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Abstract 

Angiogenesis is a physiological process involved in the formation of blood vessels from pre-

existing ones and is tightly regulated by a balance between pro- and anti- angiogenic signals. 

Disturbance to this balance is associated to human diseases characterised by excessive or 

insufficient angiogenesis. MicroRNA (miRNA) are small non-coding RNA molecules, which 

inhibit gene expression by inducing mRNA degradation or suppressing protein translation. 

Emerging evidence highlights a novel role for miRNAs as regulators of angiogenesis. In 

endothelial cells miR-133a is expressed at very low levels in physiological conditions however, 

increased expression of this microRNA in the endothelium has been strongly associated with 

cardiovascular disease. Previous studies have reported conflicting results regarding the effect 

of miR-133a expression in endothelial cells during blood vessel formation. The study involved 

assessing the specific effect of mature miR-133a strands in angiogenesis and the expression 

of endothelial angiogenic genes. The study evaluated the consequences of aberrant 

expression of miR-133a in endothelial cells via transfection of miR-133a-3p, -5p, or negative 

control mimics in primary endothelial cells. This significantly inhibited endothelial cell 

proliferation, migration, and tubular morphogenesis. The screened gene arrays were 

performed to identify genes involved in the regulation of signalling pathways, which play a key 

role in angiogenesis. The results have been further validated by qPCR, which revealed that 

aberrant expression of miR-133a-3p led to a decrease in the expression of genes encoding 

pro-angiogenic molecules, whilst increasing those with anti-angiogenic functions. Ingenuity 

Pathway Analysis of a network of genes differentially expressed in cells harbouring miR-133a-

3p, predicted decreased cellular functions related to vasculature branching and cell cycle 

progression, underlining the inhibitory role of miR-133a-3p in angiogenic cellular processes. 

The results indicate that enhanced expression of miR-133a-3p in endothelial cells during 

cardiovascular disease impairs pro-angiogenic cellular processes by altering the expression 

of specific target genes. Therefore, the results suggest that controlled delivery of miR-133a-

3p mimics in diseased endothelial cells may open new therapeutic interventions to treat 
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patients suffering from cardiovascular pathologies associated with excessive or insufficient 

blood vessel formation.     
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Chapter 1 Introduction 

 

1.1 Angiogenesis 

Blood vessels formed from pre-existing vessel is a process known as angiogenesis. To 

effectively treat human problems such as cancer, ischemic cardiovascular diseases, and 

ocular diseases, new therapies must target angiogenesis (Zachary and Morgan, 2010). 

Capillary development is crucial to the remodelling of tissues during growth and adaptation. 

These responsibilities include controlling the movement of nutrients, oxygen, and waste. 

(Egginton and Bicknell, 2011). Both physiological and pathological conditions can lead to 

angiogenesis. In the following sections, it is demonstrated that in healthy conditions, 

angiogenesis is crucial for organ regeneration, wound healing, placenta growth, and 

embryogenesis. The strictly controlled process of angiogenesis involves balancing the activity 

of both positive and negative regulatory mechanisms. (Kazerounian and Lawler 2018). Blood 

vessel development and pro- and anti-angiogenic substances work together to control the 

physiological balance between inhibitory and stimulatory impulses. (Carmeliet and Jain, 

2011). As shown in figure 1 when this equilibrium is altered pathological angiogenesis occurs, 

leading to abnormal blood vessel creation in numerous human disorders, which include 

diabetic retinopathy, rheumatoid arthritis, and psoriasis. Although there are several pro-

angiogenic agents, the most prevalent and significant one is VEGF, a strong cytokine that 

regulates both physiological and pathological angiogenesis (Shibuya, 2012). 
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Figure 1: An example of how the imbalance of pro- and anti-angiogenic factors may 

lead to either excessive or insufficient angiogenesis, which in turn can lead to 

pathological diseases, that require angiogenesis to be enhanced or reduced. 

 

1.1.1 Physiological Angiogenesis  

1.1.1a Embryogenesis and Vasculogenesis  

The initial vascular structures, or primitive blood islands, are made during development by 

mesodermal cells differentiating into hemangioblasts. While hemangioblasts from the island's 

perimeter differentiate into angioblasts, those from the island's centre differentiate into 

hematopoietic stem cells. The embryonic form of mature endothelium cells are called 
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angioblasts. The blood islands merge and transform into tubular structures, and the first 

rudimentary vascular plexus is formed thanks to the migration of newly formed endothelial 

cells and angioblasts induced by vascular endothelial growth factor (VEGF). The embryo 

becomes vascularised by a process called vasculogenesis, which changes the tubules into 

larger blood vessels. Contrary to vasculogenesis, intussusceptive angiogenesis (IA) and 

sprouting angiogenesis (SA) are two distinct kinds of angiogenesis (Swapna et al., 2018). 

 

1.1.1b Sprouting Angiogenesis 

The expansion of a vascular network through sprouting Angiogenesis (SA) process requires 

many cellular functions such as quiescent endothelial cell activation, cell protrusion, 

extracellular matrix degradation, cell migration, cell proliferation, deposition of new basement 

membrane, cell junctions and cell polarity (Rosano et al., 2020). A sophisticated mechanism 

called SA allows a vascular sprout to generate a new blood vessel from an already-existing 

channel. The process of sprouting angiogenesis is seen in figure 2 below. Angiogenic growth 

factors regulate this mechanism, which in a paracrine manner are expressed by hypoxic 

tissues (Carmeliet, 2005). By enabling proteins to extravasate and break the endothelial 

basement membrane, sprouting angiogenesis initiates with vessel expansion, enhanced 

vascular permeability, and builds a temporary scaffold for migratory cells (Carmeliet and Jain, 

2011). This procedure enables the endothelial cells to split off and move in the direction of the 

angiogenic stimulus. A lumen is created because of endothelial cell proliferation. A vascular 

sprout develops and joins a blood vessel or another sprout. Endothelial cells ultimately reach 

a point of maturity when they stop proliferating and cling to the basement membrane, each 

other, and the pericytes surrounding them (Bouis et al., 2006). Three cell types known as tip, 

stalk and phalanx cells have been thoroughly examined make up angiogenic sprouts (De Smet 

et al., 2009). An angiogenic sprout is made up of a single tip cell that is located at the apex 

(tip) of the sprout. Numerous filopodia that make up the tip cell search the surroundings for 

angiogenic cues and lead the angiogenic sprout in that direction. A trail of stalk cells with a 
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faster rate of proliferation but no filopodia follow the tip cell. The development and lumenisation 

of the capillary basement membrane depend heavily on stalks cells. Phalanx cells are created 

as a consequence of the growth of stalk cells. Even though they multiply more slowly than 

stalk cells. Phalanx cells can create homogeneous monolayers of endothelial cells and strong 

barriers between the blood and surrounding tissues. Although they continue to strengthen tight 

connections and create the basement membrane, phalanx, and stalk cells both exhibit the 

same physical traits as dormant endothelial cells (De Smet et al., 2009). 

 

Figure 2: An example of sprouting angiogenesis (adapted from Ahmadi & Rezaie, 2020). 

(a) The balance of pro- and anti-angiogenic factors governs angiogenesis. For angiogenesis 

to start, the extracellular matrix must be degraded, and certain endothelial cells must be 

activated to act as tip cells. (b) As demonstrated, stalk cells that facilitate the development of 
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new networks are characterised by their strong proliferative capability, while tip cells exhibit 

filopodia and migrate toward angiogenic agents like VEGF. (c) To create a lumen, many 

sprouts are connected to one another by their tip cells. (d) Following the development of a 

new vessel, endothelial cells enter a state of quiescence, It is followed by the extracellular 

matrix being deposited, the development and stabilisation of mural cells, and so on. 

 

1.1.1c Intussusceptive Angiogenesis 

Splitting angiogenesis, also known as intussusceptive angiogenesis (IA), is a mechanism that 

is well known for creating transluminal tissue pillars and then splitting blood vessels. 

Intraluminal tissue pillars must be formed by a multistep process. An intraluminal pillar is 

created by the first migration of the opposing endothelial walls of the channel. (Burri and 

Djonov, 2002). In the subsequent step, the inter-endothelial connections are reorganised, and 

a central puncture is made in the centre of the pillar. When this occurs, pericytes and 

myofibroblasts penetrate the pillar and add extracellular matrix to it. The old capillary can split 

into two new capillaries in the final step due to continued expansion in pillar size, which fuses 

with one another (Burri and Djonov, 2002). 

IA plays a key role in the formation of tumour vascular beds, tissue regeneration, and 

inflammatory diseases. (Hlushchuk et al., 2008). Different types of IA, which are, 

intussusceptive branching remodelling (IBR), intussusceptive microvascular growth (IMG), 

and intussusceptive arborization (IAR), result in subsequent development and remodelling, as 

shown in figure 3. IMG will cause a pre-existing vascular network to rapidly expand. This is 

accomplished by the emergence and growth of new pillars within the network, which leads to 

capillaries of the same size within the network. This kind of action, which is often driven by 

blood flow, results in the dispersed formation of many pillars. By fusing, splitting, and 

expanding the capillary network, these pillars will create the organ-specific architecture 

(Makanya et al., 2009). It is possible to distinguish arterioles, venules, and capillaries thanks 
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to the IAR process, it allows a hierarchical vascular tree to be formed from a capillary network. 

IAR is best described as a thick network of capillaries with pillars separating the vessel supply 

from nearby capillaries in a continuous pattern. IBR, which is the third type of IA, changes the 

blood vessels' branching patterns or prunes the vascular network to maximise the number of 

arteries for effective blood delivery to tissues (Lee et al., 2010). IBR happens when a tissue 

pillar develops at the junction of two blood arteries. With the connective tissues surrounding 

the arteries, these pillars develop and converge. As a result, the bifurcation becomes more 

proximally placed and narrows even more (Swapna et al., 2018).  

 

Figure 3: An example of Intussusceptive angiogenesis (adapted from Djonov et al., 2003). 

Intussusception begins when a primitive capillary plexus is generated by sprouting or 

vasculogenesis, which is responsible for initiating rapid vascular development and 

remodelling. Following that, IAR separates feeding veins from the capillary plexus. IBR 

manages vascular pruning and optimises branching geometry. 
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1.1.1d Wound healing  

For wounds to heal, angiogenesis is essential. Capillary sprouts produced by moving 

endothelial cells break the vascular basement membrane underneath (VBM) to allow entry 

into the extracellular matrix (ECM) stroma and create networks of tube-like structures that 

keep expanding, branching, and forming (Honnegowda et al., 2015). Endothelial cell 

proliferation causes capillary enhancement in the ECM, and chemotaxis from the target 

location directs the growth in that direction (Morgan et al., 2007). Extracellular matrix synthesis 

and remodelling (maturation), inflammation, proliferation (tissue development), and 

Haemostasis (blood clotting) are the four stages of wound healing. Angiogenesis occurs in the 

proliferation phase between days 3 and 20 after the formation of a wound (Greaves et al., 

2013). The angiogenesis process is essential for supplying oxygen and nutrition to the 

wounded regions, mending any broken capillaries, and helping to remove any debris from the 

wound site. (Bauer et al., 2005) (Greaves et al., 2013). Between 3 and 7 days after the initial 

wound, the quantity of VEGF discovered in injured regions rises, highlighting the significance 

of this pro-angiogenic agent. When a wound is healing, new capillaries may invade it quickly 

and create an extensive web of blood vessels that is 2, 3, or even 10 times denser than healthy 

tissue. Numerous factors positively influence angiogenesis, but VEGF-A is by far the most 

significant one. Mammals have five members of the VEGF family which are VEGF-A, -B, -C, 

-D, and placenta growth factor. Numerous reports have shown VEGF-A is a crucial pro-

angiogenic factor for wound healing, especially during the response to hypoxia. VEGF-A is a 

powerful pro-angiogenic mediator in addition to having the potential to increase vascular 

permeability and cause wound edema (Nagy et al., 2008). Other chemicals that promote 

wound angiogenesis include cardiac ankyrin repeat proteins, platelet-derived growth factors, 

fibroblast growth factor-2, and TGF-family members (Shi et al., 2005) (Uutela et al., 2004) 

(Pardali et al., 2010). Capillary regression occurs in wounds when pro-angiogenic stimuli are 

lost, and the healing wound produces various inhibitors of angiogenesis, including Sprouty2, 

CXCR3 ligands, and pigment epithelium-derived factor (Wietecha et al.,2011). The maturation 
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of capillaries is significantly influenced by the pericytes that produce selective capillary 

covering. Pericytes stabilise and safeguard capillaries from harmful signals (Kelly-Goss et al., 

2014). 

 

1.1.2. Pathological excessive Angiogenesis  

As mentioned in this thesis, angiogenesis is the formation of blood vessels from pre-existing 

vessels, which is tightly regulated by a balance of pro angiogenic and anti-angiogenic factors. 

An imbalance of pro angiogenic and anti-angiogenic factors lead to excessive angiogenesis. 

This leads to abnormal blood vessel development and blood vessels with leaks. This chapter 

demonstrates pathological diseases such as retinopathies, rheumatoid arthritis, and psoriasis, 

where there is more pro angiogenic factors compared to anti-angiogenic factors, leading to 

excessive angiogenesis.  

 

1.1.2a Retinopathies 

It has been known for some time how angiogenesis contributes to retinopathy. Higher amounts 

of VEGF have been found in the aqueous and vitreous fluid in the retina of retinopathy 

patients, and this has been shown to trigger abnormal development of new, highly permeable 

blood vessels in the patients' eyes (Cheung et al., 2010). 

Choroidal neovascularization in age-related macular degeneration (AMD) may also lead to 

aberrant retinal vessel growth (Kourlas and Abrams, 2007). This aberrant growth in AMD leads 

to vascular leakage and haemorrhage, which causes the retinal pigment epithelium to 

separate. This condition is more prevalent in older adults. 

Diabetic retinopathy, a microvascular complication of diabetes, may result in blindness, 

haemorrhage, retinal detachment, and neovascular glaucoma (Duh et al., 2017). According to 

studies, diabetic patients' retinal endothelial cells and pericytes express more VEGF when the 
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eye's hypoxic environment is present. Endothelial cells in the choroid undergo apoptosis as a 

result of excessive blood glucose levels, which causes vascular rarefaction and generates an 

environment that is low in oxygen inside the eye, that promotes the development of new blood 

vessels with leaks (Shin et al., 2014). Proliferative diabetic retinopathy and non-proliferative 

are the two phases of the disease. A kind of diabetic retinopathy called proliferative diabetic 

retinopathy (PDR), which develops gradually and is linked to pathological angiogenesis 

(Williams et al.,2004). Epidermal growth factor (EGF), VEGF, and basic fibroblast growth 

factor (bFGF) (Ellis et al., 2004; Cross et al., 2001) are key pro-angiogenic molecules, that are 

essential for pathological angiogenesis which stimulate the migration and proliferation of 

vascular endothelial cells. A recombinant fusion protein made of Fc fragment antibodies 

coupled to the extracellular domains of VEGF receptor 1 (VEGFR1) and VEGF receptor 2 

(VEGFR2) is being investigated as a therapy for diabetic retinopathy that includes neutralising 

VEGF. Patients with active PDR have high VEGF levels, which are found early in the illness 

and may further cause substantial vision loss. Pegaptanib sodium (Macugen), a well-known 

powerful VEGF inhibitor, is administered intravitreally to treat PDR and avoid severe vision 

loss as a result of the condition (Goldie et al., 2008). Key anti-VEGF therapies like 

bevacizumab and ranibizumab diminish neovascular growth and prevent vascular leakage; 

nevertheless, resistance to these medications is being observed in a number of PDR patients, 

necessitating the development of novel therapeutic strategies (Wenyi et al., 2020). 

 

1.1.2b Rheumatoid Arthritis  

Increased angiogenesis has been linked with inflammatory disorders such as rheumatoid 

arthritis (RA) and other conditions. When angiogenesis occurs, the complex chronic systemic 

illness RA can cause synovial proliferation and progressive joint deterioration because it has 

inflammatory, autoimmune, and fibrovascular components (Szekanecz and Koch, 2008). 

Trans-endothelial leukocyte infiltration is elevated and encourages synovial inflammation, 

bone and cartilage degeneration, is made possible by excessive pro-angiogenic factors, which 
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balance out the angiogenic inhibitors in RA. According to research, synovial fibroblasts and 

macrophages are crucial for RA angiogenesis. The quantity of synovial macrophages can be 

used as a marker to track the severity of the disease and how well it responds to treatment. 

This is correlated with the quantity of myeloid cells in RA, which causes joint discomfort, 

synovial inflammation, and bone deterioration (Haringman et al., 2005). In the lining layer, the 

contact between RA fibroblasts and macrophages promotes the inflammatory signalling 

cascades that result in the production of IL-6 and IL-8. The severity of the illness causes the 

synovium to produce more VEGF (Sone et al., 2001). The synovium grows in size and 

becomes inflamed during RA, which causes a hypoxic environment that stimulates VEGF 

gene production and angiogenesis. In addition to carrying nutrition and oxygen to sustain the 

development of synovial cells, Inflammation of the synovium is brought on by newly formed 

blood arteries that aggregate inflammation cells in the area (Marrelli et al., 2011). 

 

1.1.2c Psoriasis 

An immune-mediated inflammatory condition called psoriasis raises the risk of cardiovascular 

disease (CVD) (Griffiths and Barker, 2007). Psoriasis may cause microvascular alterations in 

the plaque, such as substantial capillary dilatation, endothelial proliferation, and increased 

capillary permeability in the venous limb in the superficial dermis. Numerous minor bleeding 

points and shredded suprapapillary epithelium, which are thinned and show the papillary 

capillaries as elongated and dilated, due to the increased upper dermal vascularity. Skin 

examination reveals that the capillary bed's structural changes are the earliest discernible step 

of the pathogenesis of psoriasis (Guérard and Pouliot, 2012). Psoriasis patients may 

experience inflammation as a result of excessive capillary venular dilatation, which causes 

vascular alterations that signal the clearing of psoriasis plaques. Vascular enlargement in 

psoriasis plaques is brought on by inflammatory angiogenesis, which also limits vascular 

enlargement, elongation, and increased tortuosity while creating new development from the 

current vascular bed (Henno et al., 2010). Research have shown that the variations in VEGF 
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isoforms inside the skin are a factor in the changes caused by psoriasis (Henno et al., 2010). 

Microvascular endothelial cells experience a change in cytokine response during psoriasis, 

simulating the epidermal involvement of certain lesions and the configuration of plaque type. 

When TGF- enhances VEGF levels in a paracrine manner, keratinocytes are both clinically 

involved and uninvolved in skin patients with persistent, chronic plaque psoriasis. VEGFR1 

and VEGFR2 are overexpressed in the dermal microvascular endothelium, skin wound 

healing, and hypersensitivity reactions in psoriasis. Patients with erythrodermic psoriasis, 

according to studies had higher VEGF levels in their plasma. Higher plasma VEGF levels were 

also seen in patients with mild to serious psoriasis and stable chronic plaque psoriasis 

(Malecic and Young, 2017). 

 

1.1.3 Cancer-associated angiogenesis 

Key separate biological mechanisms that differ across various tumour types and cancer 

tissues are where tumour vascularization occurs. Apart from endothelial cells, these activities 

require a variety of secreted substances and signalling pathways that are also present in 

progenitors or cancer stem cells. The use of tyrosine kinase inhibitors or antibodies in anti-

angiogenic therapy, has been approved to treat a variety of cancers. Anti-angiogenic therapy 

has had only minimal success thus far since it only temporarily slows tumour growth until 

resistance sets in, with only minor survival advantages. Angiogenesis, which is often started 

from the capillaries, which is necessary for the development, spread, and upkeep of tumours. 

Numerous biological processes, including the ones mentioned above in this thesis, such as 

sprouting angiogenesis and intussusceptive angiogenesis, can cause the formation of blood 

vessels in tumours (Lugano et al., 2019). Haemangioma is a common benign vascular tumour, 

which is associated with excessive angiogenesis/vasculogenesis that early emerges from 

childhood. Apart from only occurring in the skin, it is also involved in other organs (Tang et al., 

2021). 
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 Haemangioma affects the appearance and psychology and in some specific functional 

organs, haemangioma leads to visual impairment, hepatic haemangioma bleeding, 

congestion heart failure and respiratory failure. Emerging evidence has shown that hypoxia 

induced vascular endothelial cell proliferation and abnormal angiogenesis are mainly involved 

in haemangioma. Hypoxia-inducible factor-1α (HIF-1α) and VEGF play a major role in 

vascular endothelial cell proliferation and abnormal angiogenesis and are highly expressed in 

haemangioma. A study by Tang et al, has demonstrated proanthocyanidins may be a potential 

novel way for the treatment of haemangioma. Proanthocyanidins are naturally active 

substance from plants and fruits, which possess multiple functions such as anti-proliferation, 

anti-angiogenesis, and anti-tumour. It has been shown in various diseases that 

proanthocyanidins inhibit the expression of various factors such as HIF-1α, VEGF, PI3K and 

Akt. They hypothesis the following, haemangioma, a common benign vascular tumour, which 

involves excessive angiogenesis and abnormal vascular endothelial cell proliferation. The 

main contributors of haemangioma are HIF-1α and VEGF, which causes an imbalance of pro-

angiogenic and anti-angiogenic factors. HIF-1α activates VEGF, whereas proanthocyanidins 

suppresses HIF-1α and VEGF activation, which in turn prevents cell proliferation and 

angiogenesis. Taking all this together, proanthocyanidins may be a potential novel way for the 

treatment of haemangioma (Tang et al., 2021) 
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1.1.4 Pathological insufficient angiogenesis 

An imbalance of pro angiogenic and anti-angiogenic factors leads to insufficient angiogenesis. 

This chapter demonstrates pathological diseases such as Ischemic stroke, coronary artery 

disease, and peripheral arterial disease, which require angiogenesis to promote blood vessel 

formation, improve blood flow and supply damage tissues with oxygen and nutrients.  

 

1.1.4a Ischemic Stroke 

Ischemic stroke (IS) is the leading global cause of mortality and disability, although there are 

currently no recognised causes and few effective treatments. IS can be effectively treated with 

thrombolytic therapy, which is administered intravenously and used to treat and dissolve 

potentially harmful blood clots in blood arteries, improve blood flow, and avoid damage to 

tissues and organs. Clot-busting medications like Eminase and Retavase are given right 

where the blockage is, through an intravenous (IV) line or a lengthy catheter. However, these 

drugs duration of efficacy is just a brief time, only a few patients can benefit from it, and it is 

not advised for people who use blood thinners (Zhou et al., 2019). For the treatment of stroke, 

heart attack, and pulmonary embolism, healthcare professionals use this procedure as an 

emergency. Low blood pressure and internal bleeding are risks of thrombolytic treatment. 

While this therapy reduces the damage caused by a heart attack, pulmonary embolism, stroke, 

and frequently dissolves blood clots, more surgery may be necessary to address the 

underlying reasons (Baig and Bodle, 2022). Angiogenesis is crucial to IS because it can 

restore cerebral blood flow, which maintains the neurons and damaged tissues by supplying 

oxygen and nutrients. Occlusion or cerebral stenosis in a stroke result in focal cerebral 

ischemia. Blood flow in the brain tissue's cerebrovascular region abruptly decreases, which 

reduces the availability of nutrients and oxygen and causes damage or even death to tissue 

cells. The creation of new arteries is one possible method to increase the oxygen flow to 

ischemic brain tissue. Brain blood flow, regeneration, and neuron repair are controlled by 
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neovascularisation in the region of ischemic infarction (Pan et al., 2010). The opening of the 

pre-existing vascular network is the initial step of IS, and new blood vessels are then 

developed after that.  3 days after IS, new blood vessel formation begins, and steady growth 

continues for at least 21 days (del Zoppo and Mabuchi, 2003). After a stroke, angiogenesis 

offers possible therapies. Studies on the brain tissue of stroke victims with varying levels of 

survival time have shown that the infarcted region's microvascular density is substantially 

higher than that of the hemisphere on the opposite side. New blood vessel growth around the 

infarcted area is favourably correlated with stroke patients' time to recovery, survival rate, and 

restoration of their neurological function (Krupinski et al., 1994). Further studies have shown 

that dementia patients have lower cerebral blood flow in regions that are not infarcted, 

suggesting that angiogenesis increases cerebral blood flow to enhance patient everyday 

activities (Schmidt et al., 2000). 

 

 1.1.4b Coronary artery disease  

The main factor contributing to death and morbidity worldwide is coronary artery disease 

(CAD) (Wen et al., 2018). Plaque build-up in the coronary arteries is the primary cause of 

CAD, which leads to damage or illness of a major blood vessel that provides the heart with 

blood, oxygen, and nutrients. Chest pain and myocardial infarction are caused by this build-

up, which narrows these arteries and reduces blood flow to the heart (Hajar, 2017). 

Angiogenesis and CAD are related in both directions.  Plaque angiogenesis is responsible for 

promoting plaque vulnerability and growth, which results in intraplaque bleeding. A plaque 

rupture is brought on by inflammatory cells, an excess of erythrocytes, and inflammatory cells 

inside a plaque, which leads to acute coronary syndrome. Inhibiting intraplaque angiogenesis 

would then be a viable therapeutic target for CAD. In individuals with CAD, encouraging 

angiogenesis has been employed as a therapeutic approach to encourage reperfusion to the 

ischemic myocardium and to increase the cardiac microvascular network. Protein therapy, 

which administers angiogenic growth factor directly, is one of the available treatments. To 



16 
 

boost the expression of angiogenic genes in vivo by gene therapy. To administer stem cells 

or exosomes, use cell therapy or cell-free therapy (Wen et al.,2018). 

 

1.1.4c Peripheral arterial disease  

After coronary artery disease and stroke, the third most common factor contributing to 

atherosclerotic cardiovascular morbidity is peripheral arterial disease (PAD). Age, 

hypertension, diabetes mellitus, elevated cholesterol, and smoking are risk factors for PAD. 

Walking with leg pain may be a sign of PAD (Fowkes et al.,2013). The term "critical limb 

ischemia" (CLI) refers to the most severe form of PAD, which is characterised by persistent 

rest discomfort or gangrene of the lower extremity and results in limb amputation and 

cardiovascular death in PAD patients (Farber and Eberhardt 2016; Fowkey et al., 2017). 

Examples of angiogenic cytokines that have been demonstrated to enhance limb blood flow 

and angiogenesis in animal models of PAD include angiopoietins, VEGF, hepatocyte growth 

factor (HGF), platelet-derived growth factor (PDGF), and fibroblast growth factor (FGF) 

(Morishita et al., 1999; Qian et al., 2006; Ferraro et al., 2010; Banfi et al., 2012; Lekas et al., 

2012). The best well-researched pro-angiogenic factors mentioned previously is VEGF, which 

is essential for the migration, proliferation, and formation of endothelial lumens and is 

regulated by the receptors VEGFR-1 and VEGFR-2 (Ferrara et al., 2003).  

 

1.1.5 Cellular biology of angiogenesis  

A successful angiogenesis as shown in figure 4 below involves key cellular events such as 

extensive interplay between extracellular matrix components (ECM), cells and soluble factors 

(Ribatti et al.,2012). Endothelial cells that line the luminal surface of stable vessel tubes create 

a monolayer of dormant cells when they are in a quiescent condition (Mazzone et al., 2009). 

The connections between cells Pro-angiogenic substances cause the loosening of endothelial 

cell connections. This causes the existing artery to lose pericytes and/or smooth muscle cells. 
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This process results in the initiation of proteases such matrix metalloproteinases (MMPs) and 

plasmin, which promotes the endothelial cells to exit the surrounding tissue due to a rupture 

of the basement membrane and can then react to external signals (Carmeliet and Jain, 2011). 

