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INVESTIGATING THE REGULATION OF THYMOSIN β4 BY MICRORNAS 
IN THE DEVELOPING HUMAN HEART 

 

Vinay Saunders 

Cardiovascular disease is the leading cause of death in the UK and there are 
over 25,000 new cases of heart failure in the UK each year. Studies in the field 
of regenerative medicine are seeking to find ways to repair the failing heart. 
Therapies which are being developed range from cell transplantation therapies 
to treatment with cardioprotective proteins. Thymosin β4 is a small, endogenous 
protein involved in wound healing and angiogenesis. Thymosin β4 is important 
in development of the murine heart and has also been noted to have 
cardioprotective effects in mouse models of myocardial infarction. 

Currently there is little data regarding the cellular regulation of thymosin β4. 
miRNAs are a class of endogenous, small RNA molecules which act as post-
transcriptional regulators of protein expression. It was hypothesised that 
thymosin β4 is present in the developing human heart and that its expression is 
regulated by miRNAs. 

Using PCR and immunohistochemistry, thymosin β4 mRNA and protein were 
found to be present in human foetal hearts. Thymosin β4 protein was primarily 
localised to endothelial cells and was detected at higher levels in endothelial 
cells of the compact layer of the myocardium than the trabecular layer. 

Different experimental strategies were developed in order to identify miRNAs 
with expression inversely correlated to that of thymosin β4. Foetal heart 
explants were cultured under hypoxic conditions; this was hypothesised to 
increase thymosin β4 expression. Western blotting was used to assess 
thymosin β4 protein levels, however this technique was found not to be suitable 
and no consistent changes in thymosin β4 expression were detected. The 
second experimental strategy used flow cytometry to successfully detect 
thymosin β4-positive and –negative CD34-expressing cells in the foetal heart.  
The aim of this was to separate these populations by fluorescence-activated cell 
sorting. Unfortunately, limited access to foetal tissue hindered this approach 
and an alternative experimental system was therefore needed. 

The third experimental strategy involved culture of human umbilical vein 
endothelial cells on Matrigel basement membrane. This led to formation of 
tubules, a process during which thymosin β4 mRNA was reported to be up-
regulated in previous studies. In the present study no changes in thymosin β4 
mRNA or protein levels were detected. Expression levels of four miRNAs 
predicted to target thymosin β4 (miR-148b, miR-199a-3p, miR-217 and miR-
495) were unchanged in tubule-forming HUVECs compared to controls. 
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Chapter 1:  Introduction 

1.1 Coronary heart disease and heart failure 

Cardiovascular diseases are a group of heart and blood vessel related 

diseases, which include coronary heart disease, stroke, peripheral artery 

disease and congenital heart disorders. Cardiovascular diseases are the 

leading cause of death in the UK and worldwide, with coronary heart disease 

being the UK’s single biggest cause of death [1, 2]. Within the UK, coronary 

heart disease is responsible for approximately 80,000 deaths each year [2]. 

Coronary heart disease involves the occlusion of coronary arteries preventing 

blood from reaching areas of the heart. This occurs due to the build-up of fatty 

deposits, forming an atherosclerotic plaque, which narrows the vessel (Figure 

1.1). Pieces of these plaques may break off leading to formation of blood clots 

which can become stuck in a coronary artery, blocking it completely and 

causing a myocardial infarction. The end result is a failure in the blood supply to 

the affected region of the heart, leading to death of cardiomyocytes due to a 

lack of oxygen (Figure 1.1). This causes permanent tissue damage, as the 

human heart lacks the endogenous regenerative capacity to repair itself. 

Instead of replacement of dead cardiomyocytes with new ones, the heart is 

remodelled through formation of non-functional, fibrous scar tissue (Figure 1.1). 

Extensive damage to the myocardium can in turn lead to heart failure: a clinical 

diagnosis defined by an inability of the heart to effectively pump blood around 

the body (Figure 1.1). Heart failure is not only caused by coronary heart disease 

but can also be caused by a range of cardiovascular problems including high 

blood pressure and congenital heart disease. 

There are thought to be over 25,000 new cases of heart failure in the UK each 

year [2] and the 5-year survival rate is only 58% in prevalent cases [3]. 

Currently there is no cure for heart failure short of having a heart transplant and 

the supply of suitable donor hearts does not meet demand. However, the field 

of regenerative medicine is exploring potential future therapies for repairing the 

failing heart.  
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Figure  1.1 Diagrammatic representation of coronary heart disease leading to 
heart failure 

Coronary heart disease occurs when coronary vessels become blocked leading to a loss 

of blood supply to areas of myocardium which become ischaemic. Extensive damage to 

the myocardium can prevent its ability to pump blood around the body, a condition 

known as heart failure. 
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1.2 Regenerative medicine in the heart 

Until recently it was thought that the human heart did not produce new 

cardiomyocytes during adult life. It has now been shown that there is a low 

turnover of cardiomyocytes within the human heart, throughout life [4, 5]. This 

renewal capacity lessens with age, with replacement of 1% of cells per year at 

25 years reduced to 0.45% by 75 years [4]. Research has suggested that there 

is some increase in this endogenous capacity to generate new cardiomyocytes 

following damage to the heart [6]. However, it is evident that the human heart is 

incapable of endogenously replacing the large numbers of cardiomyocytes 

which are lost following a myocardial infarction. As such, clinically-focussed 

strategies have been sought to replace dead cardiomyocytes following heart 

injury. To date such studies have primarily focussed on cell-based therapies, in 

which cells are transplanted into the damaged heart.  

1.2.1 Early studies into transplantation of differentiated cells 

Differentiated cardiomyocytes are perhaps the most logical cell type to 

transplant into the heart to directly replace lost cardiomyocytes. However, this 

strategy requires a large supply of viable, mature cardiomyocytes. While recent 

advances are addressing this issue (sections  1.2.4 and  1.2.5), early animal 

studies looked at transplanting foetal cardiomyocytes into the adult heart. Foetal 

cardiomyocytes stably integrate into the host heart, forming new myocardium 

and providing functional improvement [7, 8]. However, the number of cells 

retained in the heart is low and gradually decreases over time, rather than 

leading to substantial re-population of the heart [9]. These studies provided 

proof-of-concept for transplantation of differentiated cardiomyocytes into the 

damaged heart, while also highlighting issues such as cell retention and survival 

in cell-based therapies. However, human foetal cells are not used 

therapeutically for both ethical and logistical reasons. 
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1.2.2 Cell therapy using non-cardiac adult stem cells 

1.2.2.1 Skeletal myoblasts 

The first studies into cell-based therapies for the heart used skeletal myoblasts, 

which are activated satellite cells; the precursor cells to skeletal myocytes [10, 

11]. Skeletal myoblasts could be expanded in culture from a small muscle 

biopsy to give significant numbers of cells, while the ability of skeletal muscle to 

regenerate suggested these cells had a superior regenerative capacity 

compared with cells resident in the heart [10, 11]. The heart was thought not to 

contain resident stem cells at the time, making skeletal myoblasts an attractive 

and logical cell type for cardiac cell therapy. 

Unfortunately skeletal myoblasts were found not to differentiate into 

cardiomyocytes, instead forming myotubes, which do not integrate 

electrophysiologically with cardiomyocytes of the host heart [12-14]. Despite 

these caveats, transplantation of skeletal myoblasts elicit beneficial effects in 

animal models [15-17], which led to clinical trials in humans [18, 19]. However, 

the largest of these trials found limited beneficial effects and also highlighted the 

potential of skeletal myoblast transplantation to cause arrhythmias [20]. Such 

arrhythmias were seen in a previous clinical trial and also in animal studies [18, 

21]. These arrhythmias are likely caused by the lack of electrical coupling 

between the myotubes and resident cardiomyocytes and are a noteworthy 

safety concern for cell-based therapy in the heart [21]. 

1.2.2.2 Bone marrow and blood-derived stem cells 

To date, the cells that have had most interest for cardiac cell therapy are bone 

marrow-derived mononuclear cells, which include haematopoietic stem cells 

(HSCs) and mesenchymal stem cells (MSCs). These cells are clinically 

attractive due to their availability and the option of using unfractionated 

populations of mononuclear cells to reduce processing time and costs. 

Unfractionated cells, however, contain only small percentages of HSCs and 

MSCs [22, 23]. 
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The major appeal of HSCs and MSCs comes from studies which suggest they 

have the ability to differentiate into cardiomyocytes [24-26]. However, other 

studies show that bone marrow cells do not generate new cardiomyocytes, but 

instead undergo cell fusion with existing cardiomyocytes [27-29]. This point 

remains in contention [30]. 

Importantly, bone marrow-derived HSCs and MSCs elicit beneficial effects in 

animal models [24, 31-33], resulting in bone marrow cell therapies moving 

quickly into clinical trials, which have demonstrated their safety [34, 35]. Larger 

clinical trials have now been carried out with mixed results, which may be due to 

differences in trial design, including the specific cell types used [36, 37]. 

Notably, one of the most promising trials to date used MSCs, rather than 

unfractionated bone marrow mononuclear cells [38]. While other trials have also 

shown modest improvements in cardiac function [39-42], two of the largest 

studies to be carried out have shown no benefit [43, 44]. 

More recently, work has been done using human umbilical cord blood 

mononuclear cells, which similarly contain HSC and MSC populations [45, 46]. 

Initial animal studies have shown improvements in cardiac function [45, 46]. It 

seems likely, however, that the progress of these therapies will depend on the 

success of clinical trials with bone marrow-derived cells. 

It is becoming increasingly accepted that improvements in cardiac function 

elicited by HSCs and MSCs are unlikely to be due to direct regeneration of 

cardiac tissue. Clinical studies indicate that only a small percentage of 

transplanted cells are retained in the heart, with this number declining over the 

first 24 hours [47-49]. This suggests that, rather than becoming stably 

engrafted, these cells are having transient effects, which bestow long-term 

benefit on resident cells. The prevailing hypothesis is that blood and marrow-

derived stem cells release paracrine factors which have effects that include 

promotion of angiogenesis and cell survival [50-52]. 

1.2.3 Cardiac progenitor cells 

While direct regeneration of the heart may not be possible with HSCs and 

MSCs, the more recently discovered resident progenitor cells of the heart may 
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be able to achieve this goal. Several different populations of multipotent cardiac 

progenitor cells (CPCs) have been described in the mammalian adult heart. 

1.2.3.1 C-Kit+ CPCs 

The first studies to identify CPCs did so using c-Kit; a cell surface tyrosine 

kinase receptor [53] which is a receptor for stem cell factor [54]. C-Kit was 

originally used as a marker of HSCs [55], however c-Kit-expressing, blood 

lineage-negative cells resident in the rat heart were found to be a distinct 

population of cardiac, rather than haematopoietic, progenitor cells [56]. These 

c-Kit+ CPCs were shown to be multipotent; capable of producing endothelial 

cells, smooth muscle cells and cardiomyocytes, which are the three main cell 

lineages of the heart [56]. Further to this, the ability of these c-Kit+ CPCs to 

promote regeneration of the rat heart, following induced myocardial infarction, 

was demonstrated [56, 57]. C-Kit+ CPCs were soon identified in the human 

heart and their regenerative potential in rodent models of myocardial infarction 

was also demonstrated [58]. 

1.2.3.2 Insulin gene enhancer protein ISL-1+ CPCs 

Insulin gene enhancer protein ISL-1 (islet-1), a LIM homeodomain transcription 

factor, has been identified as a marker of a distinct CPC population [59]. Islet-1 

was initially shown to be important in the developing murine heart and was 

demonstrated to be a marker of early CPCs, from which only specific portions of 

the heart arise [60]. Islet-1+ cells have since been shown to persist, though in 

low numbers, into the post-natal stage of both rodents and humans and are 

present in the human heart over a week after birth [59]. These islet-1+ cells do 

not express c-Kit and are therefore a distinct population of CPCs [59], however 

islet-1+ CPCs are equally capable of differentiating into the three main cardiac 

lineages of cardiomyocytes, smooth muscle cells and endothelial cells [59, 61, 

62]. Islet-1+ cells are difficult to isolate for transplantation, as islet-1 is not a 

surface molecule like c-Kit, which may account for the lack of preclinical studies 

testing this CPC population in animal models of myocardial infarction. Islet-1+ 

CPCs have been generated from pluripotent cells, however, and these cells 

could be used in such studies in future as well as clinically [63]. 
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1.2.3.3 Cardiosphere cells 

Perhaps the third most important CPC population identified to date are the 

cardiosphere and cardiosphere-derived cells. These cells spontaneously arise 

from explanted heart biopsy tissue and are formed from small, round, phase-

bright cells that migrate away from the biopsy and begin to divide in suspension 

to form small, spherical clusters of cells, termed ‘cardiospheres’ [64]. When 

cardiospheres are dissociated and the cells are plated in a monolayer, they are 

termed cardiosphere-derived cells [64]. Though cardiospheres are a mixed 

population of CPCs and more differentiated cells, they are comprised of cells 

that are clonally derived from individual CPCs [64, 65]. Like other CPCs, 

cardiosphere cells can produce both cardiomyocytes and vascular cells, and 

have additionally been shown to differentiate into mesenchymal cells [64, 65]. 

Cardiospheres contain c-Kit+ cells, which are primarily present in the centre of 

the spheres, suggesting c-Kit+ CPCs are responsible for cardiosphere formation 

[64, 65]. However, cardiospheres themselves are a clinically attractive source of 

CPCs as they are easily obtained without the need for selection with 

xenogeneic antibodies, in the way that c-Kit+ populations are. Cardiosphere-

derived cells elicit beneficial effects in mouse models of myocardial infarction 

[66], and pre-clinical studies have shown the safety and potential efficacy of 

cardiosphere-derived cell therapy in large animal models of myocardial 

infarction [67, 68]. 

1.2.3.4 Side population cells 

Another population of CPCs are the cardiac side population cells [69]. These 

cells express the molecules ATP-binding cassette subfamily G member 2 

(ABCG2) and multidrug resistance-like protein 1(MDR1), which remove toxic 

substances from the cell, including the DNA-binding dye Hoechst 33342 [70]. 

As such, cells expressing these molecules appear as a side population on a 

scatter plot of their Hoechst staining, giving them their name [70, 71]. Side 

population cells were first identified in bone marrow as HSCs [71], however side 

population cells which lack hematopoietic markers were later found in the 

murine heart and these have the capacity to produce cardiomyocytes [69]. 
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The regenerative potential of cardiac side population cells has been 

demonstrated in rats, where they produce endothelial cells and smooth muscle 

cells in vivo, as well as cardiomyocytes [72]. Cardiac side population cells have 

recently been identified in the human heart, though they appear to be limited to 

the left atria [73]. 

Cardiac side population cells are thought to be a heterogeneous population that 

may contain differentiated cells and non-cardiac progenitors such as MSCs, as 

they have the ability to produce osteocytes and adipocytes [72, 74]. Therefore, 

it should be noted that true CPCs may exist as only a fraction of side population 

cells. 

1.2.3.5 SCA-1+ CPCs 

Another marker which has been used to identify CPCs in mice is stem cell 

antigen 1 (SCA-1) [69, 75]. While SCA-1 was independently identified as a 

marker of CPCs, it is also expressed by murine cardiac side population cells 

and the two populations may largely overlap [69, 75]. Like cardiac side 

population cells, SCA-1+ cells may be a heterogenous population, as they also 

produce osteocyte and adipocyte lineages in addition to cardiomyocytes [75]. 

However, studies suggest that neither side population cells nor SCA-1+ 

populations contain significant numbers of c-Kit+ cells [74, 76, 77], suggesting 

they may contain a population of CPCs that is distinct from c-Kit+ CPCs. 

SCA-1+ cells elicit beneficial effects when transplanted in mouse models of 

myocardial infarction [76-78], however there is no known human orthologue of 

Sca1, which limits its use as a marker of CPCs in terms of clinical regenerative 

medicine. 

1.2.3.6 Clinical trials 

Further research is still required to identify and define the resident stem and 

progenitor cell populations within the mammalian heart, with recent studies 

suggesting over-lap between the main CPC markers [79-82]. The best CPC 

population for use in cell therapy is still very much open for debate. 



  Chapter 1 

 9   

Despite this, clinical trials have begun using both c-Kit+ CPCs, in the SCIPIO 

trial [83, 84], and cardiosphere-derived CPCs, in the CADUCEUS trial [85, 86], 

likely due to the relative ease of obtaining these two cell populations. The 

CADUCEUS trial has reported final 1 year results, demonstrating the safety of 

cardiosphere-derived cells and showing reduced scar sizes, increases in viable 

myocardial tissue and improved regional left ventricular function in treated 

patients [86]. The SCIPIO trial is on-going and also reports increases in viable 

myocardial tissue at the 1 year time point, as well as reduced infarct sizes and 

improved global and regional left ventricular function in treated patients [84]. 

1.2.4 Pluripotent stem cells as a source of differentiated cardiomyocytes 

1.2.4.1 Embryonic stem cells 

The primary goal of regenerative medicine in the heart is to introduce new, 

functional cardiomyocytes into the damaged heart and early animal studies 

using foetal cardiomyocytes have demonstrated the potential of this technique 

[7, 8]. While the rare nature of adult CPCs currently limits their use in the 

production of mature cardiomyocytes, pluripotent stem cells represent a 

potential, clinically practical source of large numbers of differentiated 

cardiomyocytes for transplantation. 

Pluripotency refers to the capacity of a cell to produce all the cells of the three 

embryonic germ layers. Human embryonic stem cells (ESCs) are pluripotent 

and have the ability to self-renew indefinitely as well as to differentiate into 

committed cell lineages [87]. As such, the utility of these cells as a source of 

various differentiated cells for regenerative medicine is clear. 

Initial studies with human ESCs have shown the feasibility of generating 

functional cardiomyocytes from pluripotent stem cells [88, 89]. These human 

ESC-derived cardiomyocytes successfully engraft when introduced into the 

rodent heart and elicit medium-term improvements in cardiac function in rodent 

models of myocardial infarction [90-92].  Furthermore, studies in guinea pigs 

have shown that human ESC-derived cardiomyocytes can couple 

electrophysiologically with host cells, reducing the risk of arrhythmias [93]. A 

recent non-human primate study has demonstrated the ability of human ESC-



Chapter 1 

 10

derived cardiomyocytes to remuscularise the heart on a clinically-relevant scale 

[94]. Grafted cells electrically coupled with host cells, though unfortunately 

arrhythmias were nonetheless seen [94]. 

The clinical use of ESCs is surrounded by ethical concerns, however the 

invention of induced pluripotent stem cells (iPSCs) has provided an alternative 

source of pluripotent stem cells. 

1.2.4.2 Induced pluripotent stem cells 

Creation of murine iPSCs was first described in 2006, followed a year later by 

human iPSCs [95, 96]. Through the introduction of only three factors, fibroblasts 

can be de-differentiated into pluripotent cells, which resemble ESCs [97]. Work 

is on-going in this new field of research and improved variations on iPSCs are 

emerging [98-100]. This technology could allow cells, such as skin fibroblasts, 

to be taken from a patient and de-differentiated into iPSCs. These autologous 

cells could then be differentiated into cardiomyocytes and transplanted back 

into the same patient, without risk of immune rejection. 

Functional cardiomyocytes have been derived from both human and murine 

iPSCs [96, 101, 102] and mouse studies show long-term integration and 

electrophysiological coupling of murine iPSCs transplanted into recipient hearts 

[103]. If cells derived from iPSCs are to be used clinically, however, they must 

be a pure population of differentiated cells, , as introduction of pluripotent cells 

could lead to teratoma formation [104, 105]. 

1.2.4.3 Tissue engineering 

The generation of mature cardiomyocytes from iPSCs is being utilised in tissue 

engineering strategies to develop cardiac patches which can be transplanted 

onto the damaged area of the heart [106, 107]. These cardiac patches have 

been shown to induce functional improvements in both rodent models of 

myocardial infarction [106] and in large animal studies which used human iPSC-

derived cardiac patches [107]. Further to this, 3D patches with improved 

characteristics have been created using hydrogel scaffolds [108]. 
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Arguably, the ultimate goal of such tissue engineering strategies is to create a 

whole replacement heart for transplantation. Research is moving forward in this 

area with the successful de-cellularisation of a mouse heart followed by re-

population with human iPSC-derived cells [109]. In future, de-cellularised 

porcine heart scaffolds may be utilised clinically [110]. Advances in 3D printing 

technology have opened up avenues in a broad spectrum of fields, including 

biology. 3D bio-printing brings the possibility of printing defined layers of 

extracellular matrix, biological factors and cells to create transplantable 3D 

tissues and perhaps, in the longer term, even whole organs [111]. 

1.2.5 Direct reprogramming into cardiomyocytes 

Further to the generation of iPSCs, recent research has found it possible to 

transdifferentiate cells directly from one lineage to another through the 

introduction of specific factors. In this manner, both mouse and human 

fibroblasts have been directly ‘reprogrammed’ into cardiomyocytes [112-116]. 

Direct reprogramming removes pluripotent cells from the process, removing 

fears of introducing tumour-generating pluripotent cells into patients. 

Transdifferentiation also introduces the possibility of gene therapy, by which the 

dividing fibroblasts that begin to form scar tissue during cardiac remodelling are 

transfected with genes that will reprogram them to cardiomyocytes [117, 118]. 

Such in vivo reprogramming has been successfully carried out in mouse models 

of myocardial infarction, with reprogrammed cardiomyocytes not only surviving 

in the heart up to one month after treatment, but also functionally coupling with 

existing cardiomyocytes [117, 118]. These gene treatments led to reduced 

remodelling and improved cardiac function [117, 118]. While these initial 

findings show promise, it should be noted that the field of direct cardiac 

reprogramming is still very much in its infancy. 

1.2.6 Cell cycle re-entry of resident cardiomyocytes 

Recent research into cardiac regeneration seems to be focussing less on cell 

transplantation therapies. While direct in vivo cardiac reprogramming is one 

new area of interest, other researchers are investigating the possibility of 
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stimulating resident cardiomyocytes to re-enter the cell cycle and proliferate to 

produce new cardiomyocytes [119-122].  

1.2.6.1 Lower vertebrates 

Recent interest in this field has been prompted by studies in zebrafish which, 

like certain amphibians, are capable of regenerating the adult heart following 

damage [123, 124]. The regenerative capabilities of these lower vertebrates 

have been studied in the hope of uncovering regenerative mechanisms that can 

guide clinical therapies. Indeed, the zebrafish heart is capable of regenerating in 

response to both ventricular resection and cryo-injury; a model of myocardial 

infarction [124-126]. Importantly, recent studies have shown that regeneration in 

the zebrafish occurs through activation and proliferation of existing mature 

cardiomyocytes in the heart and not through differentiation of a CPC population 

[127, 128]. 

1.2.6.2 Mammals 

A recent ground-breaking study has shown that cardiac regeneration is not 

limited to lower vertebrates [129]. The study found that the neonatal mouse 

heart has the ability to regenerate following resection of around 15% of the 

ventricle and, as in the zebrafish, this repair was mediated by proliferation of 

existing cardiomyocytes [129]. This regenerative capacity, while present in 1 

day old mice, is lost within 7 days [129]. 

When the mammalian heart was found to generate a low turn-over of 

cardiomyocytes throughout life, one major question was whether new 

cardiomyocytes arise from CPCs or existing cardiomyocytes. Consistent with 

the mechanism of cardiac regeneration in the zebrafish and neonatal mouse, a 

recent study has indicated that new cardiomyocytes in the healthy adult murine 

heart, and following myocardial infarction, arise primarily from existing 

cardiomyocytes, not CPCs [130]. 

Together these studies suggest that stimulating resident cardiomyocytes in the 

human heart to re-enter the cell-cycle may be a viable clinical strategy. Indeed, 

in mouse models of myocardial infarction, forcing cardiomyocytes into the cell 
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cycle through transgenic cyclin D2 expression leads to improved cardiac 

function [119]. 

Mechanisms which govern the cell cycle and proliferation of cardiomyocytes are 

now being studied in the hope that cell-cycle re-entry and enhanced 

proliferation can be induced [120-122, 131-134]. Of note, a transcription factor 

called homeobox protein Meis1 (Meis1) has been identified as responsible for 

cell-cycle exit in murine cardiomyocytes [121]. When Meis1 was over-expressed 

in cardiomyocytes, neonatal heart regeneration was inhibited [121]. 

Furthermore, knock-down of Meis1 allowed adult cardiomyocytes to re-enter the 

cell cycle [121]. 

1.2.7 Protein-based therapies 

An alternative therapeutic approach to cell-based therapies is protein-based 

therapy, including use of the paracrine factors which are released from 

transplanted cells. The idea that these factors are the key mediators of the 

beneficial effects seen in cell-based therapies has led to an increase in 

research seeking to identify these factors, as well as other cardioprotective 

proteins, in order to directly utilise them as therapeutics. Such cell-free 

treatments are more straightforward than cell-based therapies, removing issues 

of immune rejection of allogeneic cells or the need to expand large numbers of 

cells and process them, for example to obtain pure populations of pluripotent 

cell-derived differentiated cells 

Studies have indicated that release of paracrine factors from cells including 

bone marrow-derived cells [135, 136]; in particular MSCs [51, 137-139]; and 

CPCs [140-142] are responsible for some of the effects of such cell-based 

therapies. The effects of the released factors include neovascularisation [137, 

139], attenuation of fibrosis [138], cardiomyocyte survival [143, 144], and even 

the activation of resident CPCs [145-148]. Thus, the introduction of specific 

proteins into the heart could lead to the generation of new cardiomyocytes from 

resident CPCs, without the need to transplant cells. Equally, studies aiming to 

stimulate proliferation of mature cardiomyocytes have identified factors with this 

capacity [120, 149]. 
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Several specific proteins with potential therapeutic use have now been 

identified, including growth factors such as hepatocyte growth factor (HGF), 

insulin-like growth factor-1 (IGF1) and fibroblast growth factor 2 (FGF2) [142-

144, 146, 147, 150]. High mobility group protein B1 (HMGB1) has been shown 

to activate resident CPCs [148, 151], while periostin and neuregulin are both 

factors that have been demonstrated to stimulate proliferation of mature 

cardiomyocytes [120, 149]. 

Another such protein which has been identified for its therapeutic potential in 

the heart is thymosin β4. 

1.3 Thymosin β4 

1.3.1 Discovery of thymosin β4 

Thymosin β4 is a small, 43 amino acid protein with a molecular weight of 

approximately 4.9 kDa [152]. Expression of thymosin β4 is conserved across 

vertebrate species from humans down to zebra fish. In humans, thymosin β4 is 

coded by the TMSB4X gene. 

The isolation and identification of thymosin β4 from calf thymus extract was first 

described in 1981 [152]. Earlier studies looking at the role of the thymus gland 

in lymphocyte development led to the identification of a biologically active, 

protein component within the calf thymus, which was named “thymosin” [153]. 

Further characterisation of thymosin led to a partially purified preparation 

termed “thymosin fraction 5”, which was found to contain several small, acidic, 

heat-stable polypeptides [154]. These proteins have been categorised into three 

families based on their isoelectric points; the α-thymosins, β-thymosins, and γ-

thymosins; and then numbered in chronological order of isolation [152]. 

Thymosin β4 was one of the individual, biologically active proteins to be isolated 

from thymosin fraction 5 and as indicated by its name is part of the β-thymosin 

family [152]. The β-thymosins are a family of functionally related proteins with 

high amino acid sequence homology. In addition to thymosin β4, thymosin β10 

and thymosin β15 are present in human tissues, however thymosin β4 is the 

most highly expressed and, to date, the most extensively studied [155, 156].  
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Coupled with the original isolation of thymosin β4 from the thymus gland was an 

assumption that thymosin β4 played a role specific to the immune system. This 

idea was reinforced by the observation that thymosin β4 could induce the 

activity of an enzyme involved in the maturation of T-cells in immunosuppressed 

mice [152]. However, it was later found that there is little variation in 

endogenous levels of thymosin β4 mRNA in rat T-cell populations at different 

stages of development [157]. This suggested that thymosin β4 does not have 

an endogenous role in T-cell maturation. 

In addition, thymosin β4 was later found to be expressed in a wide range of 

tissues and cell types including leukocytes, platelets, brain, testis, ovary, 

spleen, intestine, liver, lung, kidney and heart; though it is not present in red 

blood cells [157-159]. This widespread expression suggested that thymosin β4 

has a much more general role than originally postulated. 

1.3.2 Distribution and mechanisms of action 

1.3.2.1 Thymosin β4 and actin 

In the early 1990’s, research attempting to understand how cells maintain high 

concentrations of free, globular actin (G-actin) and prevent polymerisation of 

that G-actin into actin filaments, uncovered one of the major physiological roles 

of thymosin β4: the sequestration of unpolymerised G-actin molecules [160, 

161]. Thymosin β4 was found at high concentrations in both human platelets 

and polymorphonuclear leukocytes where it sequesters the majority of free G-

actin, leading to the suggestion that thymosin β4 is the major actin sequestering 

protein in mammals [162, 163]. Thymosin β4 and other members of the β-

thymosin family contain a conserved LKKTET sequence which is an actin-

binding motif [164]. Through this motif, thymosin β4 targets and binds G-actin in 

1:1 complexes and then undergoes conformational changes which provide 

steric hindrance, preventing incorporation of the G-actin molecule into actin 

filaments [164-166]. 

G-actin molecules are bound by either ATP or ADP and actin polymerisation is 

more efficient with ATP-bound G-actin [167]. Thymosin β4 has a higher affinity 

for ATP-bound G-actin and is thus able to maintain a pool of sequestered ATP-
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bound G-actin [167, 168]. Under such conditions polymerisation occurs at a 

reduced rate using ADP-bound G-actin [167]. If thymosin β4 levels are lowered, 

ATP-bound G-actin is released and the rate of actin polymerisation increases 

[167]. Through this actin sequestering role, thymosin β4; alongside other actin-

binding proteins, such as profilin; is able to control actin dynamics leading to 

polymerisation or depolymerisation of actin filaments, thus regulating a cell’s 

actin cytoskeleton [167-169]. 

1.3.2.2 Intracellular signalling of thymosin β4 

More recently, thymosin β4 has been shown to act as a signalling molecule. 

The signalling network which thymosin β4 has been most prominently 

implicated in is that of integrin-linked protein kinase (ILK), a major component of 

focal adhesion complexes [170-173]. ILK is involved in several different 

signalling pathways and has many binding partners [174]. Thymosin β4 has 

been shown to interact with ILK and ‘particularly interesting new cysteine-

histidine rich protein’ (PINCH), a direct binding partner of ILK, leading to 

recruitment of ILK to the focal adhesion complex [170]. Once recruited to the 

focal adhesion complex, ILK is activated by phosphoinositide 3-kinase (PI3K), 

allowing ILK to phosphorylate Akt, which leads to downstream signalling [170]. 

One downstream signalling pathway which is induced by thymosin β4 via the 

PI3K-ILK-Akt pathway is the endothelial nitric oxide synthase (eNOS) pathway 

[171, 175, 176]. 

Thymosin β4 has also been implicated in other ILK signalling pathways, such as 

the activation of Ras-related C3 botulinum toxin substrate 1 (RAC1); a Rho 

GTPase involved in actin dynamics [173]. This activation of RAC1 occurs via IQ 

motif containing GTPase activating protein 1 (IQGAP1), which is another direct 

binding partner of ILK [173]. 

Another intracellular binding partner of thymosin β4 is Ku80, a subunit of ATP-

dependent DNA helicase II [177]. When partnered with Ku80, thymosin β4 

induces increased plasminogen activator inhibitor type 1 (PAI-1) expression in 

endothelial cells [177, 178]. This effect on PAI-1 expression occurs via 

activation of the c-Jun N-terminal kinase (JNK) signalling pathway [178]. JNK is 

one of several mitogen-activated protein kinases (MAPKs) and thymosin β4 has 
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additionally been found to signal through other MAPKs including p38 MAPK 

[179, 180] and extracellular signal regulated kinase (ERK) [180-182]. In 

particular, thymosin β4-induced phosphorylation of ERK has been shown to 

initiate diverse downstream signalling pathways including regulation of glycogen 

synthase kinase-3 (GSK-3) signalling [182], as well as the phosphorylation and 

stabilisation of hypoxia inducible factor 1α (HIF1α) [181]. Whether Ku80 is 

involved in thymosin β4 signalling through p38 MAPK or ERK is unknown. 

More recently the Notch signalling pathway has been implicated in thymosin β4-

mediated effects [183]. While thymosin β4 was demonstrated to up-regulate 

protein expression of the Notch1 and Notch4 receptors [183], little else is known 

about the mechanisms which link thymosin β4 to the Notch signalling pathway. 

1.3.2.3 Nuclear thymosin β4 

As well as being present in the cytoplasm of cells, thymosin β4 has been found 

in the cell nucleus [184, 185]. While thymosin β4 does not have a canonical 

nuclear localisation signal and is unable to localise to the nucleus alone [185-

187], it has been shown to interact with human mutL homolog 1 (hMLH1), an 

enzyme primarily involved in DNA repair [187]. hMLH1 does contain a nuclear 

localisation signal and when thymosin β4 is bound to hMLH1, the two proteins 

are transported to the nucleus where they appear to remain colocalised [187]. 

