNTRL, error bars: standard error)  

 

 

 

Figure 4.27. Gene expression levels of myocardial markers mESCs at d4, d7 and 

d14 of differentiation to CMs, normalized to EBs d14. (n=3 for DIFF and 

DIFF+OA, EBs: n=1, error bars: standard error) 

 

Immunocytochemistry confirmed the expression of MHCb and TNNT2 in the 

differentiated CTs treated with OA (Figure 4.28). These cells were smaller than 

the undifferentiated controls and had formed clusters, as observed before 

(Figure 4.9.). Filamentous actin (fActin) staining, as well, to assess the shape and 

structural components of the cells, did not reveal CM shape or morphology, like 

striations (Figure 4.28). 
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Figure 4.28. Differentiated CTs, with the TGF-β1 protocol, followed by OA 

treatment 300 μΜ for 1 week. Expression of MHCb and TNNT2 shown in green; 

a-d: negative control, m-t: differentiated CTs TGF-β1+OA. (co-stained with DAPI, 

scale bars: 50μm) 
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Expression of metabolic genes after different differentiation conditions was 

assessed (Figure 4.29). The first interesting observation was that of the Pgc1α – 

Pparα expression changes. To begin with, the TGF-β1 protocol alone was 

sufficient to trigger gene expression increase of both Pparα and Pgc1α. Further 

addition of OA for 1 week maintained the Pparα gene expression at the same 

level, but downregulated Pgc1α expression. 

 

 

Figure 4.29. Metabolic effect of 1 week supplementation with OA 300 μM post-

differentiation on CTs, compared to non-treated differentiated CTs and CNTRL 

undifferentiated CTs, all at P4. (n=4, *p<0,05, $p<0,01 indicating difference to 

CNTRL, error bars: standard error)  

 

Glut1 gene expression was significantly downregulated after OA treatment, 

whereas a significant increase in Glut4 expression was observed after TGF-β1 

differentiation, which increased further following OA treatment. These changes, 

so far, suggested a metabolic maturation of the cells (more on Pgc1α changes at 

Discussion 4.4.3). Pdk4 levels remained unchanged in both differentiation 

conditions, and did not increase as would be expected if there was upregulation 

in the FA oxidation pathway. Similarly to what was observed after OA treatment 

(Figure 4.15) on undifferentiated cells, Cs levels remained unchanged in both 

treatments. In addition, the protein levels of Cs were looked into, in 

differentiated cells with 
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subsequent OA treatment. The Western Blot analysis, did not demonstrated a 

significant increase (Figure 4.30). 

 

 

Figure 4.30. Protein levels of Citrate Synthase (CS) estimated by Western Blot 

analysis. Fold change of expression relative to the CNTRL samples. 

 

To further understand the metabolic state, the levels of glucose oxidation were 

measured.  The glucose oxidation rates were about 4 times more than those from 

CNTRL undifferentiated cells (Figure 4.31). This indicated that the DIFF+OA cells 

oxidized glucose at a higher rate, suggesting  that the OA upregulated oxidative 

metabolism. Assessment of the mitochondrial membrane potential, with 

MitoTracker ® Red CMXRos, as before, suggested that there was an increase in 

the fluorescence between the CNTRL undifferentiated CTs and the DIFF+OA 

differentiated CTs (Figure 4.32).   

 

 

 

 

 

 

 

 

Figure 4.31. Effect of TGF-β1 differentiation, followed by 1 week 

supplementation with OA 300 μM, on the glucose oxidation levels, measured as 

nMoles/ min/ 105 cells. Normalised to control untreated CTs. (n=3; *p<0,001 

indicating differences amongst the groups, error bars: standard error). 
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Figure 4.32. Effect of differentiation of CTs P4, followed by 1 week of OA 300 μM, 

on cell mitochondria (b), compared with CNTRL undifferentiated cells (a). Both 

stained with MitoTracker® Red CMXRos. (scale bars: 50 μm) 

 

 

When the fluorescence intensity was calculated there was significant increase, 

indicating upregulated membrane potential in the differentiated group treated 

with oleic acid (Figure 4.33). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.33.  Effect of differentiation of CTs P4, followed by 1 week of OA 300 μM, 

on cell mitochondria, estimated as average fluorescent intensity, after staining 

with MitoTracker Red CMXRos red. (n =20 cells, 2 repetitions, *p<0.01) 
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4.3.3.4. PROLONGED STIMULATION OF DIFFERENTIATED CTS WITH OLEIC 

ACID FOR 1 MONTH FURTHER MATURES DIFFERENTIATED CTS 

METABOLICALLY  

Since the OA 300 μM treatment of CNTRL cells for one month, showed the most 

promising results, in terms of metabolic changes (see Figure 4.15.) I investigated 

whether OA treatment pushes the cell differentiation further. To begin with the 

genetic changes of functional genes were checked (Figure 4.33.). 

Supplementation with 300 μM OA for 1 month after TGF-β1 differentiation 

resulted in significant upregulation of Cx43, whereas Tnnt2 and Myh7 did not 

change significantly, with the latter showing a slight decrease. 

 

Finally, the metabolic changes that characterise the two conditions were looked 

into (Figure 4.34.). Both Pdk4 and Pparα gene expression were significantly 

upregulated with long-term culture in OA-supplemented medium, post-TGF-β1 

differentiation. Cs gene expression did not change significantly. 

 

 

 

 

Figure 4.33. Effect of 1 month supplementation with OA 300μM post-

differentiation of CTs at P4, normalised to 1 week supplementation of OA 300μM 

post-differentiation (n=4, *p<0,00001, error bars: standard error)  
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Figure 4.34. Metabolic effect of 1 month supplementation with OA 300 μM post-

differentiation on CTs, compared to 1 week supplementation on CTs at P4. (n=4, 

*p<0,05, $p<0,01 indicating difference to DIFF+OA, error bars: standard error)  
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4.4. DISCUSSION 

 

4.4.1. STAGES OF MESC DIFFERENTIATION VIA EMBRYOID BODY 

FORMATION 

To evaluate the differentiation potential of the isolated adult atrial CPCs, I first 

aimed to identify the genetic changes that occur during successful in vitro 

differentiation to CMs. Based on previous work done by Prof. Paul Riley's group, 

differentiating mESCs were analysed at d4, d7 and d14 of differentiation, after 

which they are reported to be terminally differentiated. I observed that the gene 

expression of SC-markers (Oct4, Sox2, Ckit, Gata4) reduced, while transcription 

factors of the cardiac lineage (Nkx2.5, Isl1, Mef2c), the endothelial Flk1 (Figure 

4.3) and genes characterising mature cardiac cells (Myh7 and Tnnt2) were 

upregulated (Figure 4.4). The gene expression of the fetal-tissue glucose 

transporter; Glut1 reduced, while Glut4 increased (Figure 4.4). Collectively these 

changes are following the expected pattern of markers of immature cell 

phenotype being downregulated, while those of mature cell phenotype 

upregulated (Table 4.3 & 4.4), as illustrated in the introduction (4.3 and Figure 

4.4).  This has been reported in studies of hESC differentiation34,463 and 

mESC322,464 into CMs, mentioning the upregulation of cardiac transcription 

factors, including GATA4, MEF2c and Nkx2.5, as well as cardiac markers MHCb 

and troponin322,219,465. The downregulation of the gene expression of GLUT1 and 

upregulation of GLUT4, is a shift that has been reported in several studies, 

characterising the metabolic maturation of the cells466,467,468 (Figure 4.4). Finally, 

the CD36 and ACADM genes, related to FA metabolism, do not change 

substantially, since the fact that the cell medium does not have any lipids. 

Looking into Pparα and Pgc1α expression (Figure 4.5), I saw that the former is 

upregulated at the end of differentiation (day 14), whereas the latter shows an 

increase at day 7 and then it decreases notably at day 14. This pattern could be 

explained by the need for upregulation of the mitochondrial metabolism early in 

the differentiating mESCs, which would require an increase in Pgc1α gene 

expression (see Introduction 4.2.5). The involvement of both Pparα and Pgc1α in 

murine cardiac differentiation in vitro has been shown by different studies469. 
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Gene 
Encoding 

Protein 
Main Roles 

Relevant 

expression sites  
Ref. 