The angiogenic stimulation, which results in the development of newly sprouting blood 

arteries, can be sensed by endothelial tip cells (ETCs). Filopodial extension, supported by 

certain pro-angiogenic growth factors, ephrin’s, and semaphorins, encourages ETCs to sprout 

further (De Smet et al., 2009). VEGF, bFGF, cytokines, chemokines, angiopoietins, and other 

pro-angiogenic inducers, all promote endothelial cell proliferation (Ucuzian et al., 2010). 

Behind the ETCs, there is a trail of endothelial "stalk cells" (SCs), which help sprouting vessels 

elongate, form the vessel's trunk, and allow the parental vessel to be connected to the sprout 

(Iruela-Arispe et al., 2009). When ETCs come into contact with another vessel, the 

anastomosis process causes them to lose their motility and fuse with the tip cell of the other 

vessel (Kamei et al., 2006). Anastomosis mechanism still remains unknown; however, it is 

thought the anastomotic process is considered to be impacted by myeloid cells and some 

kinds of macrophages (Fantin et al., 2010). For the last stage of angiogenesis to produce new 

capillaries, smooth muscle cells and pericytes must be recruited. These cells are stimulated 

by growth hormones including transforming growth factor-1 (TGF-1) and platelet-derived 

growth factor-B (PDGF-B), among others. Endothelial development, vascular permeability, 

and migration are inhibited by the formation of the endothelial basement membrane and the 

stability of the cell-cell junction, reconstructing a quiescent state (Herbert and Stainier, 2011). 
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Figure 4: Angiogenic signalling pathway and angiogenesis (adapted from Mukherjee et 

al., 2020). Angiogenesis is a result of a complicated series of angiogenic signalling processes 

that are activated in a variety of cell types, particularly endothelial cells. Pro-angiogenic factors 

include platelet-derived growth factor (PDGF), VEGF, angiopoietin (Ang 1, 2), transforming 

growth factor-alpha/beta (TGF α/β), and the associated receptors. Once the perivascular cells 

detach from the mature blood vessels, vascular remodelling and endothelial cell proliferation 

begin. At the locations where the exposed basement membrane is present, platelets are 

activated and drawn there. VEGF, MMPs, and urokinase-type plasminogen activator are 

angiogenic factors that are produced by tumor-associated macrophages (TAM) (uPA). 

Precursor endothelial cells travel to the alleged site of the wound and release angiogenic 

factors. The extracellular matrix (ECM) is remodelled as a result of the stimulated endothelial 

cells' release of proteases, which is followed by directed sprouting. Following vessel arterio-

venous patterning and maturation, the signalling cascades activate tube development and 

branching.   
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1.1.6 Molecular biology of angiogenesis 

1.1.6a molecular regulators and clinical applications of angiogenesis  

Key molecular regulators, such as pro- and anti-angiogenic substances, carefully regulate 

angiogenesis. Angiogenic inducers are proteins, typically growth factors, that promote 

endothelial cell migration and proliferation in the direction of angiogenic stimuli. Some of the 

main inhibitors that suppress angiogenesis are endostatin, thrombospondin 1 (TSP-1), and 

angiostatin. Some of the most important pro- and anti-angiogenic factors that control 

angiogenesis are included in the table below. 

Table 1: Pro and anti-angiogenic factors of angiogenesis 
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Studies into the molecular processes of angiogenesis have been very popular since the 

successful creation of anti-angiogenic drugs, which will be covered further in this thesis. 

Recent clinical and pre-clinical studies have revealed new molecular targets, increasing the 

therapeutic effects of anti-angiogenic tactics. Important molecular players are engaged in 

vessel branching, maturation, and quiescence, as illustrated in table 1. Due to their extremely 

lengthy half-lives, quiescent endothelium cells may be protected from the autocrine effects of 

maintenance signals such VEGF, fibroblast growth factors (FGFs), Notch, and angiopoietin-1 

(ANG-1). Prolyl hydroxylase domain 2 (PHD2) and hypoxia inducible factors like HIF-2, which 

are oxygen sensors, allow endothelial cells to modify the geometry of blood arteries to improve 

blood flow. The junctional molecules VE-cadherin and claudins work together to enable 

dormant cells to organise into a monolayer of phalanx cells. Pericytes surround these 

endothelial cells, preventing them from proliferating and causing the release of ANG-1 and 

VEGF, two substances that help cells survive. When at rest, pericytes and endothelial cells 

both create a comparable basement membrane. A quiescent vessel detects the release of 

angiogenic signals from an inflammatory, hypoxic, or malignant cell, which include 

chemokines, VEGF, FGFs, and ANG-2. By using MMP-mediated proteolytic degradation, 

ANG-2 will cause the pericytes to separate from the vessel walls and release themselves from 

the basement membrane. In response to VEGF, endothelial cell connections loosen, arteries 

expand, and the endothelial cell layer's permeability rises, enabling plasma proteins to escape 

and creating a transient extracellular matrix (ECM) scaffold. Endothelial cells move to this 

ECM surface in response to integrin signalling. Proteases allow for the remodelling of the ECM 

by releasing angiogenic substances like FGF and VEGF from the ECM. The tip cell is guided 

toward the angiogenic stimuli by neuropilins (NRPs), notch ligands (JAGGED 1 and DLL4) 

and VEGF receptors. The tip cell is followed by a trail of stalk cells. placental growth factor 

(PIGF), Notch-regulated ankyrin repeat protein (NRARP), FGFs, and WNTs all promote the 

mechanism of stalk cell elongation. In order to encourage stalk cell elongation, the ECM will 

receive information about the neighbours thanks to the release of EGFL7 from stalk cells. 

Hedgehog, VEGF, VE-cadherin, VEGF, CD34, and sialomucins all have a role in lumen 
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development. The tip cells with filipodia use semaphorins and ephrins to search the 

environment for angiogenic triggers. A hypoxia inducible programme controlled by HIF-1 is 

responsible for endothelial cells responding to angiogenic signals. Important molecular factors 

including transforming growth factor- (TGF-), platelet-derived growth factor B (PDGF-B), 

ephrin-B2, NOTCH, and ANG-1 allow endothelial cells to be covered in pericytes when they 

are in their quiescent phalanx condition. The creation of a basement membrane is induced by 

protease inhibitors, such as plasminogen activator inhibitor-1 (PAI-1) and tissue inhibitors of 

metalloproteinases (TIMPs), which also promote appropriate flow distribution by re-

establishing connections. The most well researched pro-angiogenic factor among the ones 

named above is VEGF, whose importance in both pathological and physiological angiogenesis 

has been amply proven (Carmeliet and Jain, 2011). VEGF has been the main pro-angiogenic 

factor used in this work, for this reason, the VEGF family features, and mechanism of action 

will be further explained in this thesis.  

 

1.2 The vascular endothelial growth factor (VEGF) protein family  

 1.2.1 VEGF family 

It is surprising that VEGF a single type of growth factor, that monitors angiogenesis, a complex 

process, so predominately (Carmeliet and Jain, 2011). As illustrated in figure 5 below, this 

family has seven members: placental growth factor (PLGF), VEGF-A, -B, -C, -D, -E, and snake 

venom VEGF (svVEGF) (Takahashi and Shibuya, 2005). Three structurally distinct tyrosine 

kinase receptors called VEGFR-1, VEGFR-2, and VEGFR-3, also known as Flt-1, KDR/Flk-1 

and Flt-4 respectively, bind to VEGFs (Holmes et al., 2007). VEGF-A regulates vascular 

permeability, inflammation, and angiogenesis via interacting with VEGFR-1 and VEGFR-2. By 

interacting with VEGFR-1, VEGF-B can control angiogenesis, apoptosis, and redox. VEGF-C 

regulates lymphangiogenesis, inflammation, apoptosis, fibrogenesis, and angiogenesis 

through interacting with VEGFR-2 and VEGFR-3. In the thesis, these VEGF receptors will be 
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discussed in more detail. Similar to VEGF-C in structure is VEGF-D. Lungs, the cardiac, the 

colon, the small intestine, and human tissues all have high levels of VEGF-D mRNA. In 

tumours, VEGF-D induces local lymph node growth and tumour cell dissemination (Zhou et 

al., 2021). This thesis concentrated on VEGF-A, which affects endothelial cells and is crucial 

for both pathological and physiological angiogenesis. 

 

Figure 5: An example of VEGF family members shown interacting with respective VEGF 

receptors (created using biorender.com). The multiple VEGF-A and VEGF-B isoforms 

activate growth factors and proteases once they bind to VEGFR-1. VEGF-A, -C, and -D can 

regulate the migration, survival, and proliferation of endothelial cells by binding to VEGFR-2, 

while VEGF-C and VEGF-D regulate the proliferation, migration, and survival of lymphogenic 

endothelial cells. The neuropilin 1 and 2 interactions of VEGF-A165 enhance VEGFR-2 

signalling. The storage of VEGF is increased, and receptor binding is enhanced by various 

VEGF-A isoforms.  
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1.2.1a VEGF-A 

Numerous cells, tissues, and organs, including the liver, stomach mucosa, heart, cardiac 

myocytes, adrenal cortex, renal glomeruli, and lung, produce VEGF-A. VEGF-A is the most 

well-known and effective VEGF family member and angiogenesis inducer. VEGF-A is a 

vascular permeability factor (VPF) because it mediates inflammation and vascular 

permeability when VEGFR-1 and VEGFR-2 are together (Claesson and Welsh 2019). 

Physiological angiogenesis, often known as the process of tissue revascularisation, to 

generate blood vessels, involves a cascade of several signals. VEGF-A, which is crucial for 

angiogenesis and endothelial cell activities, is primarily used in this process. Diseases that 

are ischemic and inflamed cause pathological angiogenesis. Clinical investigations that 

assessed VEGF-A levels revealed a correlation between mid-term left ventricular ejection 

fraction (LVEF) and microvascular occlusion (MVO) after ST segment elevation myocardial 

infarction (STEMI). The use of this VEGF-A as a possible prognostic biomarker and indicator 

of MVO in STEMI patients has been suggested (Garcia et al., 2019). The VEGF-A gene is a 

human protein that has 8 exons and 7 introns. It is found on chromosome 6p21.3. Figure 6 

below illustrates how alternate VEGF mRNA splicing results in different lengths for human 

structural isoforms. Exon 6-7, which comprises heparin sulphate proteoglycan (HSPG) and 

heparin affinity areas, is where the distinctions between the isoforms' biological features occur. 

Exon 1–5 of all isoforms contain the identical sections (Itatani et al., 2018). It has been 

revealed that the VEGF-A gene's splicing produces the angiogenic (VEGFxxx) and anti-

angiogenic (VEGFxxxb) isoforms (Harris et al., 2012). In contrast to VEGFxxxa isoforms, anti-

angiogenic VEGFxxxb isoforms have an obscure mechanism that decreases VEGFR-2 

activation (Ganta et al., 2017). It has been determined that VEGF-A165 isoforms are the 

primary regulators of both physiological and pathological angiogenesis (Arcondeguy et al., 

2013). Endothelial cells, angioblasts, and pericytes are the principal expression cells in the 

cardiovascular systems. When there is inflammation and hypoxia, blood cells for example 

activated T cells, dendritic cells, monocytes, platelets, and neutrophils produce VEGF-A 
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(Melincovici et al., 2018). Other cells, including tumour cells, retinal pigment epithelial cells, 

terminal chondrocytes, keratinocytes, and hypertrophic chondrocytes, also produce VEGF-A 

(Claesson and Welsh 2019). 

 

Figure 6: illustration of Exon structure of splice variants in VEGF-A isoforms (created 

using biorender.com). The 8 exons that make up VEGF-A are coded for by a gene that has 

many distinctive structural properties. The human VEGF-A isoforms VEGF-A121, VEGF-

A145, VEGF-A148, VEGF-A165, VEGF-A183, VEGF-A189, and VEGF-A206 are all created 

from a single pre-mRNA species by alternative splicing, with VEGF-A165 acting as the 

predominant form (Cross et al., 2003). 

 

1.2.1b Role of VEGF-A 

Hypoxia inducible factors (HIFs) regulate angiogenesis by promoting the overexpression of a 

number of pro-angiogenic factors, such as VEGF, in response to hypoxia. The integrity of the 

vascular function of the endothelium is restored in favour of higher VEGF-A, which also 

increases vascular permeability and promotes the vascular endothelial cells proliferation. As 

a result, the wounded myocardium will be protected, and hypoxia and ischemia will be 
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balanced out by the elevated VEGF-A (Ferrara, 2004). Additional VEGF-A upregulation 

mechanisms have been shown by several studies, such as the activation of the transcription 

coactivator PGC-1 in response to low oxygen and nutrition levels.  PGC1, a crucial regulator 

of mitochondrial processes, aided angiogenesis by increasing VEGF expression. PGC-1 

further activated the orphan nuclear receptor ERR-α to regulate an angiogenesis pathway 

without the participation of HIFs (Arany et al., 2008). The TNFα/ NF-κB/ HIF/ VEGF signalling 

cascade in endothelial cells is activated in response to hypoxia, activating HIFs through an 

autocrine cycle, upregulating VEGF, and enhancing angiogenesis by the dependent 

mechanism of NF-κB (Jin et al., 2019). 

 

1.2.1c VEGF receptors 

As was previously noted, there are three VEGF receptors: VEGFR-1, VEGFR-2, and VEGFR-

3. Inflammatory cells, monocytes, macrophages, vascular smooth muscle cells, and other 

cells may also express VEGFR, a specific kind of cell receptor that is mostly present in 

endothelial cells. In addition to regulating angiogenesis, VEGFRs also control 

lymphangiogenesis and vasculogenesis (Lohela et al., 2009). However, structurally, seven 

immunoglobulin-like domains, one transmembrane spanning region, and a split tyrosine-

kinase domain make up the VEGFRs' cytoplasmic component. The receptors have varied 

kinase activity and different ligand binding capabilities (Takahashi and Shibuya, 2005). The 

epidermal growth factor receptor (EGFR), hepatocyte growth factor receptor (HGFR), and 

platelet-derived growth factor receptor (PDGFR) are examples of tyrosine kinase receptors 

that function similarly to VEGFRs (Olsson et al., 2006). A docking site for signalling is created 

when a ligand binds with the corresponding receptor, forcing it to dimerise. Additionally, the 

activation of the tyrosine kinase domain results in the autophosphorylation of the receptor 

(Stuttfeld and Ballmer-Hofer, 2009). 
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Figure 7: An example showing the three distinct VEGF receptors and their ligands 

(Created using biorender.com). VEGFs may interact with a number of VEGFRs, or VEGF 

receptors, which are members of the receptor tyrosine kinase superfamily. VEGFR-1 may 

interact with VEGF-A and VEGF-B. VEGFR-2 interacts with VEGF-A, -C, -D, and -E, in 

contrast to VEGFR-3, which may bind VEGF-C and VEGF-D. Fetal liver kinase 1 (Flk-1), a 

mouse subtype, is identified by VEGFR-2, fms-like tyrosine kinase 1 (Flt-1), and kinase insert 

domain (KDR). 

 

1.2.1c (i) VEGFR-1 

VEGFR-1 is a glycoprotein of the receptor tyrosine kinase family (RTKs) that has a size range 

of 180-185 kDa. It binds with VEGF-B and PIGF in addition to VEGF-A (Takahashi and 

Shibuya, 2005). VEGFR-1 has a lower affinity for VEGF-A and a kinase activity that is 10 times 

lower than that of VEGFR-2. VEGFR-1 is mainly expressed in endothelial cells, although it is 

also found in inflammatory cells, bone marrow-derived hematopoietic progenitor, vascular 

smooth muscle, myocardial infarction (MI), monocyte/macrophage, and cardiac fibroblast cells 

(Shibuya, 2006). Three domains make up VEGFR-1: the intracellular, extracellular, and 

transmembrane domains (Koch and Claesson-Welsh, 2012). According to what has already 
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been said, VEGFR-2 demonstrates a higher affinity for VEGF-A compared to VEGFR-1, yet 

under some circumstances, VEGFR-1's low kinase activity limits angiogenesis. By "seizing" 

VEGF-A during the embryonic stage, VEGFR-1 inhibits angiogenesis (Shibuya, 2006). 

 

1.2.1c (ii) VEGFR-2  

Another RTK, VEGFR-2 is a glycoprotein with a length of between 210 and 230 kDa (Park et 

al., 2018). Other names for it include kinase-insert domain receptor (KDR). Known as foetal 

liver kinase-1 (FLK-1), the 1367 amino acid long mouse VEGFR-2 shares 83% of its sequence 

with the human KDR. Each of the three variants weighs 180, 200, or 220 kD in terms of 

molecular weight (Wang et al., 2020). Hematopoietic cells, neurons, and cancer cells all have 

low levels of VEGFR-2 expression (Luck et al., 2019). Vascular permeability, angiogenesis, 

and inflammation are all controlled when VEGF-A binds to VEGFR-2. VEGFR-2 and VEGFR-

1 both have three domains. VEGF-A binding to VEGFR-2 when activated, it is essential for 

migration, proliferation, vascular growth, and endothelial survival. Once VEGF-A attaches to 

the extracellular domain of VEGFR-2, as a consequence, signalling pathways are activated 

and tyrosine residues are autophosphorylated. This drive the endothelial cells to proliferate. 

When it comes to activation and signalling of VEGFR-2, the carboxyl terminus domain (CTD) 

is crucial. There are two autophosphorylation sites in the VEGFR-2 CTD: Try1175 (Y1175) 

and Try1214 (Y1214). The activation phosphorylates the Y1175 and Y1214 once VEGF-A 

binds to VEGFR-2. This makes it possible for the VEGF-activated VEGFR-2 to attach to a 

number of signalling molecules, which are covered in more detail later on in this thesis (Wang 

et al., 2020). When VEGF-A and VEGFR-2 work together, certain intracellular signalling 

pathways are activated, which in turn sets off particular cellular processes necessary for 

angiogenesis (Long et al., 2020). The role of VEGF-A and VEGFR-2 as a crucial regulator of 

both pathological and physiological angiogenesis will be discussed in further depth in the next 

chapter.  
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1.2.1d VEGFR-2 mediated cellular signalling  

The formation and maintenance of organ-specific vascular networks, the physiological 

function of many tissues, and the pathology of illnesses including cancer and heart disease 

all depend on the activity of the VEGF/VEGFR-2 signalling pathway. In order to promote 

vascular endothelial cell migration, proliferation, permeability, VEGF directly activates 

VEGFR-2 by binding to several molecules, including PLC, PI3K, adapter protein NCK by the 

phosphorylated Try1214 site (pY1214), and adapter proteins SHB and SCK by the 

phosphorylated Try1175 site (pY1175). This portion of the thesis examines how VEGFR-2 

mediates different Endothelial cell survival, proliferation, migration, and increased vascular 

permeability were all influenced by VEGF-stimulated cellular signal transduction. interaction 

of VEGF-A to VEGFR-2 and activation of intracellular signalling cascades are shown in the 

figure below (Holmes et al., 2007). 

 

1.2.1d (i) VEGFR-2 regulating survival of endothelial cells  

For the growth of blood vessels and the survival of endothelial cells, VEGFR-2 is a crucial 

factor. VEGFR-2 activates the TSAd-Src-PI3K-PKB/AKT signalling pathway, which is primarily 

in charge of regulating endothelial cell survival. VEGF-A controls the survival of HUVECs by 

activating PI3K after activating VEGFR-2. PI3K is activated by VEGFR-2, which subsequently 

catalyses the synthesis of PIP3 from PIP2 and phosphorylates and activates the PKB/Akt 

pathway (Wang et al., 2020). Akt directly phosphorylates the apoptosis proteins caspase 9 

and Bcl-2 associated death promoter (BAD). To ensure cell survival, this phosphorylation 

prevents their apoptotic activity (Wang et al., 2020). 
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1.2.1d (ii) VEGFR-2 mediating the proliferation of endothelial cells   

Endothelial cell proliferation during angiogenesis is critically dependent on VEGFR-2. When 

VEGF-A attaches to VEGFR-2 on the cell membrane, it transmits extracellular signals to the 

cytoplasm and activates a range of downstream signalling pathways to govern the proliferation 

of endothelial cells. VEGFR-2 triggers the PLC-PKC-Raf-MEK-MAPK signalling pathway, 

which promotes DNA synthesis and promotes the proliferation of endothelial cells. 

Additionally, it sends VEGF signal to the nucleus. This is accomplished by the Y1175 C-

terminal of VEGFR-2 interacting to and activating phospholipase C-γ (PLCγ), This in turn 

promotes the PLC's catalytic activity by phosphorylating it. The active PLC hydrolyses 

phosphatidylinositol 4, 5-bisphosphate (PIP2) to produce diacylglycerol (DAG) and inositol 1, 

4, 5-trisphosphate (IP3). PKC is physiologically activated by DAG, and as a consequence, IP3 

is able to increase the intracellular Ca2+ level. VEGF-activated VEGFR-2 mediates the 

activation and nuclear translocation of the PKC-Raf-MEK-ERK signalling cascade to bind to 

transcription factors that regulate gene expression in response to environmental cues. This 

makes it possible for VEGFR-2 to take part in the growth of endothelial cells (Holmes et al., 

2007). 

 

  1.2.1d (iii) VEGFR-2 mediating the migration of endothelial cells  

Migration of endothelial cells is important for angiogenesis, as stated in this thesis. Endothelial 

cell migration is regulated by a number of signalling pathways that communicate with VEGFR-

2. VEGFR-2 controls cell motility through the Y1214 and Y1175 phosphorylation sites on its 

CTD as well as the activation of NCK, SHB, and PI3K-mediated pathways. VEGF-induced cell 

migration can be controlled by the adaptor protein SHB's Src homology domain-2 (SH2) by 

binding to the phosphorylated pY1175 Tyr1175 site at the CTD of VEGFR-2. The 

downregulation of SHB expression blocks PI3K activation, migration, and VEGF/VEGFR-2-

mediated reorganisation of the cell scaffold. The NCK/ Src-p21/ Cdc42-SAPK2/ p38-MAPK 
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pathway, which is driven by VEGFR-2, participates in the remodelling of actin by 

phosphorylating Tyr1214 (pY1214) at the C-terminus domain of VEGFR-2 (Wang et al., 2020). 

 

1.2.1d (iv) VEGFR-2 enhances vascular permeability  

The factor for vascular permeability Nitric oxide (NO), which is produced by endothelial nitric 

oxide synthase (eNOS) when VEGF-A is signalled and activated, alters the blood vessels' 

permeability (Holmes et al., 2007). The release of NO generated by VEGF depends on the 

phosphorylation of the pY801 Try801 residue of VEGFR-2, and the pY801 activates eNOS 

through the PKC-PI3K/Akt pathway. Vascular endothelial cells produce more NO when they 

are exposed to VEGFR-2. VEGFR-2-mediated signals that promote eNOS binding to its 

molecular chaperone heat shock protein 90 may increase endothelial cell NO release (Hsp90) 

(Duval et al., 2007).  

 

Figure 8: Illustration of VEGF-A binding to VEGFR-2 and activating intracellular 

signalling pathways (Created using Biorender.com). 
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1.2.2 Anti-angiogenesis therapy  

1.2.2a inhibitors of VEGF-VEGFR 

VEGF-A, one of the most significant angiogenic mediators, was originally identified in 1989 

(Keck et al., 1989). Independent teams investigated the mechanics of angiogenesis to show 

how VEGF-A contributes to angiogenesis (Leung et al., 1989; Guyot and Pagès, 2015). Four 

years later, N. Ferrara's team discovered the first monoclonal antibody that directly inhibited 

VEGF-A, and it was utilised to treat retinal diseases, particularly wet age-related macular 

degeneration (Kim et al., 1993). These antibodies were used to measure the growth of 

experimental models, which resulted in the inhibition of rhabdomyosarcoma, colorectal, 

glioma, and prostate cancer growth (Asano et al., 1995; Warren et al., 1995; Borgström et al., 

1998). The development of anti-VEGF-A antibodies was prompted by these positive anti-

tumor effects. One of the most crucial therapies for treating patients with diseases like eye 

problems, solid tumours, immunological disorders, and haematological malignancies uses 

monoclonal antibodies that target VEGF and VEGFRs (Andreakos et al., 2002; Martin et al., 

2011; Wang and Jia, 2016). More than 40 therapeutic monoclonal antibodies have been 

approved by the US Food and Drug Administration (FDA), and more are being tested in clinical 

trials (Ecker et al., 2015). A selection of these monoclonal antibodies will be discussed in this 

thesis. 

 

1.2.2a (i) Bevacizumab (Avastin®)    

Bevacizumab, the first monoclonal antibody to target VEGF and VEGFRs, is a humanised 

recombinant immunoglobin G (IgG) antibody (Presta et al., 1997) and it was accepted by the 

FDA as a treatment for metastatic colorectal tumours in 2004 (Hurwitz et al., 2004). Targeting 

VEGF-A, bevacizumab prevents endothelial cell attachment of VEGF-A to its receptor 

VEGFR2. As a result, this inhibits signalling pathways necessary for tumour angiogenesis and 

endothelial cell growth (Shih and Lindley, 2006). Bevacizumab has a half-life of 17 to 21 days 
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(Ferrara et al., 2004). With remarkable specificity, it binds to all VEGF-A isoforms and prevents 

them from binding to their appropriate receptors and VEGF-mediated angiogenic signalling 

pathways (Shih and Lindley, 2006). Bevacizumab has been widely used since 2008 to treat a 

variety of malignancies, including metastatic renal cell carcinoma, glioblastoma, epithelial 

ovarian cancer, and breast cancer (Cohen et al., 2009; Planchard, 2011; Rinne et al., 2013). 

Bevacizumab does, however, cause some side effects, such as proteinuria, slowed wound 

healing, and severe hypertension (Shih and Lindley, 2006; Hurwitz et al., 2004). The absence 

of nitric oxide produced by endothelial nitric oxide synthase (eNOS) in hypertension is caused 

by VEGF blockade, which also affects eNOS activation (Kamba and McDonald, 2007). 

Another factor contributing to the significant adverse effect is bevacizumab's prolonged half-

life (Pieramici and Rabena, 2008). 

 

1.2.2a (ii) Aflibercept (Zaltrap®) 

VEGFR1 and VEGFR2 extracellular domains are joined with the Fc region of human IgG in 

aflibercept (Oman, 2014). This Fc fusion protein acts as a VEGF trap, preventing VEGF-A, 

VEGF-B, and PIGF activity while reducing tumour angiogenesis. In 2012, the US FDA 

approved the drug aflibercept for the treatment of people with metastatic colorectal cancer 

who had previously undergone an early- or advanced-stage oxaliplatin-based therapy (Andre 

and Chibaudel, 2013). These VEGF traps enable for improved tissue penetration because 

they are smaller than other inhibitors (Pieramici and Rabena, 2008). It binds to PIGF-1 and 

PIGF-2 in addition to all VEGF isoforms (Chen et al., 2012). The primary cause of blindness 

in the elderly is wet age-related macular degeneration, and in 2011 the US FDA authorised 

Aflibercept (Eylea) for the treatment of this condition (Sarwar et al., 2016). 
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1.2.2a (iii) Tanibirumab  

Tanibirumab is a different human monoclonal antibody that binds selectively to VEGFR-2 and 

prevents the binding of VEGF-A, VEGF-C, and VEGF-D. In 2013, a phase I experiment 

including Tanibirumab was conducted in individuals with solid tumours (Lee et al., 2017). 