The role of thymosin β4 in the nucleus remains unclear, though actin is present 

in the nucleus, where it is found in both its polymerised and unpolymerised 

forms [188]. Thus, it is logical to speculate that thymosin β4 within the nucleus 

acts in its actin-sequestering capacity. This does not preclude additional roles 

for thymosin β4 in the nucleus however. hMLH1 is able to up-regulate thymosin 

β4 expression, suggesting the two molecules may have a functional 

relationship, beyond transport to the nucleus [187]. Interestingly, while hMLH1 

has a role in DNA repair, so too does Ku80; one of thymosin β4’s other binding 

partners. Furthermore, thymosin β4-Ku80 complexes are detected in the 

nuclear extracts of endothelial cells [177]. Therefore, while thymosin β4 has not 

been directly implicated in DNA repair, its relationship with hMLH1 and Ku80 

suggests it may play a role in this process. 
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1.3.2.4 Extracellular signalling of thymosin β4 

Thymosin β4 is also found in the extracellular environment, suggesting it may 

signal between cells. Specifically, thymosin β4 has been found in human serum 

[189] and in wound fluid [190]; and its release from certain cultured cell types 

has been demonstrated [170, 191]. The mechanism of thymosin β4’s release is 

unknown; it does not have a signal sequence [192], suggesting it is not actively 

secreted by conventional pathways. This does not, however, rule out active 

secretion by unconventional pathways, as has been demonstrated with other 

small proteins [193]. Alternatively, the small size of thymosin β4 may allow for 

passive diffusion out of the cell or it may only be released from damaged or 

dead cells. 

Extracellular thymosin β4 can be taken up into cells [170, 184], through an 

unknown mechanism, which allows it to participate in intracellular signalling and 

G-actin-binding roles. Additionally, a recent study has identified an extracellular 

receptor for thymosin β4 [194]. Freeman and colleagues found that thymosin β4 

interacts with cell surface F1F0 ATP synthase, leading to generation of ATP 

which in turn elicits downstream effects via P2X4 purinergic receptors [194]. 

This signalling pathway was demonstrated to be important for thymosin β4-

induced migration of endothelial cells [194]. 

1.3.2.5 Derivatives of thymosin β4 

Evidence also suggests that some of thymosin β4’s effects may be mediated by 

derivatives of thymosin β4. Thymosin β4 sulfoxide, which may be formed by 

autoxidation of thymosin β4’s methionine residue, may be responsible for many 

of thymosin β4’s cell signalling activities [195, 196]. Studies indicate that 

thymosin β4 sulfoxide has a lower affinity for actin monomers but has increased 

biological activity in terms of extracellular signalling, compared to thymosin β4 

[195, 196]. Thus oxidation of thymosin β4 may facilitate a switch between the 

actin-sequestering and the cell signalling roles of thymosin β4. 

Some of thymosin β4’s activities may also be due to formation of Ac-SDKP. Ac-

SDKP is a naturally occurring tetrapeptide which can be formed through the 

breakdown of thymosin β4 [197, 198]. This has been demonstrated to occur 
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endogenously through a two-step cleavage at the N-terminal region of thymosin 

β4, involving the serine peptidase, prolyl oligopeptidase [198, 199]. 

1.3.3 Physiological and clinical roles 

1.3.3.1 Cell migration 

One of the major physiological functions which thymosin β4 is involved in is cell 

migration. This role was first demonstrated with human umbilical vein 

endothelial cells (HUVECs), which have increased motility when treated with 

thymosin β4 [200, 201]. Thymosin β4 has also been shown to increase 

migration of keratinocytes and epithelial cells [202, 203], as well as certain 

cancer cells [173, 204]. The effect is not general however, as migration of 

primary fibroblasts, smooth muscle cells and leukocytes is not affected by 

thymosin β4 treatment [201]. Thymosin β4 has been shown to stimulate 

directional migration of HUVECs and endothelial progenitor, indicating it can act 

as a chemoattractant [175, 201]. 

The mechanism of action through which thymosin β4 promotes migration is 

likely to be complex, with ILK signalling, Ku80 and F1F0 ATP synthase 

(sections  1.3.2.2 and  1.3.2.4) all implicated in thymosin β4-induced cell 

migration [173, 194, 205, 206]. In particular, the recruitment and activation of 

ILK at the focal adhesion complex has been found to coordinate with the actin-

sequestering role of thymosin β4 to induce migration of endothelial cells [205]. 

At the leading edge of migrating cells, thymosin β4 dissociates from G-actin, 

which both frees up G-actin for filament elongation, a requirement of cell 

migration, and also allows thymosin β4 to interact with PINCH and ILK [205]. 

This leads to initiation of the PI3K-ILK-Akt signalling pathway, inducing 

downstream expression of matrix metalloproteinase-2 (MMP-2); an enzyme 

which promotes migration through the degradation of matrix proteins [205]. 

Thymosin β also up-regulates expression of other MMPs, including MMP-1, 

MMP-7 and MMP-9, to promote cell migration [203, 206, 207]. 
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1.3.3.2 Angiogenesis 

A major role of thymosin β4, which is of clinical interest, is its ability to promote 

angiogenesis. The ability of thymosin β4 to promote endothelial cell migration is 

evidently important in this respect, however thymosin β4 is further implicated in 

the function of endothelial cells. Thymosin β4 mRNA levels are up-regulated in 

HUVECs that are plated on Matrigel basement membrane matrix, concurrent 

with enhanced tubule formation [200]. This tubule formation is an in vitro 

process involving endothelial cell differentiation, which is used to model 

angiogenesis [200]. Exogenous thymosin β4 treatment further enhances tubule 

formation, illustrating thymosin β4’s ability to promote endothelial cell 

differentiation [184]. Additionally, exogenous thymosin β4 treatment was found 

to increase proliferation of HUVECs and increase HUVEC attachment to matrix 

proteins, including laminin and collagen [184]. 

Thymosin β4’s role in the promotion of angiogenesis has been further 

demonstrated in ex vivo and in vivo models of angiogenesis. Thymosin β4 

increases capillary sprouting in an ex vivo chick aortic ring assay [208] and pig 

coronary artery ring assay [184], as well as increasing endothelial cell invasion 

into subcutaneous Matrigel plugs in mice, which is an in vivo model of 

angiogenesis [201]. 

Thymosin β4 has been found to up-regulate expression of vascular endothelial 

growth factor (VEGF), a pro-angiogenic growth factor, suggesting this may be 

part of the mechanism by which thymosin β4 promotes angiogenesis [209]. 

Recently, Notch signalling has been implicated in thymosin β4-induced VEGF 

expression and thymosin β4’s promotion of angiogenesis, though the 

mechanism of this is unknown [183]. 

1.3.3.3 Wound healing 

The ability of thymosin β4 to promote angiogenesis, along with the knowledge 

of its presence in human wound fluid [190], prompted investigations into the 

ability of thymosin β4 to enhance dermal wound healing [202]. Thymosin β4 

treatment was been demonstrated to increase re-epithelialisation and enhance 

wound contraction in vivo, in a full thickness cutaneous wound model in rats, as 
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well as promoting angiogenesis [202]. Thymosin β4 stimulates keratinocyte 

migration in vitro, accounting for its ability to enhance re-epithelialisation [202]. 

Increases in collagen deposition were observed  with thymosin β4 treatment in 

the in vivo wound model and this may contribute to the enhanced wound 

contraction [202]. 

Thymosin β4 has also been implicated in wound healing in the eye [203, 210]. 

Thymosin β4 is able to promote migration of human corneal epithelial cells in 

vitro [203, 207]. Further to this, thymosin β4 enhances re-epithelialisation in 

vivo, thus promoting healing, in rodent models of mild and severe corneal 

wounds [203, 210]. 

Thymosin β4 is present in human tears and saliva [211], as well as in wound 

fluid [190], suggesting it may act as an endogenous healing agent. Thymosin β4 

also has antimicrobial properties [212], which may complement its role in wound 

healing. 

1.3.3.4 Anti-inflammatory effects 

In relation to its wound healing abilities, thymosin β4 also has anti-inflammatory 

effects. Thymosin β4 was first implicated as an anti-inflammatory agent when its 

oxidised form, thymosin β4-sulfoxide, was found to reduce neutrophil 

chemotaxis in vitro and attenuate footpad swelling in an in vivo mouse model of 

inflammation [196]. Further to this, thymosin β4 has been shown to reduce 

levels of inflammatory cytokines and chemokines, such as MIP-2, in a mouse 

model of severe corneal injury [210, 213]. In turn, thymosin β4 suppresses the 

infiltration of polymorphonuclear leukocytes, for which macrophage 

inflammatory protein-2 (MIP-2) is a known chemoattractant [213]. 

The mechanisms of thymosin β4’s anti-inflammatory effects have since been 

investigated. In human corneal epithelial cells, thymosin β4 interferes with the 

p65 subunit of NFκB, preventing it from translocating to the nucleus [214]. This 

prevents NFκB from binding to and activating the promoter regions of genes for 

pro-inflammatory cytokines, including interleukin-8 (IL-8); the human homologue 

of MIP-2 [214, 215]. 
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Thymosin β4’s anti-inflammatory role has been extended to include septic 

shock in a study which observed decreased levels of thymosin β4 in the blood 

of septic shock patients [216].  In both rats and humans, lipopolysaccharide 

(LPS) treatment elicits a decrease in thymosin β4 blood levels [216]. 

Furthermore, mice pre-treated with thymosin β4 in LPS-induced septic shock 

models have reduced levels of tumour necrosis factor α (TNFα) and IL-1α, an 

indication of reduced inflammation [216]. This leads to increased survival of  

thymosin β4-treated animals compared to controls [216]. 

1.3.3.5 Anti-fibrotic effects 

Ac-SDPK, the small peptide derived from thymosin β4 (section  1.3.2.5), has 

long been known to have anti-fibrotic effects [217-219]. More recently, thymosin 

β4 itself was noted to have anti-fibrotic effects in studies of dermal wound 

healing in rats [220]. Thymosin β4 treatment reduced the appearance of 

myofibroblasts in incisional wounds leading to minimal scarring once the wound 

had healed [220]. Recent studies have suggested that thymosin β4 could be 

utilised as an anti-fibrotic agent in the treatment of liver [221, 222], kidney [223] 

and lung diseases [224, 225]. 

1.3.3.6 Anti-apoptotic effects 

Anti-apoptotic effects of thymosin β4 have been observed in a wide range of cell 

types, including human corneal epithelial cells  [226-228], rat astrocytes [229], 

chick motor neurone cells [230], human intervertebral annulus cells [231], 

human gingival fibroblasts [232] and a human colon carcinoma cell line [233]. 

In human corneal epithelial cells, thymosin β4 treatment leads to reductions in 

activity of caspases-2, -3, -8 and -9, thus inhibiting apoptosis [226-228].  

Exogenously applied thymosin β4 is internalised by these cells where it causes 

up-regulation of the anti-apoptotic protein, Bcl-2, and elicits a reduction in 

release of cytochrome C, the intrinsic initiator of apoptosis, from the 

mitochrondia [226, 227]. Thymosin β4 also inhibits apoptosis via increased Bcl-

2 expression and decreased caspase-3 activity in rat astrocytes [229]. 

Furthermore, activity of caspase-3 and -9 are inhibited by thymosin β4 in human 

endothelial progenitor cells [171]. Thymosin β4 also increases expression of 
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Bcl-2 in human endothelial progenitor cells and additionally reduces expression 

of the pro-apoptotic protein, Bax [171]. These effects were found to be mediated 

by the PI3K-ILK pathway (section  1.3.2.2), leading to downstream eNOS 

signalling [171].  

In SW480 colon carcinoma cells, over-expression of thymosin β4 has been 

demonstrated to reduce Fas ligand (FasL)-mediated apoptosis via production of 

MMP-7, which breaks down FasL itself [233]. Furthermore, thymosin β4 was 

found to up-regulate expression of survivin, which directly inhibits caspase 9 

[233]. 

1.3.3.7 Thymosin β4 and stem cells 

Thymosin β4 has been noted to stimulate certain effects by activating stem and 

progenitor cells. Thymosin β4 is endogenously present in rat hair follicle stem 

cells and exogenous application of thymosin β4 simulates the migration and 

differentiation of these cells in vitro [234]. When applied topically in rodent 

models of both normal and impaired hair growth, thymosin β4 treatment elicits 

increased hair growth [234]. 

Further to this thymosin β4 induces the differentiation of rat neural progenitor 

cells to form oligodendrocytes, which occurs through activation of p38 MAPK 

signalling. Thymosin β4 also inhibits apoptosis of these neural progenitor cells 

[179]. 

More recently, thymosin β4 has been found to stimulate murine omental 

progenitor cells to form smooth muscle and endothelial cells and to promote the 

migration and proliferation of these cells [235].  Furthermore, thymosin β4 has 

been shown to stimulate the differentiation of human dental pulp stem cells 

[236] and to enhance proliferation of human adipose tissue-derived stem cells 

[237]. 

1.3.3.8 Thymosin β4 in cancer 

While many of the physiological roles of thymosin β4 are beneficial in terms of 

healing and tissue regeneration, the same roles have an undesirable impact in 

cancer. Thymosin β4 is present in primary tumours and metastases of various 
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cancers and is associated with increased metastatic potential, enhanced tumour 

growth and tumour recurrence [204, 209, 238-241]. However, clinical safety 

trials suggest thymosin β4 treatment does not itself cause cancer [242]. 

In mouse metastatic lung tumour cells, thymosin β4 increases cell migration in 

vitro and enhances angiogenesis in vivo, though it has no effect in in vitro cell 

invasion assays or on in vitro cell proliferation [209]. 

In SW480 human colon carcinoma cells on the other hand, thymosin β4 

enhances growth rate and cell invasion both in vitro and in vivo in mice, in 

addition to increasing cell migration [239, 243]. Thymosin β4-induced migration 

in SW480 cells involves ILK signalling [173], while Ku80 (section  1.3.2.2) has 

been shown to be important in migration of other colon carcinoma cells [206]. 

As previously mentioned, thymosin β4 also protects SW480 cells from 

apoptosis [233]. 

More recently, thymosin β4 has been implicated in induction of epithelial to 

mesenchymal transition (EMT) of cancer cells, a process which involves the 

loss of E-cadherin, allowing cells to detach from the primary tumour and 

metastasise [244, 245]. Signalling of thymosin β4 through PINCH and ILK has 

been implicated in thymosin β4-induced EMT [244, 245]. 

While in solid tumours, thymosin β4 is pro-tumorigenic, in multiple myeloma, 

thymosin β4 has tumour suppressive effects, including decreased proliferation 

and migration of murine multiple myeloma cells [246]. 

1.3.3.9 Thymosin β4 as a therapeutic agent 

The effects of thymosin β4 have prompted clinical investigations into thymosin 

β4 treatment in several models of disease. 

Following the discovery of thymosin β4’s ability to promote wound repair in the 

skin and eye (section  1.3.3.3), thymosin β4 has been shown to enhance healing 

of skeletal muscle injury in mice [247], ligament injury in rats [248], and 

following tooth extraction in rats [249]. Furthermore, thymosin β4 has been 

demonstrated to enhance bone formation in rats [249, 250]. 
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In terms of dermal wound healing, thymosin β4 is now in clinical trials for 

treatment of venous stasis ulcers and pressure ulcers and has been shown to 

promote accelerated wound healing in phase II trials [251, 252]. 

Neuroprotective effects of thymosin β4 have also been demonstrated in models 

of excitotoxicity [253], multiple sclerosis [254], traumatic brain injury [255, 256], 

and stroke [257]. 

One of the first organs in which thymosin β4 was found to have therapeutic 

potential was the heart. 

1.4 Thymosin β4 in the heart 

1.4.1 Thymosin β4 in heart development 

Thymosin β4 mRNA and protein are expressed in the developing murine heart 

[170]. Smart and colleagues have illustrated the importance of thymosin β4 in 

the heart during development by performing cardiac-specific knock-downs of 

thymosin β4 in mice [258]. Transgenic mice were created to conditionally 

express thymosin β4-targeting short hairpin RNAs (shRNAs) in either Nkx2-5 

expressing cells, to target the majority of cardiomyocytes, or in myosin 

regulatory light chain 2, ventricular/cardiac muscle isoform (MLC2v) expressing 

cells, to specifically target ventricular cardiomyocytes [258]. Both knock-downs 

resulted in heart defects from around embryonic day 10 and in severe cases led 

to death and resorbtion of the embryo, illustrating the importance of 

endogenous thymosin β4 in the heart during development [258]. 

Knock-down of thymosin β4 led to defects in the epicardium, the outer layer of 

the heart, followed by defects in the myocardium [258]. The coronary 

vasculature is derived from the epicardium through the differentiation of 

epicardial progenitors into endothelial and smooth muscle cells which migrate 

into the myocardium to form the coronary vasculature. In thymosin β4 knock-

down mice, however, epicardium-derived endothelial and smooth muscle cells 

fail to migrate into the myocardium to form vessels [258]. The subsequent 

defects seen in the myocardium were suggested to be due to this lack of 

vasculogenesis [258]. 
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Furthermore, thymosin β4 mRNA was not detected in the epicardium, 

suggesting the epicardial phenotype seen upon cardiomyocyte-specific knock-

down of thymosin β4 is due to release of thymosin β4 from cardiomyocytes 

acting in a paracrine fashion on epicardial cells [258]. In support of this, 

thymosin β4 treatment elicited increases in the outgrowth of smooth muscle and 

endothelial cells from in vitro epicardial explant cultures, taken from wild-type 

embryonic mouse hearts [258]. 

A recent study has presented findings contrary to those of Smart and 

colleagues, showing no essential role for thymosin β4 in murine heart 

development [259]. Banerjee and colleagues generated both global and 

cardiomyocyte-specific knockout mice by homologous recombination of the 

thymosin β4 gene and found no phenotype compared to controls [259]. The 

authors suggest that off-target effects of the shRNAs used by Smart and 

colleagues could account for the phenotype previously seen [259]. 

However, an alternative conclusion is that compensatory effects account for the 

lack of phenotype in the Banerjee study. Since 100% knock-down was not 

achieved by the shRNAs used by Smart and colleagues, such compensatory 

mechanisms may not have been activated. The effects of thymosin β4 knock-

down reported in their study are supported by the observation of disrupted 

filamentous actin in the hearts of knock-down mice, an effect consistent with 

thymosin β4’s established role in actin sequestration (section  1.3.2.1) [258]. 

Additionally, the epicardial phenotype seen in Smart and colleagues’ knock-

down mice is consistent with their in vitro data demonstrating the ability of 

thymosin β4’s to stimulate epicardial cells [258]. Furthermore they confirmed the 

expression of thymosin β10, which has high homology with thymosin β4, was 

unaffected by their knock-downs, suggesting off-target effects are unlikely, 

though not ruling them out completely [258]. 

1.4.2 Activation of adult epicardial progenitor cells 

Further to the endogenous role of thymosin β4 in activating the epicardium 

during development of the murine heart, Smart and colleagues demonstrated 

the ability of thymosin β4 to activate adult murine epicardial progenitor cells  
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[258, 260]. This led to differentiation of these progenitor cells into endothelial 

cells, smooth muscle cells and fibroblasts both in vitro and in vivo, where the 

mature cells contributed to new vessel growth [258, 260]. 

The ability of thymosin β4 to activate the adult epicardium has been supported 

by a study which showed that, in adult mice, systemic thymosin β4 treatment 

enhances levels of blood vessel epicardial substance (BVES), a protein 

associated with epicardial-derived cells [261]. Concurrently, epicardial thickness 

was enhanced and vessel growth from the epicardium was stimulated [261]. 

This activation of the epicardium and stimulation of vessel growth by thymosin 

β4 was found to be dependent on activation of the protein kinase C (PKC) 

signalling pathway [261]. Thymosin β4 treatment also increased expression of 

Wilms tumour protein homolog (Wt-1) and T-box transcription factor TBX18, 

markers of epicardial progenitor cells, again in a PKC dependent manner [261]. 

During development, epicardial progenitor cells have the capacity to produce 

cardiomyocytes in addition to producing cells that contribute to the heart vessels 

[262, 263]. While Smart and colleagues originally demonstrated the ability of 

adult epicardial progenitors to produce endothelial, smooth muscle and 

fibroblast cell types upon treatment with thymosin β4, they later found that if 

thymosin β4 is used to prime epicardial progenitors prior to heart injury, in an in 

vivo mouse model, then upon injury the progenitors will additionally produce 

cardiomyocytes [264]. This contributes to increased heart function post-injury 

with thymosin β4 pre-treatment compared to controls [264]. However, if 

thymosin β4 treatment is given post-injury, it does not stimulate epicardial cells 

to produce cardiomyocytes, though the beneficial effects, including increased 

vessel density and reduced infarct size, are still seen [265]. 

1.4.3 Cardioprotective effects of thymosin β4 

While studies have demonstrated the ability of thymosin β4 to induce vessel 

growth through activation of progenitor cells in the heart, other cardioprotective 

effects of thymosin β4 have also been described. 

As well as inducing vessel growth through progenitor cell activation, thymosin 

β4 stimulates migration of endothelial cells in ex vivo murine heart explants and 
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enhances Matrigel-induced tube formation of human coronary endothelial cells, 

as it does with HUVECs (section  1.3.3.2), indicating thymosin β4 is pro-

angiogenic in the heart [170, 261]. 

Following a myocardial infarction, healthy myocardial tissue is replaced by non-

functional fibrous, scar tissue. Ac-SDKP, the short peptide derived from 

thymosin β4 (section  1.3.2.5), has an inhibitory effect on inflammation and 

fibrosis in a rat model of myocardial infarction-induced heart failure [266]. Ac-

SDKP was found to reduce macrophage infiltration and inhibit deposition of 

collagen, but did not have an effect on cardiac function in this in vivo model 

[266]. More recently, thymosin β4 itself has been found to reduce expression of 

pro-fibrotic genes, including collagen type-1 and collagen type-3, under 

conditions of oxidative stress [267]. Further to this, thymosin β4 enhanced 

survival of rat neonatal cardiac fibroblasts and neonatal cardiomyocytes under 

oxidative stress by reducing levels of reactive oxygen species as well as 

inhibiting apoptosis, as indicated by a decrease in caspase-3 and Bax 

expression and an increase in Bcl2 expression [267, 268]. Thymosin β4 also 

reduced expression of pro-inflammatory genes in rat neonatal cardiomyocytes 

[268]. 

In the first study to assess the effects of thymosin β4 in an in vivo mouse model 

of myocardial infarction, thymosin β4 treatment reduced cardiomyocyte cell 

death and reduced scarring, leading to improved cardiac function post-infarction 

[170, 269]. Thymosin β4 was demonstrated to improve cardiomyocyte survival 

in vitro [170, 269], suggesting the reduced cardiomyocyte death seen in vivo is 

not an indirect effect due to increased angiogenesis, for example. Thymosin β4 

also enhanced cardiomyocyte migration in vitro [170, 269].  These in vitro 

effects of thymosin β4 were demonstrated to be dependent on recruitment of 

the PINCH-ILK complex and activation of Akt (section  1.3.2.2). In vivo, thymosin 

β4 treatment increased levels of ILK and phosphorylated Akt, supporting the 

role of this signalling pathway in thymosin β4’s cardioprotective effects [269]. 

More recently, the ability of thymosin β4 to improve cardiac function in mouse 

models of myocardial infarction have been corroborated by other groups [264, 

265]. 
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1.4.4 Thymosin β4 in endothelial progenitor cell therapy 

Thymosin β4 has been further implicated in cardioprotection in a series of 

investigations which identified thymosin β4 as a key modulator of the 

cardioprotective effects of embryonic endothelial progenitor cells (eEPCs). 

eEPCs have been considered as a cell therapy for ischemic injury of the heart 

[270]. The effects of transplanted eEPCs were found to occur via the PI3K/Akt 

pathway [271, 272]. As thymosin β4 is known to activate the PI3K/Akt pathway 

(section  1.3.2.2), its expression in eEPCs was assessed; these cells were found 

to express high levels of thymosin β4 [271, 272]. Studies utilising a shRNA 

against thymosin β4 demonstrated that the cardioprotective effects of eEPCs 

are thymosin β4-dependent and can be mimicked by application of thymosin β4 

itself [273, 274]. 

The thymosin β4-dependent effects of eEPCs are consistent with the roles of 

thymosin β4 reported in other studies and include the ability to increase 

cardiomyocyte survival and reduce endothelial cell apoptosis in vitro; increase 

endothelial cell activation in vitro and angiogenesis in vivo; reduce infarct size 

and improve cardiac output in in vivo models of myocardial infarction; and 

suppress the activity of inflammatory cells both in vitro and in vivo [273, 274]. A 

recent study has found that endothelial progenitor cells derived from peripheral 

blood of adult rats have similar protective effects in models of myocardial 

infarction, which are also mediated by the release of thymosin β4 [275]. 

1.5 Regulation of thymosin β4 protein expression 

While several physiological roles for thymosin β4 are now well-established and 

the mechanisms of action of thymosin β4 are starting to be elucidated, less is 

known about regulation of thymosin β4 expression. 

Several factors, both endogenous and synthetic, have been found to up- or 

down-regulate thymosin β4 mRNA and protein levels when exogenously applied 

to various mammalian cell types. Factors including nerve growth factor [276], 

hepatocyte growth factor [277], growth hormone [278], IL-18 [279], 

dexamethasone [280], and certain non-steroidal anti-inflammatory drugs [281] 
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have all been shown to up-regulate thymosin β4 levels. Interferon-γ [192], 1,25-

dihydroxyvitamin D3 [280], and several anti-tumour drugs [282, 283] have been 

shown to down-regulate thymosin β4 levels. However the mechanisms by which 

these different factors regulate thymosin β4 expression have not been explored. 

hMLH1 has been identified as an endogenous upstream regulator of thymosin 

β4 protein expression and localisation in human cells (section  1.3.2.3) [187]. 

hMLH1 up-regulates thymosin β4 protein levels, but whether its effect is direct 

or indirect has not been reported [187]. 

1.5.1 Post-translational regulation 

The activity of thymosin β4 may be regulated post-translationally to some extent 

through formation of thymosin β4 sulphoxide and generation of the Ac-SDKP 

peptide (section  1.3.2.5). While thymosin β4 does contain amino acid residues 

that can be acetylated and phosphorylated, studies have not been carried out to 

assess whether these post-translational modifications have any functional effect 

[284]. 

1.5.2 Transcriptional regulation 

The primary level of regulation of a protein’s expression is at the transcriptional 

level; that is control over expression of the gene that codes for the protein, 

leading to production of mRNA transcript. Transcription factors are molecules 

which bind to cis-acting regulatory sequences of DNA known as response 

elements, located in promoter regions. These response elements are termed 

enhancers or silencers depending on whether they lead to up- or down-

regulation of transcription. 

Androgen receptor is a transcription factor which is activated when bound by 

androgens. In human prostate cancer cells, androgens, including 

dihydrotestosterone, were found to down-regulate transcription of the thymosin 

β4 gene in an androgen receptor-dependent manner [285]. However, no steroid 

response element, the site recognised by androgen receptor, was found 

upstream of the thymosin β4 gene [285]. This may suggest that androgen 
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receptor, which has known interactions with other transcription factors [286, 

287], down-regulates transcription of thymosin β4 in an indirect manner [285]. 

The transcription factor NFκB has been implicated in the up-regulation of 

thymosin β4 protein and mRNA levels in a murine melanoma cell line [288]. 

However, whether this is a direct effect of NFκB on transcription of thymosin β4 

has not been explored [288]. 

More recently, heart- and neural crest derivatives-expressed protein 1 

(HAND1), a basic helix-loop-helix transcription factor, has been identified as a 

direct regulator of the thymosin β4 gene in mice [289]. HAND1 was 

demonstrated to bind directly to the upstream promoter region of the murine 

thymosin β4 gene [289]. Furthermore, HAND1 could bind to different response 

elements, thus eliciting either activation or repression of transcription of the 

thymosin β4 gene [289]. 

Further to this, Nanog, a transcription factor of importance in maintenance of 

pluripotency, has recently been found to down-regulate transcription of the 

thymosin β4 gene in human cell lines [290]. A Nanog binding site was predicted 

to be present in the promoter of the thymosin β4 gene by in silico analysis, 

however direct binding of Nanog to the promoter of the thymosin β4 gene was 

not experimentally demonstrated [290]. 

1.5.3 Post-transcriptional regulation 

The secondary level of regulation of protein expression is post-transcriptional 

and involves mechanisms which act upon mRNA transcript to prevent 

translation to protein. 

For translation to occur the m7GpppG cap which characterises the 5’ end of an 

mRNA molecule must be bound by the cap-binding complex, which is formed of 

several molecules called eukaryotic initiation factors (eIF). The m7GpppG cap 

itself is recognised by eIF4E, while the poly(A) tail found at the 3’ end of a 

mature mRNA is bound by poly(A) binding protein (PABP) if the poly(A) tail is of 

a suitable length [291]. eIF4G, another member of the cap-binding complex, 

interacts with both eIF4E and PAPB, leading to recruitment of eIF4A, the final 
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member of the cap-binding complex, and causing circularisation of the mRNA 

molecule [291]. 

These events facilitate the attachment of the 40S ribosomal subunit, which is 

part of the pre-initiation complex, to the mRNA molecule. Once the 40S 

ribosomal subunit is bound, other members of the pre-initiation complex, 

including the 60S ribosomal subunit, are recruited. The pre-initiation complex 

then scans the 5’-UTR for an initiation codon (AUG), from which translation is 

commenced. The cap-binding complex and pre-initiation complex are illustrated 

in Figure 1.2. 

RNA-binding proteins are proteins with many functions including post-

transcriptional control. They can target either the 5’- or 3’- untranslated region 

(UTR) of an mRNA molecule, typically down-regulating or inhibiting translation. 

Different RNA-binding proteins regulate translation in different ways. 

5’-UTR repressor proteins bind to secondary structures in the 5’-UTR, leading to 

steric hindrance of either the interaction between the 40S ribosomal subunit and 

the cap-binding complex or of the pre-initiation complex during 5’-UTR scanning 

[292, 293]. 

Other RNA-binding proteins act on the 3’-UTR. One of the most well 

characterised of these is cytoplasmic polyadenylation-element binding protein 

(CPEB). CPEB binds to RNAs which contain a specific sequence called the 

cytoplasmic polyadenylation-element (CPE) in their 3’-UTR. When bound, 

CPEB recruits additional molecules which compete with EIF4G for binding of 

EIF4E, thus preventing formation of the cap-binding complex [294]. This leads 

to repression of translation [295]. Other RNA-binding proteins have been found 

to repress translation in a similar manner [296, 297]. 

Interestingly, if CPEB is phosphorylated, it is also capable of mediating 

extension of the poly(A) tail, which leads to activation of translation [298, 299]. 

Thus, CPEB has the potential to both activate and supress translation. 

No RNA-binding molecules have been reported to specifically regulate thymosin 

β4 expression. 
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More recently, microRNAs (miRNAs) have been described as a group of major 

endogenous post-transcriptional regulators in eukaryotic cells, through a 

process known as RNA interference.
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Figure  1.2 – Diagrammatic representation of initiation of translation 

The m7G cap is bound by eukaryotic initiation factor (eIF) 4E, while the poly(A) tail is 

bound by poly(A) binding protein (PABP). These factors are bound by eIF4G leading to 

recruitment of eIF4A and circularisation of the mRNA molecule. Once this cap-binding 

complex has formed the 40S ribosomal subunit is recruited to the m7G cap and once it 

is bound to the mRNA molecule the 60S ribosomal subunit and other members of the 

pre-initiation complex are recruited. The pre-initiation complex scans for an initiation 

codon, leading to translation of the mRNA molecule. ORF; Open reading frame. 
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1.6 microRNAs 

1.6.1 microRNA synthesis and processing 

miRNAs are endogenous small RNAs of approximately 22 nucleotides [300-

302]. They are transcribed from the genome as long primary precursors or ‘pri-

miRNAs’, the sequences of which may be found in the introns of protein-coding 

genes or in intergenic regions [303, 304]. These pri-miRNAs are processed 

within the nucleus into approximately 70 nucleotide-long, stem-loop structured 

precursor miRNAs (pre-miRNAs) by Drosha, an RNAse III enzyme which 

functions as part of a multi-protein complex [302, 303, 305]. The pre-miRNAs 

are transported to the cytoplasm by Exportin 5 where they are further processed 

by another RNAse III enzyme, Dicer, into mature miRNAs duplexes [303, 306]. 

miRNA duplexes, which consist of what are known as the miRNA and miRNA* 

strands, are unwound and the two strands separated. The miRNA strand is the 

strand which then becomes incorporated into what is known as an RNA-induced 

silencing complex (RISC), while the miRNA* strand is discarded. Strand 

selection is determined by characteristics such as the thermodynamic stability 

of the miRNA duplex ends and the nucleotide content of each strand [307]. In 

some cases both the miRNA and miRNA* strands can form functioning RISC 

complexes [308]. In these cases miRNAs are named with a ‘-5p’ or ‘-3p’ suffix 

indicating whether they are derived from the 5’ or 3’ arm of the duplex. 

The process of strand separation and incorporation of the miRNA strand into 

RISC appears to be directly coupled to pre-miRNA processing by Dicer and is 

mediated by the proteins which constitute RISC itself [309, 310]. Key proteins, 

in addition to Dicer, are recruited to the pre-miRNA, leading to generation of a 

mature miRNA and formation of a functional RISC complex [309-312]. These 

proteins include RNA helicase A (RHA), which promotes association of the 

miRNA with other RISC members and may be responsible for unwinding the 

miRNA duplex; transactivation response RNA-binding protein (TRBP), which 

associates with Dicer and other members of RISC to facilitate RISC assembly; 

and Argonaute 2, which is the mediator of RISC-induced RNA cleavage [309-

312]. miRNA processing and formation of RISC are illustrated in Figure 1.3.  
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Figure  1.3 – Diagrammatic representation of miRNA processing and the formation 
of RISC 

Primary precursor miRNAs (pri-miRNA) are transcribed from DNA and processed by 

Drosha within the nucleus to form precursor miRNAs (pre-miRNA). Exportin 5 

transports the pre-miRNAs across the nuclear membrane and into the cytoplasm where 

the pre-miRNA is cleaved by Dicer, as part of RNA Induced Silencing Complex (RISC) 

formation, to form a single-stranded miRNA, which becomes part of RISC, and a 

single-stranded miRNA*, which is discarded. RHA; RNA Helicase A, TRBP; 

transactivation response RNA-binding protein. Adapted from Jeffrey [313]. 
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1.6.2 Mechanism of action of microRNAs 

Within the RISC complex, the miRNA acts through complimentary base pairing 

to direct the RISC to its target. miRNAs typically bind with imperfect 

complementarity to the 3’-UTR of an mRNA leading to down-regulation of 

expression, though exceptions have been reported [302, 314, 315]. miRNAs 

may lead to down-regulation of protein expression by either repressing 

translation of the mRNA or simply degrading the mRNA. In cases where 

miRNAs bind with perfect complementarity to their target, it is thought that the 

RISC complex will simply lead to cleavage by Argonaute 2 and degradation of 

the target mRNA [312, 316]. 