Oct4 
Octamer-binding 

transcription 
factor 4 

maintenance of self-

renewal & 

pluripotency, 

tumourgenesis, 

embryonic 

development 

pluripotent SCs, 

progenitor cells 
470, 471 

Sox2 Transcription 

factor 

maintenance of self-

renewal & 

pluripotency, 

embryonic 

development 

pluripotent SCs, 

progenitor cells 
472, 472 

Sca1  Cell surface 

protein 
cell signalling 

SCs, progenitor 

cells 
101,111 

Ckit 
Tyrosine-protein 

kinase, cytokine 

receptor 

cell proliferation, 

survival 
SCs, tumour cells 272, 113 

Myh7 

Myosin heavy 

chain beta 

(MHCb) “fast” 

isoform 

cardiac muscle 

contraction 
CMs 473, 474 

Myh6 

Myosin heavy 

chain alpha 

(MHCa) “slow” 

isoform 

cardiac muscle 

contraction 
CMs 475,476 

Tnnt2 

 tropomyosin-

binding subunit 

of troponin 

complex 

cardiac muscle 

contraction 
CMs 477, 474 

Cx43 Gap junction 

alpha-1 protein 

intercellular 

communication, 

muscle contraction, 

development 

CM gap junctions 478 ,479 

Desmin 
type III 

intermediate 

filament 

muscle cell function striated muscles 480, 481  

 

Table 4.3. Summary of the stem cell genes and the structural genes of cardiac 

lineage, characterising cardiac cells during development and differentiation. 

 

 

In addition, initial low levels of  Pparα, were demonstrated in undifferentiated 

ESCs by Ding L. et al., that increased as beating clusters were formed391, which 
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agrees with the increased levels at the day 14 samples. The involvement of these 

two genes in cardiac differentiation facilitates the shift to the oxidative 

metabolism that mature cells depend on395. 

 

 

Gene Encoding Protein Main Roles 

Relevant 

expression 

sites  

Ref. 

Glut1 Glucose transporter 1 
glucose 

transportation 
fetal tissues 482, 468 

Glut4 Glucose transporter 4 
glucose 

transportation 

striated 

muscles 
482,468 

CD36 Membrane scavenger 

receptor 
FA transportation 

striated 

muscles, 

capillaries 

483, 484 

Acadm Acyl-CoA 

dehydrogenase 

oxidation of FAs & 

amino acids 

mammalian 

cells 
485 

Pdk4 Pyruvate 

dehydrogenase kinase  

reduces pyruvate 

conversion to 

acetyl-CoA 

mammalian 

cells 
486 

Cs  Tricarboxylic acid 

cycle enzyme 

catalyses first step 

of TCA cycle 

mammalian 

cells 

mitochondria 

487 

Pparα Transcription factor  
promotes FA 

metabolism 
liver, heart 488,390 

Pgc1α Transcriptional 

coactivator 

mitochondrial 

biogenesis & 

metabolism 

liver, heart 489,395 

Table 4.4.  Summary of metabolic genes involved in main metabolic pathways, 

investigated in this study 

 

 

4.4.2. TGF-β1 DIFFERENTIATION INCREASES EXPRESSION OF TNNT  

In our differentiation study the TGF-β1-based protocol, developed by the 

Goumans group, was selected based on previous studies in our lab (Dr. Kathy 

Pakzad and Dr. Philippo Perbellini; unpublished data). Signalling factors of the 

TGF-β1 family, as well as 5-Aza, have been used by different groups and on 

different cell types (see Introduction Table 4.2.). The methods of assessment of 
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CPC differentiation, among the different studies reviewed in the introduction 

varies, but entails changes in cell morphology, as well as expression of markers 

such as Troponins, Myosin Heavy Chains and Connexins (see Table 4.5). In terms 

of cell morphology, various studies have shown that after a potential initial phase 

of cell death following the treatment with 5-Aza, the cells proliferate and 

differentiate108,333.  

Smits et al.220 observed multiple layers with different cell alignments and cell 

confluency, after the TGF-β1 treatment. These reports agree with the 

observation of cell confluency in our differentiating cultures and the formation of 

cell clusters (Figure 4.6). Gene expression changed after TGF-β1 differentiation 

showed significant upregulation of Tnnt2 in the two different CPC groups (CTs 

and CDCs), but no changes in MHCb or Cx43 were observed (Figures 4.7, 4.8). 

Immunocytochemical analysis demonstrated accumulation of MHCb at the cell 

clusters that were formed during CT differentiation (Figure 4.9b). TNNT2 was 

observed, in CTs (Figure 4.9c), while the expression of the two proteins in CDCs 

was present, but weaker (Figure 4.10.c, d). Goumans et al.324 saw upregulation in 

Troponin, Cx43 and MHCb by staining and semi-quantitative RT-PCR, rather than 

RT-PCR. The observed pattern of MHCb expression (Figure 4.9d) in our study, 

may indicate that cells need to be highly confluent for efficient differentiation. 

Further to this, the cells were trypsinised before pelleting for RNA extraction. 

This did not work well with the cell clusters and clumps in the CT differentiated 

samples (Figure 4.6.), which may have been washed off or not been lysed 

efficiently (during RNA extraction), thereby producing conflicting results. 

As we saw in chapter 3 both cell types express CD90, CDCs uniformly expressed 

it, while CTs had a subpopulation of Sca1+ /CD90- cells. Interestingly, a study 

done on CDCs demonstrated that the CD90+ fraction differentiated less 

successfully to CMs than the CD90-  fraction490. 
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Differentiat

ion 

approaches 

studies in vitro assessment of differentiation 

 

TGF-β1 

family 

  

  

220 morphology, beating, staining: TnnI, a-SA 

324 
morphology, beating, semi quantitative-PCR, staining: TnnI, 

MLC2, MHCb, a-SA, desmin, ANF, patch-clamp 

electrophysiology 

273 staining: TnnT, Cx43, a-SA expression 

 

Oxytocin 

  

  

293 
morphology, beating, staining: TnnI, a-SA, Cx43 gap 

junctions, RT-PCR: reduction of Ckit & TERT, increase of 
Nkx2.5, Gata4, MHCb, Tnnl 

329 
morphology, beating, measurement of intracellular [Ca2+] , 

RT-PCR: Nkx2.5, Gata4, Mef2C, MHCa, MHCb, MLC2 & 

cardiac a-actin, staining: GATA4, ANF TnnT, a-SA, Cx43   

108 morphology, beating, staining: a-SA, GATA4 , ANF, TnnT, 

MLC2v 

 

 

 

 

5-

Azacytidine 

  

101 morphology, staining: a-SA, TnnI, Nkx2.5, MHCa, but not 

MHCb 

333 morphology, RT-PCR: increase of Nkx2.5, MHCb, cTnnT, 

ANP, desmin & decrease of Sox2, Nanog  

324 

morphology, % of beating cells, RT-PCR & staining: TnnI, 

MLC2, MHCb, a-SA, desmin, ANF, staining for connexins at 

gap junctions, metabolic coupling; assessed by spreading of 

dye, patch-clamp electrophysiology, calcium-imaging  

 
271 morphology, staining: a-SA, MHC, cadiac a-actin, contractile 

activity after electrical stimulation,  

 

 

Dexa-

methasone 

  

  

  

87 morphology, staining: GATA4, Nkx2.5, Mef2, no 

sarcomeres, failed to contract even post-stimulation 

347 staining: a-SA, MHCb, TnnT, Cx43 

293 
morphology, beating, staining: TnnI, a-SA, Cx43 at gap 

junctions, RT-PCR: reduction of Ckit & TERT, increase of 

Nkx2.5, Gata4, MHCb, Tnnl 

97 staining: cardiac a-actinin & TnnT 

 

Table 4.5. Main CPC differentiation studies and the methods for assessment of 

differentiation  
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4.4.3. OLEIC ACID SUPPLEMENTATION STIMULATES THE PPARΑ PATHWAY 

AND METABOLICALLY MATURES CT CELLS 

The hypothesis for manipulating the substrate availability of the cultured cells 

stemmed from the different layers of regulation that the Pparα/ Pgc1α axis 

exerts during differentiation and maturation of metabolism (see Introduction 

4.2.3., 4.2.5.). Based on our literature review, the various protocols of CPC 

differentiation focus on pharmacological reagents and cytokines, and do not 

refer to or take into account the substrate composition. This is a striking fact 

especially knowing how metabolic changes affect the function of the cells437 and 

how transition from glycolysis to FA oxidation affects cell maturation (see 

Introduction 4.2.8). The glucose concentration in culture media ranges from 5.5 

mM - 25 mM, while there is no availability of lipids/ FAs (see Table 4.6).  

 

Oleic acid was chosen for this a lipid substrates purpose in our study (see 

Introduction 4.2.4), at a range of non-toxic concentrations (Figure 4.11). Gene 

expression changes indicated that acute exposure (48 hours) to increasing 

concentrations of OA upregulated significantly Pgc1α, without changes in Pparα 

(Figure 4.12), but it was clear that both genes were upregulated when OA-

treated cells were compared with the respective BSA controls (Figure 4.13). 