 

1.2.2a (iv) Ramucirumab (Cyramza ®)  

Similar to Bevacizumab, which the FDA approved in 2006, Ramucirumab is a humanised 

monoclonal antibody fragment (Fab) that exclusively targets VEGFR2 and prevents the 

connection between VEGF and VEGFR as well as the start of intracellular signalling (Kourlas 

and Abrams, 2007). The affinity of binding to VEGF is the primary distinction between 

Ramucirumab and Bevacizumab, with Ramucirumab having a roughly 20-fold higher affinity. 

In addition, it has improved tissue penetration due to its smaller size compared to 

bevacizumab (Pieramici and Rabena, 2008). Additionally, in 2014, the US FDA approved 

ramucirumab for the treatment of advanced gastric or gastro-oesophageal cancer, metastatic 

non-small cell lung carcinoma, and adenocarcinoma (Poole and Vaidya 2014; Arrieta et al., 

2017). For advanced or metastatic urothelial carcinoma, phase III trials are currently being 

conducted for liver and breast cancer (Zhu et al., 2015; Mackey et al., 2015). 

 

1.2.2b Inhibitors of VEGFRs 

It was necessary to use alternative methods to inhibit angiogenesis. Small ATP mimics were 

created for this function because VEGFRs had tyrosine kinase domains, which were studied 

to decrease the activity of tyrosine kinase receptors implicated in angiogenesis (Qin et al., 

2019). These small molecule inhibitors bind specifically to the ATP binding site found in the 

cytosolic portion of the receptors, blocking ATP binding and signalling pathway activation 

(Gotink and Verheul, 2010). The first small molecule inhibitor of VEGFR2 tyrosine kinase, 
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sorafenib, received clinical approval in 2005. More VEGFR2 kinase inhibitors, like sunitinib, 

cabozantinib, nintedanib, and pazopanib, were created and discovered as a result of scientific 

communities' motivation. The majority of these inhibitors attach to the ATP-binding pocket of 

VEGFR2 kinase (Hartmann et al., 2009). Due to the nature of these highly conserved pockets 

found in protein kinases, VEGFR2 small molecule kinase inhibitor exerts a high affinity for 

other tyrosine kinases like EGFR, RAF, and PDGF. This leads to side effects like anorexia 

and fatigue in addition to hypertension, bleeding, and haemorrhage when VEGFR inhibition is 

used (Fujita et al., 2017). Patients with solid tumours have exhibited limited responses to these 

medications that target the VEGF/VEGFR signalling pathway, and some patients have 

demonstrated resistance to these medications because other pro-angiogenic factors such 

FGF are active in these patients (Itatani et al., 2017; Zirlik and Duyster, 2018).  

 

1.3 Notch signalling pathway 

How do the tip cells migrate in relation to regulating the specification of endothelial tip and 

stalk cells? What regulates the proliferation and quantity of stalk cells? How do tip cells 

communicate with one another while new connections are formed? All of these procedures 

call for the influence of an environmental signal, which ought to be directed by a well-organized 

team. Numerous pathways, including Angiopoietin/TIE2, Wnt, Notch, FGF, S1P/Edg1, cell 

matrix/integrin signalling, and others, control the angiogenic response. The notch signalling 

pathway, which is largely conserved in all vertebrate species and has a variety of activities, 

including cell proliferation, patterning, and cell differentiation, has become increasingly 

obvious over the past few years. Four transmembrane receptors (Notch 1-4) and five 

canonical transmembrane ligands make up this pathway in mammals (Jagged 1,2, delta like 

ligand 1, 3, and 4). The canonical and non-canonical notch signalling pathways are the two 

types of notch signalling. When a notch receptor interacts with a notch ligand, the canonical 

notch signalling cascade is triggered, which starts the proteolytic cleavage of the receptor by 

enzymes such disintegrin metalloproteinase domain-containing protein 10 (ADAM10) and the 
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γ-secretase (Aquila et al., 2019). Because of this contact, the notch receptor intracellular 

domain (NICD), which translocates to the nucleus and serves as a transcriptional co-activator 

for the immunoglobulin kappa J region, is liberated from the cell membrane (RBPJ). In both 

healthy and malignant situations, the association between NICD and RBPJ activates notch 

target genes to control migration, proliferation, differentiation, and cell fate choice. 

Furthermore, via regulating the expression of a number of target genes, notch signalling 

affects crucial physiological processes (Kangsamaksin et al., 2014). Non-canonical ligands 

may not require notch receptor cleavage to activate the non-canonical notch signalling 

pathway, which excludes the involvement of the RBPJ and suggests contact with alternative 

signalling pathways that are upstream of the NICD-RBPJ complex (Andersson et al., 2011). 

 

Figure 9: Schematic models of Notch signalling in vascular endothelial cell (EC) 

differentiation (created using biorender.com). (A) In endothelial tip cells, VEGF signalling 

induces DLL4 expression, which activates Notch1 signalling. In endothelial stalk cells, 

activation of Notch signalling via DLL4 suppresses differentiation toward a tip cell phenotype. 

(B) Graphic representation of lateral inhibition, where tip cells are separated exactly by one 

stalk cell. DLL4 of one cell binds to the Notch receptor of the adjacent cell, and Notch inhibits 
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DLL4 expression and the VEGFR2 signalling within the same cell. (C) Mathematic model of 

Notch signalling in asymmetric patterning. Where two tip cells might be separated by a few 

stalk cells, which could be determined by Jag. It is also possible that an intermediary tip cell 

may express similar DLL4 and Notch expression. Both theories involve a third EC state. 

 

1.3.1 Notch signalling in endothelial cells and angiogenesis 

An important part of angiogenesis is sprouting angiogenesis, as discussed in chapter 1.1.1b. 

Through interactions with the notch ligands and other signalling pathways, including VEGF 

signalling, the notch signalling pathway regulates this important mechanism. Delta like ligand 

4 (DLL4) is an important notch ligand that promotes angiogenesis. Jagged1 (Jag1), a rival 

notch ligand, competes with DLL4 to inhibit angiogenesis (Taslimi and Das, 2018; Naito et al., 

2020). Studies conducted in vitro have identified Jag1 as a powerful pro-angiogenic regulator 

that inhibits DLL4-mediated notch signalling in angiogenesis (Benedito et al., 2009). 

 

1.3.2 Notch signalling in endothelial differentiation and fate determination 

In the vasculature, the development of stalk/tip cells and the control of cell destiny are both 

significantly influenced by notch signalling (Mack and Iruela-Arispe, 2018). By synchronising 

tip vs. stalk phenotypes, notch signalling is crucial for a sprout's development. Coordinating 

this is the expression of DLL4 in the tip cell, which activates Notch1 in the stalk cell. In order 

to maintain vascular endothelial cells, produce sprouts, and create endothelial cell 

heterogeneity, the link between VEGF and notch signalling is crucial (Blanco and Gerhardt, 

2012). Loss of vascular hierarchy occurs from tip cells' inability to create stable complex 

connections and organise tubes as a result of Notch inactivation during the early stages of 

angiogenesis (Mack and Iruela-Arispe, 2018). Notch signalling is responsible for controlling 

excessive sprouting angiogenesis. The induction of tip cells is suppressed by a process known 

as lateral inhibition after DLL4-Notch activation. VEGF enhances the expression of DLL4 in 
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tip cells during lateral inhibition, which activates notch in neighbouring cells. The two 

endothelial cell states and a third state were discovered using a new mathematical model of 

the notch-jagged signalling (tip or stalk) (Boareto et al., 2015). Depending on which ligand is 

dominant, neighbouring cells might have similar or opposing fates because to the unique 

hybrid state's tip and stalk cell features. For instance, Jagged-mediated signalling causes cells 

to maintain the same fate while Delta-mediated signalling causes neighbouring cells to have 

the opposite fate.  

Notch signalling in response to other pathways, such as BMP and SMAD1/5/8 signalling, 

causes the development of vascular branches (Mack and Iruela-Arispe, 2018). The expression 

patterns of Notch-DLL4, VEGF, and BMP between cells determine vessel widening and the 

development of new sprouts (Mack and Iruela-Arispe, 2018).  

Beyond the selection of endothelial tip cells, notch signalling is crucial for cell proliferation, 

which enables a sprout to increase in length and diameter (Phng and Gerhardt, 2009). Again, 

this suppression of endothelial cell proliferation and cell-to-cell junction stability is caused by 

the DLL4 and notch receptor interaction, which suggests that DLL4 is essential for 

angiogenesis and vascular development (Lobov and Mikhailova, 2018). 

 

1.4 Extracellular matrix and cell adhesion molecules 

All aspects of vascular biology depend on the extracellular matrix (ECM). For instance, 

endothelial cells create a basement matrix rich in laminin to support cells and preserve 

stability. When angiogenesis first begins, proteinases and membrane-type matrix 

metalloproteinases (MT-MMPs) destroy the basement membrane. As angiogenesis 

progresses, the ECM supports signalling processes such endothelial cell migration, 

proliferation, survival, and invasion. When there is no cell-to-cell interaction, ECM acts as a 

scaffold for organisation. The ECM regulates the endothelial cell cytoskeleton to carry out 

complex processes like vascular morphogenesis, which enables proliferating endothelial cells 
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to form into multicellular tubes with functional lumens. These processes are carried out with 

the help of specific integrin-dependent signal transduction pathways. Because of this, the 

ECM and the chemicals connected to it enable ECM remodelling and degradation to regulate 

tube formation, maturation, and neovascular stability (Davis and Senger, 2005). 

macromolecules such as fibrous proteins and proteoglycans (PGs) make up the ECM. One of 

the key ECM proteins that is crucial for the early phases of angiogenesis is collagen. For 

vessels to form and endothelial cells to survive, a variety of collagens must be produced and 

deposited (Lamalice, 2007). PGs cover the extracellular and interstitial space in tissues and 

serve a variety of purposes, including chemical cell signalling, binding, and force resistance 

(Franca et al., 2018). 

Cell adhesion molecules are required for the migration of endothelial cells, which is essential 

for angiogenesis, the sprouting of new blood vessels from the preexisting vasculature. The 

extracellular matrix and cell adhesion molecules (ECM CAM) enable endothelial cell 

proliferation and survival, which significantly depend on cell-surface integrins. In particular, the 

activation of the mitogen-activated protein kinase (MAPK) signal transduction pathway is 

necessary for endothelial cell proliferation and angiogenesis (Davis and Senger, 2005).  

 

1.5 Cell migration  

Angiogenesis is significantly influenced by the endothelial cell migration. The progression of 

endothelial cell migration is enabled by the regulation of the motile process by three 

mechanisms: chemotactic, haptotactic, and mechanotactic stimuli. The activation of many 

signalling pathways enables cytoskeletal remodelling. This enables endothelial cells to 

undergo a range of actions, including expanding, contracting, and throwing their rears forward 

as they move forward (Lamalice et al., 2007). During angiogenesis, the three processes are 

crucial for tip cell migration. Cells can move in the direction of a gradient of soluble chemical 

compounds thanks to the chemotaxis process of migration, this is stimulated by growth 
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hormones such as basic fibroblast growth factor (bFGF) and VEGF. Cells can move toward a 

gradient of immobilised ligands through haptotaxis. When activated in response to integrins 

binding to ECM components, this process facilitates increased migration of endothelial cells. 

Due to their position at the inner face of blood arteries, endothelial cells may experience shear 

stress, which influences migratory paths. This shear stress initiates mechanotaxis 

mechanisms, which regulate migration in a number of ways, such as adhesion to the matrix, 

extension at the edge, and release of adhesion at the rear (Lamalice et al., 2007).    

 

1.6 Cell cycle  

Cell growth and proliferation, DNA damage repair and control, tissue hyperplasia in response 

to injury, and diseases like cancer all depend on the intricate process known as the cell cycle. 

Key regulatory proteins in the cell cycle guide cells through a predetermined order of events 

(Schafer, 1998). The cell cycle is carefully regulated and impressively preserved throughout 

genome duplication. The GO/G1 phase, also known as gap 1, S phase, during which DNA is 

synthesised, G2 (gap 2), and M phase (mitosis) are the four stages of the cell cycle. Key 

checkpoints for proper cell division include effective replication in the S phase and successful 

chromosomal aggregation into daughter cells, among others (Thu et al., 2018). The G1 and 

G2 phases are important regulatory checkpoints, and between the G1 and S phases, there 

are restriction points that either allow passage into the S phase or force cells into the G0 

phase, which stops the cell cycle. The cell cycle is regulated by cyclins and cyclin dependent 

kinases (CDKs), a family of serine/threonine kinases. In the various cell cycle phases, CDKs 

are activated, stabilised, and phosphorylated via complexes that they form with particular 

cyclins (Malumbres, 2014). By phosphorylating target genes like the tumour suppressor 

protein retinoblastoma (Rb), the cyclins/CDKs complex controls cell cycle progression. The 

activation of the cyclins and CDKs complex, which is initially stimulated by mitogenic signals, 

is inhibited by the activation of cell cycle checkpoints in response to DNA damage (Otto and 

Sicinski 2017). In response to extracellular and intracellular signals, CDKs control cell division 
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by forming a heterodimer complex with cyclins to act as the regulatory subunits. With the 20 

CDKs and 29 cyclins found in human cells, they either directly regulate cell cycle transition 

and cell division, or they facilitate gene transcription (Ding et al., 2020). CDK4 and CDK6 

control the cell cycle's transition from the G0/G1 phase to the S phase. D-type cyclins include 

cyclin D1, cyclin D2, and cyclin D3 promote and positively regulate CDK4/6 activity. The 

CDK4/6 activity is adversely regulated by the INK4 family (Ding et al., 2020). Cell cycle 

regulation by CDK1 has been linked to the development of tumours. According to Gao et al. 

(2019), CDK1 disruption prevents angiogenesis by causing cell cycle arrest and death. The 

results suggested that abnormal retinal angiogenesis involved an overexpression of CDK1. 

Short interfering (si)RNA sequences targeting CDK1 inhibited HUVECs cell migration, 

proliferation, and tube formation. Cyclin A1, cyclin D1, and cyclin E1 expression levels were 

dropped when CDK1 was silenced. Considering this, CDK1 may provide a novel therapeutic 

target for retinal angiogenesis. However, more research is needed to determine CDK1's 

function in pathological angiogenesis (Gao et al., 2019). 

 

 Figure 10: A diagram showing the CDK and cyclin complex at several cell-cycle stages 

(created using biorender.com). The four stages of the cell cycle are mitosis (M), gap 1 (G1), 
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DNA synthesis (S), and gap 2 (G2). The majority of non-dividing cells leave the cell cycle and 

enter a quiescent state (G0 phase), yet they can also re-join the cell cycle again with the right 

stimuli. Once a cell has passed the G1/S phase restriction points, it is committed to starting 

the cell cycle. The actions of cyclin-CDK complexes control the progression of every phase of 

the cell cycle. 

   

1.7 MicroRNAs (miRNAs) 

 1.7.1a history of miRNAs 

The first miRNA, lin-4, was discovered in Caenorhabditis elegans by the Ambros and Ruvkun 

groups in 1993 (Wightman et al., 1993; Lee et al., 1993). Years after Horvitz's lab first showed 

how the lin-4 gene controls the timing of C. elegans larval development (Horvitz and Sulston, 

1980), The same team found that the wildtype of a lin-4 mutation was a lin-14 suppressor 

mutation in a null-lin-4 line, which produced the opposite phenotype from that of a gene named 

lin-14, in 1987. Lin-4 was identified by the Ambros and Ruvkun groups to be a tiny non-coding 

RNA and not a protein-coding RNA (Lee et al., 2004). The study teams found that the 3' 

untranslated region (3'UTR) of lin-14 had a complementary sequence with lin-4, suggesting 

that lin-4 controlled lin-14 at the post-transcriptional level. Lin-14 was downregulated post-

transcriptionally via this region (O'brien et al., 2018). After this discovery, additional miRNAs 

were discovered in a variety of animals, and it was shown that they were mainly conserved 

across various species (De Rie et al., 2017).  

MiRNAs, also known as small non-coding RNA molecules, are estimated to be 22 nucleotides 

long. Prior to being cleaved into precursor miRNAs (Pre-miRNAs) and mature miRNAs, 

miRNAs are firstly synthesised from DNA sequences (Hayes et al., 2014; Wang et al., 2016; 

Huang, 2017). Targeting the 3'UTR of mRNA in order to degrade mRNA or suppress protein 

translation is one of miRNA's primary roles. However, additional research has demonstrated 

that miRNAs interact with other areas such the 5'UTR, coding sequences, and gene promoters 
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(Broughton et al., 2016). miRNAs play important roles in a wide range of biological functions 

and are essential for the development of numerous models, including mammals and many 

others (Fu et al., 2013). Numerous human disorders, including cancer, liver disease, and 

cardiovascular conditions, have been demonstrated in studies to be brought on by the 

abnormal expression of miRNAs. However, it has been suggested that miRNAs may be useful 

as possible biomarkers for a number of disorders. In a particular disease, some miRNAs are 

raised while others are lowered, resulting in a distinctive miRNA pattern that could be used as 

a biological therapeutic target or biomarker. For instance, overexpressed miRNAs are 

frequently referred to as oncogenes in the context of cancer. On the other hand, certain 

miRNAs express themselves at extremely low levels in specific malignant cells and typically 

stop the growth of tumours. These miRNA subgroups are referred to as tumour suppressor 

miRNAs (Walayat et al., 2019).  

 

1.7.1b miRNA therapies  

At least two techniques are required to target miRNA expression for disease prevention and 

possibly therapy (Walayat et al., 2019). The use of oligonucleotides or virus-based constructs 

is the first technique to either directly decrease the expression of a disease-associated 

signature miRNA or to directly replace the loss of expression of the miRNA. The second 

method uses medications to target miRNA transcription and processing in order to change 

how they are expressed. To prevent miRNA expression, one can employ antisense 

oligonucleotides, miRNA-mask, miRNA sponges, and small RNA inhibitors. By employing 

synthetic miRNA (miRNA mimics) or by putting the miRNA gene into viral constructs like 

adenoviruses, it is possible to restore downregulated miRNA expression. To stop the 

transcriptional transitions from DNA transcript to pri-miRNA and pre-miRNA, small-molecule 

miRNA inhibitors may be used. Antisense oligonucleotides may be used to degrade mature 

miRNA or change it into a duplex form at the mature miRNA level. By complementarily 

attaching to the target mRNA's 3' UTR region, miRNA masks may compete with endogenous 
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miRNAs for binding to the particular target at the functional level. By exploiting complementary 

mRNA binding sites to bind target miRNA with miRNA sponges, target miRNA expression 

levels may be reduced (Walayat et al., 2019). 

 

1.7.1c Biogenesis of miRNAs 

MiRNAs are produced via a process called biogenesis. MiRNA biogenesis happens quickly. 

According to Drosophila study, which shows that miRNAs have one of the quickest rates of 

transcript synthesis, at least 40% of mature miRNAs are produced in only 5 minutes (Reichholf 

et al., 2019). Similar to protein-coding genes, miRNAs may have separate transcriptional 

regulatory units, but the fact that they are also present within host gene introns shows that 

transcription may potentially be co-regulated. In contrast to their host gene, several intronic 

miRNAs contain distinct transcriptional start sites, making them subject to different regulatory 

sequences and/or promoters (Bartel, 2004). There are two distinct routes that make up miRNA 

biogenesis: canonical pathways and non-canonical pathways as shown in Figure 11. 

 

1.7.1c (i) Canonical pathway of miRNAs 

The most common technique for processing miRNAs is the canonical pathway. To start 

miRNA production, the genome's primary miRNA transcripts (pri-miRNAs) are first processed 

post- or co-transcriptionally. RNA polymerase II performs the majority of canonical pri-miRNA 

transcription. The RNase III enzyme DROSHA cleaves pri-miRNAs, which form a hairpin 

structure in the nucleus, producing premature miRNAs (pre-miRNAs). Chromosome 8 of the 

DiGeorge syndrome (DGCR8) has a complex including DROSHA and RNA-binding protein 

(RBP). DROSHA cleavage depends on the hairpin shape and the distance between the pri-

miRNA stem's single-stranded RNA basal segments and double-stranded RNA junction 

(Stavast and Erkeland, 2019). Pre-miRNAs are transported from the nucleus to the cytoplasm 

by an exportin 5 (XPO5)/RanGTP complex, where they are subsequently processed by the 
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RNase III endonuclease Dicer (Okada et al., 2009). Cutting the terminal loop and producing a 

mature miRNA duplex is what the dicer enzyme does (Zhang et al., 2004). The name of the 

mature miRNA form is determined by the orientation of the miRNA strand. The 3p strand starts 

at the 3' end of the pre-miRNA hairpin, whereas the 5p strand starts at the 5' end. Both strands 

of the miRNA duplex may be loaded in an ATP-dependent manner into the Argonaute (AGO) 

family of proteins (AGO1-4 in humans) (Yoda et al., 2010). It is possible for both 3p and 5p 

strands to be incorporated into AGO or primarily one or the other because the amount of each 

loaded into AGO mostly depends on the cell environment or cell type (Meijer et al., 2014). The 

selection of 3p or 5p strands for incorporation into AGO is based on the miRNA duplex's 5' 

end's thermodynamic stability (Khvorova et al., 2003). The guide strand is the one that is 

favoured to be put into AGO and has the lowest 5' stability. According to the level of 

complementarity, the passenger strand—also known as the unloaded strand—is 

hypothesised to be unwound from the guide strand through a variety of mechanisms. In 

another phase, miRNA duplexes with central mismatches or miRNA that is not loaded with 

AGO2 are unravelled before being degraded. AGO2 cleaves the passenger strands of miRNA 

that have no mismatch, and the passenger strand is then degraded by cellular machinery (Ha 

and Kim, 2014). 

 

1.7.1c (ii) Non-Canonical pathways 

The way non-canonical routes utilise various combinations of canonical pathway proteins like 

Dicer, Drosha, AGO2, and exportin 5 is the primary distinction between them and canonical 

pathways. The independent Drosha/DGCR8 and Dicer pathways are two examples of 

independent pathways that make up the non-canonical miRNA biogenesis. When they are 

created through the Drosha/DGCR8 independent pathways, pre-miRNAs resemble Dicer 

substrates. Pre-miRNAs that are formed from introns during mRNA splicing are examples of 

these, as are pre-miRNAs that are 7-methylguanosine (m7G) capped (Ruby et al., 2007; 

Babiarz et al., 2008). Without the aid of Drosha for cleavage, these nascent RNAs are 
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exported to the cytoplasm directly through exportin 1. The significant bias of the m7G cap 

toward the 3p stand hinders the incorporation of the 5p strand into AGO (Xie et al., 2013). 

Drosha, on the other hand, uses endogenous short hairpin RNA (shRNA) to process dicer 

independent miRNAs (Yang et al., 2010). Because these pre-miRNAs are too short to serve 

as Dicer substrates, AGO2 helps them complete their mutation in the cytoplasm (Yang et al., 

2010). This causes AGO2 to load the complete pre-miRNA, which in turn causes the 3p strand 

to be cut in a manner that is dependent on AGO2. Consequently, the 5p mutation's 3'=5' 

cutting is complete (Cheloufi et al., 2010). 
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Figure 11: MicroRNA biogenesis and mechanism of action (Created using 

Biorender.com). To start the biogenesis process, RNA Polymerase II (POL II) or POL III first 

transcribes the miRNA genes. The primary (pri)-miRNAs are then processed by the 

DROSHA/DiGeorge syndrome critical region 8 (DGCR8). The produced pre-miRNAs are then 

exported to the cytoplasm by exportin-5 (XPO-5). Spliceosomes debranched the intron lariat 

and splice out miRtrons to produce pre-miRNAs. After being exported, DICER/trans-

activation-responsive RNA binding protein (TRBP) cleaves pre-miRNAs. The component 3 

promoter of the RNA-induced silencing complex (C3PO) complex then breaks down the 

passenger strand. The RNA-induced silencing complex (RISC), which is in charge of 

translational repression and subsequently degrading transcripts, has the guide strand as one 

of its parts. 

 

1.7.1d miRNAs expression and regulation in endothelial cells 

A study by Poliseno et al., 2006 on miRNA profiling was performed in endothelial cells using 

human umbilical vein endothelial cells (HUVEC) and discovered 15 highly expressed miRNAs. 

The expression of these miRNAs' target genes, which included the angiogenesis-modulating 

factor receptors, was inhibited (Poliseno et al., 2006). Additional 28 miRNAs were discovered 

in endothelial cells under typical circumstances (Caporali and Emanueli, 2011). Real-time 

PCR has also been used to identify the expression of miRNAs in endothelial cells. For 

instance, miR-126, miR-23a, and miR-24 are expressed in living microvascular endothelial 

cells (Larsson et al., 2009). The number of miRNAs implicated in angiogenesis may be 

underestimated because diverse endothelial cell sources and analysis platforms were used. 

Further research is needed to determine how endothelial cells respond to stress and whether 

they originate from diseased organisms. For instance, endothelial cells express the miRNA 

miR-503 in response to ischemia and diabetes (Caporali et al., 2011). More research has 

revealed that small RNA sequencing (next generation sequencing, or small RNA-seq) can be 

used to identify an extensive list of endothelial miRNAs that either positively or negatively 
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regulate endothelial cell functions, including angiogenesis. As an example, small RNA 

sequencing analysis on miRNAs expressed by endothelial cells under hypoxia (Voellenkle et 

al., 2010). There is a bidirectional relationship between miRNAs and angiogenesis, according 

to the evidence from the literature about miRNA expression and activity in endothelial cells, 

which shows there are two types of endothelial miRNAs: Key angiogenesis pathways are 

targeted by miRNA, and miRNAs that do express themselves can be affected by stimuli that 

promote or inhibit angiogenesis (Caporali and Emanueli, 2010). 

 

1.7.1e miRNAs target genes involved in angiogenesis 

"Angio-miRNAs" (Angio-miRs), also known as miRNA, are widely found in endothelial cells, 

where they activate recognised actions via binding to angiogenesis target genes (Wang and 

Olson, 2009). Angio-miRs must be identified through further research, but some angio-miRs 

are well known, such as the miR-23/27, miR-126, miR-221/222, and miR-17-92 cluster. MiR-

126, a negative regulator of VEGF signalling that targets PIK3R2 and SPRED1, is crucial for 

maintaining vascular integrity during angiogenesis (Fish et al., 2008). Klf2a, a zinc finger-

containing transcription factor, mediates the decrease of miR-126 by blood flow, which 

determines the activation of VEGF signalling in the endothelium (Nicoli et al., 2010). response 

of angiogenesis to a stem cell factor (SCF). A particular miRNA found in HUVECs, miR-221, 

is involved in the control of angiogenesis. MiR-221 modifies the expression of c-kit, the SCF 

receptor that is essential for the migration of endothelial progenitor cells. According to a 2006 

study by Li et al., high glucose levels, which simulate hyperglycaemia, promote the production 

of miR-221 but decrease the expression of c-kit in HUVECs, impairing endothelial cell motility. 

By exposing HUVECs to the antisense miR-221 (AMO-221) during treatment with high 

glucose, the expression of miR-221 and the c-kit protein was recovered. High glucose 

exposure's inhibitory effect on HUVECs transmigration was eliminated by the AMO-221 

therapy. Thus, demonstrating that miR-221 is increased in HUVECS under hyperglycaemic 

circumstances, which inhibits c-kit and impairs HUVEC motility (Li et al., 2009). Studies have 
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revealed that overexpression of miR-23 and miR-27 increase angiogenesis by targeting genes 

with anti-angiogenic properties, such as Sprouty2 and Sema6A. A complicated role for the 

miR-17-92 cluster in angiogenesis. The cluster's pro-angiogenic activity was detected in miR-

17-5p, miR-18a, and miR-19a (Suarez et al., 2008). While miR-17-5p has been found to affect 

endothelial cell proliferation and migration by targeting tissue inhibitor of metalloproteinase 1 

(TIMP1), studies have shown that miR-18a and 19a target proteins containing 

thrombospondin type 1 repeats (TSR) (Otsuka et al., 2008). 