The mechanisms by which miRNAs that bind with imperfect complementarity 

cause suppression of mRNA expression are more contentious. Evidence has 

been provided for both mechanisms of translational repression and degradation 

of mRNA, independently of Argonaute 2-mediated cleavage. Argonaute 2 has a 

motif capable of binding the m7GpppG cap of mRNA (Figure 1.2) and as such 

may be able to compete with eIF4E (Figure 1.2) for cap-binding and thus 

prevent the initiation of translation [317, 318]. The miRNA RISC complex may 

also act by recruiting eIF6, which is known to inhibit the binding of the 60S 

ribosomal subunit to the pre-initiation complex, again preventing initiation of 

translation [319]. A third study suggests that inhibition of translation can occur 

post-initiation through induction of premature dissociation of the ribosomes from 

the mRNA [320]. 

In terms of mRNA degradation, a protein called GW182, which is implicated in 

miRNA-induced RNA interference, has been reported to mediate the 

deadenylation and decapping of mRNA, leading to its degradation [321, 322]. 

While some miRNAs appear to act purely at the level of translational repression, 

a reduction in mRNA levels through mRNA degradation has been reported to be 

the major mechanism by which miRNAs reduce protein levels endogenously 

[323-325]. 
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1.6.3 Roles of microRNAs 

miRNAs have many physiological roles including cell differentiation and 

determination of cell identity. In this respect many tissue-specific miRNAs have 

been identified [326, 327]. Furthermore, certain individual miRNAs have the 

ability to down-regulate hundreds of target mRNAs, when introduced to cells in 

in vitro systems, leading to changes in cell phenotype [323, 324]. While many 

different mRNAs may be targeted by a single miRNA the magnitude of the 

effect differs, with little change in expression seen for the majority of targets 

[324]. 

One of the first miRNAs to be identified in the heart was miR-1 [326]. Both miR-

1 and mirR-499 are up-regulated in differentiated cardiomyocytes compared to 

foetal CPCs [328]. Introduction of miR-499 into CPCs leads to their 

differentiation into cardiomyocytes [328, 329]. No doubt due to this role in 

determining cell identity and differentiation, miRNAs have been found to be 

important in development, including within the heart [330]. 

Other miRNAs are involved in regulation of cellular processes such as 

proliferation [331, 332] and apoptosis [333, 334]. miRNAs regulate these 

processes effectively by regulating the expression of multiple proteins that have 

related functions. For example, miR-34 targets several genes involved in cell 

cycle progression to inhibit proliferation [335, 336]. 

While some miRNAs are part of large regulatory networks, others have much 

more specific physiological roles that are restricted by their expression in 

specific tissues or cells. For example miR-375 is only expressed in pancreatic 

islet cells, where it has a role in regulating insulin secretion [337]. 

Several miRNAs have also been associated with pathological conditions, 

including heart failure, in which expression of several miRNAs is dysregulated 

[338, 339]. In this respect, miRNAs may make good therapeutic targets, as they 

are easy to down-regulate in a highly specific manner. This can be done 

through use of anti-miRNA molecules which bind through complimentary base 

pairing and utilise endogenous RNA interference mechanisms to break down 

the target miRNA. 
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1.6.4 miRNAs and thymosin β4 

An early study looking at thymosin β4 expression in thymocytes found that 

thymosin β4 protein levels could be rapidly increased with no change in mRNA 

levels and in the presence of actinomycin D, an inhibitor of transcription [340]. 

This may be an indication of a miRNA-mediated effect on thymosin β4 mRNA 

molecules. 

The 3’-UTR of thymosin β4 contains highly conserved regions, which indicate 

that they may be of evolutionary importance. This supports the idea that 

thymosin β4 is regulated by the targeting of its 3’-UTR by miRNAs.  

However, to date no thymosin β4-targeting miRNAs have been confirmed. 

Sequence complementarity for miR-1, a miRNA associated with heart and 

skeletal muscle, has been identified in the 3’-UTR of thymosin β4 [330]. 

However, while miR-1 can act upon the 3’-UTR of thymosin β4 in a luciferase 

reporter assay, thymosin β4 protein levels in the hearts of transgenic mice over-

expressing miR-1 do not change, demonstrating that thymosin β4 is not a 

genuine target of miR-1 [330]. The authors attributed this finding to the fact that 

the complementary sequence of miR-1 within the 3’-UTR of thymosin β4 is in a 

relatively stable region, with low levels of free energy [330]. Authentic miRNA 

binding sites, however, are located in unstable regions where they are 

accessible to the miRNA, in addition to having a sequence complementarity to 

the miRNA [330]. This indicates that while in silico predictions provide a good 

starting point, experimental evidence is required to confirm the ability of 

miRNAs to down-regulate a given target, as well as providing physiological 

context. 

In summary, thymosin β4 is a protein involved in endogenous repair 

mechanisms that is important in mammalian heart development and has 

multiple cardioprotective effects when applied exogenously in models of 

myocardial infarction. Furthermore, thymosin β4 has the capacity to activate 

progenitor cells within the heart, leading to production of new, functional cells. 

As such, elevating thymosin β4 levels within the heart may be an effective 

therapeutic strategy for regeneration and protection of the heart. 
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Identifying physiologically relevant thymosin β4-targeting miRNAs in the heart 

will not only improve understanding of how thymosin β4 is endogenously 

regulated but may also provide therapeutic miRNA targets, which may be down-

regulated in order to enhance thymosin β4 expression in the failing heart. 

1.7 Hypothesis 

It was hypothesised that thymosin β4 is expressed in the foetal human heart 

and its expression is regulated by miRNAs. 

1.8 Aims 

The aims of this study were as follows: 

1. To assess the expression and localisation of thymosin β4 within the 

foetal human heart. 

2. To develop an experimental system in which thymosin β4-targeting 

miRNAs can be identified. 

3. To identify putative thymosin β4-targeting miRNAs and demonstrate the 

ability of candidate miRNAs to down-regulate thymosin β4 levels. 
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Chapter 2:  Methods 

2.1 Foetal tissue and cells 

2.1.1 Foetal tissue 

Human foetal tissue was obtained with informed consent and full ethical 

approval (Southampton and West Hampshire Local Research Ethics 

Committee) from women undergoing termination of pregnancy at Royal South 

Hants Hospital, Southampton. Human foetal material was also provided by the 

Joint MRC/Wellcome Trust (grant #099175/2/12/2) Human Developmental 

Biology Resource (www.hdbr.org). 

Foetal tissues obtained locally were collected, aged according to foot length and 

dissected by David Wilson, Kate Parry and Kelly Wilkinson. 

Tissues to be used for RNA extraction were placed in RNase-free vials 

containing RNALater (Ambion) and stored at -20°C. Tissues to be used for 

protein extraction were placed in cryovials and stored at -80°C. 

Heart tissue to be cultured was chopped into approximately 1 mm x 1 mm 

pieces using a McIlwain tissue chopper (Intracell). Pieces of tissue were placed 

into 6-well plates at an air-liquid interface: 1 ml cardiac medium (Table 2.1) was 

pipetted into each well, a tissue culture insert (PICM03050, Millipore) placed on 

top and the tissue placed on the membrane of the culture insert. Heart tissue 

was maintained in a 37°C in 5% CO2/air incubator unless otherwise stated. 

2.1.2 HeLa cells 

HeLa cells (kindly provided by Ita O’Kelly’s lab) were cultured in T75 tissue 

culture flasks in high glucose Dulbecco's Modified Eagle Medium (DMEM) 

containing 10% foetal bovine serum (FBS) and 1% penicillin/streptomycin 

antibiotics. Cells were maintained in a 37°C in 5% CO2/air incubator unless 

otherwise stated. 
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Cells were passaged when 80-90% confluent: 0.05% Trypsin-EDTA was used 

to release cells from the plate, trypsin was neutralised using DMEM containing 

10% FBS and the cell suspension collected and centrifuged at 1300 RPM for 3 

mins to form a cell pellet. Supernatant was aspirated and the cell pellet re-

suspended in an appropriate volume of medium; the cell suspension was then 

dispensed into the desired number of new T75 flasks. Cells were typically 

passaged at between 1:3 and 1:10 dilution. To collect HeLa cells for 

experiments, cell pellets were created in the same manner as when passaging 

the cells. 

2.1.3 Human umbilical vein endothelial cells 

2.1.3.1 HUVEC isolation 

Human umbilical vein endothelial cells (HUVECs) were isolated from umbilical 

cords by Stefanie Inglis. Umbilical cords were first washed clean of blood. 

Umbilical veins were cannulated and perfused with phosphate buffered saline 

(PBS) to remove blood cells. The cord was tied off at the opposite end to the 

cannula and the umbilical veins perfused with 2 mg/ml pre-warmed (37°C) 

collagenase type II (Sigma) and incubated for 45-60 mins at room temperature. 

The collagenase was removed along with the detached endothelial cells and 

placed in HUVEC medium (Table 2.2) before being centrifuged at 400 G for 10 

mins. The cells were re-suspended in HUVEC medium and seeded in a T25 

tissue culture flask and placed in a 37°C in 5% CO2/air incubator. The cells 

were washed with HUVEC medium the following day to remove contaminating 

blood cells. 

2.1.3.2 HUVEC culture 

HUVECs were provided in culture by Stefanie Inglis, typically at passage 4 or 

beyond. The cells were cultured in HUVEC medium (Table 2.2) and maintained 

in a 37°C in 5% CO2/air incubator. 

Cells were passaged when 80-90% confluent: 0.05% Trypsin-EDTA was used 

to release cells, trypsin was neutralised using HUVEC medium and the cell 

suspension collected and centrifuged at 1000 RPM for 5 mins to form a cell 
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pellet. Supernatant was aspirated and the cell pellet re-suspended in an 

appropriate volume of medium; the cell suspension was then dispensed into the 

desired number of new T75 flasks. Cells were typically passaged at a 1:3 

dilution. To collect HUVECs for experiments, cell pellets were created in the 

same manner as when passaging the cells.  
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Table  2.1 – Cardiac medium 

List of components, given at their final concentrations, used to make up cardiac 

medium. Media and supplements were from Gibco, unless otherwise stated. 

Components (at final concentration) 

High glucose DMEM  

5% Foetal bovine serum 

1X MEM non-essential amino acids 

0.1 mM Vitamin C (Sigma) 

0.1 nM Insulin (Sigma) 

1X Penicillin/streptomycin 

 

 

 

 

Table  2.2 – HUVEC medium 

List of components, given at their final concentrations, used to make up HUVEC 

medium. Media and supplements were from Gibco, unless otherwise stated. Additional 

instructions are shown in italics. 

Components (at final concentration) 

Medium 199 

0.4% Endothelial cell growth supplement/Heparin 

(Promocell) 

1X Penicillin/streptomycin 

10% Foetal bovine serum (added on day of use) 
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2.2 RNA extraction and reverse transcription 

2.2.1 RNA extraction using TRIzol 

Total RNA was isolated from tissue or cell pellets using TRIzol reagent 

(Invitrogen) or from cells in suspension using TriFast LS (peqGOLD). 

For extraction from tissue, the tissue was removed from RNALater, placed in 1 

ml TRIzol and ground up with a plastic tissue grinder. 

For extraction from cell pellets, TRIzol reagent was added directly to the cell 

pellet and homogenised by passing through a micropipette tip several times. 

For extraction from cells in suspension, the volume of cell suspension was 

measured and TriFast LS was added to give a 1:3 ratio of sample:TriFast LS 

and the solution mixed. The volumes of regents used throughout the rest of the 

RNA extraction protocol are per ml of the total volume of cell suspension/TriFast 

LS mixture. 

Once samples were in TRIzol or TriFast LS they were incubated for 5 mins at 

room temperature. Samples were then centrifuged at 12,000 G for 10 mins and 

the supernatant transferred to a new RNase-free tube in order to remove any 

tissue or cell debris. 

200 µl chloroform was added to each sample and the tubes were shaken 

vigorously for 30 secs. The samples were then left to stand at room temperature 

for 15 mins. The samples were next centrifuged at 12,000 G for 15 mins. The 

clear aqueous phase at the top of the tube contains the RNA and was 

transferred to new RNase-free tubes. 500 µl isopropanol and 1 µl glycogen was 

added to each sample and the samples incubated at -80°C for 30 mins. 

The samples were next allowed to stand at room temperature for 15 mins and 

then centrifuged at 12,000 G for 15 mins at 4°C, so that an RNA pellet is 

formed. Keeping all samples on ice, the supernatant was removed and each 

cell pellet washed twice in 75% ethanol, which had been chilled at -20°C. 

Washing was carried out by adding the ethanol to each tube, leaving it to stand 

for 10 mins on ice and then centrifuging at 7,500 G for 10 mins at 4°C. 
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Finally, all the ethanol was removed and the pellets left to air dry for between 5 

and 10 mins. The pellets were then re-suspended in 30 µl DEPC-treated water 

and treated with rRNasin RNase inhibitor (Promega). RNA concentrations and 

purity were assessed using a Nanodrop spectrophotometer. RNA samples were 

stored at -80°C. 

2.2.2 RNA extraction from paraformaldehyde-fixed cells 

2.2.2.1 Modified TriFast LS protocol 

RNA extraction of paraformaldehyde (PFA)-fixed cells in suspension was 

carried out as in section  2.2.1, except after TriFast LS was added to the sample, 

10 µl proteinase K (10 mg/ml) was added to each ml of sample/TriFast LS 

mixture. The samples were then heated using a dry heat block to 56°C for 15 

mins, followed by 80°C for 15 mins. RNA extraction was then continued, 

omitting the 5 min room temperature incubation. 

2.2.2.2 RecoverAll kit 

RNA was extracted using a RecoverAll Total Nucleic Acid Isolation Kit for FFPE 

(Ambion). PFA-fixed cells in suspension were first centrifuged at 12,000 G for 5 

mins to pellet the cells. The supernatant was removed, leaving a little behind to 

minimise the loss of cells. The manufacturer’s protocol for the RecoverAll kit 

was followed, omitting steps relating to deparaffinization and beginning from the 

Protease Digestion steps, using 100 µl of digestion buffer. At the end of the 

protocol samples were eluted in 60 µl DEPC-treated water and stored at -80°C. 

2.2.3 Reverse transcription of mRNA to cDNA 

Between 200 ng and 1000 ng of each RNA sample to be reverse transcribed 

was treated with RQ1 RNase-free DNase (Promega), according to the 

manufacturer’s instructions. Equal amounts of RNA were used for any samples 

to be compared in a quantitative manner. Samples were then reverse 

transcribed to cDNA using M-MLV Reverse Transcriptase (Promega) with 

Random Primers (Promega), according to the manufacturer’s instructions. ‘No 

reverse transcriptase’ controls were created for each RNA sample by using 
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water in place of the reverse transcriptase enzyme. For each set of reverse 

transcription reactions carried out, a ‘no template’ negative control was carried 

out by adding water in place of template RNA. Once complete the reverse 

transcription products were stored at -20°C. 

2.2.4 Reverse transcription of miRNAs to cDNA 

Aliquots of RNA samples to be used in reverse transcription reactions for 

miRNAs were diluted down in DEPC-treated water to create 10 ng/µl aliquots. 

Reverse transcription was carried out using M-MLV Reverse Transcriptase 

reagents (Promega) along with specially designed stem-loop RT primers 

designed to reverse transcribe specific mature miRNAs, which are supplied in 

TaqMan MicroRNA Assays (Applied Biosystems) (Table 2.9). 

Reaction mixtures were made up as indicated in Table 2.3 using the desired 

RNA template and specific RT primers for the miRNA to be reverse transcribed 

(Table 2.9). Reactions were carried out using the temperature steps indicated in 

Table 2.4. The reverse transcription products were then stored at -20°C. 

2.2.5 Extraction of genomic DNA 

Genomic DNA was extracted from foetal placental tissue by Kelly Wilkinson. 

This was done by adding 750 µl of DNA digestion buffer (50 mM Tris-HCl, pH 

8.0; 100 mM EDTA, pH 8.0; 100 mM NaCl; 1% SDS) and 40 µl proteinase K to 

the tissue and incubating at 56°C overnight in a water bath. The following day 

the tissue was vortexed and agitated for 5 mins on a rocker before adding 250 

µl of saturated NaCl solution. This was followed by 5 mins agitation on a rocker. 

The sample was next centrifuged at 12,000 G for 10 mins and 1 ml of the 

supernatant transferred to a new tube. 500 µl isopropanol was added to the 

tube which was inverted several times before being centrifuged at 12,000 G for 

10 mins. The supernatant was discarded and 500 µl of 70% ethanol was added 

to the DNA pellet. The sample was centrifuged at 12,000 G for 10 mins, the 

supernatant removed and the DNA pellet dried for 10 mins at 37°C. The pellet 

was then suspended in 100 µl Tris-EDTA buffer and the sample stored at -

20°C.  
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Table  2.3 – miRNA reverse transcription reaction mixture 

List of reagents used in reaction mixtures for the reverse transcription of miRNAs to 

cDNA. The volumes of each reagent are given per reaction. Reagents were from 

Promega, unless otherwise stated. 

Reagents Volume (µl) 

10 mM dNTPs 0.075 

M-MLV Reverse Transcriptase 0.125 

5X RT Buffer 1.5 

rRNasin RNase Inhibitor 0.047 

DEPC-treated H2O 3.753 

RNA sample (10 ng/µl) 0.5 

5X RT primers (TaqMan assays) 1.5 

 

 

 

Table  2.4 – miRNA reverse transcription reaction temperature steps 

The temperature steps used to carry out miRNA reverse transcription reactions are 

shown. Reactions were carried out using a G-Storm GS1 thermocycler. 

Temperature Time 

16°C 30 min 

42°C 30 min 

85°C 5 min 

10°C Hold 
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2.3 PCR 

Polymerase chain reaction (PCR) was carried out on cDNA or genomic DNA 

samples for the amplification and detection of specific DNA sequences. GoTaq 

polymerase (Promega) was used in combination with dNTPs and specifically 

designed primers (Table 2.5) in order to amplify the desired transcript or region 

of genomic DNA. Primers were designed using PrimerSelect (Lasergene 8; 

DNASTAR Inc.). 

PCR was carried out using a G-Storm GS1 thermocycler, using the temperature 

cycles indicated in Table 2.6, with the appropriate annealing temperature for the 

primers being used (Table 2.5). 

The PCR products obtained were separated by running them on 100 ml, 2% 

agarose gels, made up in Tris-acetate-EDTA buffer and containing 5 µl of 

Nancy-520 (Sigma Aldrich). An in-house 100 bp ladder or 1kb HyperLadder 

(Bioline) was also run on each gel. Gels were run in Tris-acetate-EDTA buffer at 

between 70 and 80 V, until the products and ladder were resolved. Gels were 

imaged using a High Performance Ultraviolet Transilluminator (UVP) and the 

associated DocIT software (UVP). 

2.3.1 Purification of PCR products 

To extract resolved PCR products for sequencing or downstream protocols, the 

appropriate product band was excised and the DNA purified. To do this, the 

DNA bands were visualised using a High Performance Ultraviolet 

Transilluminator (UVP), keeping exposure to the UV light to a minimum. The 

band of interest was excised using a clean scalpel and taking as little of the 

surrounding agarose as possible. The DNA in the excised band was then 

purified using a Wizard SV gel and PCR clean-up system (Promega), according 

to the manufacturer’s instructions. Once purified the DNA samples were 

quantified using a Nanodrop spectrophotometer. 
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2.3.1.1 Sanger sequencing 

Purified PCR products or plasmid DNA samples were sent to Source 

Bioscience LifeSciences for Sanger sequencing, along with custom primers if 

required. DNA samples were diluted down to the specifications of the 

sequencing company where possible, as were primers that were sent for use in 

sequencing. The pCR2.1-TOPO vector was sequenced using M13 reverse 

primers, which Source Bioscience LifeSciences keep in stock. 

2.3.1.2 Sequence alignment analysis 

MegAlign software (Lasergene 8; DNASTAR Inc.) was used to carry out in silico 

sequence alignment analysis. Sequences were aligned using the Clustal W 

method. 

2.4 Quantitative PCR 

Relative gene expression of samples was determined by carrying out 

quantitative PCR (qPCR) on cDNA, using TaqMan Gene Expression Assays 

(Applied Biosystems) (Table 2.7) with TaqMan Universal PCR Master Mix 

(Applied Biosystems). All reactions were carried out in triplicate. 

A Roche LightCycler 480 machine was used to perform the reactions, using the 

temperature cycles shown in Table 2.8. The fluorescence of each sample, 

which relates to the quantity of cDNA in that sample, was detected by the 

machine after each cycle. The software used plots of fluorescence at each cycle 

to generate cycle threshold (Ct) values: the cycle number at which a threshold 

level of fluorescence is reached. The average Ct value of triplicates was used in 

further analysis, unless an outlier was present within the triplicates, in which 

case it was excluded. The lower the Ct value, the more starting template was 

present in the sample. 

To assess the expression of a gene of interest, the Ct value for the gene of 

interest was normalised to the mean Ct value of the endogenous control genes 

for each sample. The normalised gene expression of each sample was then 

expressed as a fold change compared to the average normalised value of the 
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experimental control samples. By comparing each individual sample to the 

average of the experimental control samples, the variation in individual 

experimental control samples can still be seen. 

As Ct values are logarithmic values they must be transformed to give linear 

data. The following equation describes how the data is transformed, normalised 

against the housekeeping genes and expressed relative to the experimental 

control samples: 

 Relative expression = 2 –∆∆Ct 

Where: 

∆∆Ct = ∆Ct(target sample) – ∆Ct(mean of control samples) 

∆Ct = Ct(target gene) – mean Ct(endogenous control genes) 

For ease of use, the equation for relative expression can also be rearranged as 

follows: 

 Relative expression = 2 –∆Ct(target sample) / mean (2 –∆Ct(control samples)) 

2.4.1 TaqMan MicroRNA assays 

Relative expression of miRNAs in samples was determined by qPCR, in a 

similar manner as above, using TaqMan MicroRNA assays (Applied 

Biosystems) (Table 2.9) with TaqMan Universal PCR Master Mix II, no UNG 

(Applied Biosystems). Specifically created cDNA samples for each miRNA to be 

assessed were used as template (section  2.2.4). 

A Roche LightCycler 480 machine was used to perform the reactions, using the 

temperature cycles shown in Table 2.10. Ct values were obtained and used to 

calculate normalised expression relative to control samples, as above. 
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Table  2.5 – PCR primers 

The primer pairs used in PCR are listed, including the full primer sequences and the 

annealing temperature used for PCR. 

Primer pair Primer Sequence 
Annealing 

temperature 

TMSB4X 

primers 

Forward 5'- GAAGACAGAGACGCAAGAGAAAAA -3' 
58°C 

Reverse 5'- TGCCAGCCAGATAGATAGACAGAT -3' 

Long 3'UTR 

primers 

Forward 5'- GGCGAATCGTAATGAGGC -3' 
45°C 

Reverse 5'- TTTTTTTTTTTTTTTTTTTTTA -3' 

Short 3'UTR 

primers 

Forward 5'- GGCGAATCGTAATGAGGC -3' 
49°C 

Reverse 5'- TTTTTTTTTTTTTTTTTTTTC -3' 

OAZ1 primers 
Forward 5'- GGCGAGGGAATAGTCAGAGG -3' 

58°C 
Reverse 5'- GGACTGGACGTTGAGAATCC -3' 

TMSB4X 

3'UTR primers 

Forward 5'- GCTAGCCGCCAATATGCACTGTACATTCC -3' 
63°C 

Reverse 5'- GCGGCCGCAGAAACCAAACAGACACACCAGC -3' 

pRL-TK 3'UTR 

primers 

Forward 5'- TCGGACCCAGGATTCTTTTC -3' 
58°C 

Reverse 5'- CTGCATTCTAGTTGTGGTTTGTC -3' 

 

 

Table  2.6 – PCR temperature steps 

Details of the temperature steps performed on a G-Storm GS1 thermocycler for the 

amplification of cDNA by PCR. 

Temperature Time 

Step 1 95°C 5 mins 

Step 2 94°C 1 min 

Step 3 
Annealing temp. (Table 

2.5) 1 min 

Step 4 72°C 1 min 

Repeat steps 2-4 35 times 

Step 5 72°C 10 min 

Step 6 10°C Hold 
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Table  2.7 – TaqMan Gene Expression Assays 

List of TaqMan Gene Expression assays (Applied Biosystems) used in qPCR to detect 

expression of the genes listed.  

Gene TaqMan Assay ID 

TMSB4X Hs03407480_gH 

GNB2L1 Hs00272002_m1  

PGK1 Hs00943178_g1 

 

 

 

 

Table  2.8 – qPCR temperature steps 

Details of the temperature steps performed on a Roche LightCycler 480 machine for 

the amplification and relative quantification of cDNA by qPCR. 

Temperature Time 

Step 1 50°C 2 mins 

Step 2 95°C 10 mins 

Step 3 95°C 15 secs 

Step 4 60°C 1 min 

Repeat steps 3-4 50 times 
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Table  2.9 – TaqMan MicroRNA Assays 

List of TaqMan MicroRNA assays (Applied Biosystems) used in qPCR to detect 

expression of miRNAs or the endogenous control.  

TaqMan MicroRNA 

Assay Name 

hsa-miR-148b 

hsa-miR-199a-3p 

hsa-miR-217 

hsa-miR-495 

RNU48 

 

 

 

 

Table  2.10 – MicroRNA assay qPCR temperature steps 

Details of the temperature steps performed on a Roche LightCycler 480 machine for 

the relative quantification of miRNA expression by qPCR.  

Temperature Time 

Step 1 95°C 10 mins 

Step 2 95°C 15 secs 

Step 3 60°C 1 min 

Repeat steps 2-3 50 times 
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2.5 Immunohistochemistry 

2.5.1 Tissue fixation and embedding 

Tissue fixation and embedding was carried out by David Wilson, Kelly Wilkinson 

and Kate Parry. Tissue collected for sectioning and staining was fixed in either 

PFA or methanol-acetic acid (MeAc). The tissue was incubated at room 

temperature overnight in either 4% PFA or a 2:2:1 mixture of methanol, acetic 

acid and DEPC-treated water, as appropriate. 

The following day the fixative was discarded and the tissue was dehydrated by 

treating with 70%, then 80%, then 90% and finally 100% ethanol for 2 hours 

each. The tissue was then left in 100% chloroform overnight. 

The following day the tissue was embedded in wax, by placing in a tube of 

paraffin wax for 2 hours at 72°C. The wax was replaced and the tissue left for a 

further 2 hours at 72°C. The wax was replaced again and left for a further 2 

hours at 72°C, this time under vacuum. The tissue was then placed in a metal 

cassette which was filled with wax and left on a cold plate to set for 30 mins. 

Embedded tissue blocks were stored at 4°C. 

2.5.2 Tissue sectioning and mounting 

Ribbons of embedded tissue blocks were cut using a Leica rotary microtome. 

The sections were mounted onto cleaned, aminoalkylsilane-coated slides. This 

was done by floating the sections on the slides with water and placing the slides 

on a surface heated to 42°C, removing any wrinkles from the sections. The 

water was then removed using a vacuum pump and the slides were incubated 

at 37°C overnight. The mounted sections were stored at 4°C. Four sections 

were mounted on each slide and every ninth section was placed on a ‘H&E 

slide’, specifically set aside for haematoxylin and eosin (H&E) staining. 

2.5.3 Immunofluorescent staining 

Sections were de-paraffinised and rehydrated by treatment for 2 mins each with 

two xylene washes, 100% ethanol, 90% ethanol, 70% ethanol and finally 
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distilled water. If required, antigen retrieval was then carried out. The antigen 

retrieval treatment involved boiling slides in 0.01M sodium citrate solution (pH 

6.0) plus 0.05% Tween 20, for between 5 and 20 mins. Slides were then 

allowed to cool for 20 mins before being washed in PBS. 

Sections were then stained by incubating with the appropriate primary 

antibodies (see Table 2.11) diluted in PBS with 0.1% Triton X-100 and 3% goat 

serum, overnight at 4°C. The following day, sections were treated with the 

appropriate secondary antibodies (see Table 2.11), diluted in PBS + 0.1% Triton 

X-100, for 1 hour at room temperature. For triple staining, secondary antibody 

incubations were carried out consecutively, if required, to prevent cross-

reactivity. Again, slides were washed with PBS before and after antibody 

treatment. Finally the sections were dehydrated by 2 min treatments in 70%, 

90% and then 100% ethanol followed by two 2 min treatments in xylene. 

Sections were placed in 100% ethanol before being mounted and the nuclei 

counterstained using Vectashield Mounting Medium with DAPI (Vector 

Laboratories) and the slides sealed with a coverslip. The stained slides were 

stored at 4°C. Secondary antibody alone negative controls were stained only 

with the appropriate secondary antibodies and were treated with PBS plus 0.1% 

Triton X-100 during the primary antibody treatment step. 

2.5.3.1 Blocking of thymosin β4 antibody 

In order to ensure the anti-thymosin β4 antibody used was detecting thymosin 

β4, it was blocked with synthetic thymosin β4. This was done by incubating the 

desired amount of antibody with 0.0125 µg/µl of synthetic thymosin β4 

(Immundiagnostik, A9522AG.1) for 30 mins on ice. The solution was then 

centrifuged to pellet immune complexes and the supernatant collected and 

made up in the same manner as the usual primary antibody solutions. 

2.5.4 Haematoxylin and eosin staining 

Sections were deparaffinised and rehydrated by treating twice with xylene for 3 

mins and for 2 mins each in 100% ethanol, 90% ethanol and distilled water. The 

slides were then placed in filtered haematoxylin for 5 mins before washing in 

copious amounts of running water for 5 mins, to remove excess haematoxylin. 
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The sections were then stained with eosin for 2 mins, washed twice for 2 mins 

in water and finally dehydrated by 2 min treatments in each of 90% ethanol, 

100% ethanol and two xylene washes. Sections were mounted in Entellan 

(Merck Millipore), sealed with a cover slip and left to dry for 1 hour. The stained 

slides can be stored at 4°C. 

2.5.5 Imaging 

Fluorescence and bright field images were captured using a Zeiss fluorescence 

microscope with an axiocam colour camera and using Axiovision software (Carl 

Zeiss Imaging Solutions). For each image taken, a negative control image was 

taken of the same region of the tissue from an adjacent section treated with the 

secondary antibody alone. 

Confocal fluorescence images were also taken using a Leica SP5 confocal 

microscope using the associated Leica Application Suite (Leica Microsystems). 

The confocal microscope was operated by David Johnston of the Biomedical 

Imaging Unit, University of Southampton. 
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Table  2.11- Antibodies used in immunohistochemistry 

List of the primary antibodies and corresponding secondary antibodies used to stain 

tissue sections. The dilutions used for each antibody are shown in brackets next to the 

antibody name. The suppliers for each antibody are also shown in brackets. 

Primary antibodies Secondary antibodies 

Rabbit α-Thymosin β4         (1:1500) Goat α -rabbit IgG-FITC                          (1:200) 

(Millipore, AB6019) (Sigma, F6005) 

Mouse α-Troponin C             (1:200) Goat α-mouse IgG – Alexa Fluor 594   (1:200) 

(Novocastra, NCL-TROPC) (Invitrogen, A11005) 

Mouse α-CD34                       (1:50) Goat α-mouse IgG – Alexa Fluor 594    (1:200) 

(Novocastra, NCL-END) (Invitrogen, A11005) 

Sheep α-CD31                       (1:2000) Donkey α-sheep IgG-AF555                    (1:400) 

(R&D Systems, AF806) (Molecular Probes, A-21436) 
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2.6 Protein extraction 

Protein was extracted from tissue by disrupting the tissue in 40 µl of RIPA buffer 

(Table 2.12) using a glass homogenizer. The tissue homogenate was then 

incubated on ice for 30 mins followed by sonication for 30 seconds. Finally the 

samples were centrifuged at 500 G for 10 mins at 4°C and the cell lysate 

removed into a clean tube. Cell lysates were stored at -80°C. 

Protein was extracted from cell pellets by first re-suspending the pellet in lysis 

buffer (1% NP40 in PBS). The cells were homogenised by passing through a 

fine micropipette tip, used for gel-loading, several times. The sample was then 

incubated on ice for 30 mins, homogenising the sample, as previously, every 10 

mins. The sample was centrifuged at 5,000 G for 10 mins at 4°C and the cell 

lysate removed to a fresh tube, leaving behind any debris. 

The concentration of protein samples were measured using a Protein DC assay 

(Bio-Rad). This assay is a colorimetric assay based on the protein Lowry assay. 

Known dilutions of bovine serum albumin, prepared in RIPA buffer, were used 

to create a standard curve. Samples were measured using a Nanodrop 

spectrophotometer and the associated software was used to extrapolate the 

protein concentration values of the samples, based on the standard curve 

created. 
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Table  2.12 – RIPA buffer 

The components used to make up RIPA buffer are listed with their final concentrations 

given. Further instructions are given in italics. 

Component 
Final 

concentration 

Tris 50 mM 

NaCl 150 mM 

SDS 0.10% 

NaDeoxycholate 0.50% 

NP40 1% 

Made up in PBS 

Protease inhibitor cocktail added 

(Complete mini, Roche) 
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2.7 SDS-PAGE and Western blotting 

2.7.1 Laemmli SDS-PAGE 

Protein lysates were prepared in 4X sample buffer A (Table 2.13) and RIPA 

buffer (Table 2.12) to give the required concentration of protein. Samples were 

then denatured at 95°C for 5 mins. 