These results agree with studies showing that OA and FAs in general, activate the 

Pparα pathway397,380.  

Based on the data so far the concentration of 300 μM was selected and tested the 

metabolic effect of different lengths of incubation on CTs. Long term 

supplementation with OA leads to significant upregulation of Pparα (Figure 

4.15). Pgc1α reached the maximum level of gene expression at 48 hours, as did 

Pdk4 which has been shown to be upregulated by Pgc1α (Pgc1α can induce the 

PDK4 gene expression in part through the interaction with the ERRa at the 

proximal part of the PDK4 promoter491,492,493). Subsequently both decreased, but 

Pdk4 remained at significantly higher levels than the CNTRL samples. The 

response of the cells to OA addition induced upregulation of CD36, which 

mediates the uptake of fatty acids in a variety of cell types483,484, at all of the 

investigated time-points (Figure 4.16). 
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Differentiation 

approaches 
refs 

main differentiation 

components 
Glucose  

FAs/ 

lipid 

TGF-β1 family 

323, 
324, 
273 

5 µM 5-Aza, TGF-β1 1 ng/ml, 10−4 M 

A.A. - IMDM/Ham's F12 GlutaMAX, 
2% serum, 1% MEM amino acids, 1% 

insulin–transferrin–selenium 

12.5 mM 0 

Oxytocin 

293 

100 nM oxytocin acetate, 50 μg/ml 

A.A., 2% serum,  1 μM dexamethasone 

, beta-glycerol phosphate 10 mM, 

TGF-β1, 5 ng/ml, BMP2 10 ng/ml, 

BMP4 10 ng/ml, Dkk1 150 ng/ml 

5.5. mM 0 

329, 
108 

10% serum, 100 nm oxytocin 25 mM 0 

5-Azacytidine 

331 20% serum , 3 μmol/L 5-Aza  25 mM 0 

332 1 - 112 μmol/L 5-Aza 11 mM 0 

101 2% FBS,   3 μM 5-Aza  5.5. mM 0 

333 10% FBS, 10 μM 5-Aza 5.5. mM 0 

334 20% serum , 3 μmol/L 5-Aza  25 mM 0 

324 
5 μΜ 5-Aza, MEM amino acids, 

insulin–transferrin–selenium, 10−4 M 

A.A.  

12.5 mM 0 

335 3 & 10 μΜ 5-Aza   25 mM 0 

Dexamethasone 

271, 
87, 
347 

10% serum, 10-8 M dexamethasone 5.5 mM 0 

293 

100 nM oxytocin acetate, 50 μg/ml 

A.A., 2% serum,  1 μM dexamethasone 

, beta-glycerol phosphate 10 mM, 

TGF-β1, 5 ng/ml, BMP2 10 ng/ml, 

BMP4 10 ng/ml, Dkk1 150 ng/ml 

5.5 mM 0 

97 10% serum, 10 nM dexamethasone 25 mM 0 

 

Table 4.6. Main CPC differentiation studies and the media composition with 

glucose and FA concentration 
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The shift from Glut1 to Glut4 was similar to that seen with mESCs differentiation 

(Figure 4.4) and was consistent with cell maturation (4.4.1). Based on 

mitochondrial imaging, OA treatment seems to have an effect of mitochondrial 

membrane potential (Figures 4.17 & 4.18), which was significantly upregulated 

between 48 hours and 1 week of treatment (Figure 4.19). At this point it can be 

assumed that the OA treatment had an effect on mitochondrial activity, rather 

than the mitochondrial numbers, since CS was found unchanged even when the 

protein level was looked into (Figure 4.20). Citrate synthase differences in the 

estimated mRNA levels and enzymatic activity have been reported in studies494. 

So, the lack of changes in CS here could indicate no change in protein levels but 

there may have been increase in CS activity, since neither RT-PCR, nor the 

Western Blot conducted provide information about enzymatic activity. Both 

mitochondrial levels and activity are necessary for  cell maturation455. When I 

looked into radio-labeled substrate utilisation, glucose oxidation was 

upregulated significantly at both 48 hours and 1 week of OA supplementation 

(Figure 4.21), indicating increase oxidative metabolism and suggesting a shift 

from Glycolysis, as expected in differentiating cells (see Introduction 4.2.5 & 

4.2.8). All these changes suggested maturation of the OA-treated cells, but it was 

not enough to induce a differentiated phenotype to the cells (Figure 4.22). 

 

4.4.4. PHARMACOLOGICAL TREATMENT WITH ICARIIN DOES NOT 

STIMULATE THE PPARΑ PATHWAY IN ATRIAL CPCS 

Subsequently, the metabolic effect of the pharmacological agent Icariin was 

investigated, at non-toxic concentrations (Figure 4.23). There were no changes in 

Pparα or Pgc1α, contrast to what was seen with OA supplementation (Figure 

4.24). There are only a few studies, so far, suggesting that Icariin stimulates the 

Pparα pathway via a p38 MAPK mechanism495 (see Introduction 4.2.3), but other 

papers suggest that Icariin downregulates the expression of phoshorylated-p38 

MAPK. Given the time-restrictions of this project and the positive results from 

OA treatment, further work  on Icariin was not done. 
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4.4.5 STIMULATION WITH OLEIC ACID FOR 1 WEEK FURTHER MATURES 

DIFFERENTIATED CTS PHENOTYPICALY AND METABOLICALLY 

To harness the metabolic maturation that was observed after 300 μM OA 

treatment (see 4.3.3.1) the cell culture medium was supplemented for 1 week, 

following the TGF-β1 differentiation protocol. The treated cells formed clusters, 

as seen with TGF-β1 treatment and in published studies of TGF-β1 

differentiation220 (Figure 4.2.5). Gene expression changes revealed a more 

structurally mature phenotype, with Tnnt2 remaining at higher levels than the 

CNTRL undifferentiated cells and both Myh7 and Cx43 (the first connexin to be 

expressed in developing mouse CMs496) being significantly upregulated (Figure 

4.26). These changes in structural genes resemble more the observations of 

"successful" differentiation methods (see Table 4.5), than that which was 

achieved with TGF-β1 differentiation alone. In addition, when the levels of 

myocardial markers of differentiated CTs were compared to mESCs at d14 of 

differentiation, Tnnt2 levels were similar to that of the EBs d14 (Figure 4.27). 

Myh7 expression was lower in the CTs, in both differentiation conditions, 

indicating that the differentiated CTs were not as structurally mature as EBs d14, 

but Cx43 expression was higher. This have been the first study to compare the 

gene expression profile of mESCs and CPCs differentiated in vitro, in an attempt 

to assess the success of the differentiation. that Staining with fActin confirmed 

the change in cell size between undifferentiated CNTRL cells (Figure 4.28a,b) and 

the TGF-β1+OA differentiated cells (Figure 4.28c,d) which are much smaller and 

formed clusters, was seen in MHCb accumulated cells (Figure 4.28c), but TnnT2 

imaging was less strong.  

The profile of metabolic gene expression (Figure 4.29), after the two 

differentiation conditions, indicated that TGF-β1 differentiation alone is enough 

to stimulate the Pparα - Pgc1α pathway, as well as a shift from Glut1 to Glut4 

gene expression, as seen during in our mESC differentiation (Figure 4.4, 4.5). As 

discussed before (4.4.1) Pparα & Pgc1α are upregulated during differentiation, 

and the expression of GLUT4 is higher in adult tissues. Addition of OA as a 

substrate after differentiation retained the levels of Pparα, Glut1 and Glut4, but 

led to a reduction in Pgc1α. This drop matches what was observed at d14 of 

mESC differentiation (Figure 4.4) and after long-term exposure of CNTRL cells 
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with OA (48h, compared to 1w and 1m; Figure 4.16). This suggests that Pgc1α 

gene expression acts acutely and is not needed to be constitutively upregulated 

after changes have been induced. Alternatively, OA has been reported by one 

study in 2007 to suppress the expression of Pgc1α levels in rat vascular smooth 

muscle cells497. 

Cs gene expression levels did not change with any of the treatments, neither 

when checked at a protein level (Figure 4.30). Furthermore, glucose oxidation 

was significantly upregulated in the TGF-β1-differentiated cells treated with OA, 

compared to untreated CNTRLs (Figure 4.31). Assessment of mitochondrial 

membrane potential indicated a significantly higher activity in the differentiated 

cells that were treated with OA (Figures 4.32 & 4.33), as seen after treatment on 

CNTRL cells (Figure 4.19). Taking these observations together I can suggest that 

OA treatment on differentiated cells leads to a moderate degree of structural and 

metabolic maturation, towards the cardiac lineage. 