 

1.8 cardiac miRNAs 

1.8.1 miR-1 and miR-133a 

Cardiac miRNAs, which include miR-1, miR-133a, miR208a/b, and miR-499, are tissue-

specific. These miRNAs are highly expressed in the myocardium and are crucial for the 

formation of the heart and the progression of some cardiovascular conditions, including 

myocardial infarction (MI), in both human patients and animal models. The primary global 

cause of morbidity and mortality is MI. MiRNAs are critical in cardiovascular disorders, 

according to mounting data. One of the most prevalent miRNAs in the heart, whether in the 

initial pathophysiology of MI or during cardiac remodelling, is miR-133a. studies have shown 

that MiR-133a may be a diagnostic biomarker for acute MI since it is down-regulated in the 

infarcted area and the border zone of the heart in both MI patients and laboratory animals 

(Boštjančič et al., 2018). Important MI markers include cardiac troponin T (cTnT) and creatine 

phosphokinase (CK), although research has shown that miR-133a levels rise quickly after the 

onset of chest pain even when cTnT or CK levels are not increased. Exosomes contain higher 

concentrations of circulating miR-133a, which suggests that the live myocardium may be its 

source (Kuwabara et al., 2011). 

Two genes, MIR-1-1 and MIR-1-2, respectively, encode miR-1-1 and miR-1-2. Three genes, 

MIR-133A1, MIR-133A2, and MIR-133B, respectively, code for miR-133a-1, miR-133a-2, and 
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miR-133b (Ohanian et al., 2013). While miR-133a-1 and miR-133a-2 mature sequences are 

identical, miR-133b mature sequences differ at the 3' end by a single nucleotide. Typically, 

miR-1 and miR-133a are expressed from the same chromosomal locus; for instance, 

chromosome 20 contains both MIR-1-2 and MIR-133A1, while chromosome 18 contains MIR-

1-1 and MIR-133A2. After cardiac hypertrophy, miR-1 exhibits high expression levels, which 

alter in the opposite manner during myocardial infarction (MI) (Yang et al., 2008). MiR-133a 

is linked to cancers like breast cancer and hepatocellular carcinoma in addition to heart 

disease and development (Ji et al., 2016). MiR-1 and miR-133a promote heart function, 

cardio-genesis, and pathology. The primary regulators of the early stages of cardio-genesis 

are miR-1 and miR-133a, which regulate the commitment of embryonic stem cells and 

mesodermal precursors to the lineage of cardiac-specific muscle cells. By modulating both 

automaticity and cardiac conductance, miR-1 and miR-133a also control all stages of the 

cardiac action potential in the heart. Since the deletion of both miR-133a genes may result in 

abnormal heart smooth muscle gene expression, atypical apoptosis, and incorrect proliferation 

patterns, miR-133a is particularly important for heart development. MiR-133a is expressed at 

extremely low levels in endothelial cells under normal circumstances, but in pathological 

circumstances, miR-133a expression in the endothelium has been substantially linked to 

cardiovascular disease (Xiao et al., 2019). The molecular and physiological processes by 

which miR-133a is down regulated in endothelial cells by high expression are largely unclear, 

despite the fact that aberrant expression of miR-133a causes endothelial dysfunction. Due to 

this, the abnormal expression of miR-133a in endothelial cells and its impact on angiogenesis 

were investigated (Xiao et al., 2019). 

 

 

 

 



50 
 

1.8.1a Pathological role of miR-133a during angiogenesis 

Recent research has demonstrated that miRNAs are critical players in major signalling 

pathways that either promote or decrease angiogenic processes by working with specific 

angiogenic components. According to studies, angiogenesis in PAD is impaired after hindlimb 

ischemia due to the increase of miR-133a, which also causes endothelial cells to produce less 

nitric oxide (NO) (Chen et al., 2018). MiR-133a inhibits angiogenesis in HUVECs by targeting 

FGFR1 and VEGFR2, which has an impact on cell survival, migration, and proliferation (Soufi-

Zomorrod et al., 2016). Fluorescence in situ hybridization was used to compare the carotid 

arteries of normal rats and rats that had been given streptozotocin (STZ) to imitate diabetes 

in Peng et al (2016) publication. Because miR-133a is a muscle-specific miRNA, the findings 

indicated that it was expressed in alpha smooth muscle cell actin in healthy rats. However, in 

normal rats, endothelial cells did not express miR-133a. MiR-133a was shown to be expressed 

in endothelial cells in diabetic rats, proving that in addition to being found in smooth muscle 

cells, miR-133a is also expressed in endothelial cells in pathological circumstances (Peng et 

al., 2016). Human miR-133a matures during biogenesis by unwinding into two strands that 

are each about 22 nucleotides long. These mature strands are known as miR-133a-3p and 

miR-133a-5p. Recent research suggests that increasing miR-133a expression, which is 

connected to restricting angiogenesis, greatly repaired injured endothelium (Soufi-Zomorrod 

et al., 2016) and (Chen et al., 2018). However, a recent investigation by Zhu et al., 2021 has 

shown that miR-133a has a distinct function as a pro-angiogenic regulator of endothelial cells 

(Zhu et al., 2021). In the trials, exosome transplantation—a potential cell-free therapeutic 

approach to treat patients with ailments such ischemic heart disease—was used. In rat 

models, macrophage migration inhibitory factor (MIF)-modified exosomes from umbilical cord 

MSCs (ucMSCs) are more effective cardioprotective agents. In order to examine the cellular 

protection mechanisms in H9C2 cardiomyocytes and HUVECs under serum deprivation 

(H/SD), hypoxia, and infarcted hearts in rats, exosomes from ucMSCs (MSC-Exo), ucMSCs 

engineered with MIF (MIF-Exo), and ucMSCs with MIF downregulated (siMIF-Exo) were used 
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in the studies. When compared to MSC-Exo and siMIF-Exo, the results demonstrated that in 

vitro MIF-Exo dramatically increased migration, proliferation, and angiogenesis in HUVECs. 

Exosomal miRNA sequencing and qRT-PCR results showed considerably higher expression 

of miR-133a-3p in MIF-Exo. MiR-133a-3p mimics increased AKT phosphorylation in HUVECs, 

indicating a beneficial role for this miRNA in cardioprotection. Furthermore, MIF-Exo and miR-

133a incubation reduced the biological effects of HUVECs (Zhu et al., 2021). Given the 

differences reported on the role of miR-133a in endothelial cell angiogenesis this study 

focused on analysing the effect of miR-133a overexpression in angiogenesis. 

 

1.9 Summary of literature studies, aims and objectives 

To summaries the literature studies, angiogenesis is a neovascular process required to form 

new blood vessels from pre-existing ones. It is tightly regulated by maintaining a balance of 

both positive and negative regulatory pathways. Pro-angiogenic and anti-angiogenic factors 

maintain the physiological balance between inhibitory and stimulatory signals, which work 

alongside with the growth of blood vessels. Several pro-angiogenic factors promote 

angiogenesis, however the most abundant and important factor is VEGF-A, a potent cytokine, 

which regulates both physiological and pathological angiogenesis. This work mainly focuses 

on sprouting angiogenesis (SA) and studying the key angiogenic pathways and genes which 

regulate this process. In summary, the notch signalling pathway plays a key role in the 

formation of the tip cell and stalk cells. Key regulators of cell motility allow the tip cell to migrate, 

while key regulators of the cell cycle allow the stalk cells to proliferate. The initial phase of SA 

involves the degradation of the ECM, which involves key regulators of ECM-CAM. 

As mentioned in the literature, emerging evidence have suggested that microRNAs play a key 

role as regulators of angiogenesis. miR-133a is a cardiac microRNA, which is expressed 

essentially in cardiomyocytes and skeletal muscle cells. It is expressed at very low levels in 

endothelial cells under physiological conditions, however studies have shown under 
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pathological conditions, elevated miR-133a expression strongly enhanced diseased 

endothelium. Previous studies on the effect of aberrant expression of miR-133a on endothelial 

cell angiogenesis have yielded conflicting results (Soufi-Zomorrod et al., 2016, Chen et al., 

2018, and Zhu et al., 2021) therefore this thesis aimed to clarify these discrepancies. 

Furthermore, this work also aimed to analyse the effect of aberrant expression of individual 

miR-133a strands (-3p or -5p) on angiogenesis, and to characterise their corresponding 

angiogenic target genes in resting/VEGF-stimulated endothelial cells.  

 

To achieve these aims, the following objectives were established for this work: 

1) To analyse the effect of aberrant expression of human miRNA mimics miR-133a-3p, 

miR-133a-5p, or a negative control mimic (miR-NC) on angiogenesis of primary 

human endothelial cells HUVEC using Matrigel tubular morphogenesis assays.  

2) To determine how transfection of miR-133a-3p, miR-133a-5p, or negative control 

mimic in primary endothelial cells (HUVECs) affects endothelial cell proliferation, 

migration, and cell cycle. Analysis of proliferation, migration and cell cycle phases of 

the transfected cells will be determined by MTT or cell count assays, “wound healing 

migration assays” and cell-cycle flow cytometry analysis, respectively.  

3) To identify specific or common target genes regulated by miR-133a-3p and miR-

133a-5p in endothelial cells. Target genes involved in the pro-angiogenic cellular 

processes analysed in objective 2 will be identified by PCR-based screening of gene 

arrays containing oligonucleotides to detect the expression of genes related to notch 

signalling, cell cycle, extracellular matrix, and cell adhesion molecules. Upregulation 

or downregulation of identified target genes will be further validated Taqman RT-

PCR.  

4) Bioinformatic analysis of identified target genes for predicted cellular functions 

affected by miR-133a-3p will be performed to link the target genes to enriched 

biological functions, when endothelial cells overexpress miR-133a-3p (performed by 
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our collaborator Dr Manuel Gomez, Bioinformatic Unit, Centro Nacional de 

Investigaciones Cardiovasculares (CNIC), Madrid, Spain). 

5) Search for potential binding sites for miR-133a-3p or -5p in the RNA of the identified 

target genes by bioinformatic analysis of their sequences using miRNA data bases 

miRWalk, TargetScan and miRDB. 

6) The 3’UTR of the RNA of the selected genes which show potential binding sites for 

miR-133a-3p or -5p will be selected for cloning and analysis of identified potential 

binding using luciferase-based reporter vectors. 
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2 Method and materials  

2.1. Tissue culture 

Under aseptic circumstances, tissue culture was carried out using a class II microbiological 

safety cabinet (BioMAT 2, CAS, UK). The cabinet was sterilised with 1% Trigene (Sigma-

Aldrich, UK) and 70% ethanol to reduce the possibility of cell contamination (Sigma-Aldrich, 

UK). Before beginning any tissue culture research, all solutions were warmed to room 

temperature. 

To sustain and increase the number of cells, passages of the cultured cells were performed 

often. This procedure entailed aspirating the culture flask's media, then washing the cells in 

1x phosphate buffered saline (PBS 1x). The cells were detached after the PBS 1x was 

aspirated and 0.25% trypsin-EDTA solution was added. A fresh complete medium was added 

to neutralise the trypsin after cells were inspected under a microscope to see if successful 

detachment had taken place. After being transferred into a sterile universal tube, the whole 

contents of the flask were centrifuged for five minutes at 1200 RPM. The pellet was re-

suspended in new media, transferred to tissue culture flasks of the necessary size, and the 

supernatant was discarded. After that, cells were incubated at 37°C and 5% CO2. 

 

2.1.1 Thawing cells  

From the liquid nitrogen storage tank or the -80 freezer, a cryovial containing cells in a 10% 

solution of dimethyl sulfoxide (DMSO) and fetal bovine serum (FBS) was taken out. At 37°C, 

they thawed. To avoid cell damage, the cell solution was diluted 1:10 in sterile universal tubes 

filled with tissue culture media. The tubes were then centrifuged at 1200 RPM for 5 minutes. 

After discarding the supernatant, the cell pellet was re-suspended in new tissue culture media 

and put into tissue culture flasks of the appropriate size. Then, cells were grown at 37°C and 

5% CO2. 
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2.1.2 Freezing cells 

Following the method shown in chapter 2.1, the cell suspension in the flask which was 

trypsinised and neutralised by adding complete media was transferred to a sterile universal 

tube and centrifuged at 1200 RPM for 5 minutes. The supernatant was discarded, and the 

pellet was re-suspended in 1ml of freezing solution (10% DMSO, 90% FBS), and transferred 

to a labelled cryovial (Nalgene cryowareTM Labware, Roskilde, Denmark) and stored at -80°C 

or liquid nitrogen, until further use. 

 

2.1.3 Human Umbilical Vein Endothelial Cells (HUVECs) 

Endothelial cell growth medium (ECGM), obtained from PromoCell, was used to cultivate 

HUVECs in tissue culture flasks that had already been coated with 0.1% gelatin. HUVECs 

were procured from TCS Cellworks. ECGM-supplement mix (Promocell, UK) containing 0.4% 

endothelial cell growth supplement, 2% FBS, 0.1 ng/ml epidermal growth factor (recombinant 

human), 90 g/ml heparin, 1 ng/ml basic fibroblast growth factor (recombinant human), and 1 

g/ml hydrocortisone was added to 1% penicillin/streptomycin/amphoter. Between passages 4 

and 8, HUVECs were employed, as after passage 8, the RNA of HUVECs reduces due to the 

age of the cells, which effect the further experiments mentioned in this thesis, such as 

transfection, RNA isolation, Complementary DNA (cDNA) synthesis, and real time PCR. 

 

2.1.4 Human Dermal Fibroblast adult cells (HDFa) 

HDFa purchased from TCS Cellworks were cultivated in T75 tissue culture flasks pre-coated 

with 0.1% gelatine and supplemented with the following nutrients in Dulbecco's Modified Eagle 

medium (DMEM) from Sigma-Aldrich in the UK: Penicillin/streptomycin/amphotericin B (1%), 

1.73 mM L-glutamine, and 10% FBS (Sigma-Aldrich, UK). Following, DMEM "complete" shall 

be referred to as DMEM with additional supplements. The organotypic co-culture experiment 
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was performed using HDFa for the tubular morphogenesis analysis as mentioned in chapter 

2.9. 

 

2.1.5 Human Embryonic Kidney 293A cells (HEK293A) 

HEK293A cells purchased from PromoCell were defrosted in tissue culture flasks pre-coated 

with 0.1% gelatine in DMEM "complete," and passaging was carried out in T175 tissue culture 

flasks without pre-coating with gelatine. 

 

2.1.6 Cell cultures maintenance   

Under a microscope, the cells were frequently checked for any changes to the cell population 

or growing media. Every 24 to 48 hours or whenever a pH decrease was detected (noted by 

a change in the medium's colour), the medium was replaced. The cells were cultured at 37 °C 

and 5% CO2 until they were more than 80% confluent. 

 

2.1.7 Counting cells  

The number of cells in a cell suspension were determined by adding 10 µl of mixed cell 

suspension to a haemocytometer and cells were counted under the microscope. Using the 

grids on the haemocytometer, the number of cells in 1ml of the suspension was calculated by 

multiplying by the number of cells in the haemocytometer x 104. 

 

2.2 Transfecting HUVEC cells with miR-133a-3p, miR-133a-5p and miR-NC mimics 

Primary HUVEC were transfected with microRNA mimics for human miR-133a-3p (NBS 

Biologicals, ref: MCH01280), mi-133a-5p (NBS Biologicals, ref: MCH01281) or a scramble 

negative control mimic (miR-NC) (NBS Biologicals, ref: MCH00000) as following. The day 
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before transfection HUVEC were seeded in 6-well tissue culture plates at a density of 3 x 105 

cells/well. The following morning the cells were washed three times with PBS 1x to eliminate 

any traces of serum and antibiotics and were incubated in OPTIMEM (Gibco) free of serum 

and antibiotics for 1 hour at 37°C and 5% CO2. Lipofectamine/miRNA mimic complexes were 

prepared by mixing 5 μl of Lipofectamine 2000 (1 mg/ml) (Invitrogen) and 100 pmol of 

microRNA mimics in a final volume of 500 μl. The Lipofectamine/mimics solution was 

incubated for 1 hour in the dark for complexes to form, and then it was carefully added 

dropwise to a 6 well-plate containing cells that were incubated in 5 ml of OPTIMEM as 

described above. The cells and transfection complexes were incubated at 37°C and 5% CO2 

for 6 hours. After 6 hours, the OPTIMEM containing the transfection solution was removed 

and replaced by 5 ml of complete ECGM. Cells were further incubated for 3 days at 37°C and 

5% CO2 and then used for experiments. 

 

2.3 Cell stimulation 

Complete ECGM was extracted for cell stimulation, and cells were then washed twice with 

PBS 1x. Each well received 5 ml of ECGM serum-free after the PBS had been aspirated. The 

wells were then incubated at 37°C and 5% CO2 for three hours. HUVECs were stimulated 

with vascular endothelial growth factor (VEGF) (Peprotech) at a final concentration of 50 ng/ml 

and incubated for various amounts of time after three hours of serum deprivation. Basic 

fibroblast growth factor (bFGF) (Peprotech) was used to activate HUVECs for the organotypic 

experiments outlined in section 2.10 at a final concentration of 25 ng/ml. 

 

2.4 Cell lysis, RNA isolation and purification 

For RNA isolation the culture medium was discarded, and the cells were washed with PBS 

1x. The PBS 1x was discarded and any excess PBS was removed. Cells were lysed in 300 μl 
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of “RL lysing buffer” from a “Total RNA purification Kit” (Norgen, Canada). The lysate was 

stored at -80°C or processed immediately for RNA isolation.  

To remove genomic DNA, the lysate was passed through a genomic DNA spin column (gDNA) 

provided in the kit, by centrifugation at 13,000 RPM for 1 minute. The column (containing the 

genomic DNA) was discarded and the flow through was mixed by vortex for 10 seconds with 

200 μl of 100% (absolute) ethanol. This solution was passed through “RNA spin columns” by 

centrifugation at 13,000 RPM for 1 minute. The flow through was discarded and the column 

retaining the RNA was washed twice with 400 μl of wash solution by centrifugation at maximal 

speed for 1 minutes. To completely remove any traces of ethanol from the column, this was 

centrifuged at 13,000 RPM for 1 minute. RNA spin columns were placed inside new collection 

tubes, and 40 μl of “RNA elution buffer” were added to the columns that were incubated for 1 

minutes at room temperature. RNA was eluted by centrifugation at 2000 RPM for 2 minutes 

and again at 13,000 RPM for 1 minute to ensure all RNA is extracted. The purified RNA flow 

through was transferred to labelled sterile eppendorfs. 

 

2.5 RNA quantification  

The nanodrop 2000 spectrophotometer (Thermo Scientific, UK) was used to determine 

accurate RNA concentration. The machine was blanked with 1.5 μl of elution solution. RNA 

concentration of each sample was measured by loading 1.5 μl of the sample to the machine. 

The RNA samples purity was determined at 40 ng/μl. The purity of each sample was 

determined by calculating the ratio of absorbance at 260nm and 280nm. 

 

2.6 Complementary DNA (cDNA) synthesis  

Using a "High-capacity cDNA reverse transcription kit" (Applied Biosystems, UK), RNA was 

retrotranscribed into cDNA. In nuclease-free water, 500 ng of total RNA were diluted to a final 
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volume of 10 μl. A reverse transcription (RT) master mix was prepared as shown in Table 2 

using the components provided in the kit. 10 μl of RT master mix were added to the 10 μl of 

total RNA solution (50 ng/μl) samples, followed by a brief 10 second centrifuge. Before putting 

the tubes in a PTC-200 Peltier thermal cycler set for 25°C for 10 minutes, 37°C for 120 

minutes, 85°C for 5 minutes, and 4°C until collection, they were placed on ice. After the retro-

transcription was complete, samples were diluted with 80 μl of nuclease-free water and either 

stored at -20°C for long-term storage or put on ice for immediate use. 

 Table 2: Preparation of RT master mix using the components of a “High-capacity cDNA 

reverse transcription kit” 

Component Volume (μl)/reaction 

10x RT Buffer 2.0 μl 

25x dNTP mix 0.8μl 

10x RT random primers 2.0 μl 

MultiScribe reverse transcriptase 1.0 μl 

Rnase inhibitor 1.0 μl 

Nuclease free H20 3.2μl 

Total per reaction 10 μl 

 

 

2.7 Quantitative Real time PCR (qRT-PCR) 

In a final volume of 10 µl, 2.8 µl of cDNA reaction (5 ng/µl), 0.5 µl of the appropriate TaqMan 

Gene Expression Assay (Applied Biosystems), and 5 µl of TaqManTM Universal Master Mix II 

with UNG (2x) (Applied Biosystems) were combined to create TaqMan qPCR reactions in 96-
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well MicroAmp® optical 96 well reaction plates. Table 3 lists the TaqMan gene expression 

assays that were utilised in this investigation. 

Table 3: A reference of all 25 Taqman genes used in this research, with HPRT-1 

(housekeeping) gene used for normalisation. 

Genes Taqman probe ID 

MSN Hs00741306 

PLAUR Hs00958880 

CD44 Hs01075864 

ID1 Hs03676575 

CCNE1 Hs01026536 

CCND1 Hs00765553 

DLL4 Hs00184092 

HEY1 Hs05047713 

JAG2 Hs00171432 

NOTCH4 Hs00965889 

NRARP Hs04183811 

HES4 Hs00368353 

TIMP3 Hs01026536 

ITGA6 Hs01041011 

ADAMTS1 Hs00199608 

THBS1 Hs00962908 

SPARC Hs00234160 

CDK1 Hs00938777 

CCNA2 Hs00996788 

CCNB1 Hs01030099 

MCM2 Hs01091564 

MCM4 Hs00907398 

CCND3 Hs01017690 

CCNG1 Hs00171112 

RCAN1.4 Hs01120957 

HPRT-1 Hs99999909 
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After applying an optical clear seal, the plate was centrifuged for one minute at 900 RPM and 

4°C. A Quant studio 6 Flex PCR equipment was used to carry out the PCR amplification 

(Applied Biosystems) according to the following conditions: a 10-minute first phase of 95 °C 

enzyme activation, followed by 40 cycles of 95 °C denaturation, 15 second annealing, and 1 

minute of 60 °C extension. The Ct value in each sample was normalised according to the Ct 

value of the housekeeping gene HPRT-1 and analysis was performed using the comparative 

2-ΔΔCt method. 

 

2.8 SYBr green RT-PCR 

In a 6 well plate, 3 x 105 HUVECs were transfected with miR-NC or miR-133a-3p. VEGF was 

applied to the cells for an hour, or they were left untreated. A master mix reaction was created 

by combining 100 μl of the relevant cDNA with 1350 μl of RT2 SYBR Green ROX master mix 

(Qiagen) and 1248 μl nuclease free water after RNA extraction and cDNA synthesis as 

previously reported. The 25 μl of this solution were added to each well of a RT2 profiler PCR 

array kit (Qiagen). Gene arrays contain primers to detect 84 genes related to human Notch 

Signalling Pathway (Kit Ref PAHS-059Y) or cell cycle (Kit Ref PAHS-020Z). The plate was 

centrifuged at 900 RPM, 4°C for 1 minute. The plate was placed in a Quant studio 6 Flex PCR 

system (Applied Biosystems), the amplification was set to initial enzyme activation step at 

95°C for 10 minutes, followed by 40 cycles of denaturation at 95°C for 15 seconds, and 

annealing and extension at 60°C for 1 minute. After PCR amplification, the Ct values after 3 

independent experiments were analysed using the “Gene global analysing centre” (Qiagen) 

(https://geneglobe.qiagen.com/us/analyze). Human Extracellular Matrix & Cell Adhesion 

Molecules Kit (Ref PAHS-013Z) experiment was performed the same way as mentioned 

above, only that cells were stimulated with VEGF for 4 hours instead of 1 hour. An overview 

is shown in the figure below. 

 

https://geneglobe.qiagen.com/us/analyze
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Figure 12: Identification of genes differentially expressed in human endothelial cells by 

ectopic expression of mimics for miR-133a or a scramble negative control. Overview of 

gene array screening using RT2 profiler PCR array kit (Qiagen) containing genes related to 

cell cycle, Notch signalling, and extracellular matrix-cell adhesion molecules, using cDNA from 

HUVEC transfected with miR-133a-3p or miR-NC and stimulated with VEGF as indicated. 

Differential expression of identified genes by specific miR-133a strands (3p or 5p) was further 

analysed in a new set of transfections by performing qPCR using specific “TaqMan Gene 

Assays”. 

 

2.8.1 SYBr green RT-PCR analysis 

After 3 independent experiments the Ct values were exported to “Gene global analysing 

centre” (Qiagen) (https://geneglobe.qiagen.com/us/analyze). The Ct values were analysed, 

and the software produced a table (tables shown in appendix), showing the upregulated and 

downregulated genes, which were highlighted in red and green, respectively. The table 

showed the following: average ΔCt (AVG ΔCt), 2^- ΔCt (fold induction), fold change and p-

value. Genes showing values of AVG ΔCt ≥10 indicated high number of amplification cycles 

required in the PCR analysis and were not considered in further experiments to improve 

https://geneglobe.qiagen.com/us/analyze
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accuracy and reproducibility of data. The software also produced the volcano plots, and the 

genes that had Log2(miR-133a-3p/miR-NC) values more 1 and -Log10(p-value) P values less 

than 0.05 were chosen as upregulated (red), and those that had values less than 1 and -

Log10(p-value) P values less than 0.05 were chosen as downregulated (green). Therefore, 

for arrays performed on those pathways mentioned above, 25 genes which met the criteria in 

the volcano plots and tables were further analysed by Taqman RT-PCR.  

 

2.9 Organotypic co-culture  

3 x 104 Human dermal fibroblast adult (HDFa) cells were put on a 12-well plate that had 

already been treated with 0.1% gelatine. On 6-well plates, 3 x 105 HUVEC cells were also 

plated at the same time. At 5% CO2 and 37°C, the plates were incubated. The HUVECs were 

incubated for a further 48 hours after being infected for 24 hours with an adenovirus that 

expressed human miR-133a (Ad-miR-133a) or a control virus (Ad-miR-control) at a MOI of 

200.The adenovirus Ad-miR-133a used in this study was purchased from abm (reference 

mh0169). This was a precursor miR-133a expressing GFP, for easier observation of the 

adenovirus using the EVOS microscope. As this was a precursor miR-133a, it expresses 

mature miR-133a-3p and -5p strands. Ad-miR-NC also purchased from abm (reference m009) 

was used as a negative control. This is a blank vector producing viruses that do not expresses 

any miR. Before studies were performed in this study, primary stocks received from the 

company were amplified and titrated in HEK293-A cells and aliquots of tertiary stock were 

stored. The amplification and titration of Ad-miR-133a from primary to tertiary stock was 

performed previously by Kurusamy, S (Kurusamy 2017). The tertiary stocks of Ad-miR-133a 

or Ad-miR-control, with the titration concentration and the MOI of 200 were used in this study 

to infect HUVECs. 

Infected HUVEC were detached, and 3 x 104 cells were plated on top of the HDFa in 1 ml of 

“Angiogenesis seeding medium”. “Angiogenesis seeding medium” was prepared by adding 25 
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ml of “angiogenesis seeding supplement” (Cellworks, Ref KC1013) and 0.5 ml of 

“Gentamycin/Amphotericin B antibiotic supplement 1000x concentrated” (Cellworks, Ref 

KC1019) to 500 ml of “Angiogenesis Basal Medium” (Cellworks, Ref KC1012). After incubation 

for 24 hours the medium was replaced with 1 ml of “Angiogenesis Growth Medium” and cells 

incubated for 13 consecutive days with medium replacement every other day.  “Angiogenesis 

Growth Medium” was prepared by adding 10 ml of “Growth supplement” (Cellworks, Ref 

KC1014) and 0.5 ml of “Gentamycin/Amphotericin B antibiotic supplement 1000x 

concentrated” (Cellworks, Ref KC1019) to 500 ml of “Angiogenesis Basal Medium” (Cellworks, 

Ref KC1012).  