Once prepared, the samples were resolved on 12% SDS-polyacrylamide gels 

(Table 2.14) using tris-glycine running buffer (250 mM Tris, 1.92 M Glycine, 1% 

SDS in water). Proteins were run through the stacking gel at 50 V for 

approximately 30 mins and then through the resolving gel at 100 V for 

approximately 1 hour, until the dye front reached the bottom of the gel. 

2.7.2 Tricine-SDS-PAGE 

Protein lysates or 50 ng synthetic thymosin β4 (Immundiagnostik) were 

prepared in 4X sample buffer B (Table 2.15) and RIPA buffer to give the desired 

protein concentration. Samples were then denatured at 70°C for 10 mins. 

Once prepared, the samples were resolved on 16% SDS-polyacrylamide gels 

(Table 2.16) using the appropriate anode and cathode buffers, designed for tris-

tricine SDS-PAGE. The cathode buffer (0.1 M tris, 0.1 M tricine, 0.1% SDS in 

water) is placed in the top chamber of the gel running apparatus, while the 

anode buffer (2 M tris-HCl solution in water at pH 8.9) is placed in the lower 

chamber. Proteins were run through the stacking gel at 50 V for approximately 

30 mins and then through the resolving gel at 110 V for approximately 1 hour 30 

mins, until the dye front reached the bottom of the gel. 

2.7.3 Western blotting 

Prior to transfer of proteins, the stacking gel was removed and discarded and 

the resolving gel was washed with PBS 4 times for 15 mins, treated with 10% 

glutaraldehyde solution for 40 mins and again washed with PBS 4 times for 15 

mins. The proteins were then transferred at 80 V for 40 mins to Hybond-ECL 

nitrocellulose membranes (GE Healthcare). 
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2.7.3.1 Instant Blue gel protein stain 

In order to stain for proteins that remained within the gel, gels were treated with 

Instant Blue (Expedeon), a coomassie blue based protein stain. The staining 

was imaged using a Chemidoc XRS imaging system (Bio-Rad) with Quantity 

One 1-D analysis software (Bio-Rad). 

2.7.3.2 Ponceau red membrane protein stain 

Ponceau red solution (0.1% Ponceau S, 1% acetic acid in water) was used to 

treat the membrane in order to stain for the transferred proteins and to visualise 

the protein ladder, which was then marked onto the membrane. The staining 

was imaged using the Chemidoc XRS imaging system (Bio-Rad) with Quantity 

One 1-D analysis software (Bio-Rad). The ponceau stain was then washed from 

the membrane with 5% milk powder in TBS-T (Tris Buffered Saline with 0.05% 

Tween 20). 

2.7.3.3 Antibody staining 

Membranes were next blocked for 1 hour in the 5% milk/TBS-T solution. 

Following blocking, membranes were probed for detection of thymosin β4 by 

incubating with 1 µg/ml of rabbit anti-thymosin β4 antibody (Millipore, AB6019) 

in 5% milk/TBS-T solution at 4°C overnight. The following day the membrane 

was washed 3 times for 10 mins in 5% milk/TBS-T solution and then incubated 

with a HRP-conjugated goat anti-rabbit IgG secondary antibody (Dako, P0448) 

at 1:5000 dilution in 5% milk/TBS-T solution for 1 hour at room temperature. 

The membrane was washed 2 times for 10 mins in TBS-T and then treated for 

detection with ECL Ultra detection reagent (Lumigen). Detection was carried out 

using a Chemidoc XRS imaging system (Bio-Rad) with Quantity One 1-D 

analysis software (Bio-Rad). 

As β-actin is a different molecular weight to thymosin β4, at 42 kDa, it is 

possible to detect β-actin on the same membrane without first stripping the 

membrane. Prior to staining for β-actin, blots were washed 3 times for 10 mins 

in TBS-T. They were then probed with a HRP-conjugated β-actin antibody 

(Sigma, A3854) at 1:50,000 dilution in 5% milk/TBS-T solution for 1 hour at 
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room temperature. The membrane was washed 3 times for 10 mins in TBS-T 

and then treated for detection with ECL Plus detection reagent (Lumigen). This 

reagent is less sensitive than ECL Advance and therefore is unable to detect 

proteins that are present in low quantities, such as thymosin β4, but is able to 

detect β-actin which is present in large quantities. This allows for detection of 

the β-actin bands alone, without detection of the thymosin β4 bands. Detection 

was carried out using a Chemidoc XRS imaging system (Bio-Rad) with Quantity 

One 1-D analysis software (Bio-Rad). 

2.7.3.4 Densitometry analysis 

Band density was measured using Image J (National Institutes of Health). For 

measurement of the density of thymosin β4 and β-actin bands, the ‘Analyse 

gels’ function within the software was used. This facilitates the selection of 

lanes and plots variations in density down each lane. The areas under peaks, 

which represent bands, were measured and these values used to represent the 

density of the bands. 
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Table  2.13 – 4X Sample Buffer A 

The components used to make up 4X sample buffer A, used for Laemmli SDS-PAGE 

samples, are listed with their final concentrations given. Further instructions are given 

in italics. 

Component 
Final 

concentration 

SDS 8% w/v 

Tris-HCl (pH 6.8) 250 mM 

Glycerol 40% v/v 

Made up in water 

Pinch of bromophenol blue 

added 

200 μl 1M DTT added per 1 ml 

aliquot directly before use 

 

 

Table  2.14 – Polyacrylamide gels for Laemmli SDS-PAGE 

List of the components required to make up a 12% resolving gel (acrylamide:bis-

acrylamide, 36.5:1) and 4% stacking gel (acrylamide:bis-acrylamide, 37:1) for Laemmli 

SDS-PAGE. 

Components  (at final concentration) 

12% Resolving gel 4% Stacking gel 

11.68% acrylamide 3.84% acrylamide 

0.32% bis-acrylamide 0.104% bis-acrylamide 

375 mM Tris-HCl (pH 

8.45) 

125 mM Tris-HCl (pH 

6.8) 

0.1% SDS 0.1% SDS 

0.05% TEMED 0.1% TEMED 

0.05% APS 0.05% APS 
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Table  2.15 – 4X Sample Buffer B 

The components used to make up 4X sample buffer B, used for tricine-SDS-PAGE 

samples, are listed with their final concentrations given. Further instructions are given 

in italics. 

Component 
Final 

concentration 

SDS 16% w/v 

Tris-HCl (pH 

6.8) 
200 mM 

Glycerol 48% v/v 

Made up in water 

Add  0.04% Coomassie blue G-

250 

200 μl 1M DTT added per 1 ml 

aliquot directly before use 

 
 
 
Table  2.16 – Polyacrylamide gels for tricine-SDS-PAGE 

List of the components required to make up a 16% resolving gel (acrylamide:bis-

acrylamide, 32:1) and 4% stacking gel (acrylamide:bis-acrylamide, 32:1) for tricine-

SDS-PAGE. 

Ingredients  (at final concentration) 

16% Resolving gel 4% Stacking gel 

15.52% acrylamide 3.87% acrylamide 

0.48% bis-acrylamide 0.122% bis-acrylamide 

1 M Tris-HCl (pH 8.45) 744 mM Tris-HCl (pH 6.8) 

0.1% SDS 0.1% SDS 

0.1% TEMED 0.1% TEMED 

0.1% APS 0.1% APS 
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2.8 Hypoxia experiments 

2.8.1 Heart tissue 

Pieces of ventricle tissue were divided between two 6-well plates (section  2.1.1) 

and cultured under standard tissue culture conditions of 37°C in 5% CO2/air 

(normoxia) for 6 days. One plate was then used for hypoxic treatment of the 

heart explants, while the other plate was used for normoxic treatment. The plate 

for normoxic treatment was kept at 37°C in 5% CO2/air for a further 24 hours. 

The plate for hypoxic treatment was placed in a Modular Incubator Chamber 

(Billups-Rothenburg inc.) along with a dish of sterile water, to maintain the 

humidity of the chamber. The chamber was sealed and flushed with a 5% 

CO2/Argon gas mixture for approximately 5 mins at a flow rate of approximately 

45 L/min, to remove the oxygen. This chamber was then placed in an incubator 

to maintain the temperature at 37°C. The hypoxic treatment plate was kept 

under these conditions for 24 hours. Following 24 hours of normoxic or hypoxic 

treatment the tissue was collected and stored for protein extraction at a later 

date by placing the tissue in cryogenic vials, which were stored at -80°C. 

2.8.2 HeLa cells 

HeLa cells were cultured and cells from a single flask passaged into two new 

T75 flasks (section  2.1.2). One flask was returned to a 5% CO2/air incubator at 

37°C and cultured for 48 hours (normoxic treatment). The other flask was 

placed in a Modular Incubator Chamber (Billups-Rothenburg inc.) along with a 

dish of sterile water. The chamber was sealed and flushed with a 5% O2, 5% 

CO2, 90% N2 gas mixture for approximately 5 mins at a flow rate of 

approximately 45 L/min. This chamber was then placed in an incubator to 

maintain the temperature at 37°C. The hypoxic chamber was flushed with the 

5% O2 gas mixture again after 24 hours. The cells were cultured under hypoxic 

conditions for a total of 48 hours. Following 24 hours of normoxic or hypoxic 

treatment the cells were collected as pellets (section  2.1.2) and stored at -20°C 

for protein extraction at a later date. 
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2.9 Flow cytometry 

For analysis of cells from tissue by flow cytometry, tissue was disaggregated in 

3 ml PBS using a gentleMACs Dissociator (Miltenyi Biotec). The cell suspension 

obtained was filtered through a 70 µm filter to remove large clumps of tissue. 

For analysis of cultured cells by flow cytometry, cells were collected as cell 

pellets (sections  2.1.2 and  2.1.3.2). 

Dissociated cells from tissue or cells collected from culture were washed twice 

in 1% FBS/PBS, centrifuging at 1400 RPM for 4 mins and removing the 

supernatant after each wash. Cells were then re-suspended in an appropriate 

volume of 1% FBS/PBS and divided up for antibody treatment. Cells that 

required fixation and permeabilisation were incubated in 1% PFA for 10 mins at 

room temperature to fix with PFA or were incubated in a pre-chilled (-20°C) 

2:2:1 mixture of methanol, acetic acid and DEPC-treated water for 10 mins at 

4°C for MeAc fixation, as desired. The cells were then washed in 1% FBS/PBS 

containing 0.05% saponin and incubated in 1% FBS/PBS containing 0.05% 

saponin for 20 mins at room temperature. For permeabilised cells, all washes 

then contained 0.05% saponin. 

Cells were incubated, as required, with the appropriate primary antibody (Table 

2.17), made up in 1% FBS/PBS for detection of surface antigens, or in 1% 

FBS/PBS containing 0.05% saponin for detection of intracellular antigens. 

Antibody treatment was carried out for 20 mins at room temperature. Cells were 

then washed three times, as previously, before treatment with an appropriate 

secondary antibody (Table 2.17), if required, made up in 1% FBS/PBS 

containing 0.05% saponin for intracellular antigens. Again, antibody treatment 

was carried out for 20 mins at room temperature. Finally, cells were washed a 

further three times and then resuspended in 300 µl 1% FBS/PBS before being 

filtered through a 35 µm filter cap. 

For each experiment a sample of cells was left unstained as a negative control. 

For directly conjugated antibodies a sample of cells was also stained with an 

appropriate isotype control antibody (Table 2.17) as a negative control. For 
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indirect staining, a sample of cells was stained with the appropriate secondary 

antibody (Table 2.17) alone as a negative control. 

Cells which were dual stained for detection of a surface antigen and an 

intracellular antigen were stained first for detection of the surface antigen and 

then fixed and permeabilised before subsequently staining for detection of the 

intracellular antigen. 

Stained cell suspensions were analysed using a FACS Aria flow cytometer (BD 

Biosciences) and sorted if desired. 

 

 

 

 

Table  2.17 - Antibodies used in flow cytometry 

List of the primary and secondary antibodies used to stain cell suspensions for flow 

cytometry analysis. 

Primary antibodies Conjugated fluorophore Manufacturer 

Rabbit α-Thymosin β4  N/A Millipore, AB6019 

Mouse IgG1 α-CD31 Allophycocyanin (APC) ImmunoTools, 21270316 

Mouse IgG1 isotype control Allophycocyanin (APC) ImmunoTools, 21275516 

Secondary antibodies Conjugated fluorophore Manufacturer 

Goat α-rabbit IgG 
Fluorescein 

isothiocyanate (FITC) 
Sigma, F6005 

F(ab’)2 fragment of           

Goat α-rabbit IgG 
Alexa Fluor 488 Invitrogen, A11070 

Chicken α-rabbit IgG Alexa Fluor 647 Invitrogen, A21443 
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2.10 microRNA microarray 

Quantitative microRNA arrays were carried out by Mirella Spalluto. RNA 

extracted from human foetal heart tissue was used to create cDNA with 

Megaplex RT primers (Applied Biosystems), according to the manufacturer’s 

instructions. The cDNA samples were used with TaqMan Low Density Arrays 

(Applied Biosystems), Card A and Card B, according to the manufacturer’s 

instructions, to assess expression of miRNAs. The data were analysed with 

Sequence Detection System v2.4 Enterprise Edition (Applied Biosystems). 

2.10.1 microRNA data mining 

In order to identify potential thymosin β4-targeting miRNAs, miRNA target 

prediction software had to be chosen. There are many options, including 

miRanda [341, 342], TargetScan [343], DIANA-micro T [344], and miRWalk 

[345]. As each algorithm is different, the predicted targets they yield can vary. In 

order to limit the number of miRNAs identified, only one miRNA target prediction 

tool was used to identify candidate miRNAs in this study. www.microRNA.org, 

which uses the miRanda algorithm, was chosen as it uses a well-established 

prediction algorithm and incorporates the mirSVR target site scoring method 

[346], which provides a means of identifying the best putative miRNA 

candidates. 

The’ target mRNA’ search function of the www.microRNA.org website was used 

to search for miRNAs that target thymosin β4 (TMSB4X) mRNA. This yielded a 

list of miRNAs predicted to target the 3’-UTR of thymosin β4 mRNA, along with 

their predicted target region(s). mirSVR scores were provided for each miRNA, 

indicating the miRNAs predicted ability to down-regulate thymosin β4 mRNA 

when bound at a specific target site. The more negative the mirSVR score the 

greater the predicted down-regulation of the target. ‘Target sites of all miRNAs 

with good mirSVR scores’ were viewed. 
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2.11 Molecular cloning 

2.11.1 pCR2.1-TOPO vector 

PCR product was inserted into a pCR2.1-TOPO vector using a TOPO TA 

cloning kit. 2 µl of the PCR product was mixed with 0.5 µl of the provided salt 

solution (1.2 M NaCl; 0.06 M MgCl2) and 0.5 µl of the TOPO vector. The 

solution was then incubated at room temperature for approximately 15 mins. 

2.11.2 Transformation of competent cells 

Vectors were transformed into JM109 competent cells (Promega). 1-50 ng of 

vector were added to 50-100 µl of competent cells and mixed gently in a tube. 

The tube of cells was chilled immediately on ice for 30 mins before being heat-

shocked for 15-20 secs in a 42°C water bath. The tube of cells was then 

returned to ice for 2 mins. 450-900 µl of LB medium was added to the cells, 

which were then incubated for 1 hour at 37°C with continuous agitation (225 

RPM). 

2.11.3 Bacterial cell culture 

2.11.3.1 Culture on agar plates 

Following transformation of competent cells, the cells were cultured at clonal 

density on ampicillin-containing agar plates. Cells were first centrifuged at 

10,000 G for 5 mins to create a cell pellet. Cells were re-suspended in 

approximately 500 µl LB medium and using a sterile glass spreader the cell 

suspension was spread across the surface of an agar plate. Plates were 

incubated at 37°C overnight, leading to formation of bacterial colonies. 

2.11.3.2 Culture in LB medium 

Selected colonies were expanded up in liquid suspension culture. Each 

selected colony was scooped up from the agar plate and added to a 50 ml 

conical tube containing 10 ml LB medium plus 10 µl ampicillin. The cells were 

incubated at 37°C overnight. 
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Bacteria from glycerol stocks (see below) were similarly expanded up in liquid 

culture, as desired. This was done by scraping a small amount of frozen cells 

and adding it to the LB medium. 

To create larger quantities of bacteria containing desired plasmids, 150 ml LB 

medium plus 150 µl ampicillin within a conical flask could be inoculated with the 

bacteria and also incubated at 37°C overnight. 

Bacterial culture was carried out using a Bunsen flame to sterilise equipment 

and prevent contamination of cultures. 

2.11.3.3 Storage of bacterial cultures 

Stocks of bacterial cultures were stored by adding 100 µl bacterial cell 

suspension to 500 µl of sterile glycerol. Glycerol stocks were stored at -80°C, 

2.11.4 Extraction of plasmid DNA 

To extract small amounts of plasmid DNA from bacterial cultures, 1 ml of 

bacterial cell suspension was taken and the isolation of plasmid DNA carried 

out using a PureYield Plasmid Miniprep System (Promega), according to the 

manufacturer’s instructions. 

To extract larger amount of plasmid DNA from bacterial cultures, a cell pellet 

was created from 75 ml of bacterial cell suspension by centrifuging at 3,000 

RPM for 5 mins and disposing of the supernatant. Plasmid DNA was then 

extracted from the cell pellet using a GenElute HP Plasmid Maxiprep kit (Sigma 

Aldrich) according to the manufacturer’s instructions. 

The concentrations of plasmid DNA samples were assessed using a Nanodrop 

spectrophotometer. Samples were stored at -20°C. 

2.11.5 Restriction digests 

50 µl restriction digest reactions were carried out on plasmid DNA using 

restriction enzymes with the appropriate NEB buffers (New England Biolabs). 
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Dual digests with Nhe I and Not I were carried out sequentially. 5 µl NEB Buffer 

2, 2 µl Nhe I, 0.5 µl BSA (10mg/ml) and 5 µg plasmid DNA were mixed together 

and made up to 50 µl with water. The reaction mixture was incubated at 37°C 

for 2 hours. The Tris concentration of the solution was then increased from 10 

mM to 50 mM and the NaCl concentration was increased from 50 mM to 100 

mM, to facilitate Not I digestion. 2 µl Not I was added to the reaction mixture 

which was incubated at 37°C overnight. 

Dual digests with Xba I and Not I were carried out simultaneously. 5 µl NEB 

Buffer 3, 2 µl Xba I, 2 µl Not I, 0.5 µl BSA (10mg/ml) and 5 µg plasmid DNA 

were mixed together and made up to 50 µl with water. The reaction mixture was 

incubated at 37°C overnight. 

2.11.6 Ligation reactions 

T4 DNA ligase (Promega) was used to ligate an insert into a vector. The 

following reactions were set up: vector alone (no ligase), vector alone (with 

ligase), vector + insert (1:3 molar ratio), vector + insert (1:1 molar ratio), vector 

+ insert (3:1 molar ratio). 20 µl reactions were set up using 2 µl ligase, 2 µl of 

the supplied buffer, and appropriate volumes of insert and vector, based on 

their DNA concentrations. Reaction mixtures were made up to volume in water. 

The reactions were incubated at between 10°C to 16°C overnight. 

2.12 Tubule formation assays 

Matrigel (Corning) was defrosted overnight at 4°C. The following day 150 µl of 

Matrigel was pipetted into four wells of a 6-well plate, pre-chilled at 4°C. The 

plate was left at 4°C for 15 mins to allow the Matrigel to coat the plate evenly. 

The plate was then incubated at 37°C for at least 30 mins to allow the Matrigel 

to set. 

HUVECs were passaged (section  2.1.3.2) on to the Matrigel-coated wells at 

between 1x105 and 2x105 cells/ml, calculated using a haemocytometer. 

HUVECs were similarly passaged onto four wells of an uncoated 6-well tissue 

culture plate. The cells were cultured for 4 hours at 37°C in a 5% CO2/air 

incubator. 



  Chapter 2 

 73   

After 4 hours the HUVECs were collected off the plates. Two wells of cells were 

collected for staining for flow cytometry, while two wells of cells were collected 

for RNA extraction. To remove the cells, each well was washed with 1 ml PBS 

prior to adding 1 ml Dispase (5U/ml) in HBSS (StemCell Technologies). The 

plates were incubated at 37°C for 15-30 mins, until the cells had detached. The 

cells were washed off the wells with media and removed to a 15 ml conical 

tube. The tube was centrifuge at 1,000 RPM for 5 mins and the supernatant 

removed to remove the Dispase from the cells. Cells were washed twice more 

by re-suspending in media or PBS, centrifuging and removing the supernatant. 

The collected HUVECs were then used in downstream protocols. 
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Chapter 3:  Results - Expression of thymosin β4 in the 

developing human heart 

3.1 Introduction 

There have been no previous reports on the distribution of thymosin β4 in the 

developing human heart, however thymosin β4 protein has been detected by 

tissue microarray in the adult human heart [347]. 

More is known about the presence of thymosin β4 in the developing murine 

heart. Bock-Marquette and colleagues used RNA in situ hybridisation to 

demonstrate that at embryonic day (E) 10.5-12.5 the endocardial cushions 

(precursors to the cardiac valves), outflow tract, compact myocardium of the 

ventricles and the interventricular septum are enriched with thymosin β4-

expressing cells [170]. Notably thymosin β4 mRNA was not detected in the atria 

[170]. 

Smart and colleagues have similarly shown by RNA in situ hybridisation that 

thymosin β4 mRNA is present throughout the ventricles in E14.5 mice, with 

enhanced expression detected in the compact myocardium and interventricular 

septum [258]. They also detected thymosin β4 mRNA in the smooth muscle 

walls of the outflow tract vessels [258]. They did not report findings for thymosin 

β4 mRNA expression within the atria [258]. 

These studies do not report which cell types of the heart thymosin β4 is 

expressed in. However, the adverse phenotype observed in mice with 

cardiomyocyte-specific knock-down of thymosin β4 (section  1.4.1) indicates that 

thymosin β4 is produced by cardiomyocytes during early development and 

plays a key role in this context [258]. Thymosin β4 is released from eEPCs 

delivered exogenously as a cell therapy in pre-clinical studies (section  1.4.4). 

Therefore endogenous eEPCs and potentially other early progenitor cells could 

be important thymosin β4-producing cells within the developing heart. 

At the protein level, Bock-Marquette and colleagues have illustrated, using 

immunohistochemistry, that thymosin β4 protein is localised to the outflow tract 
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of mice at E9.5 and the endocardial cushions at E11.5, in accordance with the 

expression of thymosin β4 mRNA in these structures [170].  However, they did 

not report protein localisation data for the ventricles or atria [170]. 

Smart and colleagues used immunohistochemistry to show thymosin β4 protein 

localises to the smooth muscle walls of the outflow tract vessels in E14.5 mice 

[258]. Further to this they presented dual stained images of the ventricle wall, 

using antibodies for detection of thymosin β4 and VEGF receptor 2 (VEGFR2), 

a marker of endothelial cells [258]. Low magnification images were presented in 

which the thymosin β4 staining looks relatively homogenous, but is absent in 

patches where VEGFR2 is present [258]. The authors conclude that thymosin 

β4 protein is localised within most cells of the ventricular myocardium, but is 

absent from VEGFR2-positive endothelial cells [258]. 

Four different mRNA isoforms can be transcribed from TMSB4X, the human 

thymosin β4 gene: TMSB4X-001, TMSB4X-002, TMSB4X-003 and TMSB4X-

004. This is significant to the current study because TMSB4X-004 has a 

reduced length 3’-UTR compared to the other three isoforms (Figure 3.1) and 

may therefore be targeted by a reduced number of miRNAs. As such, it was 

important to assess the expression of the different isoforms of TMSB4X in this 

study. 

Pseudogenes are non-functioning copies of genes found within the genome. 

There are two main types of pseudogene. Non-processed pseudogenes are 

created by duplication of genes at the genomic DNA level and usually contain 

the promoter region of their functional counterparts, allowing them to be 

transcribed to mRNA. Processed pseudogenes are created when an 

endogenously reverse transcribed mRNA becomes integrated into the 

chromosomal DNA and will only produce transcript if the gene was inserted into 

the genome downstream of a promoter by chance. 

In the Ensembl annotation of the most recent human genome assembly 

(GRCh38), there are eight different pseudogenes of TMSB4X listed (Table 3.1). 

As such it was important to ensure that no pseudogene transcripts were 

detected in place of TMSB4X mRNA in this study.  
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Table  3.1 – Pseudogenes of TMSB4X 

List of pseudogenes of TMSB4X based on the Ensembl annotation of human genome 

assembly GRCh38. 

Gene Synonyms Size Location 

TMSB4XP1 TMSL1 135 6p34.2  

TMSB4XP2 TMSL2 210 2p25.3 

TMSB4XP3  -  114 7p14.3 

TMSB4XP4 TMSL4 618 9q34.11 

TMSB4XP5 TMSL5 522 11q12.3 

TMSB4XP6 TMSL6, TMSB4L 135 20q13.13 

TMSB4XP7 TMSL7 587 Xq23 

TMSB4XP8 TMSL3 135 4q22.1 

 
 
 
 
 
 
 

 
 
Figure  3.2 – Alignment of TMSB4X-002 and TMSB4XP4 sequences 

In silico sequence alignment analysis was carried out on the sequences of TMSB4X-002 

and TMSB4XP4. The bases which are matched or mis-matched with TMSB4X-002 are 

highlighted in the TMSB4XP4 sequence. 
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3.2 Results 

3.2.1 Detection of thymosin β4 mRNA in the developing human heart 

To assess the presence of thymosin β4 mRNA in the developing human heart, 

primers were designed to be able to amplify any of the four isoforms of 

TMSB4X (TMSB4X primers) (Figure 3.1). These primers were intron-spanning 

and could therefore discriminate between amplification from genomic TMSB4X 

and TMSB4X cDNA based on product size (Figure 3.1). The sequence of the 

TMSB4X primers is shown in Table 2.5. 

In silico sequence alignment analysis (section  2.3.1.2) found that of the known 

pseudogenes of TMSB4X, TMSB4XP4 has high sequence consensus with 

TMSB4X transcripts, especially so with TMSB4X-002 (Figure 3.2). As such the 

TMSB4X primers are predicted to detect TMSB4XP4, if present, as well as 

TMSB4X isoforms. 

PCR (section  2.3) was used to determine whether the TMSB4X primers amplify 

the TMSB4XP4 pseudogene and confirm detection of TMSB4X transcript. 

mRNA was extracted from foetal human hearts and reverse transcribed to 

cDNA, (sections  2.2.1 and  2.2.3). Genomic DNA was extracted from foetal 

placental tissue (section  2.2.5). The TMSB4X primers were then used to amplify 

the heart cDNA and genomic DNA samples using PCR (section 2.2). 

The TMSB4X primers amplified a product of 278 base pairs from heart cDNA 

template, which is the expected product length from both TMSB4X and 

TMSB4XP4 transcripts (Figure 3.3A). When genomic DNA was used as 

template two products were detected (Figure 3.3A). A product was again 

detected at 278 base pairs (Figure 3.3A). This is the expected length of a 

product derived from genomic TMSB4XP4, which lacks introns. A product was 

also detected at 693 base pairs, the expected length of a product derived from 

genomic TMSB4X (Figure 3.3A).  

 To ascertain whether the product amplified from heart cDNA was derived from 

TMSB4X transcripts or from TMSB4XP4 transcript, the product was isolated 

and sent for Sanger sequencing (section  2.3.1). The sequence obtained was 
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aligned in silico with the expected sequences for products derived from 

TMSB4X and TMSB4XP4 transcripts (section  2.3.1.2). The obtained sequence 

matches that for TMSB4X transcripts, indicating this is the major product being 

amplified by the TMSB4X primers within the foetal human heart (Figure 3.3B). 

Using PCR to amplify reverse transcribed mRNA from foetal human heart tissue 

with the TMSB4X primers (section  2.3), TMSB4X mRNA was found to be 

present within the ventricle, atria and outflow tract (Figure 3.4). The absence of 

a genomic, 693 base pair product and the absence of bands in the ‘no reverse 

transcriptase’ control lanes indicate that there was no genomic DNA 

contamination (Figure 3.4). 

3.2.2 Detection of TMSB4X transcripts in the developing human heart 

The TMSB4X-004 isoform of the TMSB4X gene contains a shortened 3’-UTR 

region (Figure 3.1). Primers were designed to assess the presence of this 

transcript within the developing human heart, compared to the other three 

transcripts, all of which have a longer 3’-UTR. The reverse primers were 

designed to bind the polyA tail and the forward primers to bind the 5’ end of the 

3’-UTR region. The sequence of the ‘long 3’UTR primers’, which detect 

TMSB4X-001, -002 and -003 and the ‘short 3’UTR primers’, which detect 

TMSB4X-004 are shown in Table 2.5. 

mRNA was extracted from dissected ventricle and atria from foetal human 

hearts and reverse transcribed to cDNA (sections  2.2.1 and  2.2.3). The ‘long 

3’UTR primers’ and ‘short 3’UTR primers’ were each used to amplify the cDNA 

samples by PCR (section 2.2). Transcripts containing the long 3’-UTR; 

TMSB4X-001, -002 or -003; were present within both the ventricle and atria, as 

indicated by the presence of a 447 base pair product (Figure 3.5A). TMSB4X-

004, which has a shorted 3’-UTR, was also present within both the ventricle and 

atria, as indicated by the presence of a 300 base pair product (Figure 3.5B). 
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Figure  3.3 – Detection of TMSB4X transcripts in the human foetal heart 

A) PCR products from reactions using the TMSB4X primers are shown, resolved on a 2% 

agarose gel. cDNA synthesised from mRNA from foetal heart tissue or genomic DNA 

from foetal placental tissue were used as templates. Alongside the heart cDNA sample 

(+ve), a corresponding ‘no reverse transcriptase’ negative control sample (-ve) was 

used as template. The expected sizes of products derived from TMSB4X cDNA, 

genomic TMSB4X and from TMSB4XP4 (both genomic and transcript) are indicated. 

B) The sequence of the amplified product from heart cDNA, obtained by Sanger 

sequencing, is shown aligned with the sequences of TMSB4X and TMSB4XP4. 
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Figure  3.4 – Detection of TMSB4X transcripts in the ventricles, atria and outflow tract of 
the foetal human heart 

PCR products from reactions using the TMSB4X primers are shown, resolved on a 2% agarose 

gel. cDNA synthesised from mRNA from separated ventricle, atria and outflow tract tissue from 

foetal heart were used as template. Alongside each cDNA sample (+ve), a corresponding ‘no 

reverse transcriptase’ negative control sample (-ve) was used as template. Bands indicating the 

presence of TMSB4X transcripts were seen in all three samples. The faint, low molecular weight 

bands are primer dimers. 

Figure  3.5 – Detection of TMSB4X transcripts with differing 3’-UTR lengths 

PCR products from reactions using the ‘long 3’UTR primers’ (A) and ‘short 3’UTR 

primers’ (B) are shown, resolved on a 2% agarose gel. cDNA synthesised from mRNA 

from separated ventricle and atria were used as template. Bands indicating the 

presence of transcripts containing both the full length and shortened 3’-UTR were 

seen in both ventricle and atria. 



  Chapter 3 

 83   

3.2.3 Detection of thymosin β4 protein in the developing human heart 

In order to confirm the presence of thymosin β4 protein in the developing 

human heart and to assess its localisation, fluorescence immunohistochemistry 

was carried out (section  2.5). An anti-thymosin β4 antibody was used with an 

appropriate FITC-conjugated secondary antibody (Table  2.11) to stain sections 

of foetal hearts aged between 7 and 9 post-conception weeks (n = 6). 

During optimisation of this antibody, it was found to produce a distinct, well-

defined staining pattern in PFA-fixed heart sections which were subjected to 15 

mins pre-treatment in boiling sodium citrate solution (Figure 3.6B & E). Pre-

incubating the anti-thymosin β4 antibody with synthetic thymosin β4 peptide 

(section  2.5.3.1) abolished the staining pattern (Figure 3.6C & F), indicating the 

primary antibody is detecting thymosin β4 protein. The staining pattern was also 

absent in sections treated with the secondary antibody alone (Figure 3.6D & G). 

Some cells, thought to be red blood cells, were autofluorescent, as indicated by 

their detection in both the red and green spectrums in negative control sections 

(Figure 3.6H-J). 
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Figure  3.6 - Immunolocalisation of thymosin β4 protein in the human foetal heart 

A) An H&E-stained human foetal heart section is shown; the rectangle indicates the 

area shown in panels B-G. The right atria (RA), interventricular septum (IVS), right 

ventricle (RV) and left ventricle (LV) are indicated. 

B-G) Sections were stained for thymosin β4 (B), probed with the primary antibody after 

blocking by pre-incubation with synthetic thymosin β4 (C) or incubated with the 

secondary antibody alone (D). The nuclei were counterstained with DAPI (E-G). A 

distinct staining pattern is seen with the thymosin β4 but not in negative controls. 

H-J) High powered images of sections stained with the secondary antibody alone show 

autofluorescence in the green (H) and red (I) spectrums, as highlighted by the white 

arrows. 

Scale bars = 500 µm (A), 200 µm (B-G), 25 µm (H-J). 
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3.2.4 Localisation of thymosin β4 protein in structures of the foetal heart 

Using fluorescence immunohistochemistry (section  2.5), localisation of thymosin 

β4 was demonstrated within various regions of the foetal human heart in 6 

independent hearts, aged 7 to 9 post-conception weeks (Figures 3.7 and 3.8). 