 

 

4.4.6. PROLONGED STIMULATION OF DIFFERENTIATED CTS WITH OLEIC 

ACID FOR 1 MONTH FURTHER MATURES DIFFERENTIATED CTS 

METABOLICALLY  

Finally, given the time-dependent upregulation of metabolic genes after OA 

supplementation (Figure 4.15, 4.16) I was interested to obtain some preliminary 

data on the effect of 1 month treatment, after TGF-β1 differentiation. The gene 

expression analysis showed significant upregulation of Cx43 (Figure 4.32) and 

the metabolic genes; Pdk4 and Pparα (Figure 4.33). Despite these initial data 

being promising, more work needs to be conducted in order to understand 

whether this approach can mature the differentiated cells and on what level. 

The lack of cell contraction in any of our differentiation studies and conditions 

could be because of the use of a mixed cell population, contrary to all other 

studies of CPC differentiation (Introduction; Table 4.2). The differentiation of 

CDCs, an established mixed-cell CPC population, to beating CMs 122, was achieved 

after co-culture with neonatal CMs, or after transplantation in vivo498,499. This 

suggests that successful initiation of contraction might be possible only in case of 

a homogenous, cell-sorted population. In any case, even in the initial report of 
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Goμmans et al.324 only three of six clonally derived cell lines differentiated into 

spontaneous beating cells. In vitro contraction has not been robust even in other 

cell types, with Beltrami et al. failing to differentiate FACs sorted lin-kit+ rat 

CPCs87  to a beating phenotype and Smith et al. observed a maximum rate of 

about 40%, dropping to 20% at day 14 of differentiation293. 

To this date OA has been investigated on CNTRL cells in vitro and compared to 

saturated fatty acids, for its ability to act as an antioxidant and anti-inflammatory 

agent400,500. In terms of differentiation, it has been used as a neurotrophic factor 

inducing neuronal differentiation in two studies501,502, as well as in studies of 

maturation of mouse pre-adipocytes to   adipocytes503. Its role as Pparα ligand 

and activator has already been mentioned380 and the involvement of 

Pparα/Pgc1α in mESC differentiation to CMs221,504, but there have been limited 

studies investigating substrate effects on cardiac differentiation. What is striking 

is the variability of glucose concentration among the differentiation studies 

(Table 4.6), especially bearing in mind that a glucose level of 25mM in vivo is 

considered hyperglycemic and leads to loss of mitochondrial networks505,506. 

The first report of supplementing the cell culture medium of a muscle cell type 

with OA takes us back in 1987, by Sauro et al, investigating the oxidation rates 

between fatty acid-supplemented medium or normal medium, in short-term 

cultures of myoblasts, eventually concluding that the rate significantly increased 

after 6 days of cell growth507. A paper published in 2012 in Chinese222, states in 

the abstract that "fatty acid exposure after differentiation had no significant effects 

on differentiation of C2C12 and L6 myoblasts, while fatty acid exposure at 2 days 

before differentiation remarkably affected differentiation of the myoblasts", but 

there was no way of assessing the study and contents properly. Finally, a study in 

2013 demonstrated that oleic acid, but not long chain fatty acids, increased the 

expression of FA oxidation genes via a Pgc1α-dependent mechanism, in skeletal 

muscle cells508.  

 

This is the first study that combines analysis of the effect of FA supplementation 

in vitro, on both the Pparα/Pgc1α pathway, and on the functional and metabolic 

characteristics of the cells. It allows for a better understanding of the effect of 

fatty acids and the Pparα in CPC differentiation towards CMs. The Pparα pathway 
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was found stimulated by differentiation with TGFβ1. OA supplementation 

matured both control and differentiated cells metabolically. This opens the way 

for the development of a protocol that would allow for more efficient 

differentiation to mature CMs, from SCs. 
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5.1. INTRODUCTION 

5.1.1. STEM CELL THERAPY - ENHANCING CELL SURVIVAL 
Cell retention directly affects the outcome of cell therapy201 and, as described in 

Introduction 1.6., several studies have demonstrated massive loss of the 

transplanted cells shortly after administration to the infarcted heart199,200,197. 

Approaches for the improvement of cell survival and engraftment are being 

actively investigated, involving pre-conditioning of the transplanted cells or the 

host tissue509. These will allow for increased adhesion, migration and survival of 

the donor cells or will induce endogenous CPC recruitment and long-term 

engraftment. In addition, bioengineered scaffolds that deliver and provide 

biomechanical support for the cells have shown promising results210,510. For the 

purposes of this study, here we will focus on reviewing the main pre-treatment 

options for transplanted cells (for additional information refer to 202,511). Among 

the methods employed, targeting adhesion molecules, like integrins and selectins 

to enhance engraftment of transplanted cells has been shown in bone512 and 

heart models513. To enhance cell therapy, exposure to hypoxia via low rates of O2 

or the use of hypoxia-mimetic drugs can lead to enhanced cell migration514,515, as 

well as survival516,517.In addition, heat shock treatment has been demonstrated 

to improve cell survival of the transplanted cells in  the infarcted area or to 

improve their therapeutic potential518,204. Also, stimulating survival mechanism 

signalling, via preconditioning with different “therapeutic” kinases has been 

demonstrated519. 

 

5.1.2. MICRORNAS  
MicroRNAs (miRNAs or miRs) are non-coding single-strand RNAs that post-

transcriptionally regulate gene expression, by degradation and/or translational 

repression of the target mRNAs520. To this day, the human genome has been 

reported to encode for 1881 precursors and 2588 mature miRNAs, whereas the 

mouse genome for 1193 and 1915, respectively (miRBase v21 521). The target 

genes are predicted to be involved in almost every biological process522, while 

individual miRs can affect many different target genes523.  

The miRNA biogenesis pathway (Figure 5.1) begins in the nucleus with the 

transcription of a miRNA gene that leads to the formation of a primary miRNA 

transcript (pri-miRNA). The pri-miRNA is cleaved by the Drosha endonuclease, 
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which forms a complex with the DiGeorge syndrome Critical Region gene 8 

(DGCR8), creating the precursor miRNA (pre-miRNA). The pre-miRNA hairpin is 

transported to the cytoplasm by Exportin 5 where cleavage by Dicer forms a 

miRNA duplex. One strand of it matures, known as guide (or lead) strand, and 

the other is degraded (passenger strand; marked usually by ‘*’). Argonaute 

proteins (Ago) bind to Dicer, interact with the miRNA duplex and induce the 

removal of one of the miRNA strands, preparing the complex to bind the target 

mRNAs524.  

 

 

 

 

Figure 5.1. Schematic of the miRNA biogenesis pathway and the resulting effect 

of the mature miRNAs 
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5.1.3. IN SILICO ANALYSIS OF MIRNA TARGETS 
As illustrated above, direct binding of the miRNA to the mRNA target is required 

for the post-transcriptional regulation to occur. MiRNAs bind to specific sites on 

the mRNA targets, that are commonly found within the 3’-untranslated region, 

but can also be found in the 5’-untranslated region525. The binding occurs by 

base-pairing of the nucleotides 2-7 of the miRNA “seed region”526,527 to the 

mRNA target.  

Based on this knowledge, there are various online bioinformatics tools that 

allow for target recognition for all discovered miRNAs, with TargetScan528, 

PicTar529, Miranda530, and MirBase531 being of the most popular ones (see also 

2.18). The recognition algorithms vary but all take into account various criteria 

like; seed pairing, site number and site conservation among species, as well as 

pairing stability526. This does not exclude false-positives completely, therefore 

the use of these tools in combination is advisable. In addition, more sophisticated 

approaches take into account spatio-temporal expression of the miRNA and/ or 

the mRNA of interest, as well as any physical configurations that might affect the 

accessibility of the binding sequences527.  

 

5.1.4. MIRNAS & THE HEART 
MiRNAs have been shown to be involved in various aspects of the heart; from 

cardiac development to different clinical conditions532,533. Studies in knock-out 

mouse models, deleting different key components of the miRNA biogenesis 

pathway (see Figure 5.1) led to gestational lethality and severe cardiovascular 

defects534. Recent studies demonstrate the key roles of miRNAs in numerous 

types of ischemic diseases, hypertrophy and heart failure (see reviews 535,536).  

Most miRNAs are expressed in a tissue-specific manner537. The most abundant 

ones in the heart are; miR-1, miR-133, miR-208a, -b, and miR-499533,538. The 

levels of miRNAs, though, changes in different conditions making their use as 

biomarkers for different medical conditions a possible approach539,540. More 

specifically, post-MI miR-29 gets downregulated541 resulting in increased 

fibrosis, while miR-126 acts as a critical regulator of neovascularisation542.  