When indicated basic Fibroblast Growth Factor (bFGF) (25 ng/ml) were added to the cells.  

After 13 days post inoculation, tubular structures were visualised by staining endothelial cells 

using a “CD31 tubule staining kit” (Cellworks, kit Ref ZHA-1225) according to the 

manufacturer’s recommendation. Briefly, the growth medium was aspirated, and the cells 

washed with 0.5 ml PBS 1x. Cells were fixed in 0.5 ml of ice-cold ethanol 70% by incubation 

at room temperature for 30 minutes. Fixed cells were carefully washed three times with 0.5 

ml/well of wash/blocking buffer (1% BSA in PBS). Cells were then incubated in 0.5 ml/well of 

a 1:200 dilution of mouse anti-human CD31 monoclonal antibody (0.1 mg/ml) (Cellworks, Ref 

KC1004) in wash/blocking buffer at 37°C for 1 hour. Unbound antibody was removed by 

washing with wash/blocking buffer three times, 5 minutes/each. Then samples were incubated 

for 1 hour with 0.5 ml/well of a 1:250 dilution of secondary antibody goat anti-mouse IgG1-

Alkaline Phosphatase conjugate (1 mg/ml) (Cellworks, Ref KC1005) in blocking buffer. The 

secondary antibody solution was removed, and the wells were washed with 0.5 ml of dH2O 

following the same procedure for washing off the primary antibody. To stain tubes, samples 

were staining by incubation in 0.5 ml/well of AP substrate at room temperature until tubules 

development showed a dark purple colour (usually 3-10 minutes). AP substrate solution was 

prepared by dissolving two tables of 5-bromo-4-chloro-3-indolyl phosphate/p-nitroblue 

tetrazolium chloride (BCIP/NBT) (Cellworks, Ref KC1010) in 20 ml of dH2O. Substrate solution 
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was filtered using a disposable syringe through a 0.2 μm filter disc to eliminate aggregates. 

The staining was monitored to not exceed 20 minutes. The wells were then washed carefully 

once with 0.5 ml dH2O. The dH2O was removed and the plate was left to air dry. Images were 

taken on an EVOS microscope at 4x magnification. Number of junctions were quantified using 

the image J software with the macro’s plugin angiogenesis analyser (Carpentier et al., 2020). 

 

2.10 Matrigel tube formation assay 

Using the same procedure as chapter 2.2, miR-NC, miR-133a-3p, or miR-133a-5p were 

transfected into HUVEC cells (3 x 105 cells/well). In order to enable the Matrigel to harden, a 

96-well culture plate was covered with GeltrexTM Matrix (low growth factors) (Invitrogen) and 

incubated at 37°C and 5% CO2 for 30 minutes. The transfected HUVEC cells were detached 

and 2 x 104 cells/well were plated on top of the Geltrex in ECGM serum free + 1% FBS 

containing VEGF 50 ng/ml when indicated. The plate was incubated at 37°C, 5% CO2 for 24 

hours and images were recorded using a Nikon DSFi1 digital camera coupled to a Nikon 

ECLIPSE TS100 microscope at 4x magnification. Tube formation was quantified using the 

image j software with the macro’s plugin angiogenesis analyser (Carpentier et al., 2020). 

 

2.11 Wound healing cell migration assay 

Using a "CytoselectTM 24-well wound healing test kit" (Cell Biolabs), cell migration studies 

were carried out on HUVEC cells (3 x 105 cells/well) transfected with miR-NC, miR-133a-3p, 

or miR-133a-5p (Cell Biolabs). The assay kit's 24 well cell culture plates with 0.1% gelatine 

were used to cultivate the transfected HUVECs after they had been removed and plated at a 

density of 7 x 104 cells per well. Gap inserts were utilised to create a 0.9 mm gap on the 

surface of the well the cells were in. For 24 hours, the plates were incubated at 37°C with 5% 

CO2 to promote cell adhesion. Gap producers were eliminated, and cells representing time 

zero (T=0) were stained using a 0.6% crystal violet/0.025% ammonium oxalate/5% ethyl 
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alcohol solution (Sigma-Aldrich, UK), which was incubated for 15 minutes at 37°C with 5% 

CO2. The excess dye was removed by washing the wells three times with PBS 1x, and the 

cells were then fixed for 10 minutes at room temperature using formalin solution (10% neutral 

buffer containing formaldehyde 4% w/v) (Sigma-Aldrich, UK). The fixed cells were washed 

twice with PBS 1x, and images were taken on a Nikon ECLIPSE TS100 microscope at 4x 

magnification, which was coupled to a NikonDSFi1 digital camera. Gap creators was removed 

from the plate containing cells corresponding to time 24 hours (T=24), and the medium was 

changed to ECGM supplemented with VEGF (50 ng/ml) and incubated at 37°C, 5% CO2 for 

24hours. After incubation, cells were stained, fixed and images captured as mentioned above. 

Cell migration was analysed using image j. The value of the non-migrated area at time 24 

hours was subtracted from the original wound area at time 0 hours to compute the migrated 

area, which was then reported as a percentage of the initial wound area. 

 

2.12 MTT assay 

HUVEC endothelial cell growth was assessed using MTT assays. HUVEC that had been 

transfected as described with mimics of miR-NC, miR-133a-3p, or miR-133a-5p were planted 

on 96-well tissue culture plates at a density of 4 x 103 cells/well without the use of gelatine 

pre-coating. To help the cells adhere to the plates, they were incubated at 37°C and 5% 

CO2.The following day MTT assay was performed on the plates corresponding to day zero 

(T=0) by adding 50 μl/well of a 5 mg/ml solution of MTT (3-(4,5-dimethyllthylthiazol-2-yl)-2,5-

diphenyl tetrazolium bromide) directly to the culture medium. The MTT solution is light 

sensitive, therefore, the plates were wrapped in aluminium foil and incubated at 37°C, 5% CO2 

for 4hours. After incubation, the medium containing the MTT solution was aspirated and 80 μl 

of DMSO and 20 μl of Sorensen’s glycine buffer (0.1 M glycine-0.1 M NaCl equilibrated to 

pH=10.5) were added to the wells containing the cells. A Multiskan Ascent plate reader 

(Thermo Labsystems, UK) was used to measure the absorbance at 540 nm. In the remaining 

plates corresponding to 3 days (T=3), the medium was aspirated and ECGM supplemented 
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with VEGF (50 ng/ml) was added and plates were incubated at 37°C, 5% CO2 for 3 days. After 

3 days of incubation, MTT analysis was performed as mentioned above. By dividing the 

absorbance at 540 nm of samples from cells cultured for 3 days by the absorbance of samples 

from cells at time = 0, the proliferation rate was estimated. 

 

2.13 Cell cycle  

The stages of the cell cycle that are impacted when miR-NC or miR-133a-3p are transfected 

into HUVECs were examined using flow cytometry assays. HUVEC were transfected with 

miR-NC or miR-133a-3p as described in chapter 2.2. Transfected cells were trypsinised and 

neutralised with ECGM complete. Transfected cells were detached and centrifuged at 1500 

RPM for 5 minutes. The pellets were resuspended in PBS 1x to remove excess media and 

centrifuged again at 1500 RPM for 5 minutes. Cells were then resuspended in 100µl of PBS 

1x and 900µl of ice cold 70% ethanol for fixation. The cells were fixed overnight at 4oC. The 

following day, fixed cells were washed twice with PBS1x to remove excess ethanol and the 

pellets were resuspended in 300 µl of propidium iodide (50μg/ml PI with 100μg/ml RNAse A 

in PBS 1x). A BD FACSMelodyTM cell sorter was used to perform flow cytometry on the tubes 

after they had been incubated at room temperature for 15 minutes and covered with foil. The 

proportion of cells in each cell cycle phase was then calculated. 

 

2.14 Recombinant DNA technology 

2.14.1 Luria broth and antibiotic agar plates preparation 

Luria broth (LB) solution was made by combining 1 litre of deionized water with 25 grammes 

of Luria broth powder (Sigma Aldrich).  15 g of agar (Fluka Biochemika) was added per litre 

of Luria Broth solution to prepare LB-agar. The solutions were autoclaved at 121°C for 15 

minutes. The autoclaved LB-agar was melted in a microwave and kept at 50°C until the 
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antibiotic was added to make antibiotic agar plates. In a sterile setting, 25 ml of LB-agar with 

100 µg/ml of ampicillin was placed onto petri dishes, and the solution was allowed to set up 

overnight. 

 

2.14.2 DNA agarose gel electrophoresis 

Ultrapure Agarose, purchased from Invitrogen, UK, was used to prepare the different 

percentages of agarose gel depending on the size of the DNA fragments. DNA fragments 

which are approximately 800 bp or less, were analysed with a 2% agarose gel, whereas for 

DNA fragments greater than 1000 bp, a 0.7%- 1% gel was used. Ultrapure agarose was 

dissolved in tris acetate-EDTA buffer (TAE) 1x (Invitrogen). The solution was heated to 

dissolve the agarose and cooled slightly before adding Ethidium Bromide (EtBr) (0.3 µg/ml 

final concentration). The agarose gel was poured into a gel casting device and comb insert 

was placed. After the gel polymerised, 15 μl of the 1 Kb Plus DNA Ladder (Invitrogen) 50 ng/µl, 

was added first followed by DNA samples. The gel was run at 90V until the DNA fragment of 

interest could be quickly recognised and separated. Under UV light, DNA was seen using a 

SYNGENE DNA gel documentation system. 

 

2.15 preparation of plasmid DNA 

2.15.1 Mini prep 

The colonies were collected from the agar plates using sterile loops and inoculated in universal 

tubes containing 10 ml of LB broth and ampicillin (100 µg/ml final concentration) and placed 

in a 37°C incubator with rotary shaking for 24 hours. The tubes were removed from the shaker, 

A cloudy solution indicated the presence of bacteria in the tubes. The mini prep plasmid 

preparation was performed using a “QIA prep ® Miniprep Kit” (QIAGEN). To collect the 

bacteria containing plasmid, 1 ml of grown bacterial culture was transferred to eppendorf tubes 
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and centrifuged at 4,000 RPM for 2 minutes. The supernatant was discarded, and this 

procedure was repeated 3 more times. After the final discard, the bacterial pellet was 

resuspended in 250 µl P1 buffer followed by 250 µl of P2 buffer. The suspension was mixed 

by inversion to form a thick mucus confirming lysing of bacteria. The suspension was 

neutralised using 350 µl of N3 buffer and was mixed by inversion for chromosomal DNA to 

form precipitates. Centrifugation was used to separate the precipitates for 5 minutes at 13,000 

RPM. To further purify the plasmid, the supernatant was then added to the kit's supplied 

column. The column was centrifuged at 13,000 RPM for 1 minute. The flow through was 

discarded and the column containing the plasmid was washed by adding 750 µl of PE buffer 

(wash buffer) followed by centrifugation for 1 minute. The waste was discarded, and the 

column further spun to remove excess of PE buffer as it contains ethanol and should be 

completely removed before the elution step. Plasmid DNA was eluted by adding 50 µl of 

elution buffer to the column after it had been placed into a fresh collection tube. The columns 

were centrifuged at 13,000 RPM for 1 minute after being incubated at room temperature for 1 

minute. The plasmid-containing flow-through was collected and kept at -20°C. 

 

2.15.2 Maxiprep 

The samples which contained the newly generated plasmid were selected for maxiprep. To 

achieve maximal bacterial growth, bacteria were inoculated into 400 ml of LB-antibiotic from 

a culture in the lag phase. As a general protocol, the day before inoculation, 1 ml of miniprep 

culture were inoculated in 9 ml of LB-ampicilin and incubated at 37°C in a rotary shaker 

incubator overnight. The following day the culture was diluted 1:10 in fresh LB-ampicillin 

medium in a new culture tube and incubated at 37°C in the rotary shaker till the evening. At 

the evening, the lag phase culture was inoculated into 400 ml of LB-antibiotic and incubated 

at 37°C in the rotary shaker overnight. 
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By centrifuging the cultures for 15 minutes at 4500 RPM, the bacteria were extracted from the 

growing cultures. The pellet was resuspended in buffer P1 from a plasmid maxi kit (Qiagen) 

after the supernatant was discarded.10 ml of P2 buffer was added and mixed by gently 

inversion to lyse the bacteria. 10ml of buffer P3 was added for neutralization and mixed by 

inversion until precipitates were observed. The suspension was centrifuged for 15 minutes at 

4500 RPM to remove precipitates of cellular debris and chromosomal DNA. 10 ml of 

“Equilibration Buffer” were passed through the column to provide the right pH and moisture 

conditions to the columns before applying the solution containing the plasmid. Once all 

“Equilibration Buffer” completely passed through the column, 25 ml of the solution containing 

the plasmid was added to the columns. The solution passed through the column and the 

plasmid DNA was retained in the column. The column was washed twice with of 30 ml of 

“Wash buffer”. Plasmid was eluted from the column by adding 15 ml of “Elution Buffer”. Once 

the solution completely passed through the column, the plasmid was precipitated by adding 

10.3 ml of isopropanol. Precipitated plasmid was collected by centrifugation at 9600 RPM for 

1hour. The supernatant was discarded, and the pellet was resuspended in 300 μl nuclease 

free water. Plasmid concentration was measured using a nanodrop UV-Vis spectrophotometer 

(Thermo Scientific™). The plasmid concentration was obtained by measuring the absorbance 

at 260 nm. As reference, a solution of 50 ng/μl yielded 1 unit of absorbance at 260 nm. The 

maxiprep samples were then stored at 20°C for further experiments. 
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2.16 Cloning  

2.16.1 Amplification of the 3’ untranslated region of CD44 RNA by PCR 

CD44 was one of the genes affected when HUVEC cells were transfected with miR-133a-3p 

and -5p. A bioinformatic prediction website called Target scan predicted that miR-133a-5p 

targets the 3’UTR of CD44 RNA at position 3063 to 3070. Therefore, to demonstrate CD44 is 

a target of miR-133a, the 3’UTR of CD44 was cloned into the pmirGLO dual luciferase Vector 

(Promega).  

 cDNA generated from total RNA isolated from HUVEC was used as template. To generate 

this cDNA, 500 ng of HUVEC total RNA were retro-transcribed as described in section 2.6, 

except that oligo dT primer was used instead of random primers. 

Amplification of the full-length sequence of CD44 3’ UTR was not achieved due to the long 

length of the sequence. Therefore, the 3’UTR of CD44 was split into several fragments and 

clone these fragments downstream of the luciferase gene in pmirGLO. To amplify different 

fragments of the 3’ UTR of CD44 gene (NCBI accession number NM_000610.4) oligo forward 

and reverse were included in PCR reactions using HUVEC cDNA as template as indicated in 

Table 4. Sfi master mix ready-to-use 2X (Invitrogen) solution containing Taq DNA polymerase 

with proof-reading activity, dNTPs, MgCl2 and reaction buffers at optimal concentrations, were 

used for efficient PCR amplification of DNA templates. 
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Table 4: PCR master mix preparation 

 

Oligonucleotides to amplify different fragments were purchased from Sigma-Genosys, UK, 

and resuspended to a final working concentration of 100 ng/μl. Positions and sequences of 

the oligos used in this study are shown in Table 5 

 

Table 5: positions and sequences of the oligos used in the study of the human CD44 

3’UTR 

Oligo names (ALA) Position sequences 

ALA 314-315 2164 to 3947 Oligo 314 forward CTCGAGCCTCAGCTAAGACTGGGTCCTTTG 

Oligo 315 reverse CTCGAGCCCCAGGCACTTAACTCATCCTA 

ALA 319-318 3911 to 5725 Oligo 319 forward CTCGAGATGCAGTTGCTATTTAGGATGAGT                

Oligo 318 reverse CTCGAGCCTTTAGTCTTTTAATGTTAGCCT 

ALA 314-322 2164 to 3026 Oligo 314 forward CTCGAGCCTCAGCTAAGACTGGGTCCTTTG 

Oligo 322 reverse CTCGAGAACCCTGGGAAATGTCCTTAGCTG 

PCR set-up X1 

Template (HUVEC cDNA) 10 μl 

Oligo forward (100 ng/μl) 1 μl 

Oligo reverse (100 ng/μl) 1 μl 

Nuclease free water 13 μl 

Sfi master mix 2x 25 μl 

Total  50 μl 
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ALA 323-315 3003 to 3947 Oligo 323 forward CTCGAGCAGCTAAGGACATTTCCCAGGGTT 

 Oligo 315 reverse CTCGAGCCCCAGGCACTTAACTCATCCTA 

ALA 319-325 3911 to 4809 Oligo 319 forward CTCGAGATGCAGTTGCTATTTAGGATGAGT 

Oligo 325 reverse CTCGAGAAATAACCTCCTGTCTCAGCCTC 

ALA 324-318 4786 to 5725 Oligo 324 forward CTCGAGGAGGCTGAGACAGGAGGTTATTT 

Oligo 318 reverse CTCGAGCCTTTAGTCTTTTAATGTTAGCCT 

 

Annealing temperature in PCR amplification conditions was set 3°C lower than the Tm of the 

oligos used in the PCR reaction. Tm for each oligonucleotide was calculated according to the 

formula: 

Tm = (A+T) x 2 + (G+C) x 3  

PCRs were performed in a PTC-200 Peltier thermal cycler according to the following 

conditions:  

• Using the oligonucleotides (ALA314 and ALA315), the CD44 RNA 3'UTR fragment 

between nucleotides 2164 and 3947 was amplified 35 times in which each cycle 

consisted of 1 minute of 94°C denaturation, 1 minute of 55°C annealing, and 1 minute 

of 72°C extension. For a final extension phase, reactions were conducted for 10 

minutes at 72°C. 

• Using the oligonucleotides (ALA319 and ALA318), the CD44 RNA 3'UTR fragment 

between nucleotides 3911 and 5725 was amplified 35 times in which each cycle 

consisted of 1 minute of 94°C denaturation, 1 minute of 51°C annealing, and 1 minute 

of 72°C extension. For a final extension phase, reactions were conducted for 10 

minutes at 72°C. 

•  To amplify the fragment of the CD44 RNA 3'UTR between nucleotides 2164 and 3026, 

oligonucleotides (ALA314 and ALA322) must first undergo a denaturation phase at 

94°C for two minutes, followed by 35 cycles of 1 minute of denaturation at 94°C, 1 
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minute of annealing at 57°C, and 1 minute of extension at 72°C. For a final extension 

phase, reactions were conducted for 10 minutes at 72°C. 

• Using the oligonucleotides (ALA323 and ALA315), the CD44 RNA 3'UTR fragment 

between nucleotides 3003 and 3947 was amplified 35 times in which each cycle 

consisted of 1 minute of 94°C denaturation, 1 minute of 55°C annealing, and 1 minute 

of 72°C extension. For a final extension phase, reactions were finished at 72°C for 10 

minutes. 

• Using the oligonucleotides (ALA319 and ALA325), the CD44 RNA 3'UTR fragment 

between nucleotides 3911 and 4809 was amplified 35 times in which each cycle 

consisted of a denaturation phase lasting 1 minute at 94°C, an annealing phase lasting 

1 minute at 51°C, and an extension phase lasting 1 minute at 72°C. At 72°C for 10 

minutes, reactions were finished for the last extension step. 

• Using the oligonucleotides (ALA324 and ALA318), the CD44 RNA 3'UTR fragment 

between nucleotides 4786 and 5725 was amplified 35 times, with each cycle lasting 1 

minute, followed by 1 minute at 51 degrees Celsius for annealing and 1 minute at 72 

degrees Celsius for extension. For a final extension phase, reactions were finished at 

72°C for 10 minutes. 

 

 

2.16.2 DNA Precipitation  

 Amplified fragments were precipitated from the PCR reaction precipitation by adding 0.1 

volumes of 3M sodium acetate and 2.5 volumes of absolute ethanol to the reaction tube.  The 

solution was mixed by stirring and incubated at -20°C for at least 24 hours. Centrifugation was 

used to obtain precipitated DNA for 10 minutes at a speed of 13000 RPM. The DNA pellets 

were redissolved in water devoid of nucleases after the supernatant was discarded. 
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2.16.3 DNA digestion with restriction enzymes  

DNA plasmids were digested with restriction enzymes (Promega), using the buffer 

recommended by the manufacturer (Promega), BSA, which has been acetylated, was 

combined with nuclease-free, ultra-pure distilled water to a final volume of 30 µl. 50% of the 

enzyme was introduced in the morning and the digesting process was incubated at 37°C until 

the evening in order to maximise the activity of the restriction enzyme. The samples were 

incubated at 37°C overnight after the remaining 50% of the enzyme was introduced in the 

evening. After DNA precipitation, PCR-amplified fragments were resuspended in 70 µl of 

nuclease-free water and digested with restriction enzymes and corresponding buffers, which 

are shown in table 6, although the final volume was 100 µl.  

Table 6: enzymes and corresponding buffers for the fragments used in this study. 

 

 

2.16.4 DNA gel purification 

Once plasmids of PCR products were digested, 6x loading dye was added to the digestion 

reaction to obtain a 1x final concentration of loading dye buffer. DNA fragments were 

separated by DNA gel electrophoresis, and the part of the gel containing the DNA fragment of 

interest was cut out and extracted from the gel using a “QIAquick® gel extraction kit” (Qiagen) 

according to the manufacturer’s instructions. Briefly, 600 μl of “QG Buffer” was added to a 
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tube containing the cut piece of gel and heated at 50°C for 10 minutes with 2 mins intervals of 

vortexing to allow the gel to dissolve. Once the gel completely dissolved in QG buffer, 200 μl 

of isopropanol was added and the mixture was mixed by in version. The solution was passed 

through a centrifugation column provided in the kit by centrifugation at 13,000 RPM for 1 

minute. The DNA was retained by the column and the flow through was discarded.  500 μl of 

QG buffer was added again to the columns, and these centrifuged at 13,000 RPM for 1 minute, 

to ensure all impurities were removed. The flow through was discarded and 750 μl of “Buffer 

PE” (wash buffer containing ethanol) was added to the columns. The columns were 

centrifuged at 13,000 RPM for 1 minute. To guarantee that all of the wash buffer was removed, 

the flow through was discarded, and the columns underwent one more centrifugation. New 

collecting tubes were installed in their place of the old ones. The columns received 20 μl of 

"EB Elution buffer" before being centrifuged at 13,000 RPM for 1 minute after being incubated 

at room temperature for 1 minute. The purified DNA-containing elute was put into sterile, 

marked eppendorfs and kept at 4°C. 

 

2.16.5 Preparation of pmiRGLO plasmid for cloning 

15 μg of pmirGLO Dual-Luciferase Vector (Promega) were digested with XhoI as described. 

As this vector was going to be used in ligation reactions, digested pmirGLO plasmid was 

precipitated and 5’ ends dephosphorylated using Alkaline Phosphatase (AP)(Promega), in a 

solution containing their corresponding buffer that was incubated a 37°C water bath for 60 

minutes. Digested and dephosphorylated plasmid was run through a 0.7% agarose gel and 

purified from the gel as described in chapter 2.16.4.  

 

2.16.6 Ligation  

The following was the setup for ligation reactions: In a final volume of 20 µl, combine 25 ng of 

vector, insert (1:3 molar ratio between the vector and insert utilised in the ligation process), 
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nuclease-free water, ligase buffer 1X (New England Biolabs), and T4 DNA Ligase (2x106 

U/ml). Samples were incubated in a PTC-200 Peltier thermal cycler for the whole night at 

15°C. 

 

2.16.7 Bacterial transformation 

The ligation reaction was added to 200 μl of competent E.coli JM109 (transformation efficiency 

108 cfu/μg) (Promega) and the mixture incubated ice for 30 minutes. The sample was then 

heat shocked at 42°C for 2 minutes and immediately cooled down by placing it back on ice. 

300 μl of Luria Broth (LB) medium was added to the sample that was placed horizontally in a 

37°C shaker for 1 hour to allow bacteria to produce ampicillin resistance. Bacteria were plated 

on LB agar plates with ampicillin (100 g/ml) after an hour, and they were then left to incubate 

overnight at 37 °C. The following morning ampicillin-resistant colonies (containing the plasmid) 

were collected and inoculated in universal tubes containing 10ml of LB broth ampicillin (100 

µg/ml) and placed in a 37°C rotary shaker for 24 hours for further experiments. 

 

2.16.8 Sequencing 

To verify the accuracy of the PCR results, the plasmids produced in this work were sequenced 

at the Department of Vascular Biology and Inflammation, Centro Nacional de Investigaciones 

Cardiovasculares CNIC, Madrid, Spain. Sequencing of the plasmids confirmed the fidelity of 

the PCR amplification, successful recombination, and generation. To do this, plasmids were 

sent to the company “Eurofinsgenomics”, (http://eurofinsgenomics.eu) for sequencing by 

standard Sanger technology according to the manufacturer’s recommendation. Briefly, the 

plasmids were diluted to 200 ng/µl with Nuclease free water. 5 µl of plasmid solution was 

placed in an eppendorf tube and 5 µl of the appropriate forward or reverse primers (at a 

concentration of 5 pmol/µl) were added and mixed thoroughly. The sequences of the primers 

http://eurofinsgenomics.eu/
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used, were pmirGLO sequencing forward 5’ AAGGACTGACCGGCAAGTTGGAC 3’, 

pmirGLO sequencing reverse 5’ TCTTATCATGTCTGCTCGAAGCG 3’. Sequencing reactions 

were performed by the company. Electropherogram of sequencing reactions were provided 

as .ab1 files. ab1 files containing sequences were visualised using software Chromas 2.5. 

sequences were stored in FASTA files, that were used to validate the fidelity of the sequences 

of the PCR amplified fragments by comparing them to published sequences using Blast 

software (http://blast.ncbi.nlm.nih.gov). 

  

2.17 Luciferase reporter analysis 

2.17.1 Co-transfection of miR-133a mimics and plasmids into HEK293 cells  

HEK293-A cells were plated on 12-well tissue culture plates pre-coated with 0.1% gelatine at 

2 x 105 cells/well. The following morning the cells were washed three times with PBS 1x to 

eliminate any traces of serum and antibiotics and were incubated in 1 ml of OPTIMEM (Gibco) 

free of serum and antibiotics for 1 hour at 37°C and 5% CO2. Lipofectamine/plasmid 

complexes were prepared by mixing 1.6 μl of Lipofectamine 2000 (1 mg/ml) (Invitrogen) and 

2 μg of plasmid together with 100 pmoles of the corresponding miRNA mimic in a final volume 

of 170 μl. The Lipofectamine/miRNA mimic/plasmid solution was incubated for 1 hour in the 

dark for complexes to form, and then it was carefully added dropwise to the 12-well plate 

containing HEK293 cells incubated in OPTIMEM as described above. The cells and 

transfection complexes were incubated at 37°C and 5% CO2 for 24 hours. Then, the 

OPTIMEM containing the transfection solution was removed and replaced by 1 ml of complete 

DMEM. Cells were further incubated for 24 hours at 37°C and 5% CO2 and then used to 

measure luciferase activity of the cells. 