Thymosin β4 staining was detected throughout the ventricles, including in the 

ventricle walls (Figure 3.7B-D), the interventricular septum (Figure 3.7E-G), the 

epicardium (Figure 3.7B, white arrow) and the endocardial lining of the 

chambers (Figure 3.7B, yellow arrow). Thymosin β4 staining was more intense 

within the compact layer of the ventricle wall (CL) and interventricular septum 

(IVS), compared with the trabecular layer of the ventricle wall (TL) (Figure 3.7B, 

C, E & F). 

In order to quantify the difference in staining intensity between the compact and 

trabecular layers of the ventricle wall, images were taken on a confocal 

microscope. Using the software associated with the confocal microscope 

(section  2.5.5), the mean fluorescence intensity was measured in selected 

regions of interest within both the compact and trabecular layer (Figure 3.7H, 

white boxes). Nine measurements were taken from each of the compact layer 

and trabecular layer, using images from three different foetal hearts. The mean 

fluorescence intensity (arbitrary units; a.u.) of thymosin β4 staining in the 

trabecular myocardium was 20.41 a.u. and 45.04 a.u. in the compact 

myocardium (Figure 3.7I). 

Thymosin β4 staining was also detected in the atria (Figure 3.8), where staining 

was seen within the chamber walls (Figure 3.8B-D), the epicardium (white 

arrow) and endocardium (yellow arrow). Thymosin β4 staining was present 

throughout the walls of the outflow tract vessels (Figure 3.8E-G) as well as in 

the endothelial linings of small coronary vessels (Figure 3.8H-J, red arrow) and 

medium coronary vessels (Figure 3.8H-J, orange arrow). 
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Figure  3.7 – Immunolocalisation of thymosin β4 in the ventricle walls and 
interventricular septum 

A) An H&E-stained human foetal heart section is shown; the rectangles indicate the areas 

shown in the indicated panels. The right atrium (RA), interventricular septum (IVS), right 

ventricle (RV) and left ventricle (LV) are indicated. B-G) Sections stained for thymosin β4 (B, E) 

plus DAPI nuclear stain (C, F) or with the secondary antibody alone (D, G) are shown. The 

compact layer (CL), trabecular layer (TL), IVS, epicardium (white arrow) and endocardium 

(yellow arrow) are indicated. n=6.  H) An example of the selection of regions of interest within 

the compact and trabecular myocardium from confocal microscopy images. I) The mean 

fluorescence intensity of these regions of interest is shown in a bar graph. Bars represent the 

mean ± standard error of the mean (n= 9). Scale bars = 500 µm (A), 150 µm (B-G), 50 µm (H). 
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3.2.5 Intracellular localisation of thymosin β4 within cells of the ventricle wall 

To ascertain the intracellular localisation of thymosin β4, foetal heart sections 

stained for thymosin β4 by fluorescence immunohistochemistry were imaged at 

multiple focal planes (z slices) using a confocal microscope (section  2.5) (n = 3). 

Figure 3.9 shows images from individual z-slices of a thymosin β4-stained cell 

located in the compact myocardium of the ventricle (panels A-C, G-I and M-O). 

The fluorescence intensity of thymosin β4 staining and the DAPI nuclear stain 

were measured along a transect across the cell, allowing co-localisation of the 

two stains to be assessed (Figure 3.9; blue lines). This quantification is 

illustrated by line graphs below each image panel within Figure 3.9, showing 

fluorescence intensity on the y axis and distance along the transect on the x 

axis (panels D-F, J-L and P-R). 

Co-localisation of thymosin β4 staining with DAPI is an indication of localisation 

to the nucleus, while thymosin β4 staining that is not co-localised with DAPI is 

outside the nucleus. Thymosin β4 staining was present at high levels in areas of 

the cell where it was not co-localised with the DAPI nuclear stain (Figure 3.9A-

L). However, low intensity thymosin β4 staining was also detected to be co-

localised with DAPI (Figure 3.9I, L, M, N, P, Q). 

Figure 3.10 shows single z slice images, along with quantification of transects, 

through the nucleus from four different thymosin β4-positive cells within the 

ventricle wall. The intensity of thymosin β4 staining was consistently greater on 

either side of the DAPI-stained nucleus, i.e. within the cytoplasm (Figure 3.10). 

As in the cell shown in Figure 3.9, low level thymosin β4 staining was seen co-

localised with DAPI in some cells (Figure 3.10C & G), though it was not in 

others (Figure 3.10D & H). 
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Figure  3.9 – Intracellular localisation of thymosin β4 protein throughout a cell 

Confocal z-slice images of a single cell, stained for thymosin β4 and DAPI, are shown 

(A-C, G-I, M-O). Fluorescence intensities across transects (blue lines) were measured 

and are illustrated as line graphs (D-F, J-L, P-R); green lines represent thymosin β4 

fluorescence and grey lines represent DAPI stain. Scale bars = 10 µm. 
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Figure  3.10 – Intracellular localisation of thymosin β4 in relation to the nucleus 

A-D) Confocal images of z-slices through the nuclei of four different cells from within 

the ventricle wall of thymosin β4 and DAPI stained sections are shown. 

E-H) Fluorescence intensities across transects (blue lines) were measured and 

illustrated as line graphs; green lines represent thymosin β4 fluorescence and grey 

lines represent DAPI fluorescence. Images are representative of staining seen in 3 

different hearts, ages 7 to 9 post-conception weeks. Scale bars = 10 µm 
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3.2.6 Localisation of thymosin β4 protein with troponin C-positive cells 

within the ventricle wall 

Thymosin β4 has a distinctive staining pattern within the ventricle walls, 

suggesting it is present in specific types of cells (section  3.2.4). Further 

immunofluorescent staining was carried out to determine which cells thymosin 

β4 protein is localised in. Staining was carried out on sections from 6 foetal 

hearts, aged 7 to 9 post-conception weeks. 

Sections of foetal heart tissue were dual-stained for detection of thymosin β4 

and troponin C, which is a sarcomeric protein and therefore a marker of 

cardiomyocytes (section  2.5). 

The staining pattern of thymosin β4 differed to that of troponin C, with troponin 

C staining detected throughout the ventricle wall, compared to the more specific 

staining pattern of thymosin β4 (Figure 3.11A-D). At higher magnification it was 

evident that thymosin β4 staining did not co-localise with troponin C (Figure 

3.11E-H, yellow arrows). 

The presence of thymosin β4 in the epicardium, which surrounds the 

myocardium can also be seen (Figure 3.11A & B, white arrows). 
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Figure  3.12 – Immunolocalisation of CD31 protein within the ventricle wall 

Images of the ventricle wall from a foetal heart section stained for CD31 (A) and with 

the DAPI nuclear stain (B) are shown. An image of an adjacent section stained with the 

secondary antibody alone is also shown (C). Images are representative of staining seen 

in 6 different hearts, ages 7 to 9 post-conception weeks. Scale bars = 150 µm. 
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Figure  3.13– Immunolocalisation of CD34 protein within the ventricle wall 

Images of the ventricle wall from a foetal heart section stained for CD34 (A) and with 

the DAPI nuclear stain (B) are shown. An image of an adjacent section stained with the 

secondary antibody alone is also shown (C). Images are representative of staining seen 

in 6 different hearts, ages 7 to 9 post-conception weeks. Scale bars = 150 µm. 
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3.2.7 Localisation of thymosin β4 protein with CD31 and CD34-positive cells 

within the ventricle wall 

CD31 and CD34 are cell adhesion molecules found on the surface of 

endothelial cells and were therefore used as endothelial cell markers. 

Fluorescence immunohistochemistry (section  2.5) was used to demonstrate the 

staining pattern of CD31 in the ventricle wall of the human foetal heart (Figure 

3.12). Similarly, the staining pattern of CD34 in the ventricle wall of the human 

foetal heart was demonstrated (Figure 3.13). 

Sections of foetal heart tissue were triple stained for detection of thymosin β4, 

CD31 and CD34 and images were taken using a confocal microscope 

(section  2.5). Images were taken of the ventricle wall and are shown as a sum 

of multiple z-slices. CD34 staining was more widespread than CD31 staining 

(Figure 3.14B & C). CD31 staining was always co-localised with thymosin β4 

staining, however thymosin β4 staining not co-localised with CD31 was also 

present (Figure 3.14A, B & E). Thymosin β4 and CD34 largely co-localised, 

though there was some CD34 staining not co-localised with thymosin β4 

staining (Figure 3.14A, C & F, white arrows). 

Figure 3.15 shows higher magnification images of selected areas from within 

the field of view shown in Figure 3.14; this field of view is at the junction of the 

compact and trabecular myocardium of the ventricle (Figure 3.15A). 

Measurements of fluorescence intensity of each stain across transects 

demonstrate the co-localisation of thymosin β4, CD31 and CD34 in the different 

areas (Figure 3.15C-V). 

Within the compact layer of the ventricle wall thymosin β4 staining co-localised 

with both CD31 and CD34 staining (Figure 3.15B-H). Within the trabecular layer 

of the ventricle wall, thymosin β4 staining co-localised with CD31 and CD34 

staining, but thymosin β4 staining was less intense than in the compact layer 

(Figure 3.15I-O), consistent with data shown in section  3.2.4. Less intense 

thymosin β4 staining was also present in the compact myocardium and co-

localised with CD34, in the absence of CD31 (Figure 3.15P-V). 
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Figure  3.14 - Immunolocalisation of thymosin β4, CD31 and CD34 within the 
ventricle wall 

Images of the ventricle wall from foetal heart sections triple-stained for thymosin β4, 

CD31 and CD34 are shown. The individual stains for thymosin β4 (A), CD31 (B) and 

CD34 (C) are shown along with the merged images of all three stains (D), thymosin β4 

with CD31 (E) and thymosin β4 with CD34 (F). Merged images with the DAPI nuclear 

stain are also shown (G-I). The white arrows highlight an area in which CD34 staining 

is present, but thymosin β4 staining is absent. Images are representative of staining 

seen in 6 different hearts, ages 7 to 9 post-conception weeks. Scale bars = 40 µm. 
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3.3 Discussion 

The results presented here demonstrate the expression of thymosin β4 

transcripts within the human foetal heart and show the localisation of thymosin 

β4 protein at the tissue and cellular level. 

3.3.1 Thymosin β4 mRNA expression 

Thymosin β4 mRNA was found to be expressed in the human foetal heart using 

PCR. Sanger sequencing was used to confirm that the PCR product detected 

was amplified from thymosin β4 mRNA rather than transcript produced by the 

TMSB4XP4 pseudogene. This suggests that the TMSB4XP4 gene is not 

expressed in the foetal heart, at least not at detectable levels. As TMSB4XP4 is 

a known pseudogene and does not produce protein, any transcript it does 

produce is likely expressed transiently before being degraded by nonsense 

mediated decay. 

Thymosin β4 mRNA was expressed in ventricle, atria and outflow tract tissue. 

The presence of thymosin β4 transcript in the ventricle and outflow tract is 

consistent with previous reports of thymosin β4 mRNA expression in mice, 

based on in situ hybridisation data. However, Bock-Marquette and colleagues 

did not detect thymosin β4 mRNA in the atria of mice [170], contrary to the data 

presented here. This may be due to a difference in the methods of detection. 

Here, the heart chambers were dissected apart, total RNA extracted and cDNA 

created which was used as template in PCR reactions. This may be more 

sensitive to low levels of thymosin β4 mRNA expression than the in situ 

hybridisation used by Bock-Marquette and colleagues [170]. An alternative 

explanation is the developmental stage at which expression was measured. In 

the mouse studies the hearts were from E12.5 mice, which is Carnegie stage 

18/19 of the embryonic development period. In the current study, human 

foetuses were between 7 and 9 post-conception weeks, which ranges between 

Carnegie stage 20 of embryonic development and into the early foetal 

development period. This could suggest that cells in the atria only begin 

expressing thymosin β4 in the late stages of the embryonic development period. 
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As this study seeks to identify thymosin β4-targeting miRNAs it was also 

important to assess the presence of the different thymosin β4 isoforms, due to 

the different lengths of 3’-UTR. Due to high sequence similarities between the 

four isoforms, this was done using primers designed to amplify the 3’-UTR 

region itself. In this way the PCR products amplified from the three isoforms 

which have a long 3’-UTR could be differentiated from products amplified from 

TMSB4X-004, which has a short 3’UTR, purely based on product size. Isoforms 

containing the long 3’-UTR and TMSB4X-004 were both detected. Had only 

TMSB4X-004 been detected, this would have suggested that miRNAs predicted 

to target the region of thymosin β4’s 3’-UTR which is absent from TMSB4X-004 

are not of physiological relevance to regulation of thymosin β4 in the developing 

heart. 

3.3.2 Thymosin β4 protein expression 

Using fluorescence immunohistochemistry thymosin β4 protein was 

demonstrated to be localised to the ventricle, atria and outflow tract, in 

agreement with the mRNA data. At the intracellular level, thymosin β4 protein 

was primarily localised to the cytoplasm and was absent from the nuclei of 

some cells, but present at low levels in the nuclei of other cells. 

Within the ventricle wall, co-staining with troponin C demonstrated that thymosin 

β4 protein is not present within cardiomyocytes. The staining pattern of 

thymosin β4 suggested that it may be present in the capillaries of the 

myocardium. To assess whether thymosin β4 was present in endothelial cells, 

CD31 and CD34 were used as endothelial cell markers. CD34 was found to 

have a much more widespread staining pattern than CD31, however, indicating 

it may not only be staining endothelial cells. Cells which dual stained for CD31 

and CD34 are concluded to be endothelial cells and as such the data presented 

here indicates that the majority of thymosin β4-positive cells in the developing 

human heart are endothelial cells. This is consistent with the presence of 

thymosin β4 protein in the endothelial cells of the coronary vessels and in the 

endocardial lining of the chambers. 
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Notably, endothelial cells in the compact layer of the ventricle wall and 

interventricular septum were found to express higher levels of thymosin β4 

protein than endothelial cells in the trabecular layer of the ventricle wall. This 

differential expression of thymosin β4 protein between the compact and 

trabecular layers of the myocardium, as well as the localisation of thymosin β4 

primarily to endothelial cells, is in contrast to the immunofluorescent staining of 

thymosin β4 protein in the mouse heart reported by Smart and colleagues [258]. 

They reported homogenous thymosin β4 staining throughout the ventricle wall, 

except in endothelial cells, identified by VEGFR2 staining [258]. Staining was 

carried out on heart sections from an E14.5 or Carniege stage 20 embryo [258]. 

As this is in the same developmental period as the human hearts used in the 

present study, the difference in this result is not due to the developmental stage 

of the heart. 

While genuine differences in species may be one explanation, the homogenous 

staining seen in the mouse heart may simply be due to poor specificity of the 

antibody used. Smart and colleagues did not block the antibody they used with 

thymosin β4 peptide, as was done in the present study, to demonstrate that the 

antibody is indeed binding thymosin β4 [258]. The data they present does not 

indicate that the experiment was carried out more than once [258]. They also do 

not provide any high magnification images or use confocal microscopy, both of 

which may yield better defined images [258]. The staining pattern seen in the 

present study, in which the compact layer and interventricular septum have 

higher expression of thymosin β4 protein than the trabecular layer, is in fact 

consistent with the enhanced mRNA expression in the same regions of the 

mouse heart reported not only by Smart and colleagues but also by Bock-

Marquette and colleagues [170, 258]. Since the anti-thymosin β4 antibody used 

in the present study reacts with mouse as well as human thymosin β4, the 

antibody could be used to stain sections of foetal mouse heart to determine 

whether the discrepancies in the results seen between the two studies are 

indeed due to the different antibodies used. 

The differential expression of thymosin β4 between the compact and trabecular 

layers of the myocardial tissue is not unique. The same pattern of expression, 

as well as the opposite pattern of expression; high in the trabecular layer and 
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low in the compact layer; is seen with numerous other genes during cardiac 

development [348]. The formation of the compact myocardial tissue is an 

important step in cardiac development and is associated with the initial 

migration of epicardium-derived coronary vessels into the ventricle wall [349]. 

The trabecular tissue is formed earlier in development and is lined by 

endocardial endothelial cells, which migrate into the heart at a much earlier 

stage of development [349]. Therefore the different levels of thymosin β4 

protein expression in the endothelial cells of the compact layer compared to the 

trabecular layer may be due to the different developmental origins of these 

cells. 

As well as being expressed in endothelial cells thymosin β4 was present in a 

minority of cells which were positive for CD34 but negative for CD31. The 

identity of these cells is unknown. CD34 is known to be a marker of 

haematopoietic progenitor cells [350]. However these cells are a rare population 

even within the blood [351] and are therefore likely to make a negligible 

contribution to the population of CD34-positive cells seen in foetal heart 

sections. Studies in rodents suggest that second to cardiomyocytes the most 

abundant type of cells within the developing heart are cardiac fibroblasts [352]. 

Fibrocytes are fibroblast progenitor cells that are derived from the bone marrow, 

and thus express CD34, but which are able to enter tissues and mature into 

myofibroblasts [353, 354]. The presence of CD34-positive fibrocytes in the adult 

human heart has recently been reported in relation to fibrosis of the heart [355]. 

The presence of fibrocytes in the foetal heart has not previously been reported, 

however the CD34-positive, CD31-negative cells seen in this study may 

represent a fibrocyte population. 

Additionally, thymosin β4 protein was demonstrated to localise to the 

epicardium. Thymosin β4 mRNA was notably absent from the epicardium of 

murine hearts at a similar developmental stage, in the study by Smart and 

colleagues [258]. However, in that study, the authors suggested that thymosin 

β4 protein released from cardiomyocytes may act in a paracrine fashion on 

epicardial cells [258]. The immunohistochemistry results shown here may be 

explained by the internalisation of thymosin β4 protein into epicardial cells, 
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though it should be noted that the absence of thymosin β4 mRNA in the 

epicardium of the developing human heart has not been confirmed in this study. 

Similarly, the mouse knock-down studies which indicate that thymosin β4 is 

produced by cardiomyocytes is not contradicted by the data shown here, 

demonstrating the absence of thymosin β4 protein in cardiomyocytes. Thymosin 

β4 may be produced by cardiomyocytes but if it is then released in a paracrine 

fashion, as described, thymosin β4 protein may not localise to cardiomyocytes 

themselves at significant levels. Another possibility is that cardiomyocytes may 

express thymosin β4 only in the early stages of heart development, leading to 

the phenotypes seen in mouse knock-down studies. They may then lose 

expression later in development, once the epicardium has been activated and 

the coronary vessels and myocardial capillaries have formed. 
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Chapter 4:  Results – Experimental systems for the 

identification of thymosin β4-targeting 

miRNAs in the human heart 

4.1 Introduction 

In order to identify miRNAs that regulate the expression of a specific protein, it 

is typical to identify an inverse correlation between expression of the miRNAs 

and expression of the protein of interest. Studies have often achieved this by 

identifying miRNAs that are regulated during a particular physiological process 

or in a particular disease phenotype and further to this identifying the specific 

target of the miRNAs that are identified. 

For example, studies have identified miRNAs which are involved in the 

inflammatory response in macrophages by inducing an inflammatory response 

with pro-inflammatory cytokines and using a miRNA microarray to identify 

miRNAs which are up-regulated [356]. Further studies have then identified the 

specific factors which the identified miRNAs regulate; in the case of the 

macrophage inflammatory response, miR-155 was found to be up-regulated 

while a later study found it directly targets IL-13 and SMAD2 mRNA [357, 358]. 

Similarly, members of the miR-29 family are down-regulated in lung cancer and 

have an inverse correlation with DNA methyltransferase 3A and 3B in this 

context, leading to their identification as targets of miR-29 [359]. 

Alternatively, conditions may first be identified in which the protein of interest is 

up- or down-regulated. In the current study, two experimental strategies were 

explored for the identification of thymosin β4-targeting miRNAs. 

In the first strategy, culture of foetal heart explants under hypoxic conditions 

was used as a model of ischaemic insult in the human heart. Previous research 

has shown that in the adult murine heart, thymosin β4 protein levels, measured 

by Western blot, increase following myocardial infarction, from as early as 1 

hour, and up to 1 week, post-infarction [258]. 
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In a porcine model of acute heart ischemia, blood samples were taken from the 

right atria at 5-min intervals during ischaemia and during a resuscitation period 

which followed the onset of spontaneous ventricular fibrillation [360]. Using an 

enzyme-linked immunosorbent assay (ELISA), thymosin β4 plasma levels were 

found to increase over time, becoming significantly greater than control levels at 

the 15 min time-point post-onset of ischaemia [360]. Furthermore, the rate of 

increase in thymosin β4 plasma levels accelerated during the resuscitation 

period [360]. 

Using in situ hybridisation and fluorescence immunohistochemistry, thymosin β4 

mRNA and protein levels have also been found to increase with transient 

ischaemia in the rat brain. 12 hours post-ischaemia, thymosin β4 mRNA was 

up-regulated in specific regions of the brain. mRNA levels remained enhanced 

in some regions of the brain, but returned to basal levels in others, by 72 hours. 

Additionally, fluorescence intensity of thymosin β4 protein staining was 

enhanced in specific cells in one region of the brain 48 hours post-ischaemia 

compared to controls. 

Studies on cancer cell lines, including HeLa human cervical tumour cells and 

B16F10 mouse melanoma cells, have further implicated thymosin β4 in hypoxic 

signalling [181, 361].  They indicate that hypoxia leads to an increase in 

thymosin β4 expression which in turn leads to stabilisation of hypoxia inducible 

factor (HIF)1α, a transcription factor well established in hypoxic signalling [181, 

361].  

These studies suggest that hypoxia may elicit increased thymosin β4 

expression within the human foetal heart. Identification of miRNAs that are 

down-regulated under such conditions would provide a list of candidates that 

may directly target thymosin β4 mRNA. 

The second approach used was based on the results of Chapter 3, which 

suggest that CD31-positive endothelial cells within the compact layer of the 

ventricle wall express higher levels of thymosin β4 than CD31-positive 

endothelial cells in the trabecular layer of the ventricle wall (section  3.2.7). As 

miRNAs are involved in cell differentiation and determination of cell identity, 

many miRNAs will differ between two different cell types. This makes it difficult 
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to identify physiologically relevant miRNAs that may target a specific protein of 

interest by looking at two different cell types that express differing levels of the 

protein. However, the two endogenous populations of endothelial cells that were 

identified in the heart, which differ in their thymosin β4 protein expression, 

provide an opportunity to identify potential thymosin β4-targeting miRNAs with 

physiological relevance to the human heart. 

Flow cytometry measures the fluorescence of individual cells that are in 

suspension, enabling the detection of a cell’s protein expression through the 

use of fluorophore-conjugated antibodies. Further to this the cells can be 

physically sorted and collected according to their fluorescence and light 

scattering properties by a process known as fluorescence activated cell sorting 

(FACS). If populations of thymosin β4-high and thymosin β4-low expressing 

cells can be detected within a population of CD31-positive cells, then it should 

be possible to separate out these cells by FACS. miRNA levels can then be 

assessed in each population with the aim of identifying miRNAs that differ in 

expression between the two populations. Candidate thymosin β4-targeting 

miRNAs would have expression levels that inversely correlate with thymosin β4 

levels. 

In order to assess the miRNA content of the cells, RNA will have to be 

extracted. As thymosin β4 is present within the cell, rather than on the 

membrane, cells will need to be fixed and permeabilised prior to staining. PFA 

is most typically used to fix cells for flow cytometry studies and good staining 

was obtained with the anti-thymosin β4 antibody using PFA-fixed tissue 

sections for immunohistochemistry in Chapter 3. However, PFA is a cross-

linking fixative and is thought to cause RNA fragmentation as well as affecting 

RNA isolation [362]. 

In studies assessing the effects of fixative on RNA extraction from tissue slices, 

alcohol-based fixatives have been shown to yield higher quantities of RNA and 

result in better RNA quality than cross-linking fixatives [363, 364]. In particular 

one study found that fixing with a mixture of methanol and acetic acid resulted 

in extraction of both a high quantity of RNA that was also of good quality [363]. 

RNA has been successfully extracted from formalin-fixed tissue, however, using 
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proteinase K to facilitate solubilisation of the tissue and by heating the sample 

to remove cross-links [362]. Notably short mRNAs were less affected by 

formalin-fixation [362], suggesting that extraction of intact miRNAs, which are 

short RNA molecules, from cells fixed with PFA is likely to be successful, using 

this technique. 

The process of cell sorting by FACS, including the need to dissociate tissue into 

a single cell suspension, is another factor that may affect RNA-extraction from 

cells. Cells in suspension are likely to be more susceptible to degradation by 

ribonucleases which may be released from damaged cells. However, in a recent 

study RNA was successfully extracted from PFA-fixed, FACS-sorted 

differentiated human ESCs [365]. 

Another factor that must be taken into account in this study is the potential need 

to extract RNA from low numbers of cells. The number of thymosin β4-high 

expressing endothelial cells and thymosin β4-low expressing endothelial cells 

within a single heart may be relatively low. The percentage of endothelial cells 

within the human foetal heart is unknown. However, during late development of 

the mouse heart, at E18.5, the percentage of cells that are neither myocytes nor 

fibroblasts has been calculated to be approximately 20% [352]. Endothelial cells 

will only make up a portion of that 20%. Further to this, cells will be lost during 

tissue dissociation and the wash steps associated with staining cells in 

suspension. As such, the number of sorted cells in each of the desired 

populations may be limited. 

4.2 Results 

4.2.1 Detection of thymosin β4 protein by Western blotting 

The detection of thymosin β4 protein by Western blotting was optimised in order 

to quantify thymosin β4 protein levels in tissue and cells cultured under hypoxic 

and normoxic conditions. 

Protein extracted from foetal placental and skin tissue (section  2.6) was 

resolved by Laemmli SDS-PAGE (section  2.7.1). The polyacrylamide gel was 

treated with glutaraldehyde prior to transfer of protein to a nitrocellulose 
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membrane (section  2.7.3). Glutaraldehyde treatment was used to facilitate the 

transfer and retention of low molecular weight proteins on to the membrane. 

Using a coomassie blue based stain to stain protein that was retained in the gel 

(section  2.7.3.1) and ponceau red to stain protein that was transferred to the 

membrane (section  2.7.3.2), it was demonstrated that low molecular weight 

proteins had been transferred to the membrane while high molecular weight 

proteins were largely retained in the gel (Figure 4.1A & B). 

Staining of the membrane with an anti-thymosin β4 antibody (section  2.7.3.3) 

revealed detection of thymosin β4 protein in broad smears ranging from 

approximately 6.5 kDa to 15 kDa (Figure 4.1C). The thymosin β4 stain partially 

overlapped with the thick bands detected by the ponceau red total protein stain 

(Figure 4.1B & C). This suggested that while low molecular weight proteins, 

including thymosin β4, were transferred and retained on the membrane using 

this protocol, they had not fully separated from each other. 

Therefore, tricine-SDS-PAGE (section  2.7.2) was used in place of Laemmli 

SDS-PAGE to achieve better resolution of low molecular weight proteins. 

Protein extracted from foetal placental and heart tissue was resolved by tricine-

SDS PAGE alongside synthetic thymosin β4 and Western blotting was carried 

out for detection of thymosin β4 (sections  2.6 and  2.7). Narrow, well-defined 

bands were detected at 11.5 kDa in placental and heart tissue (Figure 4.2). This 

is approximately twice the expected weight of thymosin β4, which is a 5 kDa 

protein; however, synthetic thymosin β4 was detected as a double band, with 

the highest band also at 11.5 kDa (Figure 4.2). 
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Figure  4.1 – Laemmli SDS-PAGE for detection of thymosin β4 protein 

A & B) Protein samples from foetal placental and skin tissue were resolved by Laemmli 

SDS-PAGE and blotted onto membranes. A total protein stain of the gel post-transfer 

shows proteins retained in the gel (A). A total protein stain of the membrane post-

transfer shows proteins transferred to the membrane (B). C) The blot was stained with 

an α-thymosin β4 antibody. 
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Figure  4.2 – Tricine-SDS-PAGE for detection of thymosin β4 protein 

A Western blot for detection of thymosin β4 is shown. Synthetic thymosin β4 or protein 

samples from foetal placental and heart tissue were resolved by tricine-SDS-PAGE and 

Western blotting performed using an α-thymosin β4 antibody. 
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4.2.2 Effect of hypoxia on thymosin β4 protein 

The optimised Western blotting technique was used to assess the effect of 

hypoxia on foetal ventricle explants. Foetal ventricle explants were cultured for 

24 hours under normoxic or hypoxic conditions (section  2.8). Protein was 

extracted and Western blotting carried out (sections  2.6 and  2.7). Densitometry 

was carried out on bands to quantify protein levels (section  2.7.3.4). 

This experiment was carried out six times; three representative blots 

demonstrate that no consistent trend in thymosin β4 protein expression was 

detected (Figure 4.3). Thymosin β4 expression normalised to β-actin levels, 

used as a loading control, showed a 30% decrease in expression in one 

experiment (Figure 4.3D), a 5% decrease in another (Figure 4.3E) and a 140% 

increase in a third (Figure 4.3F). However poor band uniformity, as seen in the 

hypoxic thymosin β4 band in experiment 1 (Figure 4.3A) and the hypoxic β-actin 

band in experiment 3 (Figure 4.3C) may skew densitometry measurements and 

the differences in expression seen. 

As previous studies demonstrating an effect of hypoxia on thymosin β4 

expression have primarily been carried out on cancer cell lines, HeLa cells were 

used in an attempt to validate this approach. HeLa cells were cultured for 48 

hours under normoxic or hypoxic conditions and thymosin β4 protein levels 

assessed by Western blotting (sections  2.8,  2.6 and  2.7). Three independent 

experiments were carried out; one experiment showed a 20% increase in 

normalised thymosin β4 expression (Figure 4.4D), one showed a 90% decrease 

in expression (Figure 4.4E) and the third showed a 30% decrease in expression 

(Figure 4.4F). 

The differences in the results obtained in the three independent experiments 

demonstrated an unreliability of this method. In the first experiment, the 

normoxic thymosin β4 band was smeared and non-uniform, which may affect 

densitometry (Figure 4.4A). In the second experiment the normoxic thymosin β4 

band had an abnormally large densitometry value which may have been due to 

the band being smeared (Figure 4.4B). Additionally, the lane loading appeared 

to be unequal in this experiment (Figure 4.4B). The normoxic β-actin band was 

very faint and non-uniform (Figure 4.4B); if this measurement was unreliable it 
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would have skewed the normalised data in this experiment, making the 

difference in experimental conditions appear larger. In experiment 3, lane 

loading was also unequal (Figure 4.4C), which could again skew the results. 

Therefore, while no differences in expression of thymosin β4 were detected 

under hypoxic conditions by Western blotting, the technique was considered 

unreliable as a means for quantification. 
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Figure  4.3 –Thymosin β4 protein expression in foetal ventricle tissue cultured 
under hypoxic and normoxic conditions 

Thymosin β4 protein expression in ventricle tissue cultured under normoxic or hypoxic 

conditions was assessed by Western blot. A-C) Blots of the thymosin β4 stain and β-

actin stain, which was used as a loading control, are shown from 3 representative 

experiments. Band densities were quantified to give densitometry values (arbitrary 

units, a.u.) as an indication of protein expression and are shown below each band. 

D-F) Thymosin β4 expression was normalised to β-actin expression. Normalised 

thymosin β4 expression in hypoxic samples is represented as a percentage of the 

expression under normoxic conditions. 
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Figure  4.4 - Thymosin β4 protein expression in HeLa cells cultured under hypoxic 
and normoxic conditions 

Thymosin β4 protein expression in HeLa cells cultured under normoxic or hypoxic 

conditions was assessed by Western blot. A-C) Blots of the thymosin β4 stain and β-

actin stain, which was used as a loading control, are shown from 3 representative 

experiments. Band densities were quantified to give densitometry values (arbitrary 

units, a.u.) as an indication of protein expression and are shown below each band. 

D-F) Thymosin β4 expression was normalised to β-actin expression. Normalised 

thymosin β4 expression in hypoxic samples is represented as a percentage of the 

expression under normoxic conditions. 
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4.2.3 Detection of individual cell fluorescence by flow cytometry 

A second experimental system used was based on the results of section  3.2.7 

which demonstrated by immunohistochemistry the existence of populations of 

CD31-expressing cells which express high levels of thymosin β4 and low levels 

of thymosin β4. Experiments were carried out in order to confirm the existence 

of these populations by flow cytometry, specifically with the aim of sorting cells 

by FACS and then extracting RNA from sorted cells. 

Figure 4.5 shows a diagrammatic representation of flow cytometry data. Scatter 

plots of forward scattered light, an indication of size, and side scattered light, an 

indication of granularity are used to characterise the ‘events’ detected by the 

flow cytometer (Figure 4.5A). Events include any particle that is detected by the 

flow cytometer and can include whole cells, damaged cells and debris. Debris 

tends to have low forward scattered and side scattered light properties and is 

therefore detected in the bottom left corner of the plot (Figure 4.5A). 

Homogenous cell populations, such as cell lines, tend to form distinct 

populations on a plot of forward scattered light against side scattered light 

(Figure 4.5A). The events that represent cells can be selected with a ‘gate’ so 

that only the events in that gate are displayed in further plots (Figure 4.5A). 

The fluorescence of each cell can be represented in a scatter plot of 

fluorescence intensity against forward scattered light. In a sample of stained 

cells the positive-stained cells will display a rightwards shift on the plot, 

indicative of an increase in their fluorescence intensity (Figure 4.5B & C). The 

same data can be summarised in histograms, with peaks representing 

populations of cells (Figure 4.5D & E). A rightwards shift in the peak (i.e. an 

increase in fluorescence intensity) of stained cells can be seen compared to 

unstained cells (Figure 4.5D & E). In an ideal experiment this shift will be in the 

form of a distinct peak representing positively-stained cells compared to 

unstained cells (Figure 4.5D & E). 
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Figure  4.5 – Diagrammatic representation of flow cytometry data 

A) Scatter plots of forward scattered light, a measure of size, versus side scattered 

light, a measure of granularity, were used to define cell populations. B & C) Cells were 

then characterised in scatter plots of their fluorescence intensity versus forward 

scattered light. Positively stained cells shift right on the x axis. D & E) The same data 

was also summarised in histograms of fluorescence intensity. 
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4.2.4 Detection of CD31-positive cells by flow cytometry 

4.2.4.1 Validation of CD31 antibody 

Human umbilical vein endothelial cells (HUVECs) were used as a positive 

control to validate a directly conjugated CD31 antibody for detection of 

endothelial cells by flow cytometry. The HUVECs were stained with a CD31 

antibody directly conjugated to APC (Table  2.17), stained with a matched 

isotype control antibody (Table  2.17), used as a negative control, or were left 

unstained; the fluorescence of the cells was measured by flow cytometry 

(section  2.9). 