Mir-133 is found to be downregulated in the infarcted heart, and a study showed 

that MSC transfected with this oligonucleotide had increased survival and 
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improved therapeutic effect543. In 2011, Hu et al. reported that CPCs treated with 

a  pro-survival cocktail of miR-21, miR-24, and miR-221 had increased retention 

and enhanced cardiac regeneration after transplantation in vivo. These are a few 

of the numerous recent studies suggesting miRNAs as a novel and promising 

therapeutic approach for MI treatment544. 

 

5.1.5. MIRNA-210 
The guide or leading strand of the miRNA-210 duplex; miR-210-3p was selected 

for this study. Initially miRNA-210 was referenced in 2008 by Ivan et al., who 

introduced it as a hypoxia-inducible miRNA545 that also had a major role in 

different cancer types546. Later, lentivirus transfection of miR-210 in HL-1 CMs 

had a pro-angiogenic and anti-apoptotic effect, as well as improving cardiac 

function post-MI in mice547. Interestingly, human CPCs have been shown to 

secrete vesicles containing miR-210, with the potential to assist the heart post-

MI548. MiR-210 levels are increased with hypoxia and studies demonstrate its 

proangiogenic properties in endothelial cells in vitro549,550. Recent studies in 

March 2016, proposed that the levels of miR-210 in humans can act as an 

indicative factor in response to hypoxic environments or as a biomarker for 

peripheral artery disease551,552, which support its initial hypoxia-related role. 

The results of these studies suggest that miR-210 should be further examined for 

a potential cardioprotective role in ischemia. 

 

5.1.6. CELL DEATH IN VITRO 
MI is followed by massive cell death (Introduction 1.6) for this purpose several 

scientific attempts, aiming to tackle this, study cell death in vitro. The most 

investigated cell death mechanisms in the heart are apoptosis, autophagy and 

necrosis (for review see553). Apoptosis is a type of programmed cell death that 

can be induced by an extrinsic or an intrinsic pathway, both showing distinct 

morphological changes. These changes involve: cell shrinkage, nuclear 

condensation and fragmentation, and membrane blebbing. The latter ends up in 

apoptotic body formation, which get phagocytosed and finally cleared, protecting 

the surrounding cells from imminent inflammation and necrosis554. 

Mechanistically, the extrinsic or death receptor-mediated pathway involves a 
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death ligand binding to a death receptor, such as the TNF-1 (Tumour Necrosis 

Factor-1) receptor or the Fas receptor (tumour necrosis factor receptor 

superfamily member 6), leading to APAF-1 (Apoptotic Protease Activating Factor 

1) and procaspase-9 increase, and the activation of the effector caspases (like 

caspase-3)555. The intrinsic or mitochondrial apoptosis pathway, has the 

mitochondria as the key player involving Bcl-2 (B-Cell Lymphoma 2) and 

cytochrome c, APAF-1, with subsequent activation of the caspase cascade556.  

Despite apoptosis being a controlled type of cell death, post-infarction studies 

have demonstrated that it might contribute to the observed subsequent adverse 

remodelling557,558. Necrosis is characterised by loss of cellular integrity, 

mitochondrial and cellular swelling, release of inflammatory immune 

components and enzymes, and cell lysis559. It can be caused by acute injury, 

prolonged ischemia and often follows apoptosis559. Necrosis is accompanied by 

infiltration  of damage-associated-molecular-pattern molecules (DAMPs) and 

inflammation560. Autophagy is another type of programmed cell death (often 

linked to apoptosis561), for degradation of unnecessary or malformed organelles 

and proteins. It involves intracellular organelles like the autophagosome and the 

lysosome as a final destination, with the formation of autolysosome leading to 

degradation562. Apart from dysfunctional cellular constituents, autophagy can be 

triggered by hypoxia563 and nutrient starvation564. Key players of the pathway 

are the ATGs (Autophagy-related genes), ULKs (Unc-51 Like autophagy-

activating Kinase) and mTOR (mammalian Target Of Rapamycin), the latter 

being an inhibitor of the process564. Despite being a cell death mechanism, 

autophagy is considered protective under stress conditions, like MI565. In 

contrast to necrosis and apoptosis, various amino acids and other molecules can 

be recycled by this catabolic mechanism for use in other processes. Autophagy 

occurs at basal levels under normal conditions in the heart, contributing to 

clearance. In the context of ischemia autophagy is upregulated. It is believed to 

act as a compensatory mechanism, triggered by low oxygen levels ameliorating 

adverse remodelling566,567. These suggest that there are different roles of 

autophagy in the heart, depending on the conditions568. In addition, inactivation 

of autophagy reportedly triggers apoptosis in certain cell lines569. 
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In the last decade several other types of cell death have been identified, these 

mechanisms could either be distinct to apoptosis, autophagy and necrosis, or 

merely different stages of the development of those. Entosis570 involves cell-cell 

invasion and is common in cancer, while pyroptosis571 is an inflammatory 

caspase-dependent cell death. Finally, paraptosis572 was described in 2000 by 

Sperandio et al., as a programmed cell death distinct from apoptosis, involving 

the formation of intracellular vacuoles. This mechanism involves caspase-9 and 

was shown to be IGF1R-induced572,573. A similar morphology has been suggested 

in methuosis574, characterised by intracellular vacuolisation and dependent on 

the Ras pathway. 

 

 

 

Figure 5.2. Morphological characteristics of A. a healthy cell, B. necrotic cell, C. 

apoptotic, D. autophagic, E., F. methuotic and G., H. paraptotic cell. Adapted from 

575(for A-D), 574(for E & F), 576(for G), and 572(for H). N marks the nucleus, 

vacuoles can be seen in D-H 

 

 

Autophagy, paraptosis and methuosis all display intracellular vacuoles, with the 

difference that the first displays apoptosis characteristics like nuclear 

fragmentation (see Figure 5.2). 

The classification of cell death pathways based on morphological, biochemical 

and immunological factors, is not sufficient to characterise or explain the variety 
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of observed processes (under different conditions and tissues), nor does it cover 

the interplay and cross-regulation between the different types577,578. 

 

5.1.7. MIRNA DELIVERY  
The levels of miRNAs can be efficiently artificially elevated by delivering miRNA 

“mimics”, which are commercially available synthetic oligonucleotides579. The 

efficacy of miRNA treatments is hindered by inherent obstacles such as low 

cellular uptake, poor in vivo stability and inappropriate compartmental 

distribution, therefore different methods for safe and targeted delivery are being 

explored580,581. Biodegradable nanoparticles that are endocytosed by the cells, 

can be used as vector for the attachment of miRNAs224. A fluorine core would 

allow tracking of the delivery in vivo, by non-invasive imaging techniques, such 

as magnetic resonance imaging (MRI)582. In 2012 Gomes et al. from the Carr 

group, developed a non-cytotoxic, biodegradable, FDA-approved nanoparticle 

(“NP170”) formed from poly-lactic acid-co-glycolic acid and perfluoro-1,5-crown 

ether; a fluorine compound that can be tracked using 19F-MRI. In a hind-limb 

ischemia study, they demonstrated that ECs treated with NP170s delivering miR-

132 had higher survival and pro-angiogenic activity than cells without the 

miRNA. MiRNAs can be rapidly internalised by the NP170s, and remain within 

the endolysosomal compartment224, allowed for interaction of the miRNA with 

Ago which is necessary for its proper function (see Figure 5.1). 
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5.1.8. STUDY AIMS 
 

As described in the Introduction (1.1 & 5.1.1) post-MI the heart suffers from loss 

of CMs and blood perfusion is restricted at the area of the scar. In vivo studies 

have reported that the number of cells surviving and engrafting at the injury-site 

after transplantation is miniscule. Improved survival of the cells and induction of 

neo-angiogenesis, via preconditioning, could enhance the cell therapy approach.  

Therefore, in this chapter: 

 I investigate the survival potential of both CTs and CDCs under serum 

starvation. 

 I assess the neoangiogenesis potential of both cell types, via VEGF 

measurement. 

 I attempt to label cells with the NP170s, for delivery of miRNAs. 

 I investigate the effect of miRNA-210-3p transfection on the survival of 

CTs, under short-term and long-term serum starvation. 

 I use preliminary analysis to introduce a potential, novel miRNA-210-3p 

target. 
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5.2. RESULTS 
 

5.2.1. CONTROL CTS HAVE BETTER SURVIVAL POTENTIAL THAN CDCs 
UNDER SERUM STARVATION  
To determine the anti-apoptotic effect of miR-210-3p (hereafter referred to as 

miR-210) no-serum conditions were used, to recapitulate the nutrient restriction 

in the infarct. Initially, the survival potential of control CTs and CDCs was 

analysed, in non-serum CEM medium for 72 hours and 10 days (see Methods 

2.15). Removing serum from the cell culture medium hindered the growth of 

CTs, which, nevertheless, continued growing very slowly until the 10-day time-

point (Figure 5.1a ,b, c).  