 

 

http://blast.ncbi.nlm.nih.gov/
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2.17.2 Dual Luciferase assay  

A "Dual-Luciferase® Assay Kit" (Promega, UK) was used to evaluate the activities of Firefly 

and Renilla Luciferase in the transfected cells. The medium was removed from the plates 24 

hours after transfection, and 400 μl of "Passive lysis buffer Reagent" 1X was used to lyse the 

cells (Promega, UK). The plates were incubated at room temperature for 5 minutes on a 

rocker. The next procedure involved measuring firefly and renilla luciferase of all the well. 

Firefly luciferase activity was measured by mixing 100 μl of “Firefly luciferase Substrate” 

(Promega, UK) and 5 μl of cell lysate. Relative Light Units (RLU) produced by Firefly 

Luciferase were measured for 30 seconds using a SIRIUS Luminometer V3.1 (Berthold 

detection systems, UK). Once firefly luciferase was measured, Renilla luciferase (hRluc-neo) 

was measured by adding in the same tube 100 μl of “Dual-Glo® Stop & Glo® Reagent” and 

measuring emitted RLUs for another 30 seconds. Renilla luciferase activity was used for 

normalisation of Firefly Luciferase activity between the different samples. 

 

2.18 Bioinformatic analysis 

The 25 genes selected from the gene arrays as mentioned in chapter 2.8.1, the 3'UTR 

sequences of the differentially expressed genes were analysed using bioinformatic methods 

using the databases miRWalk, Target-scan, and miRDB to see whether any putative 

sequence motifs that are complementary to the sequence for miR-133a-3p or -5p exist. The 

selection criteria involved look at which strand (-3p/-5p or both) target which position of the 

3’UTR of the selected genes. The databases also gave a prediction score of the binding of 

the miR-133a strands to the position in the RNA of the selected genes. A table showing the 

selection criteria are shown in the appendix 4.  
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3 Results 

3.1 Aberrant expression of miR-133a attenuates VEGF- and bFGF- induced tubular 

morphogenesis of endothelial cells  

Finding out how miR-133a's influence on endothelial cell tubular morphogenesis affected 

angiogenesis was the first step in investigating the effects of aberrant expression on 

angiogenesis. The first initial study involved primary endothelial cells (HUVEC) to be infected 

with adenovirus miR control (Ad-miR-NC) and adenovirus miR-133a (Ad-miR-133a) with a 

MOI of 200. Ad-miR-133a, is a precursor miR-133a, expressing both miR-133a-3p and miR-

133a-5p therefore the first step involved looking at endothelial cell tubular morphogenesis 

when HUVECs overexpress a precursor miR-133a. then further study endothelial cell tubular 

morphogenesis affected angiogenesis expressing the two mature strands. The infected cells 

were stimulated with bFGF (25 ng/μl) or left unstimulated (control). The focus of this PhD 

research is mainly on VEGF, however another pro-angiogenic factor, basic fibroblast growth 

factor (bFGF) was also analysed for tubular morphogenesis, to see if aberrant expression of 

miR-133a attenuates bFGF-induced angiogenesis. Tubular morphogenesis was determined 

after 13 days by organotypic co-culture assay. Cell stimulation with pro-angiogenic stimuli 

bFGF strongly activated tube formation in endothelial cells infected with Ad-miR-NC (Fig 13). 

However, expression of miR-133a in cells infected with Ad-miR-133a significantly attenuated 

bFGF-induced angiogenesis (Fig13). 
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Figure 13. Tube formation in HUVEC cells infected with Ad-miR-NC vs Ad-miR-133a 

treated with pro-angiogenic stimuli bFGF (25 ng/μl). Representative microscopy fields of 

endothelial tube formation after staining with anti-CD31 antibody. Control, untreated cells. 

bFGF, cells treated with bFGF (25 ng/ml). MIR133a, cells infected with Ad-miR-133a. MIR-

NC, cells infected with Ad-miR-NC. Scale bars, 1000 µm. Histograms show data as mean ± 

SEM, n = 8 **, P = 0.0012, for comparison of bFGF-induced tube formation in Ad-miR-133a 

vs Ad-miR-NC infected cells by unpaired t-test 

 

The second study, miR-NC, miR-133a-3p, or miR-133a-5p mimics were transfected into 

primary endothelial cells (HUVEC), and Matrigel tubular tests were used to measure tube 

formation to demonstrate which mimic affected endothelial cell tubular morphogenesis. When 

compared to HUVECs transfected with the control miR-NC, miR-133a-3p substantially 

reduced tubular morphogenesis, as seen in Figure 14. While HUVECs transfected with miR-

133a-3p demonstrated little response to VEGF stimulation, those transfected with miR-NC 

showed a significant increase in tube formation. When compared to the control group, 

overexpression of miR-133a-5p showed a reduction in tubular morphogenesis, despite the 

fact that the impact of the 5p strand was less potent than that of the 3p strand. VEGF 

stimulation in cells overexpressing miR-133a-5p still significantly increased tube formation. 

Overall, our findings imply that aberrant miR-133a-3p expression in HUVECs inhibited both 

basal and VEGF-induced tubular morphogenesis. 
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Figure 14. Ectopic expression of miR-133a-3p or miR-133a-5p inhibits HUVEC tubular 

morphogenesis. HUVEC transfected with miRNA "mimics" for miR-133a's -3p and -5p 

strands or the negative control miRNA (miR-NC). Cells were plated on Growth-Factor 

Reduced Matrigel (Geltrex) in ECGM media with 1% FBS at a cell density of 70,000 cells per 

well. Cells were either left untreated (-) or stimulated with VEGF at a final concentration of 50 

ng/ml (+), as indicated. Images are typical experimental fields are shown in the histogram. 

Cells transfected with miR-NC, miR-133a-3p, and miR-133a-5p, respectively, are shown by 

the grey, blue, and red bars. ns = non-significant; *, P≤ 0.05; ***, P≤ 0.001; ****, P≤ 0.0001 

(unpaired two-tailed Student's t-test when comparing the indicated groups); data are shown 

as mean ±SE, n = 7. Scale bars at 1000 µm. 

The findings suggest that both strands of miRNA-133a may target various angiogenic cellular 

pathways, including notch signalling, cell cycle, extracellular matrix, and cell adhesion 

molecules. These findings demonstrate that both strands of miRNA-133a inhibit endothelial 

cell angiogenesis in different ways. These findings imply that miR-133a-3p controls endothelial 

cell angiogenesis negatively. 
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3.2 Notch signalling pathway 

VEGF-induced sprouting angiogenesis is regulated by members of the Notch signalling 

system (De Smet et al.,2009). VEGF-induced endothelial cell tubular morphogenesis is 

strongly inhibited by miR-133a, as seen in Figure 14. Further studies looked at how miR-133a-

3p affects the expression of key notch signalling genes because notch signalling is crucial for 

controlling the course of angiogenesis by controlling the production of tip and stalk cells. RNA 

was isolated from the transfected cells and used to screen an RT2 ProfilerTM PCR Array 

Human Notch Signalling Pathway Plus Kit (Ref PAHS-059Y, Qiagen), which contained 84 

primers to detect the expression of a selection of Notch-related genes. HUVECs were 

transfected with mimics miR-NC as a control or miR-133a-3p. The kit's appendix 1 has a table 

listing the genes relevant to Notch signalling that are included. To conduct the tests, RNA was 

extracted from HUVEC that had been transfected with miR-NC or miR-133a-3p and stimulated 

for 1 hour with VEGF (50 ng/ml). Figure 15A displays the outcomes of three separate trials 

that were analysed using the Gene Globe Data Analysis Center (Qiagen). The red-hued genes 

are those that were chosen to be elevated. Downregulated genes are those highlighted in 

green. Hey1, DLL4, Notch4, Jag2, Hes4 and NRARP expression significantly increased in 

VEGF-stimulated HUVECs when miR-133a-3p was expressed ectopically (figure 15A). A 

fresh transfection using mimics of miR-133a-3p, miR-133a-5p, and control miR-NC was 

performed in order to further corroborate these findings and to see whether the strand miR-

133a-5p had any impact on the regulation of the genes impacted by miR-133a-3p. At various 

time intervals, the cells were stimulated with VEGF. HUVEC were either left unstimulated (0h) 

or stimulated with VEGF (50 ng/ml) for the specified times after being transfected with mimics 

for the miRNAs 133a-3p, 133a-5p, or negative control miR-NC (grey bars, blue bars, and red 

bars, respectively). With the help of qPCR TaqMan Gene Expression Assays tailored to each 

gene, RNA extracted from these samples was converted to cDNA and used to assess changes 

in gene expression. According to Figure 15B-G, ectopic expression of miR-133a-3p 

dramatically boosted the expression of Hey1, DLL4, Notch4, Jag2, Hes4 and NRARP both at 
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rest and after VEGF stimulation. When miR-133a-5p was overexpressed, however, DLL4 

expression increased significantly, but only after VEGF stimulation. The other Notch signalling 

genes previously described had no impact on miR-133a-5p's ability to regulate their 

expression.  

The ID1 and CD44 expression levels were downregulated by miR-133a-3p, as shown by the 

volcano plot (figure 15A). Taqman qPCR was used to confirm that abnormal expression of the 

miRNAs 133a-3p and 133a-5p strongly reduced the expression of these genes to the same 

degree (figure 15H-I). 
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Figure 15. Aberrant expression of miR-133a in endothelial cells alters the expression of 

key genes of the Notch signalling pathway. Mimic miR-NC or mimics miR-133a-3p and 

miR-133a-5p were transfected into HUVECs. They were either kept unstimulated for 0 hours 

or stimulated with VEGF for the respective durations (50 ng/ml). After screening an RT2 

ProfilerTM PCR Array Human Notch Signalling Pathway Plus Kit, a volcano plot in (A) 

demonstrating distinct gene expression in RNA obtained from HUVEC transfected with miR-

NC or miR-133a-3p and stimulated with VEGF for 1 hour is shown (Ref PAHS-059Y, Qiagen). 

Three different trials were examined using the Gene Globe Data Analysis Center (Qiagen). 

Genes that had Log2(miR-133a-3p/miR-NC) values more than 1 and -Log10(p-value) P 

values less than 0.05 were chosen as upregulated (red), and those that had values less than 

1 and -Log10(p-value) P values less than 0.05 were chosen as downregulated. (B-I) HUVEC 

transfected with miR-133a mimics that were either left unstimulated (0h) or stimulated with 

VEGF (50 ng/l) for the specified durations. The mimics used were negative control (NC, grey 

bars), miR-133a-3p (3p), and miR-133a-5p (5p). qPCR TaqMan Gene Expression Assays 

tailored to each gene were used to analyse changes in the gene expression of the genes 

visible in (A). Data are presented as mean ±SE, with a n of 9. The post hoc Tukey's 

comparison test was used to analyse statistical differences using either a two-way (B-G) or 

one-way (H-I) ANOVA. ns = non-significant; *, P≤ 0.05; **, P≤ 0.01; ***, P≤ 0.001; ****, P≤ 

0.0001. 

 

3.3 Endothelial cell proliferation and cell cycle  

Endothelial cell proliferation in response to pro-angiogenic factors is important for the 

development of new blood vessels. To ascertain whether the expression of miR-133a in 

endothelial cells has a detrimental effect on endothelial cell proliferation, MTT assays were 

performed, which is a gold standard method to measure cell viability. HUVEC were transfected 

with mimics of miR-133a-3p or miR-133a-5p, and miR-NC. After three days of culture in 

endothelial cell growth media, the absorbance readings were used to determine the 
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proliferation rate, by taking the absorbance of MTT detected on day 3 and dividing by the 

absorbance on day 0. As shown in Figure 16A, the proliferation rate of miR-133a-3p and -5p 

were inhibited when compared to miR-NC, however it is evident that the 3p strand caused 

more inhibition. In order to more fully understand the decrease in endothelial cell proliferation 

rate shown in figure 16A, further studies were performed to assess whether aberrant miR-

133a expression had any impact on the expression of crucial genes involved in the cell cycle. 

In order to accomplish this, RNA from HUVEC transfected with miR-NC or miR-133a-3p and 

stimulated with VEGF for 1 hour was utilised to screen a gene array including primers to find 

the expression of several genes related to cell cycle. The list of distinct cell cycle-related genes 

included in this kit is provided in Appendix 2. Red-hued genes were chosen because they 

were elevated. The genes highlighted in green were chosen to be downregulated. MiR-133a-

3p, which encodes crucial cell cycle regulators, strongly downregulated the expression of 

cyclin A2 (CCNA2), cyclin-dependent kinase 1 (CDK1), and cyclin B1 (CCNB1) (Fig 16B). 

Mini-chromosome maintenance protein 4 (MCM4) and 4 (MCM2), which encode initiates of 

genome replication, show a substantial downregulation in expression as well (Fig 16B). The 

cyclin G1 (CCNG1) and D3 (CCND3) genes' expression was increased by the presence of 

miR-133a-3p (Fig 16B). A fresh transfection using the mimics miR-133a-3p, miR-133a-5p, and 

the control miR-NC was conducted to further validate these findings and assess if the 

regulation of these genes was affected by the miR-133a-5p strand. HUVEC that had been 

transfected with mimics for the miR-133a-5p (5p, red bars), miR-133a-3p (3p), or negative 

control miR-NC (grey bars) were either kept unstimulated for 0 hours or stimulated with VEGF 

(50 ng/ml) for the times specified. With the help of qPCR TaqMan Gene Expression Assays 

tailored to each gene, RNA extracted from these samples was converted to cDNA and used 

to assess changes in gene expression. The results obtained from the gene array, as indicated 

in the volcano plot in figure 16B, were validated by the Taqman qPCR (figure 16C-I). MiR-

133a-3p was expressed ectopically, which resulted in a significant downregulation of the 

expression of CDK1, CCNA2, CCNB1, MCM2, MCM4, and an upregulation of CCND3 and 

CCNG1. The presence of miR-133a-3p in all cases reduced baseline gene expression, as 
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shown in figure 16C-I. The miR-133a-dependent downregulation of these genes was still 

present following VEGF stimulation at various time intervals, proving that the downregulation 

of these genes was not dependent on VEGF stimulation. Additionally, miR-133a-5p-

transfected HUVEC showed decreased expression of genes such as CDK1, CCNA2, CCNB1, 

MCM2, and MCM4 that were suppressed by miR-133a-3p. However, the expression of 

CCND3 and CCNG1 was unaffected by the presence of miR-133a-5p, indicating that the -3p 

strand is specifically targeting both genes.  

These findings demonstrate that miR-133a-3p affected the expression of important cell cycle 

regulators and initiators. Cyclins and MCM proteins are crucial for controlling how a cell enters 

the S phase of its cell cycle (Otto and Sicinski, 2017). HUVECs were transfected with miR-

133a-3p or miR-NC, and the progression through the cell cycle of the transfected cells was 

examined by flow cytometry to determine whether phases of the cell cycle are impacted by 

ectopic expression of miR-133a. When compared to cells transfected with miR-NC, HUVEC 

transfected with miR-133a-3p showed a larger percentage of cells entering the G0/G1 phase 

(Fig 16J). In comparison to HUVEC transfected with miR-NC, a reduced proportion of cells 

expressing miR-133a-3p were seen entering the S and G2/M stages of the cell cycle (Fig 16J). 

These findings imply that miR-133a-3p influences cyclin and MCM protein production in ways 

that hinder a cell's ability to move through the cell cycle. These findings are consistent with 

the inhibition of HUVEC cell proliferation rate that followed miR-133a-3p transfection (Fig 

16A). 
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Figure 16: Aberrant expression of miR-133a, inhibits endothelial cell proliferation, alters 

the expression of cyclins and MCM proteins, and inhibits the entry of cells into S phase. 

Mimics of miR-133a-3p, miR-133a-5p, or miR-NC were transfected into HUVECs, which were 

then either left unstimulated or stimulated with VEGF (50 ng/ml) at various time points. (A) 
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Utilizing the MTT method, the proliferation rate of HUVEC transfected with miR-NC, miR-133a-

3p, and miR-133a-5p was evaluated. To determine the proliferation rate, the absorbance of 

MTT detected on day 3 was divided by the absorbance on day 0. Data were analysed by two-

way ANOVA with a post hoc Tukey's comparison test on miR-133a-3p vs. miR-NC at day 3 

and are shown as mean ±SE, n = 8, and P ≤ 0.001. (B) Using an RT2 ProfilerTM PCR Array 

Human Cell Cycle Kit, RNA extracted from three separate trials of HUVEC transfected with 

miR-NC or miR-133a-3p and stimulated with VEGF for one hour was utilised to examine 

differential gene expression of genes encoding cell cycle regulators (Ref PAHS-020Z, 

Qiagen). Results from analysis using GeneGlobe Data Analysis Center are shown in the 

Vocano graphic (Qiagen). Genes (red) chosen as upregulated were those with a Log2(miR-

133a-3p/miR-NC) > 1 and a -Log10(p-value) P≤ 0.05, whereas genes (green) chosen as 

downregulated were those with a Log2(miR-133a-3p/miR-NC) < 1 and a -Log10(p-value) P 

0.05. (C-I) RNA recovered from HUVEC that had been transfected with the mimics miR-133a-

3p (3p), miR-133a-5p (5p), and negative control (NC, grey bars), which had been either left 

unstimulated (0h) or stimulated with VEGF (50 ng/μl) for the specified durations. qPCR 

TaqMan Gene Expression Assays tailored to each gene's expression level were used to 

analyse changes in gene expression. Data are presented as mean ±SE, with a n = 9. Two-

way ANOVA was used to analyse statistical differences using the post hoc Tukey's 

comparison test. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001. ns Indicates non-

significant. (J) Using flow cytometry, miR-NC or miR-133a-3p mimic-transfected HUVECs 

were utilised to analyse the various cell cycle stages. The amount of DNA in the fraction of 

HUVEC at each stage of the cell cycle was measured using propidium iodide. Typical cell 

count/PI PE-A graphs are shown. Data are presented as mean ± SE, n = 6. ****, P ≤ 0.0001, 

which are examined utilising a two-way ANOVA and a post hoc Tukey's comparison test for 

the corresponding groups. 
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3.4 Endothelial cell motility 

Endothelial cells move toward angiogenic stimuli like VEGF in large part due to sprouting 

angiogenesis. When there is a wound, the level of VEGF, one of the most powerful pro-

angiogenic agents, increases in the skin, encouraging endothelial cell migration to seal the 

wound (Johnson and Wilgus 2014). In order to examine the impact of miR-133a-3p and miR-

133a-5p overexpression on endothelial cell motility, wound healing migration tests were 

carried out. Figure 17A depicts endothelial cell migration in wound healing migration assays 

carried out with HUVECs transfected with miR-133a-3p, miR-133a-5p, and miR-NC at the 

beginning time 0h and after 24 hours of incubation. When compared to cells transfected with 

miR-NC, it was found that ectopic production of miR-133a-3p reduces endothelial cell motility 

after 24 hours (Fig 17A). When miR-133a-5p was transfected into endothelial cells, there was 

no discernible difference in the motility of the cells (Fig 17A). Some genes that miR-133a 

targets have been found to be crucial in controlling cell motility in earlier research. One of 

these genes, Moesin, produces a protein that is essential for tubular morphogenesis and 

endothelial cell movement (Wang Q, et al., 2016; Kinoshita T, et al., 2021). It's interesting to 

note that Moesin has been demonstrated to mediate endothelial cell tube formation and uPAR-

dependent chemotaxis (Degryse B, et al., 2017). Therefore, HUVECs were transfected with 

miR-NC, miR-133a-3p, and miR-133a-5p and carried out Taqman qPCR experiments to 

confirm the influence of miRNA-133a on the expression of these genes. Figure 17B-C 

demonstrates that HUVEC transfected with both strands exhibit downregulated RNA 

expression of both genes, however the statistical significance of the alterations brought on by 

miR-133a-3p transfection was greater than when employing -5p.  

Additionally, RCAN1.4 expression was also looked at (Figure 18). A crucial role as a negative 

regulator of angiogenesis, RCAN1.4 is a gene that is stimulated by VEGF in endothelial cells. 

As previously mentioned, HUVECs were transfected, and at various time points, they were 

stimulated with VEGF. When cells were transfected with miR-133a-3p, qPCR of RNA 

extracted from these cells revealed a substantial increase in RNA expression of RCAN1.4 in 
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comparison to the control (Fig 18). However, miR-133a-5p-transfected cells showed no 

change (Fig 18). 

 

Figure 17. Ectopic expression of miR-133a-3p attenuates endothelial cell motility. (A) 

For the wound healing cell migration tests, HUVECs transfected with miR-NC, miR-133a-3p, 

or miR-133a-5p were employed. Images were obtained at 0h and again at 24h. The spots that 

had not moved were identified using Image J. In order to determine the migrated area, the 

non-migrated area value at time zero was subtracted, and the result was expressed as a 

percentage of the total area at time zero. 1000 g on the scales. Data are presented as mean 

SE, with a n of 6. By employing the post hoc Tukey's comparison test and a one-way ANOVA, 

statistical differences were examined. ***, P ≤ 0.001; ****, P ≤ 0.0001; ns = not significant. (B-

C) TaqMan RT PCR was performed to determine the RNA expression of MSN and PLAUR 

from HUVEC transfected with the above miRs. Data are presented as mean ± SE, n = 9, with 

the following statistical significance levels for the indicated groups: *, P 0.05; ***, P 0.001; ****, 

P 0.0001. One-way ANOVA was used to analyse the data. 
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Figure 18. Gene expression of RCAN1.4 in HUVEC expressing miR-133a-3p and -5p. 

VEGF was used to activate HUVEC for 30 minutes, an hour, and three hours after miR-133a-

3p, miR-133a-5p, or negative control miR-NC (grey, blue, or red columns) transfection. 

RCAN1.4's RNA level was markedly increased in cells that had miR-133a-3p transfected into 

them. The Ct values of the housekeeping gene HPRT-1 were used to normalise the Ct values. 

Utilizing the comparative 2^−ΔΔCt miR-NC technique, data analysis was done (0h). ns= non-

significant, ****, P ≤ 0.0001 two-way ANOVA with post hoc Tukey's comparison test for the 

indicated groups. Data are presented as mean ± SE, n=7. 

  

3.5 Endothelial genes related to extracellular matrix and cell adhesion molecules (ECM-

CAM) 

Extracellular matrix (ECM) remodelling offers the body's cells and tissues structure and 

support. The ECM facilitates cell attachment and interaction with neighbouring cells. 

Endothelial cell migration and the development of new vascular sprouts in response to pro-

angiogenic signals are not achievable without the remodelling of the ECM. In the region 
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around vascular branching, secreted proteases cause ECM remodelling. Endothelial cell 

migration, which is essential for angiogenesis, such as the emergence of new blood vessels 

from the vasculature already present, is mostly regulated by cell adhesion molecules (CAM) 

(Davis and Senger, 2005). HUVECs were transfected with miR-NC or miR-133a-3p mimics to 

see if abnormal miR-133a expression in endothelial cells affects the expression of important 

ECM-CAM-related genes. VEGF (50 ng/ml) was used to activate the transfected cells for 4 

hours. The RNA extracted from these cells was used to screen a gene array that contains 84 

primers encoding for extracellular matrix and cell adhesion molecules (RT2 ProfilerTM PCR 

Array Human Extracellular Matrix and Cell Adhesion Molecules Kit, Ref PAHS-013Z, Qiagen) 

(Qiagen). The appendix 3 includes a table that lists the genes that are part of this kit. Utilizing 

the Gene Globe Data Analysis Center (Qiagen), the outcomes of three separate trials were 

analysed, and the volcano plot is displayed in figure 19A. When a gene's Log2(miR-133a-

3p/miR-NC) value was greater than 1 and -Log10(p-value) less than P 0.05, the gene was 

considered to be upregulated. Conversely, a gene was considered to be downregulated when 

its Log2(miR-133a-3p/miR-NC) value was lower than 1 and -Log10(p-value) P 0.05. 

Thrombospondin 1, ITGA6, ADAMTS1 (ADAM metallopeptidase with thrombospondin type 1 

motif 1), and SPARC (sequestered protein acidic and cysteine rich) were all expressed more 

strongly in HUVECs after miR-133a-3p transfection (Fig 19A). A fresh transfection using the 

mimics miR-133a-3p, miR-133a-5p, and the control miR-NC was conducted to further validate 

these findings and assess whether the strand miR-133a-5p had any impact on the regulation 

of these genes. The transfected cells were either treated with VEGF for 4 hours or left 

unstimulated for 0 hours (4h). Each individual gene's expression was measured using qPCR 

and TaqMan gene expression assays. Figure 19B-E demonstrates how miR-133a-3p 

transfection of HUVECs statistically increased the expression of THBS1, ITGA6, and SPARC 

in unstimulated cells. The expression of these genes was not significantly altered when 

transfected cells were stimulated with VEGF, indicating that the impact of miR-133a-3p 

expression was independent of VEGF. In HUVECs transfected with miR-133a-3p, ADAMTS1 

gene expression was also increased, but only after VEGF stimulation. None of these genes 
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were affected by miR-133a-5p transfection in HUVECs. Although the analysis of these data 

failed to reach statistical significance, the volcano plot in figure 19A demonstrated that the 

presence of miR-133a-3p in endothelial cells dramatically elevated the expression of TIMP3. 

TaqMan gene expression assays were employed in qPCR to further examine the impact of 

miR-133a on the expression of TIMP3. According to figure 20, as compared to the control 

group, miR-NC, transfection of HUVECs with miR-133a increased the expression of this gene 

both at a basal level and when stimulated with VEGF.  
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Figure 19. Aberrant expression of miR-133a-3p in endothelial cells alters the expression 

of key mediators of ECM remodelling. A) The RT2 ProfilerTM PCR Array Human 

Extracellular Matrix & Cell Adhesion Molecules Kit was tested using RNA extracted from 

HUVEC transfected with a negative control (miR-NC) or miR-133a-3p and stimulated with 

VEGF (50 ng/ml) for 4 hours (Ref PAHS-013Z, Qiagen). Utilizing the Gene Globe Analysis 

Centre, the Ct values from three different trials were analysed (Qiagen). The red genes 

(indicating upregulation) on the volcano plot are those with a Log2 (miR-133a-3p/miR-NC) > 

1 and -Log10 (p-value) P ≤ 0.05. Downregulated genes were those with a Log2 (miR-133a-

3p/miR-NC) 1 and -Log10 (p-value) P ≤ 0.05 (green). (B-E) RNA extracted from HUVEC 

transfected with mimics of miR-133a-3p, miR-133a-5p, or negative control miR-NC was 

stimulated with VEGF (50 ng/ml) for 4 hours or left unstimulated (0h). By using qPCR TaqMan 

gene expression tests for each individual gene, changes in gene expression were discovered. 

The findings are shown as mean ± SE, with n = 8. Two-way ANOVA was used to analyse the 

data for significant differences, followed by a post hoc Tukey's comparison test. *, P ≤ 0.05; 

**, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001. ns Indicates non-significant. 
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Figure 20. Gene expression of TIMP3 in HUVEC expressing miR-133a-3p and -5p. 

HUVEC that had been transfected with miR-133a-3p, miR-133a-5p, or negative control miR-

NC (grey columns, blue columns, or red columns) were either left unstimulated for 0 hours or 

were stimulated with VEGF for 1 hour. TIMP3 RNA was markedly increased at both the basal 

and VEGF-stimulated levels in cells transfected with miR-133a-3p. The Ct values of the 

housekeeping gene HPRT-1 were used to normalise the Ct values. Utilizing the comparative 

2^−ΔΔCt miR-NC technique, data analysis was done (0h). ns= nonsignificant, ****, P≤ 0.0001 

two-way ANOVA with post hoc Tukey's comparison test for the indicated groups. Data are 

presented as mean ± SE, n=7.
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3.6 Ingenuity pathway analysis 

Manuel J. Gómez worked on this component of the thesis in the Unidad de Bioinformática at 

the Centro Nacional de Investigaciones Cardiovasculares in Madrid. With his permission, the 

results are presented.  