Unstained cells had a baseline mean fluorescence intensity (MFI) of 48 (Figure 

4.6B). On the histogram of fluorescence intensity, a gate was used to select the 

region to the right of the peak representing unstained cells, including 1.0% of 

the cell population, to facilitate detection of a rightwards shift in stained cells 

(Figure 4.6B; P2). Cells stained with a 1:2 dilution of the isotype negative 

control had an MFI of 106 and displayed a small rightwards shift, placing 5.7% 

of cells in the P2 gate (Figure 4.6C). Cells stained with a 1:2 dilution of the 

CD31 antibody had an MFI of 20,734 and displayed a large rightwards shift, 

placing 98.3% of cells in the P2 gate (Figure 4.6D). Similarly, at 1:100 dilution 

the isotype control-stained cells had an MFI of 62 and 2.5% of cells in P2 

compared with the CD31-stained cells, which had an MFI of 4,744 and 99.3% of 

cells in P2 (Figure 4.6E & F). 

While the MFI of HUVECs was lower when stained with the CD31 antibody at 

1:100 dilution compared to 1:2 dilution, the population still undergoes a 

rightwards shift, forming a distinct peak on the histogram, indicating the 

antibody successfully stains CD31-positive cells even at low concentration. 

4.2.4.2 Detection of CD31-positive cells in foetal heart 

Dissociated foetal heart cells were stained with the CD31 antibody, the matched 

isotope control antibody or left unstained, to assess the detection of CD31-

positive cells in dissociated heart tissue (section  2.9). The unstained cells had 

an MFI of 18. As previously a gate was used to facilitate the identification of a 
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rightward shift of positive cells (Figure 4.7B; P2). Cells stained with the isotype 

negative control had an MFI of 94 with 9.3% of cells appearing in the P2 gate 

(Figure 4.7C). Cells stained with the CD31 antibody had an MFI of 170 with 

40% of cells appearing in the P2 gate (Figure 4.7D). 

The histogram of the CD31-stained cells had a sharp peak of negative cells and 

an over-lapping broader peak of positive cells (Figure 4.7D). To better 

distinguish the positive cells from the negative cells, scatter plots of 

fluorescence intensity against forward scattered light were plotted (Figure 4.7E-

G). The scatter plot of unstained cells showed a distinct population of cells; a 

gate was used to select the region to the right of this population and denoted 

the ‘positive gate’ (Figure 4.7E). In the unstained sample, 2.6% of cells were in 

the positive gate and this increased to 10.5% in the isotype control sample, 

indicating there was a degree of non-specific, background staining (Figure 4.7E 

& F). In the CD31-stained sample this increased to 47.5% of cells (Figure 4.7G). 

The ability to select out the positive cells is important for sorting cells by FACS. 

The separate populations of CD31-negative and -positive cells were further 

illustrated on histograms (Figures 4.7H-J). 
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Figure  4.6 – Validation of α-CD31 antibody for flow cytometry using HUVECs 

A) The scatter plot used to characterise the sample and select the HUVEC population 

(P1) is shown. B-F) Histograms of fluorescence intensity are shown for an unstained 

control sample (B), samples stained at 1:2 dilution with the isotype control antibody (C) 

or α-CD31 antibody (D), and for samples stained at 1:100 dilution with the isotype 

control antibody (E) or α-CD31 antibody (F). A gate (P2) was selected, based on the 

unstained control sample, to assess positive shifts in fluorescence intensity. The mean 

fluorescence intensity (MFI) of each sample is shown, alongside the percentage of cells 

in the P2 gate. 
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Figure  4.7 – Detection of CD31-positive cells in the human foetal heart 

A) The scatter plot used to characterise the sample is shown. The cell population (P1) 

was selected by omitting events with low forward scattered or side scattered light 

properties. B-D) Histograms of fluorescence intensity are shown for the unstained 

control sample (B), the isotype control sample (C) and the CD31 stained sample (D). A 

gate (P2) was selected, based on the unstained control sample, to assess positive shifts 

in fluorescence intensity. The mean fluorescence intensity (MFI) of each sample is 

shown, alongside the percentage of cells in the P2 gate. E-G) Scatter plots of 

fluorescence intensity against forward scattered light are shown; a ‘positive gate’ was 

selected, based on the unstained control, to facilitate identification of CD31-positive 

cells. Percentage of cells in the positive gate is shown. H-J) Histograms are shown 

illustrating cells inside and outside the positive gate as separate populations. 
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4.2.5 Detection of thymosin β4-positive cells by flow cytometry 

4.2.5.1 Optimisation of secondary antibody 

For detection of thymosin β4-positive cells by flow cytometry, the same anti-

thymosin β4 primary antibody was used as in immunohistochemistry and 

Western blotting. As this antibody is not directly conjugated to a fluorochrome, a 

secondary antibody had to be used in conjunction with the primary antibody. In 

flow cytometry, indirect staining can lead to high background signals due to 

non-specific binding of the secondary antibody and this can mask genuine 

positive signals. Therefore, several secondary antibodies were tested to find 

one that produced a low background signal. 

The secondary antibodies used were chicken α-rabbit IgG conjugated to Alexa 

Fluor 647, goat α-rabbit IgG conjugated to FITC and F(ab’)2 fragment of goat α-

rabbit IgG conjugated to Alexa Fluor 488, which is spectrally similar to FITC 

(Table  2.17). F(ab’)2 fragment antibodies lack the Fc portion of the antibody, 

preventing non-specific binding of the secondary antibody to Fc receptors, 

which can be found on the membranes of cells from primary tissue. 

PFA-fixed HUVECs were stained with the anti-thymosin β4 primary antibody 

(Table  2.17) plus each of the secondary antibodies (Table  2.17), stained with 

each secondary antibody alone, as negative controls, or left unstained 

(section  2.9). The fluorescence of the cells was then measured by flow 

cytometry (section  2.9). 

The unstained sample had a baseline Alexa Fluor 647 MFI of 13. On the 

histogram of fluorescence intensity, a gate was used to select the region to the 

right of the peak representing unstained cells, including approximately 1% of the 

cell population (Figure 4.8B; P2a). Cells stained with the Alexa Fluor 647 

secondary antibody alone had an MFI of 278 and displayed a large rightwards 

shift, placing 92.87% of cells in the P2a gate (Figure 4.8C). A new gate based 

on the fluorescence profile of the secondary antibody alone was used to 

facilitate the detection of any further rightward shift in the positively stained 

sample (Figure 4.8C; P2b). Cells stained with the anti-thymosin β4 antibody in 

conjunction with the Alexa Fluor 647 secondary antibody had an MFI of 1351 
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and displayed a further rightwards shift , placing 99.8% of cells in P2a and 

92.8% of cells in P2b (Figure 4.8D). This indicates that while this secondary 

antibody produced a large amount of background staining, it was possible to 

detect positive staining above this level. 

The baseline FITC/Alexa Fluor 488 MFI in unstained cells was 25 (Figure 4.8E). 

Gates were used, as previously, to detect rightwards shifts in relation to the 

unstained sample (Figure 4.8E; P3a), in relation to background staining with the 

FITC secondary antibody (Figure 4.8F; P3b) and in relation to background 

staining with the Alexa Fluor 488 secondary antibody (Figure 4.8H; P3c). 

Cells stained with the FITC secondary antibody alone had an MFI of 106 and 

displayed a moderate rightwards shift, placing 33.4% of cells in the P3a gate 

(Figure 4.8F). Cells stained with the anti-thymosin β4 antibody in conjunction 

with the FITC secondary antibody had an MFI of 575 and displayed a further 

rightwards shift , placing 98.9% of cells in P3a and 92.8% of cells in P3b (Figure 

4.8G). 

Cells stained with the Alexa Fluor 488 secondary antibody alone had an MFI of 

63 and displayed a small rightwards shift, placing 5.9% of cells in the P3a gate 

(Figure 4.8H). Cells stained with the anti-thymosin β4 antibody in conjunction 

with the Alexa Fluor 488 secondary antibody had an MFI of 674 and displayed a 

large rightwards shift compared to the secondary antibody alone, placing 99.1% 

of cells in P3a and 98.0% of cells in P3c (Figure 4.8I). 

The Alexa Fluor 488 secondary antibody produced the least background 

staining, with a distinct shift in fluorescence intensity detected in the stained 

sample. Therefore this secondary antibody was used in further experiments. 
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Figure  4.9 – Thymosin β4 staining of PFA-fixed HUVECs 

A) The scatter plot used to characterise the sample and select the HUVEC population 

(P1) is shown. B-D) Histograms of fluorescence intensity are shown for an unstained 

control sample (B), control sample stained with the secondary antibody alone (C) and 

thymosin β-stained sample (D). Gates were selected based on fluorescence of the 

unstained control sample (P2a) and the secondary antibody-stained control sample 

(P2b), to assess positive shifts in fluorescence intensity. The mean fluorescence 

intensity (MFI) of each sample is shown, alongside the percentage of cells each gate. 
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Figure  4.10 – Thymosin β4 staining of MeAc-fixed HUVECs 

A) The scatter plot used to characterise the sample and select the HUVEC population 

(P1) is shown. B-D) Histograms of fluorescence intensity are shown for an unstained 

control sample (B), control sample stained with the secondary antibody alone (C) and 

thymosin β-stained sample (D). Gates were selected based on fluorescence of the 

unstained control sample (P2a) and the secondary antibody-stained control sample 

(P2b), to assess positive shifts in fluorescence intensity. The mean fluorescence 

intensity (MFI) of each sample is shown, alongside the percentage of cells each gate. 
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4.2.5.2 Optimisation of cell fixative for flow cytometry 

MeAc may be a preferential fixative for the extraction of RNA from cells 

following sorting. Therefore, HUVECs were fixed with MeAc or 4% PFA prior to 

staining for thymosin β4 in order to compare the quality of staining, as detected 

by flow cytometry (section  2.9). 

The unstained PFA-fixed cells had an MFI of 38 (Figure 4.9B). Negative control 

cells stained with secondary antibody alone had an MFI of 130 with 66.6% of 

cells appearing in the P2 gate (Figure 4.9C). The cells stained for detection of 

thymosin β4 had an MFI of 969 and underwent a large rightwards shift, with 

99.5% of cells appearing in the P2 gate (Figure 4.9D). 

For the MeAc-fixed cells, the unstained cells had an MFI of 124 (Figure 4.10B). 

The cells stained with the secondary antibody alone had an MFI of 193 with 

30.9% of cells in P2 while the thymosin β4-stained cells had an MFI of 267 and 

underwent only a small rightward shift, with 70.1% of cells in P2 (Figure 4.10C 

& D). While positively-stained cells could be identified as a distinct population 

from the negative control cells when PFA was used as a fixative (Figure 4.9), 

the population of positively-stained MeAc-fixed cells over-lapped with the 

population seen in the negative control (Figure 4.10). Therefore, PFA was used 

to fix cells in subsequent experiments. 

4.2.5.3 Detection of thymosin β4-positive cells in foetal heart 

Dissociated foetal heart cells were stained for detection of thymosin β4, with the 

secondary antibody alone as a negative control, or left unstained in order to 

assess the detection of thymosin β4-positive cells in dissociated heart tissue 

(sections 2.9). The unstained cells had an MFI of 21 and 4.9% of cells were 

included in the P2 gate (Figure 4.11B). Cells stained with the secondary 

antibody alone had an MFI of 33 with 8.6% of cells appearing in the P2 gate 

(Figure 4.11C). Cells stained for detection of thymosin β4 had an MFI of 214 

with 30.2% of cells appearing in the P2 gate (Figure 4.11D). The thymosin β4-

positive cells did not appear as a separate population on the histogram, but 

over-lapped with the negative population (Figure 4.11D).  
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Scatter plots of fluorescence intensity against forward scattered light were used 

to better distinguish thymosin β4-positive and -negative cells (Figure 4.11E-G). 

A ‘positive gate’ was placed based on the fluorescence of the cell populations in 

the unstained and negative control samples (Figure 4.11E & F). In the 

unstained sample, 2.9% of cells were in the positive gate and this increased to 

3.6% in the secondary antibody alone control, indicating non-specific, 

background staining was low (Figure 4.11E & F). In the thymosin β4-stained 

sample this increased to 19.8% of cells (Figure 4.11G). The populations of 

thymosin β4-postive and –negative cells were further illustrated on histograms, 

illustrating successful detection of a small population of thymosin β4-postive 

cells in the stained sample, largely over-lapping with the thymosin β4-negative 

population (Figures 4.11H-J). 
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Figure  4.11 - Detection of thymosin β4-positive cells in the human foetal heart 

A) The scatter plot used to characterise the sample is shown. The cell population (P1) 

was selected by omitting events with low forward scattered and side scattered light 

properties. B-D) Histograms of fluorescence intensity are shown for the unstained 

control sample (B), the control sample stained with secondary antibody alone (C) and 

the thymosin β4 stained sample (D). A gate (P2) was selected, based on the unstained 

control sample, to assess positive shifts in fluorescence intensity. The mean 

fluorescence intensity (MFI) of each sample is shown, alongside the percentage of cells 

in the P2 gate. E-G) Scatter plots of fluorescence intensity against forward scattered 

light are shown; a ‘positive gate’ was selected, based on the unstained control, to 

facilitate identification of thymosin β4-positive cells. Percentage of cells in the positive 

gate is shown. H-J) Histograms are shown illustrating cells inside and outside the 

positive gate as separate populations.  



  Chapter 4 

 133   

4.2.6 Detection of thymosin β4-positive cells within the CD31-positive 

population 

Dissociated heart cells were dual stained for CD31 and thymosin β4 detection 

by flow cytometry (section  2.9). Scatter plots of Alexa Fluor 488 fluorescence 

against APC fluorescence were plotted and divided into quadrants to detect 

shifts in fluorescence (Figure 4.12B-D). Shifts into Q1 and Q2 are indicative of 

increases in APC fluorescence while shifts into Q2 and Q4 are indicative of 

increases in Alexa Fluor 488 fluorescence (Figure 4.12B-D). 

The unstained cells had an APC MFI of 73 with 3.9% of cells in Q1 and Q2 

(Figure 4.12B). In the negative control sample, APC MFI increased to 156 with 

20.7% of cells in Q1 and Q2, indicative of some non-specific background 

staining (Figure 4.12C). In the stained sample the APC MFI increased to 244 

with 34.2% of cells in Q1 and Q2, indicating the detection of CD31-positive cells 

(Figure 4.12D). 

Similarly, the unstained cells had an Alexa Fluor 488 MFI of 83 with 7.2% of 

cells in Q2 and Q4, with the MFI increasing to 241 in the negative control 

sample, with 25.4% of cells in Q2 and Q4 (Figure 4.12B & C). In the stained 

sample the Alexa Fluor 488 MFI increased to 351 with 37.2% of cells in Q1 and 

Q2, indicating the detection of thymosin β4-positive cells (Figure 4.12D). 

In order to determine the presence of distinct thymosin β4-negative and 

thymosin β4-positive populations of CD31-expressing cells, the CD31-

expressing cells were selected out (Figure 4.13A). Approximately 40,000 cells 

were predicted to be in this population. The fluorescence intensity of thymosin 

β4 within only the CD31-expressing population was plotted in scatter plots of 

fluorescence intensity against forward scattered light (Figure 4.13B & C). 

Distinct populations of thymosin β4-negative and thymosin β4-positive cells 

could be selected, with the thymosin β4-positive cells comprising 18.4% of the 

CD31-expressing population (Figure 4.13D & E). 
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Figure  4.12 – Thymosin β4 and CD31 dual-stain of human foetal heart cells 

A) The scatter plot used to characterise the sample is shown. The cell population (P1) 

was selected by omitting events with low forward scattered and side scattered light 

properties. B-D) Scatter plots of FITC fluorescence against APC fluorescence are shown 

for an unstained sample (B), a control sample stained with the APC-conjugated isotype 

control antibody and the Alexa Fluor-488-conjugated secondary antibody (C), and a 

sample dual-stained for detection of CD31 and thymosin β4 (D). The mean 

fluorescence intensity (MFI) of each fluorophore is given for each sample. The plots are 

divided into quadrants based on the fluorescence of the unstained control, to help 

assess positive shifts in fluorescence (Q1 – Q4). The percentage of cells in Q1 plus Q2 

(positive for APC fluorescence) and the percentage of cells in Q2 plus Q4 (positive for 

Alexa Fluor-488 fluorescence) are indicated for each sample. 
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Figure  4.13 – Detection of thymosin β4-positive and -negative cells within the 
CD31-expressing population of a human foetal heart sample 

A) The scatter plot of thymosin β4 fluorescence against CD31 fluorescence for the 

dual-stained sample of dissociated foetal heart cells is shown. A gate was used to 

select only CD31-positive cells. B & C) Scatter plots of thymosin β4 fluorescence 

intensity against forward scattered light for the CD31-expressing cells are shown. The 

thymosin β4-positive and -negative cells were selected with gates (C). D & E) 

Histograms of thymosin β4 fluorescence intensity are shown for all CD34-expressing 

cells (D) and for the separate populations of thymosin β4-positive and -negative cells 

(E). 
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4.2.7 Extraction of RNA from PFA-fixed cells 

To ensure that RNA could be extracted from PFA-fixed cells, foetal placental 

tissue was dissociated and fixed as it would be prior to staining for flow 

cytometry (section  2.9). RNA was extracted using a modified TriFast LS 

extraction involving addition of proteinase K and heating of the sample, and 

using a RecoverAll kit designed for the extraction of RNA from PFA-fixed, 

paraffin-embedded tissue sections (section  2.2.2). 735 ng of RNA was extracted 

using TRIzol and 1464 ng using the RecoverAll kit (Table 4.1). Following 

reverse transcription to cDNA, PCR was carried out using primers designed for 

detection of OAZ1, a housekeeping gene (sections  2.2.3 and  2.3 and Table 

2.5). Bands representing detection of OAZ1 were present in both samples, 

indicating that cDNA could be created from RNA extracted from PFA-fixed cells 

by both methods (Figure 4.14A). 

Similarly, to ensure that RNA could be extracted from relatively low numbers of 

PFA-fixed cells that had been sorted by FACS, HeLa cells were PFA-fixed and 

approximately 90,000 cells were sorted by a FACS machine into two separate 

tubes (section  2.9). The TriFast RNA extraction yielded 1012 ng of RNA and the 

RecoverAll kit yielded 897 ng (Table 4.1). Using PCR on reverse transcribed 

samples (sections  2.2.3 and  2.3), OAZ1 was detected in both samples (Figure 

4.14B). 
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Table  4.1 – RNA extraction from PFA-fixed cells 

The amounts of RNA extracted by two different methods from PFA-fixed cells from 

dissociated foetal placental tissue and from PFA-fixed, FACS-sorted HeLa cells are 

shown. 

  

Extraction technique 

 

  TriFast RecoverAll kit 

Sample 

Dissociated foetal 

placental tissue 735 ng 1464 ng 

FACS-sorted       

HeLa cells 1012 ng 897 ng 

 
 
 
 
 

 
 
Figure  4.14 – Detection of cDNA derived from RNA extracted from PFA-fixed cells 

cDNA was synthesised from mRNA extracted from PFA-fixed cells using TriFast LS or a 

RecoverAll kit. The cDNA was used as template and amplified with OAZ1 primers by 

PCR; the products, resolved on a 2% agarose gel, are shown. Bands indicating the 

detection of OAZ1 cDNA were seen in all four samples. The faint, low molecular weight 

bands are primer dimers. 
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4.3 Discussion 

4.3.1 Effect of hypoxia on thymosin β4 measured by Western blotting 

The data presented here demonstrates that thymosin β4 protein could be 

detected by Western blotting. This was achieved by using tricine-SDS-PAGE to 

resolve low molecular weight proteins and then using glutaraldehyde to cross-

link protein molecules to ensure transfer and retention of low molecular weight 

proteins on the membrane. Despite thymosin β4 being a 5 kDa protein it was 

detected at approximately twice this weight; this band was confirmed to be 

thymosin β4 by running synthetic thymosin β4 alongside tissue samples. This 

indicates that the size discrepancy is not due to post-translational modifications, 

but does not exclude the possibility of dimerization. The synthetic thymosin β4 

ran as a double band, which may be explained by oxidation or degradation of 

the molecule. 

No consistent differences in thymosin β4 protein levels in ventricle tissue 

explants cultured under normoxic and hypoxic conditions were detected by 

Western blotting. However, this may have been due to the inconsistent 

appearance of the bands, making quantification unreliable. 

Thymosin β4 protein levels have previously been shown to increase in both 

murine and porcine models of heart ischemia [258, 360]. However, in vivo 

ischemia is induced by the restriction of the blood supply to tissue. This affects 

multiple factors in addition to reducing oxygen levels, including reductions in 

glucose levels, for example. Therefore, hypoxia alone may not have an effect 

on thymosin β4 levels in foetal heart explants. 

As studies on cancer cell lines have specifically linked hypoxia to increases in 

thymosin β4 levels [181, 361], the expression of thymosin β4 in HeLa cells 

under hypoxic conditions was assessed using Western blotting. Cultured cells 

represent a simpler experimental system than tissue explant cultures and any 

effect of hypoxia on thymosin β4 may have been more evident. 

Unfortunately, the Western blots obtained from experiments in which HeLa cells 

were cultured under normoxic and hypoxic conditions were also variable, with 
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no consistent trend in expression seen. The non-uniform and smeared 

appearance of the bands suggest they may not be representative of protein 

levels. In conclusion, thymosin β4 levels could not be reliably assessed by 

Western blotting, indicating a better method of quantification would be 

beneficial. 

While hypoxia has not directly been shown to up-regulate thymosin β4 in HeLa 

cells, treatment of HeLa cells with thymosin β4 mimics hypoxia and leads to 

stabilisation of HIF-1α. Thymosin β4 expression has been reported to increase 

under hypoxic conditions in B16F10 murine melanoma cells, however the study 

used end-point PCR with agarose gels to assess thymosin β4 mRNA levels and 

observed less than a 4-fold increase in expression [361]. It is also unclear how 

many independent experiments were carried out [361]. End-point PCR can 

produce variable results from the same starting sample and is not believed to 

be sensitive enough to reliably detect changes less than 10-fold in magnitude. 

Using qPCR would produce much more reliable and sensitive results. The study 

also presents Western blotting data, however only one blot is shown [361]. 

Additionally, the lane loading is not consistent as indicated by the large 

variability in band density of the loading control they used [361]. As in the 

present study this leads to difficulty in interpreting the results. 

Hypoxia has also been shown to up-regulate thymosin β4 mRNA expression in 

MSCs, however only a 2-fold increase was observed [366]. While qPCR was 

used, the number of independent experiments carried out is not given [366]. 

4.3.2 Detection of thymosin β4-positive and -negative populations of CD31-

postive endothelial cells by flow cytometry 

Using HUVECs as a positive control, the staining of cells for detection of CD31 

and thymosin β4 by flow cytometry was confirmed. 

In order to minimise background staining associated with the thymosin β4 stain, 

three different secondary antibodies were tested. An F(ab’)2 fragment of a goat 

α-rabbit IgG antibody conjugated to Alexa Fluor 488 produced the least 

background staining, suggesting that binding of the other secondary antibodies 

to Fc receptors on the cells contributed to the non-specific background binding. 
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The potential to use MeAc as a fixative in place of PFA was assessed, as RNA 

extraction from MeAc-fixed cells is easier and has been shown to yield higher 

quantities of good quality RNA [363]. The thymosin β4 staining was lower in 

MeAc-fixed cells however, with little increase in fluorescence intensity between 

the secondary antibody alone control and the stained sample. 

When dissociated heart cells were stained for detection of CD31 it was possible 

to detect a distinct population of positive cells. This would be important for 

selecting out only positive CD31 cells in dual-stained samples so that thymosin 

β4 expression could be assessed only within the endothelial cell population. 

Thymosin β4 staining of dissociated heart cells did not result in such a distinct 

population of positive cells, however. Despite this, a thymosin β4-positive 

population of cells was detected, which over-lapped with the thymosin β4-

negative population. 

As the aim was to detect thymosin β4-expressing cells within a selected CD31-

postive endothelial cell population, dissociated heart cells were dual stained for 

detection of CD31 and thymosin β4. The CD31-positive cells were first gated 

out and the expression of thymosin β4 was assessed only in this population of 

cells. In this experiment the distinction between CD31-positive and -negative 

cells was not clear. However, once the CD31-positive cells were selected it was 

possible to detect a distinct population of thymosin β4-positive cells and a 

population of thymosin β4-negative cells. Negative, low and high populations of 

thymosin β4 expressing cells could not be distinguished, however. 

Given the low levels of fluorescence of thymosin β4-positive cells it may be that 

cells with low levels of thymosin β4 expression were indistinguishable from the 

thymosin β4-negative cells. However, separation of thymosin β4-negative/low 

and thymosin β4-positive cells would still provide a means of identifying 

potential thymosin β4-targeting miRNAs. In addition, using a directly conjugated 

anti-thymosin β4 primary antibody, may produce a stronger positive signal 

without increasing background staining, as would occur if the secondary 

antibody concentration were increased. 



  Chapter 4 

 141   

Further studies could be carried out to assess the purity of the CD31-positive 

population by sorting the cells, extracting the RNA and assessing the presence 

of CD31 mRNA in the CD31-positive and negative populations. The thymosin 

β4-positive and negative populations could be verified in a similar way. An 

alternative approach would be to initially select out the CD31-positive 

endothelial cells by magnetic-activated cell sorting. These cells could then be 

stained for thymosin β4 detection and their fluorescence assessed by flow 

cytometry. The presence of different thymosin β4-expressing populations may 

be clearer and allow for purer sorting by FACS if the starting cell population is 

already a selected population of endothelial cells. 

As PFA was the preferential fixative in terms of thymosin β4 staining, the ability 

to extract intact RNA from PFA-fixed cells was assessed. RNA was successfully 

extracted from dissociated tissue and was also successfully extracted from a 

low number of cultured HeLa cells that had been sorted through a FACS 

machine. cDNA was successfully created from both RNA samples, as 

demonstrated by the detection of OAZ1 cDNA by PCR. miRNAs are thought to 

be less susceptible to the fragmentation that occurs with PFA-fixing due to their 

small size. As such, these results strongly suggest that miRNAs will also be 

intact in RNA extracted from PFA-fixed cells by the methods used. 

The data presented here suggests that sorting CD31-positive endothelial cells 

which have differential thymosin β4 expression and then extracting RNA from 

the sorted cells is possible. Unfortunately, due to limited availability of foetal 

heart tissue it was not possible to continue with this experimental strategy. With 

access to tissue the next steps would have been to physically sort the cells by 

FACS to give samples of thymosin β4-positive endothelial cells and thymosin 

β4-negative/low endothelial cells. RNA would then be extracted from the cells 

and the miRNAs in each sample assessed either by TaqMan miRNA assay, to 

look at individual candidate miRNAs, or by miRNA microarray, to assess the 

miRNA profile of each cell population. This choice would depend on the amount 

of RNA that could be extracted from the cells. 

As this was not possible an alternative strategy was developed to establish a 

system that would allow investigation of thymosin β4 regulation. 
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Chapter 5:  Results – Assessment of thymosin β4 and 

microRNA expression in a model of 

endothelial cell differentiation 

5.1 Introduction 

As thymosin β4 was localised to endothelial cells in the human foetal heart 

(section  3.2.7), an endothelial cell line may provide an alternative cell source in 

which to explore the miRNA-mediated regulation of thymosin β4 in the absence 

of foetal tissue. 

As described in sections  1.4.1 and  1.4.2, thymosin β4 has been implicated in 

the activation of murine epicardial progenitor cells within the heart leading to 

differentiation into vessel-forming cells, including endothelial cells [258, 260]. 

The importance of thymosin β4 in the formation of mature endothelial cells was 

first suggested in the in vitro HUVEC tubule formation assay studies described 

in section  1.3.3.2. 

When cultured on Matrigel basement membrane, HUVECs form networks and 

differentiate into mature tubule-forming cells, in a process which is used as a 

model of angiogenesis. In these studies HUVECs plated on Matrigel were found 

to start forming networks by 4 hours after plating, but not by 2 hours [200]. 

Using Northern analysis, mRNA levels of thymosin β4 were found to increase 5-

fold in HUVECs cultured on Matrigel between the 2 hour and 4 hour time points, 

concurrent with formation of tubule networks [200]. These levels of thymosin β4 

mRNA were maintained at the 6 hour time point [200]. HUVECs cultured on 

plastic, on the other hand, showed no differences in thymosin β4 mRNA levels 

across this time course [200]. 

The time frame in which thymosin β4 mRNA levels were reported to be up-

regulated in the HUVEC tubule formation assay is consistent with regulation by 

miRNAs. If miRNAs are targeting thymosin β4 mRNA molecules within the cell 

and directing their degradation, then the down-regulation of those miRNAs 

would lead to a rapid increase in thymosin β4 mRNA levels. Studies have 

shown that miRNA levels can decrease rapidly, with certain brain-enriched 
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miRNAs having half-lives as short as 0.7 hours in cultured human neural cells 

[367]. Of five brain-enriched miRNAs assessed the most stable had a half-life of 

3.4 hours, illustrating the rapid degradation of miRNA molecules [367]. Further 

to this, miRNA levels have been demonstrated to have a rapid response to 

external stimuli; levels of specific miRNAs in retinas of mice placed in the dark 

decrease in approximately 1.5 hours [368]. When the mice are returned to light 

conditions, these miRNAs rapidly increase within 0.5 hours [368]. 

The rapid degradation kinetics of miRNAs is consistent with a potential 

decrease in specific miRNAs being responsible for the up-regulation of 

thymosin β4 mRNA within 4 hours in HUVEC tubule formation assays. The 

baseline expression of miRNAs within endothelial cells has previously been 

assessed using miRNA microarray by McCall and colleagues [369]. Importantly 

they indicate that of 166 miRNAs expressed, only 3 differed significantly 

between types of endothelial cells [369]. The endothelial cells they investigated 

included HUVECs and human coronary artery endothelial cells, indicating that 

miRNAs identified to regulate thymosin β4 in HUVECs may also be of 

importance in endothelial cells of the heart. 

Therefore the HUVEC tubule formation assay was used as a model of 

endothelial cell differentiation. Expression of thymosin β4 and candidate 

miRNAs would be assessed in tubule-forming HUVECs cultured on Matrigel 

and in control HUVECs cultured on tissue culture plastic. miRNAs found to be 

down-regulated concurrently with up-regulation of thymosin β4 would be 

potential thymosin β4-targeting miRNAs. Direct targeting of the 3’-UTR of 

thymosin β4 mRNA by miRNAs identified in this way could then be assessed in 

experiments such as luciferase assays in which the 3’-UTR of thymosin β4 is 

coupled to a fluorescent reporter gene. Assessment of miRNA levels in the 

HUVEC tubule formation assay may additionally identify miRNAs of importance 

in the process of angiogenesis.  
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5.2 Results 

5.2.1 Identification of candidate thymosin β4-targeting miRNAs 

In silico analysis was carried out in order to identify candidate thymosin β4-

targeting miRNAs that may be of relevance within the heart, to be measured in 

the HUVEC tubule formation assays. 

To identify putative thymosin β4-targeting miRNAs, the microRNA.org online 

database was searched for miRNAs predicted to target the 3’-UTR of thymosin 

β4 mRNA (section  2.10.1). This search yielded a list of 143 miRNAs (Appendix 

1). Using raw data (available from Wilson and Sanchez-Elsner lab) from a 

miRNA array previously carried out using cDNA reverse transcribed from 

human foetal heart tissue RNA (section  2.10), 484 miRNAs were detected that 

are present in the foetal heart (Appendix 2). Comparing these two lists, 62 

miRNAs were identified which are present in a human foetal heart and predicted 

to target thymosin β4 (Table 5.1). The cycle threshold (Ct) values of these 

miRNAs, taken from the microarray, are shown along with their mirSVR scores, 

obtained from microRNA.org. mirSVR scores are a prediction of a miRNAs 

ability to down-regulate a target. The more negative the score, the greater the 

predicted down-regulation.  

The top 15 thymosin β4-targeting miRNA candidates detected in the heart, 

based on their mirSVR scores, are shown in Figure 5.1. Figure 5.1 indicates the 

binding locations on the 3’-UTR of thymosin β4, which is illustrated to be highly 

conserved across vertebrate species. The levels of conservation are based on 

phyloP conservation scores, as provided by the UCSC Genome Browser 

database. 

As the chosen miRNAs were to be assessed within the HUVEC tubule 

formation assay, candidate miRNAs (Table 5.1) were further selected by cross-

referencing with miRNAs reported to be expressed in endothelial cells by 

McCall and colleagues [369]. This resulted in a list of 15 miRNAs (Table 5.2). 