The CDCs, on the other hand, started dying from the first 3 days and continued 

decreasing in number. So, after 3 and 10 days the CTs demonstrated superior 

survival potential (Figure 5.1a, b, c) (Figure 5.2).  

 

              

 

 

 

 

 

    

 

 

 

 

 

 

 

 Figure 5.1. Cell morphology of CTs serum-starved for 1 days (a), 5 days (b), 10 

days (c). CDCs serum-starved for 1 day (d), 5 days (e), 10 days (f).  Scale bar: 100 

um 

 

 

c. CTs no FBS d10 b. CTs no FBS d5 a. CTs no FBS d1 

e. CDCs no FBS d5 

d10 
d. CDCs no FBS d1 f. CDCs no FBS d10 
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Figure 5.2. Cell Survival under serum starvation for 3 and 10 days, as assessed by 

cell counting, in control CTs and CDCs. (n=3, P4, *p<0.03, #p<0.01 in comparison 

to CTs; error bars: standard deviation) 
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5.2.2. NP170 NANOPARTICLES CAN EFFICIENTLY LABEL CTs 
Based on the greater cell survival potential of the CTs in contrast to CDCs, under 

no-serum conditions, for the rest of the miR-210 experiments CT cells were used.  

To begin with, CT cells were transfected with the fluoresceinimine-NP170s (see 

Methods 2.14.1). Following the miRVana mimics guidelines the miRNA 

concentrations of 10 nM and 40 nM were tested. The miRVana mimic negative 

control 1, was used as a negative miRNA control to verify whether the 

transfection process itself, rather than the miRNA have an effect.  

Imaging under fluorescent microscope confirmed the presence of NPs 72 hours 

after transfection, based on the green fluorescence of the fluoresceinimine 

(Figure 5.4).  

 

 

 

 

 

 

 

 

 

 

CTs - NP170 d1 

 

 

 

 

Figure 5.4. CTs transfected with NP170 nanoparticles carrying a GFP label; at day 

1 of transfection (a, b, c). And at the end of 72 hours (d.), indicating retention of 

the NPs intracellularly. Scale bar: 125 um 

 

 

To verify the labelling efficiency of the NP170s, Flow Cytometry was conducted 

at 2 hours, 6 hours, 24 hours post-transfection. MitoTracker® Red CMXRos was 

3b. CTs – NP170  

d1 

3a. CTs – NP170 

d1 

3c. CTs – NP170 d1 3d. CTs – NP170 d3 
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used as a viability assessment. Based on these measurements (Figure 5.5) the 

incubation time of 6 hours was selected, with an efficiency of 85.1% alive and 

labelled cells (Figure 5.5B). Prolonged incubation for 24 hours did not result in 

superior labelling, instead the transfection conditions probably affected the cells 

negatively, resulting in 54% of labelled cell survival (Figure 5.5C) The use of the 

double dose gave the same results (data not shown). 

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 5.5. Indicative flow cytometry dot plots demonstrating the transfection 

yield and survival of the CTs, at 2 hours, 6 hours and 24 hours post-transfection, 

after incubation with the standard dose of NP170s (see Methods 2.14.1). FL1-H: 

fluoresceinimine fluorescence of NP170s and FL2-H: red fluorescence of 

MitoTracker® Red CMXRos. Q2 indicates percentage of alive and labelled cells. 

 

  

5.2.3. MIR-210 INDUCES CT SURVIVAL SERUM STARVATION 
To assess the protective effect that miR-210 could have under no serum 

conditions, CTs were transfected with a miR-210-3p mimic at 10 nM and 40 nM 

(see Methods 2.14.3). Both the commercial transfection reagent DharmaFECT 

formulation 1, and the NP170s (see Methods 2.14.2) were used. 

The cell survival assessment showed no significant difference between the 
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DharmaFECT transfection showed significant difference at the 40nM 

concentration of miR-210 in comparison to 10 nM or the negative-miRNA 

(Figure 5.6 and 5.7, respectively). 

 

 

 

 

 

 

 

 

 

 

Figure 5.6. CT Survival under 72 hours serum starvation, after NP170 

transfection with the miR-210, at 10 nM and 40 nM and with negative-miRNA, as 

assessed by cell counting,. (n=3 CTs P4; error bars: standard deviation) 

 

 

 

 

 

 

 

 

 
 

 

 

 

Figure 5.7. CT survival under 72 hours serum starvation, after DharmaFECT 

transfection with the miR-210, at 10nM and 40 nM and with negative-miRNA as 

assessed by cell counting. (n=3 CTs P4, *p<0,01 in comparison to miR210 40 nM; 

error bars: standard deviation) 
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Figure 5.8. CTs transfected with DharmaFECT transfection; at day 1 (a) and after 

72 hours (b, c, d). 4b. 72 hour transfection with the negative miR, 4c. 72 hour 

transfection with   miR-210, 4d. 72 hour with 40 nM miR-210. Scale bar: 125 uM 

 

 

After contacting our collaborator who manufactured the NP, we were informed 

that the storage conditions used for this batch were not appropriate, and hence 

the protamine sulfate coating (see Methods Figure 2.5) integrity may have been 

jeopardised, hindering successful labelling. 

 

For analysis of the long term pro-survival effect of miR-210, CTs were 

transfected with 10 nM and 40 nM miR-210 and subsequently were serum-

starved for 10 days. The negative miRNA was used as a transfection control, as 

well as a negative (non-transfected CTs) and positive (20% serum media) 

control.  

The negative control and the negative-miRNA condition showed the same 

results, confirming the fact that the DharmaFECT transfection alone does not 

have an effect (data not shown). In contrast, the cell number at both 

concentrations of miR-210 was significantly higher than the negative control or 

the negative-miRNA (Figure 5.9.). 

4a. d1 4b. no-serum 72h negmiR 

4c. no-serum 72h 10nM 4d. no-serum 72h 40nM 
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Figure 5.9. CT survival under 10 day serum starvation of CTs P4, transfected with 

10 nM and 40 nM miR-210, using DharmaFECT (n=3, *p<0,05 ; error bars: 

standard deviation) 

 

To further investigate the effect of miR-210 on CTs survival, the gene expression 

of caspases was analysed, in addition to the apoptotic assessment of activated 

caspases,  after 72 hours of serum starvation. The gene expression levels of 

caspase-3 were significantly downregulated after miR-210 transfection, 

compared to negative miRNA transfection (Figure 5.10).  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10. Gene expression of apoptosis-related caspases after transfection with 

negative miRNA or  miR-210 at 10 nM and 40 nM ($p<0,001, *p<0,04, n=4, error bars: 

standard error) 
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The activity levels of multiple activated caspases were estimated, using a 

commercial kit dye (see Methods 2.18), and we found that transfection with miR-

210, at 40 nM, induced a reduction in their levels (Figure 5.11). 

 

 

 

 

 

 

 

 

 

 

Figure 5.11. Poly-caspase activity levels ,after 72h of serum-starvation, in CTs 

transfected with the negative miRNA or miR-210 at 40 nM of serum-starvation.  

(*p<0.05, n=4, error bars: standard error)  

 

 

5.2.4. IGFR1 SIGNALLING INVOLVED IN SERUM STARVATION DEATH – MIR-

210 TARGET? 

So far the data suggest that serum starvation of 72 hours induces cell death, 

involving apoptosis, and miR-210 can rescue the cells to a certain extent. 

Subsequently, the pro-survival effect of miR-210 was investigated,  to 

understand the observed morphological changes that follow serum-starvation 

(see intracellular vacuoles, Figure 5.3). In an effort to understand the 

autophagy/paraptosis-like phenotype, the related genes were investigated. 

ATGs, ULKs and mTOR are key effectors of autophagy pathway, as well as IGFR-1 

signalling which is  involved in paraptosis (see 5.1.6).  

To conduct a preliminary investigation and the effect of miR-210 on the survival 

effect, the aforementioned genes were checked with respects to being predicted 

targets of the miRNA. TargetScan and MicroCosm online bioinformatics tools 

were used, to cross-compare the results (see Methods 2.18, and 5.1.3).  
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Selecting the mouse miR-210-3p, using TargetScan we identified 32 mRNA 

transcripts with conserved sites (in the model species: human, mouse, 

chimpanzee, rhesus, cow, dog, opossum, chicken and frog), and 6 poorly 

conserved sites were suggested as targets. Microcosm identified 31 transcripts 

conserved among 8 model species, for the mouse miR-210.  