25 differentially expressed genes were discovered through the examination of gene arrays for 

Notch signalling, cell cycle, or ECM-CAM, together with aberrant expression of miR-133a-3p 

in endothelial cells. As mentioned in chapter 2.8.1, after performing the gene arrays the tables 

and volcano plots from the gene global analysis centre demonstrated the genes that had 

Log2(miR-133a-3p/miR-NC) values more 1 and -Log10(p-value) P values less than 0.05 were 

chosen as upregulated (red), and those that had values less than 1 and -Log10(p-value) P 

values less than 0.05 were chosen as downregulated (green). Therefore, for arrays performed 

on those pathways mentioned above, 25 genes which met the criteria in the volcano plots and 

tables were further analysed by Taqman RT-PCR.  To highlight the impact of miR-133a-3p's 

aberrant expression on angiogenesis, the differential gene expression profiles for the 25 

genes were examined. As was previously mentioned, when performing the various gene 

arrays, transfected cells were either stimulated with VEGF for 1 hour, as was the case with 

the notch signalling gene array or the cell cycle gene array, or they were stimulated with VEGF 

for 4 hours, as was the case with the ECM-CAM gene array. Only the data obtained from 

qPCR TaqMan gene expression tests utilising RNA extracted from HUVEC transfected with 

miR-NC or miR-133a-3p and either left unstimulated (0h) or stimulated with VEGF (50 ng/ml) 

for 1 hour were used for the ingenious pathway analysis. In relation to miR-NC 0h, Table 7a 

and 7b displayed the fold induction RNA levels for the genes with differential expression. 
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Table 7a: Differential gene expression of 25 angiogenic related genes in HUVEC 

expressing miR-NC or miR-133a-3p, unstimulated. HUVECs transfected with miR-133a-

3p (blue columns) or the negative control miR-NC (grey columns), were left unstimulated for 

0 hours. For each gene designated as miR-NC 0h, the fold induction RNA levels are shown in 

the rows. The housekeeping gene HPRT-1 Ct values were used to normalise the Ct readings. 

The data were analysed using the comparative 2^−ΔΔCt approach; nd = non-determined. 

 

GENES NC 0H Fold induction 3P 0H Fold induction 

PLAUR 0.64 1.49 1.05 1.04 0.94 1.03 1.02 0.96 1.02 0.29 0.35 0.38 0.26 0.30 0.31 0.51 0.59 0.59 

MSN 0.91 1.26 0.87 0.98 0.97 1.05 0.85 1.27 0.92 0.51 0.70 0.50 0.58 0.65 0.62 0.59 0.61 0.59 

RCAN1.4 1.01 0.91 1.09 0.94 1.10 0.97 0.99 0.98 1.04 2.06 1.81 2.37 1.17 1.39 1.38 1.33 1.46 1.45 

CD44 1.00 1.31 0.76 0.91 1.00 1.09 1.06 0.95 0.99 0.18 0.34 0.21 0.24 0.21 0.20 0.47 0.33 0.50 

ID1 0.79 2.47 0.51 1.12 0.94 0.95 1.71 0.35 1.69 0.19 0.30 0.22 0.38 0.34 0.37 0.70 0.76 0.58 

CCNE1 0.75 0.95 1.41 0.85 1.08 1.09 0.78 1.25 1.03 0.86 1.07 1.06 0.63 0.70 0.69 0.64 0.71 0.68 

CCND1 0.80 0.99 1.25 0.92 1.07 1.01 0.80 1.24 1.01 0.95 1.14 1.29 0.83 0.91 0.73 0.59 0.79 0.83 

DLL4 1.02 0.84 1.17 0.71 1.11 1.26 0.90 1.13 0.98 8.28 8.05 13.28 9.04 11.88 10.08 8.16 7.74 6.74 

HEY1 0.97 1.09 0.95 1.00 0.97 1.03 1.04 1.01 0.95 4.65 4.59 5.04 3.46 3.76 3.97 2.67 1.47 5.81 

JAG2 0.69 1.29 1.13 0.70 1.01 1.40 0.73 1.23 1.11 3.69 4.07 3.96 3.53 3.41 3.41 2.81 3.30 2.82 

NOTCH4 0.79 1.20 1.06 0.79 1.03 1.22 0.73 1.23 1.11 3.72 4.01 4.02 4.35 6.35 4.92 2.81 3.30 2.82 

NRARP 0.87 1.04 1.10 0.79 0.94 1.34 0.82 1.09 1.12 3.48 3.59 3.09 2.98 3.66 4.23 2.99 2.52 2.65 

HES4 0.83 1.24 0.97 0.92 0.94 1.15 0.75 1.11 1.19 4.84 5.74 5.02 4.10 5.33 4.79 4.59 4.82 3.27 

TIMP3 0.77 nd 1.30 1.03 0.94 1.04 1.05 0.97 0.98 7.23 9.49 8.00 6.80 6.83 6.24 4.33 4.29 4.51 

ITGB2 1.13 1.87 0.47 1.40 0.84 0.85 1.07 0.91 1.03 4.19 6.07 4.01 3.37 3.39 3.05 2.70 2.21 2.31 

ADAMTS1 0.99 1.41 0.72 1.07 1.06 0.88 0.91 1.28 0.86 0.70 1.02 0.85 0.34 0.28 0.33 0.66 0.49 0.73 

THBS1 1.07 1.01 0.92 0.96 0.97 1.08 0.78 1.40 0.91 1.75 2.48 1.70 1.90 2.21 1.89 1.90 1.47 1.50 

SPARC 0.86 0.98 1.19 0.74 1.19 1.13 0.80 1.07 1.17 2.79 2.64 3.45 2.76 2.67 2.65 2.25 2.34 2.25 

CDK1 0.89 nd 1.13 0.85 0.98 1.20 0.76 1.08 1.22 0.22 0.26 0.22 0.19 0.19 0.22 0.22 0.23 0.28 

CCNA2 0.89 nd 1.12 0.77 1.21 1.07 0.88 1.00 1.13 0.21 0.22 0.22 0.14 0.15 0.16 0.14 0.19 0.24 

CCNB1 0.86 nd 1.16 0.83 1.04 1.16 0.95 1.01 1.05 0.27 0.30 0.25 0.18 0.22 0.23 0.20 0.26 0.28 

MCM2 0.84 1.03 1.15 0.90 1.00 1.10 1.00 0.98 1.02 0.38 0.42 0.42 0.37 0.42 0.42 0.60 0.53 0.51 

MCM4 0.80 1.07 1.17 0.80 1.11 1.13 0.85 0.89 1.32 0.43 0.47 0.40 0.35 0.43 0.38 0.35 0.40 0.58 

CCND3 0.65 1.72 0.89 0.76 1.14 1.16 0.87 1.05 1.09 1.22 1.32 1.41 1.73 1.95 1.86 1.71 1.86 1.79 

CCNG1 1.24 0.87 0.93 0.80 1.05 1.20 0.82 1.08 1.13 2.59 2.87 2.63 2.48 2.53 2.84 2.20 2.44 2.33 
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Table 7b: Differential gene expression of 25 angiogenic related genes in HUVEC 

expressing miR-NC or miR-133a-3p, stimulated with VEGF (50 ng/ml) for 1 hour. 

HUVECs transfected with miR-133a-3p (blue columns) or the negative control miR-NC (grey 

columns), were stimulated with VEGF (50 ng/ml) for 1 hour. The fold induction RNA levels are 

shown in the rows. The housekeeping gene HPRT-1 Ct values were used to normalise the Ct 

readings. The data were analysed using the comparative 2^−ΔΔCt approach; nd = non 

determined. 

GENES NC 1H Fold induction 3P 1H Fold induction 

PLAUR 0.90 0.91 1.06 0.85 0.94 1.02 1.02 0.95 1.01 0.39 0.49 0.51 0.34 0.40 0.24 0.47 0.50 0.58 

MSN 1.11 1.10 1.13 0.85 1.02 1.00 1.04 0.88 1.07 0.69 0.64 0.59 0.32 0.40 0.53 0.66 0.67 0.72 

RCAN1.4 15.0 6.8 18.7 13.2 10.5 9.5 13.2 12.8 17.0 76.1 68.2 58.9 63.4 78.6 69.4 62.67 80.7 51.5 

CD44 0.90 0.98 0.86 1.01 0.97 0.92 1.15 1.21 0.95 0.28 0.25 0.29 0.14 0.19 0.21 0.34 0.36 0.39 

ID1 0.76 0.45 0.42 0.87 0.94 1.25 0.56 0.50 0.48 0.40 0.25 0.53 0.29 0.30 0.43 0.45 0.46 0.39 

CCNE1 1.05 1.77 0.98 1.78 1.14 1.02 0.96 1.20 0.88 0.80 0.96 0.93 0.69 0.99 0.76 0.64 0.61 0.72 

CCND1 1.11 1.84 0.99 nd 1.72 0.84 1.32 1.69 1.04 0.99 1.30 1.29 0.81 0.78 0.85 0.62 0.70 0.85 

DLL4 1.76 1.95 1.96 1.30 2.69 1.74 2.45 3.58 2.40 14.6 17.9 15.9 11.7 21.5 21.2 14.4 14.1 16.6 

HEY1 4.31 6.20 4.73 3.28 9.32 2.07 4.11 10.89 3.21 19.5 21.9 15.0 13.2 11.1 12.6 17.9 14.1 6.80 

JAG2 1.01 1.76 0.91 1.12 1.96 0.87 0.96 1.66 1.30 3.48 3.23 3.36 3.58 3.02 4.18 2.72 2.48 2.69 

NOTCH4 1.43 1.36 0.70 1.22 2.41 1.01 0.96 1.66 1.30 2.59 3.12 2.79 4.34 4.94 4.19 2.72 2.48 2.69 

NRARP 1.17 2.25 1.18 1.60 3.31 1.30 2.35 3.39 2.73 4.40 4.58 4.80 4.85 5.02 6.68 5.03 4.47 5.59 

HES4 0.91 1.62 0.88 1.19 2.18 0.91 1.18 1.85 0.84 4.97 4.03 4.60 4.18 4.57 5.60 4.48 3.77 4.18 

TIMP3 0.65 0.58 0.67 0.77 0.81 0.89 0.70 0.65 0.70 8.99 6.74 7.35 5.11 6.58 8.26 4.76 4.59 4.72 

ITGB2 1.10 0.99 0.72 1.17 1.09 1.01 0.80 0.83 0.80 6.29 4.45 5.96 2.49 4.30 3.57 3.14 2.39 3.41 

ADAMTS1 3.37 3.05 5.27 1.60 1.40 1.44 3.06 3.15 3.24 9.64 8.71 8.31 1.93 2.15 2.61 6.14 4.75 5.91 

THBS1 1.18 1.17 1.17 0.97 1.01 0.94 1.28 1.34 1.27 2.25 1.87 2.17 1.53 1.93 2.66 1.89 2.12 2.15 

SPARC 1.15 1.00 1.07 0.88 1.41 0.65 1.09 1.57 1.35 2.21 2.18 2.40 2.08 1.78 2.27 2.24 2.56 2.21 

CDK1 1.06 1.93 1.04 1.20 1.55 0.64 1.13 2.15 0.96 0.25 0.23 0.30 0.17 0.16 0.20 0.22 0.25 0.28 

CCNA2 1.12 1.98 1.09 1.73 1.08 1.09 0.74 1.34 0.65 0.20 0.23 0.27 0.13 0.18 0.13 0.12 0.11 0.15 

CCNB1 1.15 2.05 0.93 1.04 1.59 1.01 1.11 1.44 0.82 0.29 0.25 0.32 0.18 0.14 0.19 0.19 0.17 0.26 

MCM2 1.01 1.49 0.99 1.05 1.46 0.78 1.14 1.89 1.16 0.36 0.37 0.44 0.49 0.43 0.50 0.36 0.39 0.47 

MCM4 1.21 1.83 0.92 1.03 1.69 0.91 0.88 1.18 0.76 0.50 0.48 0.30 0.37 0.33 0.40 0.29 0.25 0.35 

CCND3 0.73 1.15 0.64 1.24 1.98 1.05 0.69 1.01 0.55 1.00 1.03 1.09 1.73 1.76 2.02 0.86 0.85 0.90 

CCNG1 1.23 1.98 1.07 0.99 1.58 0.97 0.74 1.38 0.87 2.49 2.51 2.62 1.71 2.31 2.10 1.89 1.60 1.81 
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The Ingenuity pathway analysis (IPA) software programme, one of the most sophisticated 

bioinformatic tools, analyses gene expression patterns using a built-in database based on 

scientific literature. IPA studies were carried out to further examine if the 25 genes mentioned 

above have an inhibitory influence on angiogenesis. According to the results in figure 21, "DNA 

replication," "Cell cycle, recombination, and repair," and "Cardiovascular system growth and 

function" were areas of cellular processes that were enhanced. The bar charts in figures 21A 

and 21C depicted decreased cellular activities such as "cell cycle progression," "branching of 

vasculature," "proliferation of endothelial cells," "tubulation of endothelial cells," "DNA 

replication," "entry into S phase," "synthesis of DNA," and "mitosis" as a result of the activated 

Z score prediction. Figures 21B and 21D use circular plots to link enriched biological functions 

to the corresponding differentially expressed genes. Either blue, which stands for repression, 

or red, which stands for activation, were displayed on the activation z-score scale. 

Upregulation is shown as red on the logFC scale, and downregulation is shown as blue. 
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Figure 21. Ingenuity Pathway Analysis via Ingenuity Pathway of the genes with 

differential expression in endothelial cells that express ectopic miR-133a-3p. (A, C) Bar 

graphs illustrating enriched biological processes predicted by IPA under the categories of "Cell 

Cycle" and "DNA replication, recombination, and repair" (A) and "Cardiovascular system 

development and function" (C) (C). Bar lengths are given as a function of enrichment 

significance (-log10) (Benjamini-Hochberg adjusted P values). (B, D) Circular plots showing 

enhanced biological processes found in the categories "Cell Cycle," "DNA replication, 

recombination, and repair" (B) and "Cardiovascular system development and function" (D) 

(D). The corresponding differentially expressed genes are linked to enhanced biological 

functioning. Fold change, or FC. Blue denotes repression; red, activation on the activation z-

score scale. Red indicates upregulation on the LogFC scale; blue indicates downregulation. 

The figure is given with Manuel Gomez's agreement. He works for CNIC in Madrid, Spain. 

 

3.7 Bioinformatic analysis with miRNA data bases (target scan, miRWalk and miRDB) 

Our findings demonstrate that miR-133a-3p or miR-133a-5p differentially regulate the 

expression of a set of 25 genes that code for angiogenesis regulators. It is hypothesised that 

the decrease in gene expression may be caused by miR-133a's direct binding to 

complementary regions in the targeted gene's sequence. In the study by Kinoshita et al. 

(2012), in silico analysis indicated the probable miR-133a-3p binding sites in the 3'UTR of 

MSN, which may help to explain the decline in RNA expression seen for this gene. The 3'UTR 

sequences of the differentially expressed genes were analysed using bioinformatic methods 

using the databases miRWalk, Target-scan, and miRDB to see whether any putative 

sequence motifs that are complementary to the sequence for miR-133a-3p or -5p exist. Except 

for MSN, none of the genes were predicted to have miR-133a-3p binding sites using Target-

scan and miRDB, and only a small number were found in the miRWalk database, as shown 

in Table 8 below. In 2 out of the 3 databases examined, miR-133a-5p binding sites were 

predicted to be present in the RCAN1.4, CD44, HEY1, and ADAMTS1 genes. Nevertheless, 
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none of the genes were generally anticipated by the three databases to have miR-133a 

binding sites. The table in the appendix 4 shows the predicted score of the differentiated genes 

which have miR-133a-3p or -5p binding sites. Both Target-scan and miRDB have shown a 

prediction score more than 90%, which explains the publication by Kinoshita et al. (2012), 

indicating the direct binding of miR-133a-3p to the 3’UTR of MSN. Which supports the 

decrease shown in RNA expression in this study. The purpose of cloning the 3’UTR of CD44, 

is because miR-133a-3p and -5p downregulate the RNA expression of CD44 as shown in 

figure 15H. MiR-133a-5p was predicted to bind directly to the 3'UTR of CD44 at positions 3063 

to 3070 by both miRWalk and Target Scan. Taking in consideration that this is a predicted 

bioinformatic study, and also as shown in the table in the appendix 4, miRWalk showed a 

predicted score of 92% and Target scan a score of 21%. miR-133a-5p as mentioned above 

was predicted to be present in RCAN1.4, HEY1 and ADAMTS1, however as shown in our 

result there was no statistical significant reduction in the RNA expression of these gene, when 

endothelial cells overexpress miR-133a-5p.  
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Table 8: Bioinformatic analysis of miR-133a predicted binding sites using miRWalk, 

TargetScan and miRDB databases on the 25 differentially expressed genes. 

Genes 

miR- 
133a-3p  

miR-   
133a-3p  

miR-
133a-3p  

miR-
133a-5p  

miR - 133a-
5p  

miR-
133a-5p  

miRWalk TargetScan miRDB miRWalk TargetScan miRDB 

PLAUR YES NO NO NO NO NO 

MSN NO YES YES NO NO NO 

RCAN1 YES NO NO YES YES NO 

CD44 YES NO NO YES YES NO 

ID1 NO NO NO NO NO NO 

CCNE1 YES NO NO YES NO NO 

CCND1 YES NO NO NO NO NO 

DLL4 YES NO NO YES NO NO 

HEY1 YES NO NO YES YES NO 

JAG2 YES NO NO YES NO NO 

NOTCH4 YES NO NO YES NO NO 

NRARP NO NO NO NO NO NO 

HES4 YES NO NO NO YES NO 

TIMP3 YES NO NO YES NO NO 

ADAMTS1 YES NO NO YES YES NO 

ITGA6 NO NO NO YES NO NO 

THBS1 YES NO NO YES NO NO 

SPARC YES NO NO NO NO NO 

CDK1 NO NO NO NO YES NO 

CCNA2 NO NO NO NO NO NO 

CCNB1 YES NO NO NO NO NO 

MCM2 NO NO NO YES NO NO 

MCM4 NO NO NO NO NO NO 

CCND3 YES NO NO NO YES YES 

CCNG1 NO NO NO NO NO NO 
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3.8 Cloning of CD44 3’UTR 

In HUVECs transfected with miR-133a-3p and -5p, CD44 RNA expression was 

downregulated, according to studies of gene arrays including genes for Notch signalling or for 

ECM-CAM molecules (Fig 15A and 19A, respectively). Additionally, additional qPCR tests 

employing certain Taq Man gene assays confirmed that endothelial cells carrying miR-133a 

reduced CD44 expression (Fig 15H). In order to find probable miR-133a binding sites in the 

3'UTR of CD44 RNA, a bioinformatic study was performed. MiR-133a-5p was predicted to 

bind directly to the 3'UTR of CD44 at positions 3063 to 3070 by both miRWalk and Target 

Scan. Therefore, the 3'UTR was cloned in a luciferase-reporter plasmid, to investigate the 

possibility of miR-133a interacting with this sequence. The 3' UTR of CD44 was cloned using 

the pmirGLO vector. By including miRNA target sites downstream of the firefly luciferase gene 

(luc2) into the multiple cloning site, this 7350 bp vector can be used to quantitatively assess 

miRNA activity (MSC). Following the steps outlined below, fragments of the CD44 3'UTR were 

amplified by PCR and cloned into pmirGLO. 

 

3.8.1 PCR amplification of CD44 3’ UTR fragments  

The human CD44 RNA corresponding to the 3' UTR was divided into numerous pieces due to 

the size of the CD44 3'UTR, which is 3567 bp, and was amplified by PCR using RNA extracted 

from HUVEC cells as a template. Retro-transcription of HUVEC RNA was carried out utilising 

oligo-dT (Promega) as a primer. The PCR procedures used the cDNA template. 250 ng of 

cDNA, 100 ng of targeted oligo sense(s), 100 ng of targeted oligo antisense(s), 25 µl of 2x 

platinum SuperFi PCR Master Mix (Invitrogen), and nuclease-free water were used in the PCR 

reactions.  
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To make future sub-cloning easier, the forward and reverse oligonucleotides employed in the 

PCR process have restriction sites for the nuclease Xhol. 

The following fragments were generated: 

1) A fragment (NCBI accession number NM 000610) that encompasses nucleotides 

2164–3947 of the CD44 mRNA and corresponds to the proximal region of the 3' UTR 

of CD44 

2) A fragment of the CD44 mRNA that corresponds to the distal region of the 3' UTR and 

spans the nucleotides 3911–5725 (NCBI accession number NM 000610) 

3) The NCBI accession number NM 000610 designates a segment that corresponds to 

the 3' UTR of CD44's proximal region and includes nucleotides 2164–3026 of the CD44 

mRNA. 

4) The NCBI accession number NM 000610 designates a fragment that corresponds to 

the 3' UTR of CD44's proximal region and spans nucleotides 3003–3947 of the CD44 

mRNA. 
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Figure 22: Schematic representation of the CD44 RNA constructs with 3’ UTR regions 

inserted downstream of the Luciferase gene. The orange bar is showing the coding region 

(CDS), the blue bar shows the 3’UTR region to be cloned. The yellow bars illustrate the 

luciferase gene (luc2). After luc2, is the multiple cloning site (MCS), however in this schematic 

diagram, downstream of the luc2, the cloned fragments are inserted, which are shown in green 

bars  

Cloning started using the fragments (2164-3947) and (3911-5725). The first fragment was 

then further divided into segments (2164-3026) and (3063-3070), which include the expected 

region where miR-133a-5p targets the 3' UTR of CD44 (3003-3947). After ligation, bacterial 

transformation, and maxiprep of DNA, the portions of the 3' UTR were cloned in the pmirGLO 

vector downstream of the luciferase enzyme. The forward and reverse oligonucleotides 

employed in the PCR processes had restriction sites for the nuclease Xhol. 
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Figure 23: An illustration of the experimental procedures used to evaluate the impact 

of the created pmirGLO constructs incorporating parts of the CD44 RNA 3' UTR is 

shown in a schematic flow diagram. 

 

3.8.2 Preparation of pmirGLO dual luciferase vector  

The Promega-created pmirGLO dual luciferase miRNA target expression vector may be used 

to impartially measure miRNA activity by including miRNA target sites downstream of the 

firefly luciferase gene luc2. The main reporter gene is firefly luciferase, and by adding miRNA 

binding sites or 3' UTR downstream of this gene, lower firefly luciferase expression signals 

the binding of miRNAs to the cloned miRNA target region. This vector also consists of Renilla 

luciferase (hRluc-neo), which acts as a control gene for normalisation of transfection 

efficiency. A multiple cloning site (MCS) is located 3’ of the firefly luciferase reporter gene luc2, 

which is where the 3’ UTR of CD44 mRNA is inserted. Just after the MCS, there is a SV40 

late poly(A) signal sequence to provide efficient transcription termination and mRNA 

polyadenylation.  
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As shown in the schematic flow diagram (figure 23), after the fragments were precipitated and 

purified, the fragments had to be ligated to the pmirGLO vector. The pmirGLO dual luciferase 

vector was prepared by digestion with Xhol, to generate the corresponding sticky ends for 

insertion of the CD44 3’ UTR region downstream of the luciferase gene. After digestion, the 

digested vector was precipitated, dephosphorylated, and purified by gel electrophoresis. The 

concentration of the resulting lineal vector was quantified by gel electrophoresis (Fig 24). 

 

Figure 24: pmirGLO dual luciferase vector quantification. A) Schematic diagram of 

pmirGLO dual luciferase vector with Xhol restriction sites. Downstream of the luc gene is the 

MCS. For selectivity on media, the vector contains an ampicillin resistance gene (AMPr). B) 

Agarose gel electrophoresis showing the 7350 bp pmirGLO dual luciferase vector digested 

with XhoI and dephosphorylated.   

 

3.8.3 Generation of plasmid harbouring the region 2164-3947 of CD44 3’ UTR mRNA 

Two segments were cloned into the pmirGLO dual luciferase vector due to the size of the 

CD44 3' UTR. The first section that was copied covered the range from position 2164 to 3947. 

At positions 3063 to 3070 in this fragment, miR-133a-5p is predicted to target the 3' UTR of 

CD44. As shown in figure 25, this fragment with a size of 1.783 Kb was cloned into the 
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pmirGLO dual luciferase vector. Amplifying the relevant segment in a PCR reaction was the 

first step. The PCR reaction's precise size of the fragment, 1783 bp (3947-2164), was 

validated by agarose gel electrophoretic examination (Fig 25A). This amplified fragment was 

subsequently precipitated, Xhol-digested, and purified/extracted from an agarose gel at a 

0.7% concentration. The extracted sample from the agarose gel was quantified to estimate 

the amount needed to ligate the fragment into the pmirGLO vector (Fig 25B). By adding 5 µl 

or 10 µl (half dilution procedure) to a 0.7% agarose gel along with 20 µl of a 1Kb plus ladder 

with known band size/concentration, the amount of DNA in the purified sample was measured. 

To determine the concentration of the purified fragment, the intensity of the 10 µl band was 

compared to the known band size/concentration of the 1Kb ladder (Fig 25B). The T4 DNA 

ligase kit (New England Biolabs) was used to set up the ligation process, which needed the 

pmirGLO vector digested with Xhol as illustrated in figure 24. The vector and insert 

concentrations were set up in a 1:3 molar ratio. The ligated design was used to transform 

JM109 capable E. coli cells, which were then plated onto ampicillin-containing LB-Agar plates 

for selection. Further inoculations of 9 ampicillin-resistant colonies in LB media were made in 

order to extract the plasmid DNA for miniprep analysis. The miniprep samples were digested 

with Xhol and the presence of the insert was determined by agarose gel electrophoresis. As 

shown in figure 25C, the 9 miniprep samples all contained the two expected bands; an upper 

band of 7350 bp which corresponds to the pmirGLO vector, and a lower band of 1783bp, 

which corresponds to the fragment (CD44 3’ UTR 2164-3947). As a result, all 9 clones tested 

positive, indicating that the fragment was successfully ligated into the vector. The 9 clones 

containing the insert were digested with Xbal, an enzyme with 1 restriction site in the vector 

and in the insert to identify the right (3’-5’) or wrong (5’-3’) orientation of the ligated insert with 

respect of the luciferase gene. By performing an in silico restriction study on the sequence of 

the plasmid pmirGLO CD44 3' UTR 2164-3947 using NEB Cutter 2.0, the location of the 

restriction sites and the size of the resultant fragments were pre-determined. As shown in 

figure 25D, 5 clones showed the insert cloned in the right orientation, which are clones 2, 3, 

6, 7 and 9, whereas in clones 1, 4, 5 and 8 the insert was ligated in the wrong orientation. One 



 112 

clone was selected among the five that were oriented correctly, and the Centro Nacional de 

Investigaciones Cardiovasculares CNIC in Madrid, Spain, used sequencing to confirm the 

accuracy of the amplified fragment's sequence. A plasmid maxipreparation using this clone 

was performed to obtain enough plasmid DNA for subsequent functional assays. The plasmid 

isolated by maxiprepation was checked again for presence of the insert (digestion with XhoI 

showing the size of insert 1783 bp) in the right orientation (digestion with XbaI) as shown in 

figure 25E. Following tests, the produced clone, known as pmirGLO-CD44 3'UTR (2164-

3947), was used. 

 

Figure 25. Overview of cloning the fragment 2164-3947 of the 3’UTR of CD44 RNA. A) 

PCR amplification which shows the exact size of the insert which was 1783bp (3947-2164). 