Based on their mirSVR scores, 4 of these miRNAs were selected for further 

study: miR-148b, miR-199a-3p, miR-217 and miR-495 (Figure 5.2). 
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5.2.2 Expression of candidate miRNAs in the human foetal heart 

To confirm the results of the previously carried out microarray, the expression 

levels in foetal human heart of the four selected candidate miRNAs were 

assessed using TaqMan miRNA assays. RNA was extracted from foetal heart 

tissue and miRNA reverse transcription reactions were carried out for each for 

the four miRNAs (section  2.2.4). TaqMan miRNA assays were carried out using 

the cDNA samples obtained in order to quantify miRNA levels by real-time 

quantitative PCR (section  2.4.1). Plots of fluorescence measured after each 

cycle of a 50 cycle PCR amplification illustrate that miR-148b, miR-199a-3p, 

miR-217 and miR-495 were all amplified from foetal heart template, confirming 

their expression (Figure 5.3). 
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Table  5.1 – Candidate miRNAs present in human foetal heart 

miRNAs predicted using miRNA.org to target the 3’-UTR of thymosin β4 which were 

detected in the human foetal heart are shown. Cycle threshold (Ct) values from the 

miRNA array are shown. The lower the Ct value, the higher the expression. mirSVR 

scores obtained from miRNA.org are shown. The more negative the value the greater 

the predicted ability of the miRNA to down-regulate thymosin β4. 
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Table  5.2 – Candidate miRNAs present in human foetal heart and in endothelial 
cells 

The list of miRNAs shown in Table 5.1 was cross-referenced with a list of miRNAs 

detected in endothelial cells, published by McCall and colleagues [369]. The mirSVR 

scores obtained from miRNA.org are shown. The more negative the value the greater 

the predicted ability of the miRNA to down-regulate thymosin β4. 

miRNA 

mirSVR 

score 

miR-148b -1.25 

miR-199a-3p -1.0268 

mIR-217 -0.9327 

miR-495 -0.4945 

miR-139-5p -0.3571 

miR-128 -0.2708 

miR-130a -0.2533 

miR-130b -0.2488 

miR-30a -0.1168 

miR-30d -0.1168 

miR-30b -0.1157 

miR-30c -0.1157 

miR-93 -0.1028 

miR-17 -0.1017 

miR-20a -0.1007 
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Figure  5.1 – 15 best predicted thymosin β4-targeting miRNAs present in human 
foetal heart 

Diagrammatic representation of the 3’-UTR of thymosin β4 showing binding sites of 

the 15 miRNAs best predicted to target thymosin β4 that were detected in the human 

foetal heart. The basewise conservation (taken from UCSC Genome Browser database) 

are based on phyloP conservation scores. 

 
 
 
 

 
Figure  5.2 – 4 best predicted thymosin β4-targeting miRNAs present in human 
foetal heart and endothelial cells 

Diagrammatic representation of the 3’-UTR of thymosin β4 showing binding sites of 

the 4 miRNAs best predicted to target thymosin β4 that were detected in the human 

foetal heart by miRNA array and indicated by McCall and colleagues [369] to be present 

in endothelial cells. The basewise conservation (taken from UCSC Genome Browser 

database) are based on phyloP conservation scores. 
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Figure  5.3 – Amplification of candidate miRNAs in human foetal heart 

Plots of fluorescence (arbitrary units, a.u.) over 50 PCR cycles are shown from reactions 

carried out using TaqMan MicroRNA Assays for detection of miR-199a-3p (A), miR-

148b (B), miR-217 (C) and miR-495 (D). Multiple technical repeats (A, B, D: n = 3; C: n 

= 2) are shown using cDNA from human foetal heart as template (solid lines) and using 

water as a ‘no template’ control (dotted lines). 
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5.2.3 Creation of a pRL-TK vector containing the 3'-UTR of TMSB4X 

It was anticipated that of the four candidate miRNAs identified, one or more 

would prove to have a role in HUVEC tubule formation. The miRNAs could then 

be investigated further, using luciferase assays in order to assess a direct effect 

of the miRNA on the 3’-UTR of thymosin β4 mRNA. In anticipation of this, a 

pRL-TK vector was created in which the Renilla luciferase gene is under the 

control of the 3’-UTR of the thymosin β4 gene. 

The cloning strategy for the creation of this vector involved the amplification of 

the 3’-UTR of TMSB4X by PCR from genomic DNA template using specifically 

designed primers (Table  2.5; TMSB4X 3’-UTR primers) (Figure 5.4A). The PCR 

product was to be inserted into a pCR2.1-TOPO vector, a vector designed to 

receive a PCR product amplified by Taq polymerase (Figure 5.4B). The primers 

to be used to amplify the 3’-UTR contained restriction sites at their 5’ ends; the 

forward primer included an Nhe I restriction site, while the reverse primer 

included a Not I restriction site (Figure 5.4A). This would allow the cloned 3’-

UTR to be removed from the pCR2.1-TOPO vector and ligated into a pRL-TK 

vector, following amplification of the plasmid in bacterial cultures (Figure 5.4C & 

D). The pRL-TK vector to be used (kindly provided by Tilman Sanchez-Elsner) 

contained the 3’-UTR of SMAD2 following the cDNA sequence coding the 

Renilla luciferase enzyme (Figure 5.4F). An Xba I restriction site was located 

directly up-stream of the 3’-UTR of SMAD2, while a Not I restriction site was 

located directly down-stream (Figure 5.4F). As Xba I and Nhe I produce 

compatible cohesive ends, removal of the 3’-UTR of SMAD2 by restriction 

digest with Xba I and Not I would allow for insertion of the 3’-UTR of thymosin 

β4, digested by Nhe I and Not I, into the same site and in the desired orientation 

(Figure 5.4D & E). 
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Amplification by PCR (section  2.3) of the 3’-UTR of TMSB4X from genomic 

DNA extracted from foetal placental tissue (section  2.2.5) was successful, as 

illustrated by the detection of a single 441 bp amplicon when the PCR products 

were resolved on an agarose gel (Figure 5.5). The PCR product was therefore 

inserted into the pCR2.1-TOPO vector (section  2.11.1) and the vector 

transformed into JM109 competent cells which were cultured on ampicillin-

containing agar plates (sections  2.11.2 and  2.11.3). The pCR2.1-TOPO vector 

contains an ampicillin resistance gene (Figure 5.4B) so that all colonies that 

form must contain the vector, though the vector does not necessarily contain 

the insert. 

Therefore, to assess the presence of the insert, individual colonies were 

cultured (section  2.11.3) and plasmid DNA extracted from each sample using 

plasmid miniprep systems (section  2.11.4). The presence of vector containing 

the 3’-UTR insert was assessed by carrying out PCR reactions with the same 

primers used to amplify the 3’-UTR of TMSB4X (Table 2.5). Of four colonies 

that were selected, the 3’-UTR was detected in two of them (Figure 5.6A).  

Further to this, results of Sanger sequencing carried out on plasmid DNA from 

colony 4 confirmed the presence of the 3’-UTR of TMSB4X in the expected 

location within the pCR2.1-TOPO vector (Figure 5.6B). The restriction sites 

designed into the primers were present and intact (Figure 5.6B). Mutations were 

present within the sequence of the 3’-UTR itself, however, with deletion of two 

adenine bases and a substitution of a cytosine for a thymine (Figure 5.6B). 

These mutations are not listed as naturally occurring human polymorphisms 

(Ensembl) and likely occurred during cloning. These mutations were not located 

in binding regions of any of the miRNAs of interest, therefore this clone was 

used in further experiments. 

The selected colony was cultured up in a flask and plasmid DNA extracted 

using a plasmid maxiprep system (sections  2.11.3 and  2.11.4). The plasmid 

DNA was treated with Nhe I and Not I to release the 3’-UTR of TMSB4X from 

the pCR2.1-TOPO vector. A restriction digest using Xba I and Not I was 

concurrently carried out on a sample of pRL-TK vector containing the 3’-UTR of 

SMAD2 (supplied by Tilman Sanchez-Elsner). Resolving the restriction digest 
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products on an agarose gel alongside undigested vectors revealed the digests 

had been successful (Figure 5.7). The band containing the 3’-UTR of TMSB4X 

and the band containing the pRL-TK vector with the 3’-UTR of SMAD2 removed 

were excised and the DNA extracted (section  2.3.1). 

The 3’-UTR of TMSB4X was ligated into the pRL-TK vector (section  2.11.6) and 

transformed into competent cells which were cultured on ampicillin-containing 

agar plates (sections  2.11.2 and  2.11.3). Colonies were cultured up and PCR 

used to assess the presence of the pRL-TK vector containing the 3’-UTR of 

TMSB4X (sections  2.11.3,  2.11.4 and  2.3). Of four selected colonies, the 3’-

UTR was detected in three (Figure 5.8A). Sanger sequencing, using primers 

designed to detect the 3’-UTR region of the pRL-TK vector (Table 2.5; pRL-TK 

3’UTR primers), was carried out on plasmid DNA from colony 1 

(section  2.3.1.1). The sequence obtained confirmed the presence of the 3’-UTR 

of TMSB4X in the correct location and orientation within the pRL-TK vector 

extracted from colony 1 (Figure 5.8B). This vector could be used in future 

luciferase assays to assess the effects of candidate miRNAs on expression of 

Renilla luciferase under the control of the 3’-UTR of TMSB4X. 
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Figure  5.5 – Amplification of the 3’-UTR of TMSB4X 

Primers designed to amplify the 3’-UTR region of TMSB4X were used with genomic 

DNA template in PCR; the PCR products, resolved on a 2% agarose gel, are shown. 
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Figure  5.6 – Detection of pCR2.1 TOPO plasmid containing the 3’-UTR of TMSB4X 
in transformed colonies 

A) PCR was carried out using the TMSB4X 3’-UTR primers and plasmid DNA from four 

different transformed colonies as template; the PCR products, resolved on a 2% 

agarose gel are shown. B) Plasmid DNA from Colony 4 was sequenced in the 3’-UTR 

region and the alignment to the expected product if the 3’-UTR of TMSB4X were 

inserted in the correct site is shown. 
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Figure  5.7 – Digestion of pCR2.1 TOPO vector containing the 3’-UTR of TMSB4X 
and of pRL-TK vector containing the 3’-UTR of SMAD2 

The pCR2.1 TOPO vector containing the 3’-UTR of TMSB4X was digested with Nhe I and 

Not I. The pRL-TK vector containing the 3’-UTR of SMAD2 was digested with Xba I and 

Not I. The digested products are shown resolved on a 1.5% agarose gel alongside the 

respective undigested vectors. The bands representing the 3’-UTR of TMSB4X and the 

empty pRL-TK vector are indicated. 
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Figure  5.8 - Detection of pRL-TK plasmid containing the 3’-UTR of TMSB4X in 
transformed colonies 

A) PCR was carried out using the TMSB4X 3’-UTR primers and plasmid DNA from four 

different transformed colonies as template; the PCR products, resolved on a 2% 

agarose gel are shown. B) Plasmid DNA from Colony 1 was sequenced in the 3’-UTR 

region and the alignment to the expected product if the 3’-UTR of TMSB4X were 

inserted in the correct site and orientation is shown. 
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5.2.4 HUVEC tubule formation 

HUVEC tubule formation assays were carried out by passaging HUVECs on to 

either a thin gel layer of Matrigel or on to tissue culture plastic, as the control 

condition, in 6-well plates (section  2.12). HUVECs cultured on Matrigel began to 

form distinctive networks as early as 3 hours after plating (Figure 5.9B) and 

consistently by 4 hours (Figure 5.9D & F); four hours was used as the time point 

at which cells were collected. In comparison, HUVECs cultured on tissue culture 

plastic were distributed evenly across the surface in a monolayer and did not 

form tubules (Figure 5.9A, C & E). 

5.2.5 Thymosin β4 mRNA expression in tubule-forming HUVECs 

After seeding on either tissue culture plastic or Matrigel, HUVECs were cultured 

for 4 hours before being collected (section  2.12). In each of four independent 

experiments, half of the cells were used to assess thymosin β4 protein 

expression (section  5.2.6), while RNA was extracted from the remaining cells 

and reverse transcribed to cDNA (section  2.2). 

Amplification of cDNA with the ‘TMSB4X primers’ (Table 2.5) by PCR was used 

to assess the presence of thymosin β4 transcript in HUVECs cultured under 

each condition from the four independent experiments (section  2.3). Separation 

of the PCR products on an agarose gel revealed bands representing the 

detection of TMSB4X expression in HUVECs cultured on both tissue culture 

plastic and Matrigel (Figure 5.10) The absence of bands in the 'no reverse 

transcriptase' negative controls indicate that there was no genomic 

contamination in the samples (Figure 5.10). 

As miR-217 and miR-495, two of the candidate miRNAs that were to be 

assessed, were predicted not to target TMSB4X-004 due to its short 3'-UTR 

(Figure 5.2), the expression of TMSB4X isoforms was assessed using the 'long 

3'-UTR primers' and 'short 3'-UTR primer' (Table  2.5). Using these primers, 

PCR reactions were carried out on the cDNA samples obtained from the four 

independent experiments (section  2.3). Separation of the products on agarose 

gels revealed bands representing detection of isoforms of TMSB4X with the 

long 3'UTR in samples from both the tissue culture plastic and Matrigel culture 
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conditions (Figure 5.11A). No bands were detected in samples under either 

culture condition using the 'short 3'UTR primers' however (Figure 5.11B). 

In order to quantify differences in levels of thymosin β4 transcript between the 

tissue culture plastic and Matrigel samples, qPCR analysis was carried out, 

using GNB2L1 and PGK1 as endogenous controls (section  2.4). The raw data 

from these experiments is show in Appendix 3. Average data from the four 

independent experiments showed no significant difference in thymosin β4 

mRNA expression between HUVECs cultured on Matrigel compared to tissue 

culture plastic (Figure 5.12). 
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Figure  5.9 – Tubule formation of HUVECs on Matrigel 

Representative phase contrast images from 3 independent experiments are shown, 

taken at 3 hours (A & B) or 4 hours (C-F) post-plating. Scale bars = 250 �m. 
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Figure  5.11 - Detection of TMSB4X transcripts with differing 3’-UTR lengths in 
HUVECs cultured on Matrigel or plastic 

PCR products from reactions using the ‘long 3’UTR primers’ (A) and ‘short 3’UTR 

primers’ (B) are shown, resolved on a 2% agarose gel. cDNA synthesised from mRNA 

from HUVECs cultured on tissue culture plastic of Matrigel were used as template. 

Bands indicating the presence of transcripts containing the full length 3’-UTR were 

seen for both culture conditions, while a lack of bands indicated the absence of 

TMSB4X-004 transcript in HUVECs cultured under both conditions. 
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Figure  5.12 – Relative expression of thymosin β4 mRNA in HUVECs cultured on 
Matrigel or plastic 

The average relative expression, assessed by qPCR, of thymosin β4 mRNA in HUVECs 

cultured on tissue culture plastic or Matrigel is shown. Data is from four independent 

experiments. Bars show the mean ± standard error of the mean. 
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5.2.6 Thymosin β4 protein expression in tubule-forming HUVECs 

Thymosin β4 protein expression in HUVECs cultured on tissue culture plastic or 

Matrigel from the four independent experiments was assessed by flow 

cytometry (section  2.9). As demonstrated in histograms taken from one of the 

four independent experiments, the negative controls had little background 

staining with 0.7% and 2.1% of cells cultured on tissue culture plastic appearing 

in the positive gate in the unstained sample and secondary antibody alone 

control sample, respectively (Figure 5.13B & C). Similarly 1.0% and 2.1% of 

cells cultured on Matrigel appeared in the positive gate in the unstained sample 

and secondary antibody alone control sample, respectively (Figure 5.13E & F). 

In samples stained for detection of thymosin β4, 60.1% of cells cultured on 

tissue culture plastic were positively stained compared to 68.4% of cells 

cultured on Matrigel (Figure 5.13D & G). The MFI of thymosin β4-positive cells 

cultured on tissue culture plastic was 276 compared to 264 for cells cultured on 

Matrigel (Figure 5.13D & G). 

However, across the four independent experiments, no significant differences 

were seen in either the percentage of thymosin β4-positive cells (Figure 5.14A) 

or in thymosin β4 expression levels of the positive population, as assessed by 

the fluorescence intensity of the population (Figure 5.14B). 

5.2.7 Expression of candidate miRNAs in tubule-forming HUVECs 

Given the short time scale of the experiment, there was a possibility that miRNA 

levels had been regulated but changes in thymosin β4 mRNA and protein levels 

had not yet changed. Therefore, using RNA extracted from the HUVECs, 

TaqMan miRNA assays were carried out on cDNA samples reverse transcribed 

for detection of miR-199a-3p, miR-148b, miR-217 and miR-495, using RNU48 

as an endogenous control (sections  2.2.4 and  2.4.1). The raw data from these 

experiments is shown in Appendix 4. The results of the real-time qPCR analysis 

using these TaqMan assays indicate that there was no significant difference in 

expression of any of the four miRNAs between HUVECs cultured on tissue 

culture plastic and HUVECs cultured on Matrigel (Figure 5.15).  
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Figure  5.13 - Detection of thymosin β4-positive cells in HUVECs cultured on 
Matrigel or plastic 

A) The scatter plot used to characterise the sample and select the HUVEC cell 

population (P1) is shown. B-G) Histograms of fluorescence intensity show the 

populations of cells in thymosin β4-positive (green) and –negative (purple) gates for 

unstained controls (B & E), secondary antibody alone controls (C & F) and thymosin β4 

stained samples (D & G). These plots are shown for HUVECs cultured on tissue culture 

plastic (B-D) and on Matrigel (E-G). The percentage of cells in the positive gate is 

shown for each sample. The mean fluorescence intensity (MFI) of the thymosin β4-

positive population in the stained sample is shown for HUVECs cultured on Matrigel 

and plastic. 
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Figure  5.14 – Effect of culturing HUVECs on Matrigel on the expression of 
thymosin β4 protein 

A) The average percentage of thymosin β4-positive HUVECs when cultured on tissue 

culture plastic or Matrigel is shown in a bar chart.  B) The average mean fluorescence 

intensity (arbitrary units) of thymosin β4-positive HUVECs when cultured on tissue 

culture plastic or Matrigel is shown in a bar chart. Data is from four independent 

experiments. Bars show the mean ± standard error of the mean. 
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Figure  5.15 - Relative expression of miRNAs in HUVECs cultured on Matrigel or 
plastic 

The average relative expression, assessed by qPCR using TaqMan MicroRNA Assays, of 

miR-199a-3p (A), miR-148b (B), miR-217 (C) and miR-495 (D) in HUVECs cultured on 

tissue culture plastic or Matrigel is shown. Data is from four independent experiments. 

Bars indicate mean ± standard error of the mean. 
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5.3 Discussion 

Using in silico analysis combined with miRNA microarray data previously 

obtained (Wilson and Sanchez-Elsner lab), 62 miRNAs were identified that were 

present in the human foetal heart and are predicted to target thymosin β4. Of 

these miRNAs, 15 had previously been reported to be expressed in endothelial 

cells [369]. Using mirSVR scores to select the best candidates, miR-148b, miR-

199a-3p, miR-217 and miR-495 were selected to be measured in HUVEC 

tubule forming assays. The expression of these four miRNAs in the foetal 

human heart was confirmed using TaqMan miRNA assays. 

HUVEC tubule formation assays were successfully carried out; HUVECs 

cultured on Matrigel started to form tubule structures within 3 hours post-plating. 

Thymosin β4 mRNA was present in HUVECs cultured on both tissue culture 

plastic and Matrigel. Importantly isoforms of thymosin β4 with the long 3’-UTR 

were present in HUVECs cultured in both conditions. These isoforms are 

predicted to be targeted by all four candidate miRNAs, while only miR-148b and 

miR-199a-3p are predicted to target TMSB4X-004, which has a short 3’-UTR. 

TMSB4X-004 was not detected in HUVECs cultured in either condition; 

however no positive control for the primers was run alongside. This is in 

contrast to foetal heart tissue in which isoforms with both the long and short 3’-

UTR were detected (section  3.2.2). 

Using qPCR to quantify thymosin β4 mRNA levels, no difference in expression 

was seen between the two culture conditions. This was consistent with 

measurements of thymosin β4 protein expression by flow cytometry which 

showed no difference in either the percentage of positive cells or the 

fluorescence intensity of positive cells between the two conditions. 

As HUVEC tubule formation had successfully occurred, the expression of the 

four candidate miRNAs was assessed between the two conditions. It is possible 

that changes in miRNAs had occurred but not yet resulted in detectable 

changes in thymosin β4 expression. However, no difference in expression of 

any of the four miRNAs was detected by TaqMan miRNA assay between 

HUVECs cultured on Matrigel compared to tissue culture plastic. From this it 
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can be concluded that tubule formation is not associated with altered levels of 

miR-148b, miR-199a-3p, miR-217 or miR-495. 

However, different forms of a mature miRNA, called isomiRs, which differ by 

one or two base pairs can be produced [370]. These differences primarily occur 

due to slight variation in the location of cleavage by Drosha and Dicer, known 

as trimming, during miRNA processing (Figure 1.3) [370]. Differences in 

trimming can result in variation at both the 5’ and 3’ end of the mature miRNA in 

terms of loss or gain of nucleotides, compared to the canonical form [370]. 

Variation can also occur due to nucleotide substitutions within the sequence, 

though these are rare, or due to addition of extra nucleotides at the 3’ end of the 

mature miRNA, following normal processing [370, 371]. 

The TaqMan stem-loop RT primers that are used to reverse transcribe miRNAs 

prior to qPCR are designed to detect specific mature miRNAs. However, they 

are designed to detect the canonical isomiR, as listed in miRBase, and will not 

efficiently detect all isomiRs of a given miRNA. Due to their design, stem-loop 

primers will not stably bind isomiRs that differ at the 3’ end from the canonical 

form of the miRNA that they were designed to reverse transcribe (Figure 5.16). 

IsomiRs with variation at the 5’ end of the mature miRNA will be reverse 

transcribed, however if isomiRs are present that have lost or gained nucleotides 

at their 3’ end, compared to the canonical isomiR, then they will be unable to 

bind stably to the stem-loop primer and therefore will not be reverse transcribed 

efficiently or at all (Figure 5.16). This means that relevant isomiRs may not be 

detected when qPCR is carried out, though a recent study has shown that there 

is a significant degree of cross-detection between isomiRs when using stem-

loop RT primers [372]. 

According to annotation by mIRBase (www.mirbase.org) [373-377] of deep 

sequencing data, the canonical isomiR of miR-217 is the most abundant [378-

380]. However, for miR-148b, the vast majority of reads (over 100 times more) 

are for isomiRs with 3’ variations compared to the canonical form [378-381]. 

There are 3 isomiRs of miR-199a-3p that have relative abundance similar to or 

greater than the canonical isomiR and which differ from it at the 3’ end [378-
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381]. For miR-495, there are 5 isomiRs with 3’ variation that have relative 

abundance similar to or greater than the canonical isomiR [378, 379, 381]. 

Therefore, if any of the highly abundant isomiRs of miR-148b, miR-199a-3p or 

miR-495 are important in HUVECs, then changes in their expression levels may 

have occurred but may not have been detected in this study. To address this 

issue in future studies, next generation RNA sequencing could be used. 

As no changes in any of the four miRNAs were seen in this study, it was 

concluded that they are unlikely to be involved in the regulation of the HUVEC 

tubule formation process. Had changes in the levels of these miRNAs 

correlated with either tubule formation or inversely to thymosin β4 expression, 

indicating a potential physiological role, luciferase assays would have been 

carried out to assess a direct effect of the miRNA on the 3’-UTR of thymosin β4. 

A construct containing the Renilla luciferase gene under the regulation of the 3’-

UTR of thymosin β4 was created coincident with the HUVEC tubule assays in 

anticipation of these experiments. However, as the results indicated that 

thymosin β4 was not under the regulation of the candidate miRNAs during 

HUVEC tubule formation, experiments using the construct were not undertaken.  
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Figure  5.16 – Diagrammatic representation of reverse transcription using stem-
loop RT primers designed for a canonical miRNA isomiR 

TaqMan stem-loop RT primers are designed with an over-hang that is complimentary 

to the 3’ end of the target miRNA, allowing the target miRNA to bind and elongation to 

proceed (A). However, these stem-loop primers are designed to bind the canonical 

variant of a mature miRNA (A). If an isomiR has variation at the 5’ end due to 5’ 

trimming, which may result in the presence of more or less bases compared to the 

canonical isomiR, then the isomiR is still able to bind to the stem-loop and reverse 

transcription proceeds (B). If, however, the isomiR has a reduced number of bases at 

the 3’ end due to 3’ trimming (C) or has additional bases either due to 3’ trimming or 

3’ additions (D), then the ability of the miRNA to bind the stem-loop primer is 

impaired. This may reduce the efficiency of the reverse transcription or prevent it 

entirely. 
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The absence of any change in thymosin β4 mRNA levels in HUVECs cultured 

on Matrigel in the present study is in contrast to the study which these 

experiments were based on. In the study by Grant and colleagues, thymosin β4 

mRNA expression was found to be increased 5-fold in HUVECs cultured for 4 

and 6 hours on Matrigel compared to 1 and 2 hour time points on the same 

surface [200]. Cells cultured on tissue culture plastic showed no increase in 

expression across these time points [200]. However, the measurements were 

obtained by carrying out densitometry on Northern blots [200]. The difference in 

technique used may explain the differences in the results seen by Grant and 

colleagues compared to the current study. Northern blotting is considered to be 

a less sensitive method of detection compared to qPCR [382], therefore it is 

surprising that differences are detected by Northern blot analysis, but not by 

qPCR in the current study. However, Grant and colleagues only show data from 

a single experiment in their paper [200], therefore it is unclear whether the data 

they present is representative of a consistent effect. 

Matrigel is a protein mixture derived from Engelbreth-Holm-Swarm mouse 

sarcoma cells. As such, the exact protein composition of Matrigel is not fully 

defined and lot to lot variation in the commercially available product used in the 

current study is noted by the manufacturers. In the study by Grant and 

colleagues they prepared Matrigel in-house. Therefore, the difference in the 

results reported here and seen in the previous study may be due to variations in 

the Matrigel used. Interestingly the images presented by Grant and colleagues 

suggest tubule formation had only just begun at the 4 hour time point [200]. In 

comparison, tubules were already starting to look well formed at 3 hours in the 

present study. This could indicate that the conditions used in the current study 

were perhaps more favourable for tubule formation and this may also affect the 

response of cells in terms of their thymosin β4 expression. 

The results of the current study suggest that increased thymosin β4 expression 

is not a requirement of HUVEC tubule formation. The previous study used 

antisense oligos against thymosin β4 mRNA which were demonstrated to elicit 

an inhibition in tubule formation of approximately 50% [200]. Only two 

independent experiments were carried out however and no statistical tests were 

carried out to indicate whether the results are statistically significant [200]. If the 
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effect seen is real, it indicates that the presence of thymosin β4 may either be 

required for tubule formation or may simply promote tubule formation. However, 

the effect could be due to a reduction in baseline thymosin β4 levels and does 

not necessarily indicate that an increase in thymosin β4 expression is required 

for tubule formation. The ability of thymosin β4 to enhance tubule formation is 

illustrated in studies in which thymosin β4 was transfected into HUVECs and in 

studies in which HUVECs were treated with exogenous thymosin β4 protein 

[184, 200]. 

Therefore, it may be that upon initiation of tubule formation in sub-optimal 

conditions, HUVECs up-regulate thymosin β4 production, facilitating the 

formation of mature tubules. To test this hypothesis, future experiments could 

be carried out in which HUVECs are cultured on Matrigel at various dilutions. 

Assessing the state of tubule formation visually across a range of time points as 

well as assessing thymosin β4 expression at each time point would provide a 

clear picture of how thymosin β4 expression changes throughout the process of 

tubule formation under the different conditions. 

miR-155, one of the miRNAs predicted to target thymosin β4 (Appendix 1), has 

been found to help promote HUVEC tubule formation when over-expressed in 

the cells [383]. Since down-regulation of thymosin β4 has been shown to inhibit 

tubule formation [200], this suggests that miR-155 does not target and down-

regulate thymosin β4, as predicted by in silico analysis. 
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Chapter 6:  Discussion 

Thymosin β4 is an endogenous protein which has previously been reported to 

be present in the murine heart, where it had a key role in heart development. 

Furthermore, studies indicate that thymosin β4 has clinical potential as a 

regenerative and cardioprotective factor for the treatment of cardiovascular 

disease. Little is currently known about the endogenous regulation of thymosin 

β4 and in the present study it was hypothesised that miRNAs may play a role in 

its regulation. 

The present study found that thymosin β4 was expressed in the developing 

human heart and primarily localised to endothelial cells but was not detected in 

cardiomyocytes. Notably the expression of thymosin β4 in endothelial cells in 

the compact layer of the myocardium, as well as the interventricular septum, 

was greater than in the endothelial cells of the trabecular myocardium. 

Two different experimental strategies were developed in order to identify 

miRNAs with expression levels that are inversely correlated with expression of 

thymosin β4 in the developing human heart. The first of these involved culture 

of foetal heart explants under hypoxic conditions, which was hypothesised to 

up-regulate thymosin β4 expression. However, no differences in thymosin β4 

protein levels were detected by Western blotting. Due to the inconsistency of 

the results seen in individual Western blots, which highlighted the potential 

inaccuracy of this system for quantification of thymosin β4 protein levels, this 

experimental system was not pursued further. 

The second experimental system sought to separate out the endogenous 

populations of thymosin β4-high and low expressing endothelial cells by FACS, 

with the aim of measuring miRNA levels within these two populations. Thymosin 

β4-positive and negative cells were detected within the CD31-expressing 

endothelial cell population of a human foetal heart using flow cytometry. Further 

to this, intact RNA was successfully extracted from PFA-fixed cells. The 

experiments carried out here provide a proof of concept for the proposed 

experimental system. However, due to disruption in access to foetal tissue the 

experiments could not be developed further. 
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As an alternative model system for exploring the regulation of thymosin β4 by 

miRNAs, HUVEC tubule formation assays were carried out. However, despite 

previous reports of the up-regulation of thymosin β4 mRNA during HUVEC 

tubule formation on Matrigel, no changes in thymosin β4 mRNA or protein were 

detected in the present study. As HUVEC tubule formation itself was successful, 

the expression of four candidate thymosin β4-targeting miRNAs, identified by in 

silico analysis, was assessed between tubule forming and control conditions. 

However, levels of miR-148b, miR-199a-3p, miR-217 and miR-495 were found 

to be unchanged between the two conditions, indicating that regulation of these 

miRNAs is not associated with HUVEC tubule formation. 

6.1.1 The role of TMSB4X-004 in miRNA-mediated regulation of thymosin 

β4 

Of the four reported isoforms of thymosin β4, TMSB4X-004 has a reduced 

length 3’-UTR. As such, the target sites for certain miRNAs are absent, 

preventing miRNAs that are able to target the other three isoforms of thymosin 

β4 from targeting TMSB4X-004. In the present study TMSB4X-004 was 

detected in human foetal heart tissue, along with isoforms containing the full 

length 3’-UTR, but was not detected in primary HUVECs. This is likely 

accounted for by the presence of multiple cell types within the heart, some of 

which may express TMSB4X-004 and some of which may not. Therefore, there 

may be cells in the foetal heart in which there is a reduced level of miRNA 

regulation over thymosin β4 expression, due to the presence of TMSB4X-004. 

It may be assumed that cells which express TMSB4X-004 will have higher 

levels of thymosin β4 expression than cells which do not, however this is not 

necessarily the case. miRNAs provide a secondary level of regulation over the 

expression of a protein in a cell. Transcriptional regulation is the primary level of 

regulation and is likely to determine baseline protein levels in a cell. 

Interestingly, if it is assumed that the endothelial cells of the developing heart do 

not express TMSB4X-004, in the way that HUVECs do not, then it is the cells 

which express the highest levels of thymosin β4, based on the data presented 

here, that have the highest level of regulation. A high degree of regulation over 



  Chapter 6 

 177   

a protein in a cell could be consistent with an important functional role of that 

protein. Levels of such proteins may need to be controlled in a precise and 

timely manner allowing them to carry out their functions. Therefore a high 

degree of regulation would be consistent with the known roles of thymosin β4 in 

regulating endothelial cell differentiation, migration and proliferation leading to 

promotion of vessel formation. 

In contrast, other cells within the developing heart may express relatively low 

levels of thymosin β4 and may only express TMSB4X-004. In these cells 

thymosin β4 may carry out housekeeping functions which do not require levels 

of thymosin β4 to vary greatly beyond their baseline levels. Thymosin β4 levels 

in these cells would still be under the control of some miRNAs, but not others. 

Another possibility is that the presence of TMSB4X-004 in some cells of the 

foetal heart but not others does account for differences in their thymosin β4 

expression. For example, TMSB4X-004 may be expressed in the endothelial 

cells of the compact myocardium, while endothelial cells of the trabecular 

myocardium may only express isoforms with the long 3’-UTR. If miRNAs which 

only target isoforms with the long 3’-UTR are present in both populations of 

endothelial cells, then thymosin β4 expression would be down-regulated in 

endothelial cells of the trabecular myocardium, while thymosin β4 expression in 

endothelial cells of the compact myocardium would remain high. 

This highlights the importance of understanding which isoforms of thymosin β4 

different cells in the foetal heart are expressing. This is something that could be 

addressed in future work. 

6.1.1.1 Potential role of TMSB4X-004 in cancer 

The presence of the TMSB4X-004 isoform may also be of clinical relevance in 

cancer. mRNA isoforms of proto-oncogenes with shortened 3’-UTRs have been 

found to be increased in cancer cells [384]. This leads to a loss of regulation by 

miRNAs leading to over-production of the protein. High levels of thymosin β4 

are associated with tumour growth and metastasis (section  1.3.3.8). It’s 

possible that this is due to the abnormal expression of TMSB4X-004 in place of 
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other isoforms in cancer cells, leading to a loss of miRNA regulation and 

increased thymosin β4 expression. 

6.1.2 Candidate thymosin β4-targeting miRNAs 

The present study was unable to support physiological roles involving the 

targeting and down-regulation of thymosin β4 for the candidate miRNAs that 

were identified by in silico analysis. However, several of these candidate 

miRNAs have been reported to have functions which support a potential 

physiological role in targeting thymosin β4. 