Of the genes of interest neither ULKs nor mTOR were found as predicted targets 

(data not shown). Of the ATGs, ATG7 and ATG4C, as well as IGF1, IGFBP-3 and -5 

of the IGFR1 signalling pathway were reported (see Table 5.1). 

 

  

Binding position of mmu-miR-210 
on target mRNA 

Predicted consequential pairing of target 
region (top) & miRNA (bottom) 
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IGF1 Position 5822-5828 of IGF1 3' UTR 

5'   ...GGAAUCUGGAUUACAACGCACAU... 

                       |||||||  

 3'       AGUCGGCGACAGUGUGCGUGUC 

IGFBP5 
Position 2348-2354 of IGFBP5 3' 

UTR 

5'  ...GUAUACCCAUCACCCCGCACAAC... 

                      ||||||   

 3'     AGUCGGCGACAGUGUGCGUGUC   

ATG7 Position 1503-1509 of ATG7 3' UTR 

5'    ...CUCUGUACAUUCUUUACGCACAG... 

                        |||||||  

 3'        AGUCGGCGACAGUGUGCGUGUC  

M
ic

ro
co

sm
 IGFBP3 Position 391-413 of IGFBP3 3' UTR 

5'             GUCGGCGACAGUGUGCGUGU 

                                       ||||| 

3'          ...CAGATCTGTGTCTGATGCACA… 

ATG4C 
Position 1078-1099 of ATG4C 3' 

UTR 

5'        AGUCGGCGACAGUGUGCGUGUC 

                                                              |||| 

3'       ...TTAGGAGCTGAGACATGTACAG.... 

Table 5.1. Interactions of mouse miR-210-3p with the predicted targets: IGF1, 

IGFBP5, ATG7, IGFBP3, ATG4C, based on the TargetScan and Microcosm 

bioinformatics tools 

 

 

Since the IGF1 signalling pathway components converge in the IGFR1 – IGF1 

interaction, we checked the IGFR-1 gene expression levels with RT-PCR. As 

before, CTs were transfected with miR-210, and then serum-starved for 72 

hours. The gene expression levels of IGFR-1 were found to significantly decrease 
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after miR-210 transfection, at both tested concentrations, compared to the 

negative miR control (Figure 5.12). 

 

 

Figure 5.12. Gene expression of IGFR1 after transfection with negative miRNA or  miR-

210 at 10 nM and 40 nM ($p<0,001, *p<0,04, n=4, error bars: standard error) 

 

 

5.2.5. MIR-210 CAN INDUCE VEGF SECRETION FROM CTs 
The ability of miR210 to increase VEGF secretion was assessed, in CTs and CDCs 

under ischaemic conditions.  Initially, the VEGF secretion potential of both CDCs 

and CTs was checked. CDCs and CTs were serum-starved for 3 days, then the 

VEGF secretion over 24 hours was measured (see Methods 2.16). There was no 

significant difference between the two cell types. Even though the CDCs seemed 

to release more VEGF, the amount was more variable, in contrast to CTs (Figure 

5.13).  
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When CTs were transfected with miR-210, using DharmaFECT, an increase of 

VEGF secretion was observed after 72-hour serum starvation, compared to the 

transfection with the negative miRNA (Figure 5.14). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Finally, the amount of VEGF released by the CTs after 10 day serum starvation 

was checked.  Interestingly, only the miR-210 at 40 nM showed a significant 

difference to the no-serum control, but the difference was abolished when 

compared to the negative-miRNA, which had very similar levels of expression to 

the miR-210 10 nM treatment (Figure 5.15). 

 

 

 

 

 

 

  

  

 

 

 

 

Figure 5.15. VEGF pg/ml/cell of CTs P4 transfected with 10nM and 40nM 

miR210, and subsequently serum-starved for 10 days. (*p<0,01 ; error bars: 

standard deviation) 

* 

* 

Figure 5.14.  

VEGF secretion (pg/ 

ml/ cell) in 24 hours, 

after miR-210 at 40 nM 

or negative-miR  

transfection. (n=3 CTs 

P4, *p<0,02 in 

comparison to miR-210 

40 nM; error bars: 

standard deviation) 
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5.3. DISCUSSION 

 

5.3.1. CONTROL CTS HAVE BETTER SURVIVAL POTENTIAL THAN CDCs 
UNDER SERUM STARVATION 
To study the issue of progenitor cell death in vivo, that occurs after transplatation 

in ischemic conditions, the combination of hypoxia and serum-deprivation is 

commonly used as an in vitro assay. Previous work from our group investigating 

the pro-survival effect of a specific miRNA against ischemia, on HUVECs, used a 

combination of 0.1% oxygen and no serum for 48 hours224. Progenitor cells are 

very different to terminally differentiated cells. The positive effect of hypoxia on 

the growth of SCs has been reported in studies. Indeed studies investigating the 

survival potential of MSCs have highlighted the importance of serum or nutrient 

deprivation in addition to hypoxia583, with some suggesting that if provided with 

nutrients, MSCs could survive hypoxia584. Given that serum withdrawal alone has 

been reported to induce apoptosis in several studies225, 585, 586, we used that 

approach here. 

The comparison of the two atrial progenitor cell types, CTs and CDCs, showed 

that the former were more tolerant to serum-starvation, at both 3 days and 10 

days (Figure 5.2). Interestingly at the 3 day time-point CTs demonstrated 

hindered growth, whereas at the 10 day time-point they had a slow rate of 

growth. This was strikingly different to CDCs that were declining graually in 

number during the length of the experiment (Figure 5.2). Such toleranceof harsh 

conditions has been observed before, with human umbilical cord MSCs being 

resistant to both hypoxia and serum deprivation587, and human adipose derived 

MSCs showing resistance to serum starvation588.  

When we looked into the morphology of the serum-starved cells we observed 

intracellular vacuoles hinting at an autophagy- / paraptosis-related type of death 

(see 5.1.6 and Figure 5.3). Given that different cell death mechanisms operate in 

tandem, or regulate each other, this required further investigation (see below 

5.3.3). 

 

5.3.2. MIR-210 INDUCES CT SURVIVAL UNDER SERUM STARVATION 
The pro-survival effect of miR-210 has been reported by several studies (see 

5.1.5). In order to investigate its effect on CTs we decided to use the NP170 
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nanoparticles, that were designed by our collaborators (see 5.1.7). To compare 

the efficiency of the transfection and miRNA labeling, a comercial transfection 

kit; DharmaFECT was also used. Initially, fluoresceinimine-NP170s were used for 

transfection of CTs and we could observe retention of the green nanoparticles in 

the cells, after washing, for 72 hours (Figure 5.4) and we estimated that a 6 hour 

incubation was sufficient for efficient labeling (Figure 5.5). These results are 

similar to the labeling of HUVECs in the initial NP170 publiction of Gomes et 

a.l224, who used a 4-hour incubation and confirmed survival by the Mitrotracker 

CMXRos assay and FACS. Unfortunately, when we used NP170s for miRNA 

delivery the experiments showed no change (figure 5.6), and after 

communication with our manufacturer and collaborator we have strong 

concerns about the quality of the coating on the NPs used, that potentially 

hindered the miRNA loading on them (see Methods 2.14.2). The DharmaFECT-

miRNA delivery showed positive results, with the highest concentrations of 

delivered miR-210 helping the cells survive better after the 72 hours of serum 

starvation, compared to both the lowest concentration and the negative control 

(Figure 5.7). Due to the difficulty of obtaining new NP170s and time constraints 

the commercial transfection approach was followed further. So, next the effect 

on 10-day serum-starved CTs was assessed and observed that both tested 

concentrations led to higher cell numbers than the CTs transfected with the 

negative miR (Figure 5.9). The prosurvival effect of miR-210 agrees with studies 

on rat BM-derived mesenchymal stem cells (MSCs) that were shown to be 

protected by ischemic preconditioning, via upregulation of miR-210589. Also 

when MSCs with overexpressed miR-210 or transfected with miR-210 were 

transplanted to infarcted heart, they transferred the miR-210 to the resident CMs 

and enhanced their survival590. 

Subsequently, the cell death pathway in which miR-210 is involved was 

investigated. The apoptosis pathway was checked, based on the aforementioned 

papers suggesting that serum deprivation induces apoptosis.  Indeed, both RT-

PCR (Figure 5.10) and the polycaspase  activity kit (Figure 5.11) showed that 

miR-210 transfection hindered apoptosis, since gene expression levels of effector 

caspase-3 and the activity of a combination of caspases was found reduced post-

transfection, with 40 nM of miR-210. Indeed studies on BM-derived MSCs have 
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shown that miR-210 exerts its pro-survival effect by targeting the caspase-8-

associated protein-2589. The lack of change of Caspase-9 (caspase-6/9), could be 

explained via a study stating that Caspase-9 plays a marginal role in serum 

starvation-induced apoptosis225. In any case caspase activity measurements are 

more reliable than gene expression analyses, as caspases get activated via 

proteolytic cleavage. 

 

5.3.3. IGFR1 SIGNALLING INVOLVED IN SERUM STARVATION DEATH – MIR-
210 TARGET? 
Serum starvation caused the formation of intracellular vacuoles (Figure 5.3), as 

commonly observed in autophagy or apoptosis (Figure 5.2). The characteristic 

morphology of both CTs and CDCs when cultured without serum could be 

because of autophagy, paraptosis or methuosis, therefore key players of these 

pathways were checked using bioinformatics target prediction tools (see 5.1.6). 

The autophagy-related proteins ATG-4C and -7 were predicted as targets by 

Microcosm and TargetScan, respectively.  

What’s more, we found that components of the IGFR1 pathway were identified as 

targets (Table 5.1). This signaling pathway has been reported to be involved in 

paraptosis573. IGF-1R gets activated by IGF1591, and that in turn is modulated by 

IGFBPs. The IGFBP family has 6 members with a predominantly inhibitory role 

against IGF1,  except for IGFBP-1,  -3, and  -5  known to  stimulate  IGF1  

action592. This suggested that miR-210 could exert its protective effect by 

blocking IGFR1 signaling, therefore we investigated further. To check this RT-

PCR of IGFR1 levels was done and its gene expression was found decreased at 

both concentrations of the miRNA, compared to the negative control (Figure 

5.12). This result is interesting because IGFR1 signaling is commonly inducing 

cell proliferation and is anti-apoptotic593. There has only been some evidence of 

IGFBP3 being pro-apoptotic593 and also IGFR1 being a player in the paraptosis 

pathway573, so results like ours are shedding further light in the multifaceted 

role of this signaling pathway in cell death. 

A 2016 study by Wang et al.552, from November 2015, demonstrated that 

inhibition of miR-210 expression improved the survival and cardiac function of 

MI mice. With the group where miR-210 levels were reduced demonstrating 
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improved cardiac function. Given the knowledge of the multiple roles of miRNAs 

and the cross-regulation of them by other, it comes at no surprise that the in vitro 

and in vivo results are occasionally clashing. This in any case does not render the 

use of miR-210 wrong, as a preconditioning agent in vitro. 

 

5.3.4. MIR-210 CAN INDUCE VEGF SECRETION FROM CTs 
Unless blood perfusion is restored at the area of the ischemic insult, the oxygen 

and nutrient supply will remain detrimentally low. Even with the use of cell 

therapy or other therapeutic agents, this condition will hinder regeneration, so 

the need for neoangiogenesis approaches is important. As a final point of 

interest, to support miR-210 as a pre-treatment approach in MI cell therapy 

approaches, the potential for neoangiogenesis was assessed. VEGF secretion 

estimated by ELISA, showed that there was no difference between CTs and CDCs 

(Figure 5.13). The miR-210 transfection of 40 nM led to an increase in the levels 

of secreted VEGF, after 3 and 10 days of serum starvation, compared to the 

negative miRNA transfection (Figure 5.14 and 5.15). This restored the levels of 

the growth factor to those of the control conditions (Figure 5.15) and did not 

increase them significantly more to that. The neo-angiogenesis effect of miR-210 

in our study, agrees with reports form the literature on various cell lines (see 

5.1.5).  

 

All the above show that, CTs demonstrate good survival ability under low-serum 

conditions. In addition, miR-210 can be used as a preconditioning agent on CT 

cardiac progenitor cells, to protect them against apoptosis and non-apoptotic cell 

death (like paraptosis), and to stimulate VEGF secretion.  
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6. CONCLUSION 
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6.1. CONCLUSION 
Our efforts in the field of cardiac stem cells could be resembled to the tale of “The 

men in the dark”. Based on the Indian story, a group of men enter a dark room to 

explore the features of an animal, the elephant. As each of them touches and  

described only one part of the animal, they compare notes and can not draw a  

uniform conclusion. 

After more than a decade of research, the identity (and even existence) of the 

endogenous adult cardiac SC is still in question. Some scientists suggest that we 

are looking at the same cell population, but at different stages of development or 

activity (see quiescent VSELs or fibroblast/ activated myofibroblast). The use of 

different assessment techniques (see contradictory genetic lineage fate-mapping 

studies for Ckit cell analysis) and different culture conditions hinders the 

comparison of what happens in vivo and in vitro, and this is further confused by 

variability among animal models or even strains (see differences in explanting 

results among mouse strains). 

In this thesis I attempt to develop a protocol for isolation of an adult atrial CPC 

population, independent of marker selection, which is highly proliferative and 

more homogeneous than the CDCs, that were being used hitherto. In an effort to 

“explore the whole elephant” I looked into the characteristics of populations that 

were found in the resulting digestion mix (strongly adherent CTs, VSEL-like 

cells). The CT population is of mesenchymal phenotype and expresses cardiac 

developmental markers. This is the first study, to our knowledge, that compares 

two isolation protocols from the same tissue of origin. 

In an effort to assess the behaviour of the CPCs in an in vitro culture system that 

resembles the nutrient-restriction of the infarct, I found that CT cells survive 

better under serum starvation, than CDCs. In addition, the ability of miR-210 to 

enhance the CT survival and VEGF release gives encouraging data towards 

preconditioning CPCs prior to transplantation, with the hope to allow for better 

and long-term engraftment. 

In addition, I demonstrated that fatty acid supplementation assists the 

maturation of CPCs for differentiation to CMs. To look at the whole picture, in 

terms of differentiation, I used a verified TGF-β1 protocol and checked stemness 

and mesenchymal marker expression, as well as metabolic genetic profile and  



168 
 

radioactive metabolic assays. The data open the road for further studies that 

would allow the robust differentiation of CSCs to mature CMs. This is the first 

study, as far as I know, that holistically investigates molecular/cellular 

characteristics and the metabolism of an adult CPC population. Given that 

metabolic state affects marker expression and cellular function/ activity, I feel  

that it is of outmost importance to include metabolic assessments in the search 

of the endogenous cardiac progenitors. 

 

6.2. STUDY LIMITATIONS 
The efforts for characterisation of the isolated CTs would have been more 

complete with Flow Cytometry analysis or immunocytochemistry imaging at P0, 

when the cells have just attached following the 72-hour plating step. To complete 

this analysis a combination of different mouse hearts would have been required, 

to compile sufficient cells for the analysis. The characterisation at P0 would give 

us information about the initial cell types that survived the digestion and 

proliferated, giving rise to the population of CTs that the rest of experiments 

were conducted on. This would be useful because, as described in this thesis, the 

process of in vitro expansion alters the phenotype of the cells. It may be that 

some progenitor cells are lost between p0 and p2 and that might be retained 

with adjustment of the culture protocol. 

Furthermore, time and funding constraints were a limiting factor at a couple of 

points in this study.  It would have been interesting to have characterised all the 

different cell populations that the tested digestion solutions yielded. 

Furthermore, it would have been useful to acquire a new batch of nanoparticles 

“NP170” from our collaborators in Portugal, to transfect the cells with the 

NP170-miRNA complex. In both cases the time constraints did not allow for 

further investigation, and I was urged to focus on answering all the main 

questions of this study within the time I had available.  

As explained below these points have been taken into consideration for the 

future work following this study. 

 

6.3. FUTURE WORK 
Study of the CTs is continuing in the Carr group. These cells should be 

characterised further by isolating and combining cells from different mouse atria 
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to yield enough cells for analysis at P0 using Flow Cytometry. In addition, an in 

vivo analysis of the regenerative potential of CTs, in comparison to CDCs, in a 

model of MI will allow for proper assessment of these cells in the context of cell 

therapy. 

The valuable data on differentiation (Chapter 4) could be applied to optimise 

differentiation to CMs. Control CTs and iPSCs (that the Carr group also works 

with) could be treated with oleic acid prior to or during differentiation via the 

TGFβ1 protocol. Work in differentiating iPSCs within the Carr group, has shown 

that differentiation may be further matured by treatment with an agonist of the 

PPARα pathway. 

Based on the encouraging data from Chapter 5, the in vivo MI model could be 

used further to assess whether pre-conditioning CTs with miR-210 could 

increase their survival in the ischemic heart. This could be validated by revisiting 

the NP170 approach for labelling, which could allow us to use 19F MRI to track 

the transplanted cells in vivo. Finally, based on preliminary analysis I have 

uncovered targets of miR-210, computationally, that would reveal another cell 

death mechanism that this miRNA potentially targets. 
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