6.1.2.1 miR-199a-3p 

miR-199a-3p, a good candidate thymosin β4-targeting miRNA selected in this 

study, has been shown to be down-regulated in cardiomyocytes under hypoxic 

conditions [385]. More importantly, miR-199a-5p, which is derived from the 

opposite strand of the same pre-miRNA hairpin, was down-regulated completely 

[385]. When present, miR-199a-5p was found to directly target and down-

regulate levels of HIF1α, a major initiator of hypoxic responses [385]. If miR-

199a-3p does down-regulate thymosin β4 as predicted, then the two miRNAs 

derived from the miR-199a pre-miRNA hairpin would have synergistic roles in 

the hypoxic response. Previous studies have shown that thymosin β4 levels 

increase under hypoxic conditions leading to stabilisation of HIF1α, thus 

contributing to the hypoxic response (section  4.1). Therefore, under hypoxic 

conditions the down-regulation of miR-199a-5p would allow for up-regulation of 

HIF1α, while the down-regulation of miR-199a-3p would allow for the up-

regulation of thymosin β4. Thymosin β4 would in turn stabilise the HIF1α 

protein, allowing it to initiate downstream responses in its role as a transcription 

factor. 

The potential down-regulation of thymosin β4 by miR-199a-3p is also supported 

by a reported role of miR-199a-3p in promoting apoptosis and inhibiting cell 

migration of human osteosarcoma cancer cells [386, 387]. Thymosin β4 has 

been reported to be anti-apoptotic and has a well-established role in promoting 

cell migration (sections  1.3.3.6 and  1.3.3.1). These functions have been 

associated with thymosin β4’s role in promoting tumour growth and metastasis 
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(section  1.3.3.8). Therefore the ability of miR-199a-3p to promote apoptosis and 

inhibit cell migration may be partially mediated through down-regulation of 

thymosin β4. Interestingly, miR-199a-3p was implicated in activation of the p53 

apoptosis pathway [386], while thymosin β4 has been implicated in modulating 

the same pathway in a recent study which implicated thymosin β4 in the 

malignancy of glioblastomas [388]. 

6.1.2.2 miR-495 

miR-495 was one of the candidate thymosin β4-targeting miRNAs predicted to 

be of importance in endothelial cells. A recent study has implicated miR-495, 

along with other miRNAs in the same gene cluster, in regulating the formation of 

new blood vessels. Inhibition of miR-495 increased angiogenesis in vivo in a 

mouse model of hindlimb ischaemia [389]. Thymosin β4 is known to promote 

angiogenesis and may therefore be one of the proteins which is up-regulated 

when miR-495 is inhibited. 

miR-495 has also been identified as a tumour suppressing miRNA and inhibits 

the proliferation and migration of cancer cells including gastric cancer, prostate 

cancer and, most recently, lung cancer cells [390-392]. 

6.1.2.3 miR-222 

miR-222 has been reported to be anti-angiogenic in vitro and in vivo [393, 394], 

which is consistent with a potential ability to down-regulate thymosin β4. 

Interestingly, an indirect down-regulation of eNOS has been suggested to 

contribute to the anti-angiogenic effects of miR-222 [395]. As eNOS is activated 

down-stream of thymosin β4 (section  1.3.2.2), this could be due to down-

regulation of thymosin β4 by miR-222. 

miR-222 has also been found to down-regulate expression of several genes 

involved in cell migration [394], suggesting an ability to down-regulate thymosin 

β4, which promotes cell migration, may be part of the same regulatory network. 

6.1.2.4 miR-200 

A recently study has specifically identified a role for miR-200a and miR-200b in 

regulating genes involved in actin mechanics and regulation of cell migration 
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[396]. miR-200 was found to down-regulate cell migration and repress 

expression and activity of MMPs [396], both processes which are stimulated by 

thymosin β4. While thymosin β4 was not identified as a target of miR-200 in the 

study, which looked at miR-200 family targets in a breast cancer cell line, miR-

200 may target thymosin β4 in other contexts, contributing to the effects of miR-

200 on cell migration. 

Further to this, miR-200a has been found to inhibit the process of EMT in 

cancers including pancreatic and colorectal cancer, leading to reduced cell 

migration and invasion [397, 398]. EMT is a process which thymosin β4 has 

been shown to promote in the context of cancer (section  1.3.3.8). 

6.1.2.5 Tumour suppressor miRNAs 

In addition to miR-199a-3p, miR-495 and miR-200a, a number of the other 

candidate thymosin β4-targeting miRNAs identified in this study have been 

shown to act as tumour suppressors in certain cancers. 

miR-148b suppresses cell proliferation and migration and induces apoptosis in 

cancers including gastric cancer, colorectal cancer, pancreatic cancer and lung 

cancer [399-402]. 

miR-217 has been shown to inhibit proliferation, migration and invasion of lung 

cancer cells as well as promoting apoptosis [403]. miR-217 also inhibits the 

invasion of hepatocellular carcinoma cells [404]. Furthermore, inhibition of miR-

217 promotes EMT in pancreatic cancer cells [405]. 

let-7g is down-regulated in lung cancer and has been shown to inhibit 

proliferation and promote death of lung cancer cells [406, 407]. 

miR-29a is down-regulated in neuroblastomas and is further associated with 

metastases and relapse in neuroblastoma patients [408]. In lung 

adenocarcinoma cells, miR-29a inhibits proliferation, migration and invasion 

[409]. 
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6.1.3 The extended regulatory network of thymosin β4-targeting miRNAs 

Any miRNA that does target thymosin β4 is likely to be part of a wider regulatory 

network. For example, miR-495 and other members of its gene cluster are 

predicted to target multiple genes involved in angiogenesis [389], while the miR-

200 family targets genes involved in cell migration [396]. miR-199a-3p on the 

other hand targets multiple genes involved in apoptosis [386]. The potential 

regulation of thymosin β4 by any of these miRNAs would therefore be part of a 

larger network of targets. 

Thymosin β4 may itself elicit the transcription of miRNAs, which may in turn 

contribute to the downstream effects of thymosin β4. Several miRNAs are 

known to have effects similar to those of thymosin β4 and it is possible that 

thymosin β4 up-regulates the expression of such miRNAs. For example, miR-

126 has pro-angiogenic effects [410, 411]. These effects are mediated through 

the targeting of mRNAs which code for proteins that negatively regulate VEGF 

[411]. miR-146a is an anti-inflammatory miRNA, which has been shown to 

inhibit NFκB activity [412, 413], a function which thymosin β4 also carries out 

(section  1.3.3.4). Interestingly, increasing miR-146a expression in mouse 

models of myocardial infarction leads to a reduction in infarct size and 

improvement in post-infarct cardiac function due to these anti-inflammatory 

effects [414]. 

Thymosin β4 may elicit the up-regulation of miRNAs which suppress expression 

of thymosin β4 itself. Negative feedback loops such as this are important in the 

regulation of protein expression as they prevent exponential increases in protein 

production, allowing protein concentrations to be maintained at a steady level. 

Interestingly, miR-210, one of the miRNAs predicted to target thymosin β4 

(Appendix 1), has been shown to be up-regulated in HUVECs cultured under 

hypoxic conditions [415]. If thymosin β4 is up-regulated by hypoxia and miR-210 

is a genuine regulator of thymosin β4, then miR-210 could be a key mediator of 

negative feedback for thymosin β4 expression under hypoxic conditions. 

The way in which miRNAs are themselves regulated is an interesting emerging 

question. Certain nucleases have been shown to degrade miRNAs and some 

have even been found to be selective in the miRNAs they degrade [416-418]. 
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More recently it has been suggested that highly expressed, naturally occurring 

circular RNAs may act to sequester specific miRNAs, thus preventing the 

miRNA from binding its mRNA targets [419, 420]. One of these circular RNAs 

was found to consist of over 70 binding sites for miR-7, but was resistant to 

miRNA-mediated decay when miR-7 bound [420]. As such the circular RNA 

was able to sequester miR-7 molecules leading to a down-regulation in miR-7 

activity [420]. 

6.1.4 Clinical potential of regulating thymosin β4-targeting miRNAs 

The clinical potential of thymosin β4 is clear and RegeneRx Biopharmaceuticals 

was founded for the sole purpose of developing and marketing thymosin β4-

based pharmaceutical products. Phase 2 clinical trials have already been 

carried out for certain skin and eye conditions based on thymosin β4’s wound 

healing properties. A 0.02% or 0.03% thymosin β4 topical gel was found to 

accelerate wound healing in patients with pressure ulcers or venous stasis 

ulcers in two independent double-blind, placebo-controlled trials [251, 252]. In a 

more recent double blind, placebo-controlled trial for treatment of severe dry 

eye, a 0.1% thymosin β4 solution administered as eye drops was found to 

significantly improve symptoms including ocular discomfort and tear volume 

production [421]. 

A phase 2 trial to treat acute myocardial infarction using an injectable 

formulation of thymosin β4 is being planned [422]. The RegeneRx website also 

lists stroke and peripheral neuropathy as potential indications for phase 2 trials 

of their injectable formulation [423]. The issue of route of administration for a 

small peptide-based drug is highlighted by RegeneRx’s clinical pipeline, with 

eye drop and topical formulations having already made it through phase 2 trials, 

while phase 2 trials of an injectable formulation are still being planned [423]. 

One issue may be ensuring that injected thymosin β4 has sustained, high 

bioavailability in the target organ. Recent studies have developed methods 

which may address such issues, allowing for a single treatment in place of 

multiple injections across several days. These techniques include incorporating 

thymosin β4 peptide into hydrogels or encapsulating thymosin β4 in synthetic 
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polymer microspheres, both of which release thymosin β4 over a number of 

days, between one and two weeks [424, 425]. 

Recent studies have also used gene therapy techniques to deliver the thymosin 

β4 gene into the rat heart, leading to long-term over-expression of thymosin β4 

[426]. This led to stimulation of resident CPCs and induced the formation of new 

blood vessels as well as formation of new cardiomyocytes [426]. 

However, targeting miRNAs which negatively regulate the expression of 

thymosin β4 may be an alternative means of increasing thymosin β4 levels in a 

target organ. 

6.1.4.1 Treatment with miRNA inhibitors 

Inhibiting thymosin β4-targeting miRNAs may provide greater beneficial effects 

than simply introducing thymosin β4 itself, by up-regulating other proteins that 

are involved in healing or angiogenesis that are targeted by the same miRNA.  

miRNA inhibitors have been developed which can target and block the activity 

of specific miRNAs [427]. 

Using animal models, recent studies have demonstrated the benefit of inhibiting 

specific miRNAs in the injured heart. miR-25 is a miRNA associated with heart 

failure which inhibits calcium up-take in cardiomyocytes by targeting mRNA of 

sarcoplasmic/endoplasmic reticulum calcium ATPase 2, thus affecting 

contractility of the heart [428]. A miR-25 inhibitor was able to improve cardiac 

function in a mouse model of established heart failure [428]. miR-92a is an anti-

angiogenic miRNA [429]. Treatment with a miR-92a inhibitor in a porcine model 

of myocardial infarction enhanced angiogenesis and decreased inflammation, 

resulting in reductions in infarct size and improved post-infarct function [430]. A 

recent study has shown that encapsulating the miR-92a inhibitor in 

microspheres enhances retention of the inhibitor in the cardiac tissue at the 

injection site, helping to prevent potential off-target effects [431]. 

It is possible to achieve long-term knock-down of miRNAs through stable 

expression of an shRNA which targets and binds to a specific miRNA, 

preventing it from binding to its target [432]. While the stable expression of a 

miRNA-targeting shRNA has not been demonstrated clinically, a potential future 
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gene therapy for the treatment of heart failure could involve the stable knock-

down of thymosin β4-targeting miRNAs. If this treatment is provided following 

an initial myocardial infarction it would enhance levels of thymosin β4, and 

potentially other cardioprotective proteins, in the heart, thus providing enhanced 

protection in the event of a second myocardial infarction as well as improving 

cardiac repair. 

6.1.4.2 Enhancing stem cells for cell therapy 

An alternative to using thymosin β4-based therapies alone is to improve the 

efficacy of cells used in cell therapy by treating them with thymosin β4 or by 

enhancing their thymosin β4 production. 

One of the benefits of using stem cells for cell therapy is that autologous cells 

taken from the patient can be used, preventing issues of immune rejection. 

However, myocardial infarction and heart failure are conditions which are 

prevalent in aging patients and it has been noted that stem cells of older 

patients have a reduced regenerative capacity compared to young patients 

[433]. Interestingly, thymosin β4 levels are reduced in the tears and saliva of 

subjects aged over 50 compared to subjects aged between 25 and 35 years, 

suggesting thymosin β4 production may decrease with age [211]. 

The reduced efficacy of stem cells from aged patients may be due to a 

decrease in the production of the paracrine factors, including thymosin β4, 

which confer benefit on the heart. Using miRNA inhibitors would be one way of 

increasing production of thymosin β4 and other proteins in these cells prior to 

transplantation into the heart. miR-377 is an anti-angiogenic miRNA which 

directly targets and down-regulates VEGF [434]. A recent study has 

demonstrated that knock-down of miR-377 in MSCs prior to implantation into 

infarcted rat hearts led to enhanced in vivo angiogenesis and improved cardiac 

function compared to control MSCs [434]. 

In a rat model of myocardial infarction, MSCs have been introduced to the heart 

in a fibrin patch containing thymosin β4 encapsulated in microspheres for 

sustained delivery [435]. The presence of thymosin β4 led to enhanced survival 

and retention of the MSCs and facilitated improved cardiac function post-infarct 
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[435]. This indicates that enhancing thymosin β4 levels in MSCs may be a 

beneficial strategy. 

In a recent study, ESCs modified to over-express thymosin β4 were 

transplanted into the heart in a rat model of myocardial infarction [436]. 

Transplantation of these thymosin β4 over-expressing ESCs led to enhanced in 

vivo cardiomyocyte differentiation [436]. Further to this, apoptosis was reduced 

in cardiac myocytes within the infarcted heart, as were levels of cardiac fibrosis, 

leading to improved cardiac function compared with control ESCs [436]. While 

ESCs are unlikely to be used clinically, this suggests that increasing thymosin 

β4 expression in CPCs, for example, may increase their potential to form 

cardiomyocytes, enhancing their beneficial effects in repair of the damaged 

heart. 

Thymosin β4 may also be beneficial for the ex vivo culture of cardiac patches 

prior to their implantation into the heart. A recent study found that coating a 

nanofibre scaffold with thymosin β4 facilitated the proliferation and 

differentiation of murine cardiomyocytes seeded on the scaffold [437]. Such a 

scaffold, containing mature, functional cardiomyocytes could then be implanted 

to replace damaged tissue following a myocardial infarction. 

6.1.4.3 miRNA mimics for cancer treatment 

As previously noted, while thymosin β4 has largely beneficial effects, it has 

been found to enhance growth and metastases in certain cancers. A number of 

miRNAs which are predicted to target thymosin β4 are tumour suppressors. 

Therefore synthetic versions of these miRNAs, known as miRNA mimics, may 

be of use in the treatment of certain cancers.  

miR-34 was one of the first tumour suppressor miRNAs to be identified and its 

expression is lost in a wide variety of cancers [438]. In 2013 a miR-34 mimic 

became the first miRNA mimic to enter clinical trials, where it is being assessed 

for the treatment of liver-based cancers [438]. 
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6.2 Future work 

6.2.1 Identification of thymosin β4-targeting miRNAs 

Future studies on thymosin β4-targeting miRNAs would initially continue on 

directly from the experiments of Chapter 4, using FACS to separate out 

endothelial cells expressing high and low levels of thymosin β4. 

TaqMan miRNA assays or miRNA arrays would be used to assess levels of 

miRNAs in both populations and miRNAs which inversely correlate with 

thymosin β4 expression would be selected for further study. 

It would also be important to assess the expression of different isoforms of 

thymosin β4 in the two populations of endothelial cells, to determine whether 

TMSB4X-004 is more highly expressed in the thymosin β4-positive population 

compared to thymosin β4-negative/low cells. 

miRNAs selected for further study would be over-expressed in thymosin β4-

expressing cells to assess their effects on thymosin β4 mRNA and protein 

levels. Further to this, over-expressing candidate miRNAs in HUVECs cultured 

on Matrigel could provide evidence of a functional effect of the miRNA, if tubule 

formation was inhibited in parallel with decreased thymosin β4 expression. 

Equally miRNA inhibitors could be used to assess their ability to enhance tubule 

formation. 

Having confirmed the ability of a miRNA to down-regulate thymosin β4 

expression, luciferase assays would be carried out to assess the ability of the 

miRNA to directly target the 3’-UTR of thymosin β4. 

6.2.2 Identification of miRNA networks in thymosin β4-mediated processes 

Once thymosin β4-targeting miRNAs have been identified experiments could be 

carried out to identify the wider networks that thymosin β4 is part of. 

In silico analysis of databases could be used to identify other potential targets of 

thymosin β4-targeting miRNAs. Targets which are involved in similar processes 

to thymosin β4, such as angiogenesis and wound healing, would be good 
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candidates for further study. The ability of the identified miRNAs to down-

regulate predicted targets could then be assessed experimentally, as above. 

To identify miRNAs which are regulated down-stream of thymosin β4, synthetic 

or recombinant thymosin β4 could be used to treat tissues, such as foetal heart 

explants, or cells, such as HUVECs. Assessing miRNA levels using miRNA 

arrays could identify miRNAs which are regulated by thymosin β4 either directly 

or indirectly. 

6.2.3 Thymosin β4 expression and localisation throughout heart 

development 

The data presented in this study regarding the expression of thymosin β4 in the 

developing heart compared with previous mouse studies, raises questions 

about the expression of thymosin β4 throughout heart development. There is 

also a question as to whether thymosin β4 protein is localised within the same 

cells which produce it. 

Studies could be carried out using immunohistochemistry and in situ 

hybridisation to assess the expression and localisation of thymosin β4 at 

different stages of development in both the murine and human heart. Using 

FACS to isolate specific cell types and assessing the presence of thymosin β4 

mRNA in these cells would be an alternative method of determining which cells 

of the heart produce thymosin β4. 

Using in situ hybridisation it would also be possible to assess the localisation of 

thymosin β4-miRNAs in the developing heart. 

Another area of interest which could be explored is the difference in expression 

of thymosin β4 between the developing heart, the healthy adult heart and the 

failing heart in humans. Comparison of foetal heart and adult heart biopsies, 

either taken during operations or using recent post-mortem biopsies could be 

used to address this question. 

Thymosin β4-targeting miRNAs could also be assessed in these three 

situations. If thymosin β4-targeting miRNAs are up-regulated in the adult heart 

compared to the developing heart, this would support the proposal that 
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thymosin β4-targeting miRNAs are potential clinical targets for cardiovascular 

disease. 

6.2.4 Effects of down-regulating thymosin β4-targeting miRNAs in pre-

clinical models of myocardial infarction 

Once thymosin β4-targeting miRNAs have been identified it would be important 

to assess the potential clinical benefit of targeting these miRNAs. Specific 

miRNA inhibitors could be used to down-regulate levels of a specific miRNA in 

the heart in rodent models of myocardial infarction. The effects of this treatment 

on recovery of the heart post-infarction based on parameters such as ejection 

fraction could be assessed alongside measurements of thymosin β4 

expression. 
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Appendix 1 

miRNAs predicted to target TMSB4X 

hsa-miR-448   hsa-miR-488   hsa-miR-155   hsa-miR-507 

hsa-miR-579 

 

hsa-miR-3153 

 

hsa-miR-940 

 

hsa-miR-1205 

hsa-miR-1279 

 

hsa-miR-33a 

 

hsa-miR-219-2-3p 

 

hsa-miR-1244 

hsa-miR-4286 

 

hsa-miR-33b 

 

hsa-miR-517a 

 

hsa-miR-323b-3p 

hsa-miR-1 

 

hsa-miR-3185 

 

hsa-miR-517c 

 

hsa-miR-3154 

hsa-miR-206  

 

hsa-miR-586 

 

hsa-miR-223* 

 

hsa-miR-495 

hsa-miR-613 

 

hsa-miR-656 

 

hsa-miR-218 

 

hsa-miR-7-2* 

hsa-miR-20a* 

 

hsa-miR-1202 

 

hsa-miR-3189 

 

hsa-miR-635 

hsa-miR-520d-5p  

 

hsa-miR-551b* 

 

hsa-miR-663 

 

hsa-miR-548p  

hsa-miR-524-5p 

 

hsa-miR-2113 

 

hsa-miR-650 

 

hsa-miR-488* 

hsa-miR-183 

 

hsa-miR-1260 

 

hsa-miR-519a 

 

hsa-miR-452* 

hsa-miR-148b 

 

hsa-miR-1260b 

 

hsa-miR-519b-3p 

 

hsa-miR-106a* 

hsa-miR-152 

 

hsa-miR-548g 

 

hsa-miR-519c-3p 

 

hsa-miR-600 

hsa-let-7g* 

 

hsa-miR-596 

 

hsa-miR-493* 

 

hsa-miR-210 

hsa-let-7a-2*  

 

hsa-miR-1179 

 

hsa-miR-3197 

 

hsa-miR-450b-5p 

hsa-miR-4282  

 

hsa-miR-139-5p  

 

hsa-miR-3190-5p 

 

hsa-miR-3133 

hsa-miR-148a 

 

hsa-miR-124 

 

hsa-miR-550* 

 

hsa-miR-122 

hsa-miR-29a*  

 

hsa-miR-506 

 

hsa-miR-200c* 

 

  

hsa-miR-3121 

 

hsa-miR-15b* 

 

hsa-miR-1252 

 

  

hsa-miR-200b*  

 

hsa-miR-582-5p 

 

hsa-miR-30a 

 

  

hsa-miR-200a* 

 

hsa-miR-4307 

 

hsa-miR-30d 

 

  

hsa-miR-3194 

 

hsa-miR-545* 

 

hsa-miR-30e 

 

  

hsa-miR-640 

 

hsa-miR-128 

 

hsa-miR-520g  

 

  

hsa-miR-3129 

 

hsa-miR-224* 

 

hsa-miR-520h 

 

  

hsa-miR-199a-3p 

 

hsa-miR-522 

 

hsa-miR-30b 

 

  

hsa-miR-199b-3p 

 

hsa-miR-610 

 

hsa-miR-30c 

 

  

hsa-miR-517* 

 

hsa-miR-1469 

 

hsa-miR-944  

 

  

hsa-miR-153 

 

hsa-miR-3163 

 

hsa-miR-518e* 

 

  

hsa-miR-217 

 

hsa-miR-1197 

 

hsa-miR-519a* 

 

  

hsa-miR-892a 

 

hsa-miR-1271 

 

hsa-miR-519b-5p 

 

  

hsa-miR-222*  

 

hsa-miR-96 

 

hsa-miR-519c-5p 

 

  

hsa-miR-548c-3p 

 

hsa-miR-581 

 

hsa-miR-522* 

 

  

hsa-miR-1286 

 

hsa-miR-130a 

 

hsa-miR-523* 

 

  

hsa-miR-561 

 

hsa-miR-1825 

 

hsa-miR-93 

 

  

hsa-miR-486-3p 

 

hsa-miR-1248 

 

hsa-miR-518d-5p 

 

  

hsa-miR-412 

 

hsa-miR-130b 

 

hsa-miR-518f* 

 

  

hsa-miR-517b 

 

hsa-miR-454 

 

hsa-miR-520c-5p 

 

  

hsa-miR-3065-5p 

 

hsa-miR-301a 

 

hsa-miR-526a 

 

  

hsa-miR-302a* 

 

hsa-miR-301b 

 

hsa-miR-106a 

 

  

hsa-miR-4328 

 

hsa-miR-4295 

 

hsa-miR-17 

 

  

hsa-miR-148a* 

 

hsa-miR-186 

 

hsa-miR-20a 

 

  

hsa-miR-557   hsa-miR-4289    hsa-miR-647     
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Appendix 2 
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Appendix 3 

The following table shows raw data in the form of Ct (cycle threshold) values obtained 

by qPCR for the detection of thymosin β4 (TMSB4X) and the endogenous controls, 

GNB2L1 and PGK1, in endothelial cells cultured on tissue culture plastic or Matrigel. 

Reaction 

code Ct value 

Average Ct 

of repeats   

Reaction 

code Ct value 

Average Ct 

of repeats 

A1 20.07 

20.3767 

  B8 21.76 

21.7767 A1 20.51   B8 21.81 

A1 20.55   B8 21.76 

A7 20.8 

20.8600 

  C6 28.09 

28.1233 A7 20.8   C6 28.18 

A7 20.98   C6 28.1 

B5 24.53 

24.5000 

  A5 22.84 

22.8300 B5 24.5   A5 22.81 

B5 24.47   A5 22.84 

C3 25.65 

25.7367 

  B3 22.1 

22.2433 C3 25.71   B3 22.32 

C3 25.85   B3 22.31 

A2 21.82 

21.9867 

  C1 25.97 

25.8767 A2 21.96   C1 25.9 

A2 22.18   C1 25.76 

A8 19.46 

19.2800 

  C7 25.13 

25.5267 A8 19.6   C7 25.66 

A8 18.78   C7 25.79 

B6 23.99 

24.1267 

  A6 22.83 

22.9100 B6 24.07   A6 22.95 

B6 24.32   A6 22.95 

C4 29.96 

29.9700 

  B4 25.01 

25.1167 C4 29.93   B4 25.2 

C4 30.02   B4 25.14 

A3 20.47 

20.5867 

  C2 27.24 

27.3433 A3 20.58   C2 27.3 

A3 20.71   C2 27.49 

B1 23.05 

23.2267 

  C8 24.27 

24.4400 B1 23.17   C8 24.58 

B1 23.46   C8 24.47 

B7 22.35 

22.4133 

  A9     

B7 22.34   A9     

B7 22.55   A9 39.46   

C5 28.58 

28.5900 

  B9     

C5 28.68   B9     

C5 28.51   B9     

A4 24.25 

23.8933 

  C9     

A4 23.72   C9     

A4 23.71   C9     

B2 23.83 

23.8800 

        

B2 23.84         

B2 23.97         
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The following table indicates, for each reaction code, expression of which gene is being 
detected and in which sample. It also summarises the average Ct values for each 
reaction. 
 

Reaction 

code Gene Sample Ct value 

A1 TMSB4X Exp 1 Control 20.377 

A2 TMSB4X Exp 1 Matrigel 21.987 

A3 TMSB4X Exp 2 Control 20.587 

A4 TMSB4X Exp 2 Matrigel 23.893 

A5 TMSB4X Exp 3 Control 22.830 

A6 TMSB4X Exp 3 Matrigel 22.910 

A7 TMSB4X Exp 4 Control 20.860 

A8 TMSB4X Exp 4 Matrigel 19.280 

A9 TMSB4X No template N/A 

B1 GNB2L1 Exp 1 Control 23.227 

B2 GNB2L1 Exp 1 Matrigel 23.880 

B3 GNB2L1 Exp 2 Control 22.243 

B4 GNB2L1 Exp 2 Matrigel 25.117 

B5 GNB2L1 Exp 3 Control 24.500 

B6 GNB2L1 Exp 3 Matrigel 24.127 

B7 GNB2L1 Exp 4 Control 22.413 

B8 GNB2L1 Exp 4 Matrigel 21.777 

B9 GNB2L1 No template N/A 

C1 PGK1 Exp 1 Control 25.877 

C2 PGK1 Exp 1 Matrigel 27.343 

C3 PGK1 Exp 2 Control 25.737 

C4 PGK1 Exp 2 Matrigel 29.970 

C5 PGK1 Exp 3 Control 28.590 

C6 PGK1 Exp 3 Matrigel 28.123 

C7 PGK1 Exp 4 Control 25.527 

C8 PGK1 Exp 4 Matrigel 24.440 

C9 PGK1 No template N/A 
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Appendix 4 

The following table shows raw data in the form of Ct values obtained by qPCR for the 

detection of miR-148b, miR-495, miR-199a-3p, miR-217 and RNU-48, the endogenous 

control, in endothelial cells cultured on tissue culture plastic or Matrigel. 

Reaction 

code Ct value 

Average Ct 

of repeats   

Reaction 

code Ct value 

Average Ct 

of repeats 

A1 39.99 

39.165 

  A6 36.92 

36.526667 A1     A6 36.36 

A1 38.34   A6 36.3 

A7 35.48 

35.953333 

  B4 31.22 

31.14 A7 36.26   B4 31.06 

A7 36.12   B4 31.14 

B5 29.83 

29.976667 

  A9   

  B5 30   A9   

B5 30.1   A9   

A2 36.25 

36.666667 

  B9   

  A2 37.05   B9   

A2 36.7   B9   

A8 35.07 

35.116667 

  C1 32.62 

32.74 A8 34.98   C1 32.61 

A8 35.3   C1 32.99 

B6 30.07 

29.993333 

  C7 29.15 

29.25 B6 29.91   C7 29.31 

B6 30   C7 29.29 

A3 36.13 

35.556667 

  D5 31.98 

31.826667 A3 34.96   D5 31.51 

A3 35.58   D5 31.99 

B1 32.64 

32.916667 

  E3 24.21 

24.24 B1 32.79   E3 24.16 

B1 33.32   E3 24.35 

B7 29.86 

29.973333 

  C2 29.2 

29.34 B7 29.85   C2 29.49 

B7 30.21   C2 29.33 

A4 36.53 

36.366667 

  C8 28.33 

28.43 A4 36.46   C8 28.47 

A4 36.11   C8 28.49 

B2 30.95 

30.86 

  D6 32.67 

32.696667 B2 30.69   D6 32.55 

B2 30.94   D6 32.87 

B8 30.21 

30.09 

  E4 25.69 

25.766667 B8 29.94   E4 25.78 

B8 30.12   E4 25.83 

A5 36.36 

35.673333 

  C3 28.24 

28.256667 A5 35.01   C3 28.27 

A5 35.65   C3 28.26 

B3 30.49 

30.54 

  D1 35.34 

35.09 B3 30.54   D1 34.91 

B3 30.59   D1 35.02 
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Reaction 

code Ct value 

Average Ct 

of repeats   

Reaction 

code Ct value 

Average Ct 

of repeats 

D7 32.17 

32.156667 

  E7 25.33 

25.163333 D7 32.32   E7 24.86 

D7 31.98   E7 25.3 

E5 24.78 

24.89 

  C6 29.21 

29.213333 E5 24.81   C6 29.32 

E5 25.08   C6 29.11 

C4 30.26 

30.23 

  D4 32.14 

32.2 C4 30.16   D4 32.4 

C4 30.27   D4 32.06 

D2 32.48 

32.42 

  E2 25.32 

25.3 D2 32.13   E2 25.33 

D2 32.65   E2 25.25 

D8 31.6 

31.756667 

  E8 24.61 

24.71 D8 31.73   E8 24.76 

D8 31.94   E8 24.76 

E6 25.3 

25.456667 

  C9   

  E6 25.51   C9   

E6 25.56   C9   

C5 28.19 

28.23 

  D9   

  C5 28.32   D9   

C5 28.18   D9   

D3 30.88 

30.886667 

  E9   

  D3 30.77   E9   

D3 31.01   E9   

E1 26.63 

26.636667 

        

E1 26.49         

E1 26.79         
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The following table indicates, for each reaction code, expression of which miRNA is 

being detected and in which sample. It also summarises the average Ct values for 

each reaction. 

Reaction 

code miRNA Sample Ct value 

A1 miR-148b Exp 1 Control 39.165 

A2 miR-148b Exp 1 Matrigel 36.667 

A3 miR-148b Exp 2 Control 35.557 

A4 miR-148b Exp 2 Matrigel 36.367 

A5 miR-148b Exp 3 Control 35.673 

A6 miR-148b Exp 3 Matrigel 36.527 

A7 miR-148b Exp 4 Control 35.953 

A8 miR-148b Exp 4 Matrigel 35.117 

A9 miR-148b No template N/A 

B1 miR-495 Exp 1 Control 32.917 

B2 miR-495 Exp 1 Matrigel 30.860 

B3 miR-495 Exp 2 Control 30.540 

B4 miR-495 Exp 2 Matrigel 31.140 

B5 miR-495 Exp 3 Control 29.977 

B6 miR-495 Exp 3 Matrigel 29.993 

B7 miR-495 Exp 4 Control 29.973 

B8 miR-495 Exp 4 Matrigel 30.090 

B9 miR-495 No template N/A 

C1 miR-199a-3p Exp 1 Control 32.740 

C2 miR-199a-3p Exp 1 Matrigel 29.340 

C3 miR-199a-3p Exp 2 Control 28.257 

C4 miR-199a-3p Exp 2 Matrigel 30.230 

C5 miR-199a-3p Exp 3 Control 28.230 

C6 miR-199a-3p Exp 3 Matrigel 29.213 

C7 miR-199a-3p Exp 4 Control 29.250 

C8 miR-199a-3p Exp 4 Matrigel 28.430 

C9 miR-199a-3p No template N/A 

D1 miR-217 Exp 1 Control 35.090 

D2 miR-217 Exp 1 Matrigel 32.420 

D3 miR-217 Exp 2 Control 30.887 

D4 miR-217 Exp 2 Matrigel 32.200 

D5 miR-217 Exp 3 Control 31.827 

D6 miR-217 Exp 3 Matrigel 32.697 

D7 miR-217 Exp 4 Control 32.157 

D8 miR-217 Exp 4 Matrigel 31.757 

D9 miR-217 No template N/A 

E1 RNU-48 Exp 1 Control 26.637 

E2 RNU-48 Exp 1 Matrigel 25.300 

E3 RNU-48 Exp 2 Control 24.240 

E4 RNU-48 Exp 2 Matrigel 25.767 

E5 RNU-48 Exp 3 Control 24.890 

E6 RNU-48 Exp 3 Matrigel 25.457 

E7 RNU-48 Exp 4 Control 25.163 

E8 RNU-48 Exp 4 Matrigel 24.71 

E9 RNU-48 No template N/A 
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