B) Quantification of the purified fragment 2164-3947. C) Digestion with XhoI of plasmid 

miniprep samples isolated from colonies resulting from transformation of the ligation reaction. 

The presence of the two expected bands; 7350 (corresponding to the vector size) and 1783 
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corresponding to the insert size, denotes successful cloning of the insert into the vector. D) 

Restriction analysis of the direction of insertion fragment-vector. Clones with proven insert in 

part C), were digested with XbaI to identify the right (5’-3’) orientation for insert ligation into 

the vector. Agarose gel analysis of the digestion revealed that the insert was placed in the 

right orientation in 5 samples (in red) and in the wrong orientation in 4. E) Digestion analysis 

of plasmid maxipreparation of the final clone selected for further functional analysis.  

 

3.8.4 Generation of plasmid harbouring the region 3911-5725 of CD44 3’ UTR mRNA 

To generate the pmirGLO vector containing the 3’UTR CD44 3911-5725, which was the 

second half of 3’UTR CD44, PCR amplification was initially performed as previously described 

in chapter 3.8.3. DNA gel electrophoresis using 0.7% agarose gel was used to analyse the 

PCR product. A unique band was observed and shown in figure 26A, confirming the exact 

size of the fragment which was 1814bp (5725-3911), using a 1Kb plus ladder (ThermoFisher) 

as a marker for DNA length. The same process of quantification of the purified fragment shown 

in chapter 3.8.3 was performed as shown in figure 26B. The pmirGLO vector and the CD44 3’ 

UTR 3911-5725 fragment were ligated at 15°C overnight in a thermal cycler. The ligated 

construct was transformed into JM109 competent E. coli cells. 4 ampicillin-resistant colonies 

were selected and inoculated to perform miniprep analysis. The miniprep samples were 

digested with Xhol and an agarose gel was performed to analyse the presence of the 

recombinant plasmid containing the CD44 3’ UTR fragment with the correct size of 1814bp. 

As shown in figure 26C, the 4 miniprep samples all contained two unique bands, with the 

upper band of 7350bp which corresponds to the pmirGLO vector and a lower band of 1814bp, 

which corresponds to the fragment (CD44 3’ UTR 3911-5725). Therefore all 4 clones were 

positive showing successful ligation of the fragment into the vector. The 4 clones containing 

the insert were digested with Sall and ScaI. Sall has 1 restriction site in the insert at position 

4025 bp, and ScaI has 3 restriction sites in the vector, which are positions 3343 bp, 5055 bp 

and 5810 bp to identify the right (3’-5’) or wrong (5’-3’) orientation. The position of the 
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restriction sites and the size of resulting fragments were pre-determined by carrying out in 

silico restriction analysis of the sequence of plasmid pmirGLO CD44 3’ UTR 3911-5725 using 

NEB Cutter 2.0. As shown in figure 26D, 2 clones were in the right orientation, which are 

clones 1 and 4, whereas clones 2 and 3 were in the wrong orientation. From the 2 clones in 

the right orientation, one clone was chosen and the fidelity of the sequence of the amplified 

fragment validated by sequencing in the department of Vascular Biology and Inflammation, 

Centro Nacional de Investigaciones Cardiovasculares CNIC, Madrid, Spain. A plasmid 

maxipreparation using this clone was performed to obtain enough plasmid DNA for 

subsequent functional assays. The plasmid isolated by maxiprepation was checked again for 

presence of the insert (digestion with XhoI showing the size of insert 1814 bp) in the right 

orientation (digestion with Sall and ScaI) as shown in figure 26E. The resulting clone was now 

named pmirGLO-CD44 3’UTR (3911-5725) and was used in subsequent experiments. 
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Figure 26. Overview of cloning the 3’UTR of CD44, site 2 position 3911-5725bp. A) PCR 

amplification which shows the exact size of the insert which was 1814bp (5725-3911). B) 

Quantification of the purified fragment 3911-5725. C) Digestion with XhoI of plasmid miniprep 

samples isolated from colonies resulting from transformation of the ligation reaction. The 

presence of the two expected bands; 7350 (corresponding to the vector size) and 1814 

corresponding to the insert size, denotes successful cloning of the insert into the vector. D) 

Restriction analysis of the direction of insertion fragment-vector. Clones with proven insert in 

part C), were digested with Sall and ScaI to identify the right (5’-3’) orientation for insert ligation 

into the vector. Agarose gel analysis of the digestion revealed that the insert was placed in 

the right orientation in 2 samples (in red) and 2 samples in the wrong orientation. E) Digestion 

analysis of plasmid maxipreparation of the final clone selected for further functional analysis. 

F) schematic diagram which illustrate the right and wrong orientation. The right orientation is 

determined by size of insert when digested with Sall 5725-4025 = 1700 bp, and ScaI 3343-

1700 = 1643. The wrong orientation is determined by size of insert when digested with Sall 

4025-3911 = 114, which is sample 2 and 3, which is faint, but there is a band around the region 

114 in sample 2 and 3. 

 

3.8.5 Generation of plasmid harbouring the region 2164-3026 of CD44 3’ UTR mRNA 

To further evaluate the functionality of the potential miR-133a-binding site, the fragment 

harbouring the region 2164-3947 of CD44 3’UTR, was split into two fragments, regions 2164-

3026 and 3003-3947. As shown in figure 27 the plasmid harbouring the region 2164-3026 of 

CD44 3’UTR mRNA was successfully cloned using the same process as mentioned in chapter 

3.8.3. To generate the pmirGLO vector containing the 3’UTR CD44 2164-3026, PCR 

amplification was initially performed as previously described in chapter 3.8.3. DNA gel 

electrophoresis using 0.7% agarose gel was used to analyse the PCR product. A unique band 

was observed and shown in figure 27A confirming the exact size of the fragments which was 

862bp (3026-2164). The same process of quantification of the purified fragment shown in 
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chapter 3.8.3 was performed on this fragment as shown in figure 27B and ligated into the 

vector. The pmirGLO CD44 3’ UTR 2164-3026 was incubated at 15°C overnight in a thermal 

cycler. The ligated construct was transformed into JM109 competent E. coli cells. The 

miniprep samples were digested with Xhol and an agarose gel was performed to analyse the 

presence of the recombinant plasmid containing the CD44 3’ UTR fragment with the correct 

size of 862bp. As shown in figure 27C, all 10 miniprep samples all contained two unique 

bands, with the upper band of 7350bp which corresponds to the pmirGLO vector and a lower 

band of 862bp, which corresponds to the fragment (CD44 3’ UTR 2164-3026). Therefore all 

10 clones were positive showing successful ligation of the fragment into the vector. The 10 

clones shown in figure 27C containing the insert were digested with ApaI. Apal has 1 restriction 

site in the insert at position 2873 bp and has 1 restriction site in the vector, which is at position 

5675 bp to identify the right (3’-5’) or wrong (5’-3’) orientation. As shown in figure 27D, in the 

red boxes are the clones in the right orientation. One clone was chosen and the fidelity of the 

sequence of the amplified fragment validated by sequencing in the department of Vascular 

Biology and Inflammation, Centro Nacional de Investigaciones Cardiovasculares CNIC, 

Madrid, Spain. The plasmid isolated by maxiprepation was checked again for presence of the 

insert (digestion with XhoI showing the size of insert 862 bp) in the right orientation (digestion 

with Apal showing the size of 2424 bp) as shown in figure 27E. The resulting clone was now 

named pmirGLO-CD44 3’UTR (3911-5725) and was used in subsequent experiments. 
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Figure 27. Overview of cloning the 3’UTR of CD44, clone 1 (site 1) position 2164-3026bp. 

A) PCR amplification which shows the exact size of the insert which was 862bp (3026-2164). 

B) Quantification of the purified fragment 3911-5725. C) Digestion with XhoI of plasmid 

miniprep samples isolated from colonies resulting from transformation of the ligation reaction. 

The presence of the two expected bands; 7350 (corresponding to the vector size) and 862 

corresponding to the insert size, denotes successful cloning of the insert into the vector. D) 

Restriction analysis of the direction of insertion fragment-vector. Clones with proven insert in 

part C), were digested with ApaI to identify the right (5’-3’) orientation for insert ligation into 

the vector. Agarose gel analysis of the digestion revealed that the insert was placed in the 

right orientation in 7 samples (in red) and 3 samples in the wrong orientation. E) Digestion 

analysis of plasmid maxipreparation of the final clone selected for further functional analysis. 
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3.8.6 Generation of plasmid harbouring the region 3003-3947 of CD44 3’ UTR mRNA 

As shown in figure 28, the plasmid harbouring the region 3003-3947 of CD44 3’UTR mRNA 

was successfully cloned using the same procedure mentioned above. As shown in figure 28A, 

analysis of the PCR reaction confirming the exact size of the fragment which was 944 bp 

(3947-3003), using a 1Kb plus ladder (ThermoFisher) as a marker for DNA length circled in 

red as the first band was fragment pmirGLO-CD44 3’UTR (2164-3026). This amplified 

fragment was then precipitated, digested with Xhol, and purified/ extracted from an 0.7% 

agarose gel as shown in figure 28B and ligated into the pmirGLO vector. The pmirGLO CD44 

3’ UTR 3003-3947 was incubated at 15°C overnight in a thermal cycler. The ligated construct 

was transformed into JM109 competent E. coli cells. 6 colonies were inoculated to perform 

miniprep analysis. The miniprep samples were digested with Xhol and an agarose gel was 

performed to analyse the presence of the recombinant plasmid containing the CD44 3’ UTR 

fragment with the correct size of 944 bp. As shown in figure 28C, colonies 5 out of the 6 

samples contained two unique bands, with the upper band of 7350bp which corresponds to 

the pmirGLO vector and a lower band of 944 bp, which corresponds to the fragment (CD44 3’ 

UTR 3003-3947). Therefore the 5 clones were positive showing successful ligation of the 

fragment into the vector. The 5 clones containing the insert were digested with XbaI. Xbal has 

1 restriction site in the insert at position 3159 bp and has 1 restriction site in the vector, which 

is at position 7338 bp to identify the right (3’-5’) or wrong (5’-3’) orientation. By doing an in-

silico restriction analysis of the plasmid pmirGLO CD44 3' UTR 3003-3947 sequence using 

NEB Cutter 2.0, the location of the restriction sites and the size of the resultant fragments 

were pre-determined. According to figure 28D, 1 clone was in the right orientation highlighted 

in a red box. This clone in the right orientation was validated by sequencing in the department 

of Vascular Biology and Inflammation, Centro Nacional de Investigaciones Cardiovasculares 

CNIC, Madrid, Spain. The DNA maxi-preparation of the plasmid was performed and was 

digested with Xhol to show the size of insert (944 bp), XbaI to show the right orientation, which 

was a band at 800 bp and uncut as a control to only show the pmirGLO vector. The resulting 
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clone was now named pmirGLO-CD44 3’UTR (3003-3947) and was used in subsequent 

experiments. 

 

Figure 28. Overview of cloning the 3’UTR of CD44, clone 1 (site 2) position 3003-3947bp. 

A) PCR amplification which shows the exact size of the insert which was 944bp (3947-3003). 

B) Quantification of the purified fragment 3003-3947. C) Digestion with XhoI of plasmid 

miniprep samples isolated from colonies resulting from transformation of the ligation reaction. 

The presence of the two expected bands; 7350 (corresponding to the vector size) and 944 

corresponding to the insert size, denotes successful cloning of the insert into the vector. D) 

Restriction analysis of the direction of insertion fragment-vector. Clones with proven insert in 

part C), were digested with XbaI to identify the right (5’-3’) orientation for insert ligation into 
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the vector. Agarose gel analysis of the digestion revealed that the insert was placed in the 

right orientation in 1 sample (in red) and 4 samples in the wrong orientation. E) Digestion 

analysis of plasmid maxipreparation of the final clone selected for further functional analysis. 

 

Table 9: The list of enzymes and corresponding buffers used for the constructs of the 

fragments for the insert size and orientation.  

Plasmids Digest for 
size 

Corresponding 
Buffer 

Digest for right 
orientation 

Corresponding 
Buffer 

2164 to 
3947 (ALA 
314-315) 

XhoI Buffer D XbaI buffer D 

3911 to 
5725 (ALA 
319-318) 

XhoI Buffer D SalI + ScaI buffer D 

2164 to 
3026 (ALA 
314-322) 

XhoI Buffer D ApaI buffer A 

3003 to 
3947 (ALA 
323-315) 

XhoI Buffer D XbaI buffer D 

 

When all fragments harbouring the 3’UTR of CD44 were successfully cloned, the plasmids 

were transfected into HEK293A with miRNA-NC, miR-133a-3p and miR-133a-5p mimics and 

dual luciferase assay was performed to measure the activity of the firefly luciferase gene. 

 

3.9. Determining how the firefly luciferase gene's activity is impacted by CD44's 3'UTR 

fragments. 

HEK 293A cells were used to investigate potential binding sites for miR-133a in the 3’UTR of 

CD44, as the RNA expression of CD44 was inhibited in the presence of miR-133a-3p and 

miR-133a-5p in endothelial cells. Bioinformatic analysis predicted miR-133a-5p targets the 
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3’UTR of CD44 mRNA. HEK 293A cells were seeded at a density of 2 x 105 cells/well in a 12 

well plate pre-coated with gelatine. The next morning, cells were co-transfected with miR-NC, 

miR-133a-3p, and miR-133a-5p, as well as plasmids made from Promega's (USA) pmirGLO 

Dual-Luciferase MiRNA Target Expression Vector and containing various sections of CD44's 

3'UTR downstream of the Firefly luciferase reporter gene (luc2). After 24 hours incubation, 

transfection solutions were aspirated, and transfection medium replaced with fresh complete 

DMEM. A further 24 hours were spent incubating the transfected cells. To examine the impact 

of the CD44 3'UTR fragments on the stability of luc2 RNA, Firefly luciferase activity was 

measured. Renilla luciferase activity was assessed to normalise any variations in each 

plasmid's transfection efficiency. 

Co-transfection of pmirGLO empty vector, pmirGLO-CD44 3’UTR (2164-3947) and pmirGLO-

CD44 3’UTR (3911-5725) with miR-NC, miR-133a-3p and miR-133a-5p was performed. As 

shown in figure 29 from one independent experiment, when pmirGLO empty vector was the 

control to demonstrate the effect of the mimics on both the fragments. As mentioned before, 

pmirGLO-CD44 3’UTR (2164-3947) contains the predicted site at position 3063-3070, where 

miR-133a-5p targets the 3’UTR of CD44 mRNA. There was more reduction in HEK 293A 

transfected with pmirGLO-CD44 3’UTR (2164-3947) and miR-133a-5p, which was 67.5% 

when compared with the empty pmirGLO vector transfected with miR-133a-5p. This suggest 

the bioinformatic prediction database could possibly be true. To validate these data, a further 

experiment was performed on pmirGLO-CD44 3’UTR (2164-3026) and pmirGLO-CD44 3’UTR 

(3003-3947). The pmirGLO-CD44 3’UTR (3003-3947) fragment contains the predicted target 

site for miR-133a-5p in the 3’UTR of CD44 mRNA at position 3063-3070. As shown in figure 

30, HEK 293A cells co-transfection with miR-NC, miR-133a-3p or miR-133a-5p did not show 

inhibitory effect for any of the strand of miR-133a transfected.   
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Figure 29. pmirGLO dual luciferase luminometer results after transfecting HEK293A 

with miR-mimics pmirGLO-CD44 3’UTR (2164-3947) and pmirGLO-CD44 3’UTR (3911-

5725) and an empty vector as control. When the empty vector was the control, there was 

more reduction, 68% in site 1 (2164-3947) when transfected with miR-133a-5p compared to 

site 2 (3911-5725), 83.2%. Which suggested the database prediction could possibly be true, 

and mir-133a-5p targets the 3’UTR of CD44 at this position. 
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Figure 30: pmirGLO dual luciferase luminometer results after transfecting HEK293A 

with miR-mimics pmirGLO-CD44 3’UTR (2164-3026) and pmirGLO-CD44 3’UTR (3003-

3947) and an empty vector as control. When the empty vector was the control, to 

demonstrate the effect of the mimics had on site 1, pmirGLO 314-322 (2164-3026), and site 

2, pmirGLO 323-315 (3003-3947). miR-133a-5p had no effect on the 3 sites.  
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4.1 Discussion 

 

Angiogenesis is the formation of blood vessels from pre-existing ones. This multi-factorial 

physiological process is tightly regulated by a balance of pro-angiogenic and anti-angiogenic 

signals (Kazerounian and Lawler, 2018). An unbalance of this process will lead to human 

diseases characterised by excessive or insufficient blood vessel formation (Potente et al., 

2011). Among all pro-angiogenic factors, VEGF is the most prominent cytokine, which exerts 

its biological function by binding to its receptor VEGFR2, which plays a pivotal role as an 

inducer of both physiological and pathological angiogenesis. However further evidence of how 

intracellular regulators modulate VEGF-A induced signalling in endothelial cells is yet to be 

fully characterised (Koch et al., 2011). 

MicroRNAs (miRNAs) are single-stranded, small, non-coding RNA molecules that are roughly 

22 nucleotides long. By attaching to certain regions in the 3'UTR of RNAs, they control gene 

expression by either inducing mRNA degradation or suppressing protein translation. In most 

cases, miRNAs interact with the 3′ untranslated region (3′ UTR) of target mRNAs to induce 

mRNA degradation and translational repression. However, interaction of miRNAs with other 

regions, including the 5′ UTR, coding sequence, and gene promoters, have also been reported 

(Broughton et al., 2016). Increasing evidence points to miRNAs as important cytoplasmic 

regulators of angiogenesis. Inhibition of two endonucleases, Dicer and Drosha, which are 

necessary for the formation of mature miRNAs in the biogenesis of miRNA, has demonstrated 

the role of miRNAs in the biology of endothelial cells and vascular development both in vitro 

and in vivo (Ha and Kim, 2014). Important endothelial cell activities such as impaired postnatal 

angiogenesis and sprouting angiogenesis are impacted by the drop in miRNA levels (Suárez 

et al., 2008). There has been more research done on the relationship between certain miRNAs 

and the elements of the VEGF signalling pathway. For instance, VEGF expression is 

suppressed by miR-15a and miR-16, among other miRNAs (Chamorro-Jorganes et al., 2011; 

Dang et al., 2013) while miR-126 stimulates VEGF signalling by directing its attention to the 
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downstream effector PIK3R2 (Fish et al., 2008). A regulatory miRNA network regulates the 

phenotypic flip of endothelial cells during sprouting angiogenesis, as demonstrated by Rosano 

et al. important proliferative and migratory genes were shown to be down- and up-regulated 

by the miRNA network. A coordinated regulation of several biological processes, including 

extracellular matrix synthesis, deposition, cell migration, and proliferation, is necessary for the 

sprouting angiogenesis process. They showed in their studies that during the first stage of 

sprouting angiogenesis, miRNAs work together to strengthen the specification of the tip cell 

phenotype by upregulating the expression of genes related to cell migration and extracellular 

matrix remodelling and downregulating the expression of genes linked to cell-cycle 

progression and members of the mitogen-associated protein kinase (MAPK) cascade, which 

support VEGF-A-mediated cell proliferation (Rosano et al., 2020). 

miRNAs are mostly expressed ubiquitously, whereas others present a tissue restrictive pattern 

of expression. This is the case with miR-133a, a myo-miRNAs, which means this miRNA is 

muscle tissue specific. Cardiac specific and skeletal muscle specific miR-1 and miR-133 have 

shown their essential functions in controlling skeletal muscle proliferation and differentiation 

(Chen et al., 2006). MiR-133a is normally expressed at modest levels in endothelial cells, 

however recent research by Li et al. has demonstrated that miR-133a expression levels 

significantly increased in diseased endothelium. MiR-133a was not found in the endothelium 

layer of normal rats' carotid arteries when miR-133a expression was examined using 

fluorescent in situ hybridization. However, miR-133a was expressed in the endothelium layer 

in rats given injections of streptozotocin (STZ) to mimic diabetes conditions (Li et al., 2016). 

Studies on the topic of angiogenesis demonstrate the connection between miR-133a's action 

on endothelial cells and the prevention of angiogenesis. Peripheral arterial disease (PAD), 

which is caused by ischemia-induced impaired neovascularisation, was the focus of a study 

by Chen et al. (2018). When compared to non-diabetic mice, diabetic animals had greater 

levels of miR-133a expression in the ischemic muscle. Transfecting HUVEC cells with miR-

133a mimics or miR-133a inhibitors allowed researchers to examine miR-133a's impact on 
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angiogenesis in vitro. Because diabetic animals had increased levels of miR-133a, miR-133a 

was knocked down using antagomirs, which enhanced angiogenesis and perfusion recovery. 

As previously established, miRNAs are essential regulators of a variety of cellular activities by 

post-transcriptionally silencing the genes that they target. Recent research has revealed that 

miRNAs also control certain angiogenic environments and signalling pathways. In vitro 

endothelial cell migration, proliferation, and viability were all suppressed by miR-133a in 

HUVEC cells, as demonstrated by Soufi-Zomorrod et al., 2016. This suggests that miR-133a 

can directly target important angiogenesis-related factors to suppress them, and it also 

illustrates the potential therapeutic implications of using miR-133a-based interventions to treat 

a range of diseases that involve dysregulated angiogenesis (Soufi-Zomorrod et al., 2016). 

Although these studies demonstrated that aberrant expression of miR-133a in endothelial cells 

inhibits angiogenesis, Zhu et al (2021) recently reported an opposite role for miR-133a as a 

positive regulator of endothelial cell angiogenesis. Zhu et al study showed exosomes from 

macrophage migration inhibitory factor (MIF) engineered ucMSCs (MIF-Exo) significantly 

improved cell survival, blood vessel formation and cell migration in vitro in HUVEC cells when 

compared to the control non-engineered ucMSCs (MSC-Exo).  Comparing MIF-Exo to MSC-

Exo, quantitative real time PCR (qRT-PCR) and miRNA sequencing revealed an increase in 

miR-133a-3p expression. Additionally, miR-133a-3p mimics enhanced the phosphorylation of 

AKT in HUVECs. Furthermore, MIF-Exo and miR-133a incubation reduced the biological 

effects of HUVECs (Zhu et al., 2021). 

The miRNA biogenesis generates two mature strands, -3p and -5p. During the process of miR 

maturation either strand can be incorporated into the RISC complex and both strands can 

modulate gene expression (Daugaard and Hansen, 2017). Bioinformatic target gene 

predictions have shown that each miR-133a strand target different genes, however there are 

genes which might still be targeted by both -3p and -5p (Ohanian et al., 2013). It has been 

reported that the expression of both miR-133a strands increase in cardiovascular settings. For 

example, miR-133a-5p expression is up-regulated in myocardial infarction studies as a key 
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selected apoptosis-associated miRNA (Ma et al., 2018). strands up regulated in diabetic 

atherosclerosis (DA). Both miRNA-133a-3p and -5p strands, out of 9 differentially expressed 

miRNAs (DE-miRs), were targeting 3349 genes related to known functions and pathways for 

lipid and glucose metabolism (Li et al., 2018). However, in the context of angiogenesis, the 

specific effect of the -3p and -5p strand has not fully been addressed. 

This study looked at the practical implications of particular expression of each strand on the 

regulation of significant endothelial angiogenic processes in order to resolve the conflicting 

findings regarding the role of aberrant expression of miR-133a in angiogenesis and to 

investigate the molecular and cellular mechanisms regulated by each strand. In HUVEC cells, 

the impact of aberrant miR-133a-3p and -5p expression on the expression of genes encoding 

important regulators of angiogenesis was investigated. Previous research on the impact of 

miR-133a aberrant expression on endothelial cell angiogenesis has produced mixed findings 

(Soufi-Zomorrod et al., 2016; Chen et al., 2018; Zhu et al.,2021). 

This work examined the tubular morphogenesis of HUVEC cells that were particularly 

overexpressing miR-133a-3p or -5p in order to further clarify the impact of aberrant miR-133a 

expression on endothelial cell angiogenesis. Cells were either left unstimulated (control) or 

stimulated with VEGF (50 ng/μl). When compared to the control, miR-NC, the Matrigel tube 

formation experiment showed that ectopic expression of miR-133a-3p significantly inhibited 

tubular morphogenesis of primary endothelial cells (HUVECs). While VEGF stimulation had 

no effect in cells transfected with miR-133a-3p, there was a significant increase in tube 

morphogenesis in VEGF-stimulated cells transfected with miR-NC. This finding suggests that 

aberrant expression of miR-133a-3p impaired both basal and VEGF-induced tubular 

morphogenesis. When compared to the control miR-NC, HUVECs transfected with miR-133a-

5p showed a statistically significant decrease in tubular morphogenesis. Although the 5p 

strand's effect was weaker than the 3p strand's, VEGF stimulation still led to a statistically 

significant increase in the number of cells that overexpress miR-133a-5p. Our research 

demonstrates that the -3p and -5p strands suppress endothelial cell angiogenesis in separate 
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ways, indicating that they could each target a different biological mechanism for angiogenic 

cell growth. Our first research led us to hypothesise that miR-133a-3p may have a significant 

negative regulatory role in endothelial cell angiogenesis. 

As a result, using the evidence from the literature as a springboard, the first step was to 

ascertain the impact of aberrant miR-133a expression on endothelial cell tubular 

morphogenesis, which was studied in HUVEC cells using adenovirus miR-133a (Ad-miR-

133a) with a MOI of 200 and adenovirus miR control (Ad-miR NC). Because miR-133a was 

expressed in endothelial cells in diabetic rats but not in normal rats, as demonstrated in Chen 

et al (2018) publication, primary endothelium cells were infected with Ad-miR-133a in order to 

mimic a pathology. Infected cells were treated with bFGF (25 ng/μl) and left unstimulated as 

a control. Endothelial tubular morphogenesis was suppressed by miR-133a both with and 

without pro-angiogenic agents. This study concentrates on VEGF since it is the most prevalent 

pro-angiogenic factor, but by performing bFGF tests, this shows the impact of aberrant miR-

133a expression in endothelial cells that have been stimulated by a variety of pro-angiogenic 

factors. This finding suggests that miR-133a-based therapeutics may have practical relevance 

in treating human disorders linked with angiogenesis that include several variables, such as 

tumour cells that are resistant to anti-VEGF treatment. 

We transfected HUVEC cells with miR-133a-3p or miR-NC as a control and checked the 

expression of genes encoding components of the Notch signalling system following VEGF 

stimulation in light of the substantial inhibitory function of miR-133a-3p shown in endothelial 

cell tubular morphogenesis. Over the past few years, it has been abundantly obvious that 

VEGF-A facilitates endothelial cell differentiation, migration, and proliferation, as well as 

regulates endothelial cell-cell junctions. The angiogenic response is regulated by a variety of 

pathways, including Wnt, TGF/Alk1, Angiopoietin/Tie2, Notch, FGF, S1P/Edg1, 

Semaphorin/Plexin, Netrin/Unc5b, Slit/robo, cell matrix/integrin signalling, and others. 

However, a number of studies have demonstrated that participants in the Notch signalling 

pathway are crucial in coordinating a variety of endothelial cell behaviours throughout the 
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formation, patterning, and remodelling of the vascular network (Phng and Gerhardt, 2009). 

The expression of JAG2, HEY1, NOTCH4, DLL4, HES4, and NRARP, was considerably 

elevated by the ectopic expression of miR-133a-3p, as shown in (Figure 15). The intriguing 

finding regarding these Notch signalling pathway regulators is that they have anti-angiogenic 

properties. For instance, DLL4, a membrane-bound ligand for Notch1 and Notch4 that is 

activated by hypoxia and VEGF-A, is expressed only in growing endothelium. Strong 

angiogenesis inhibitor DLL4 has been shown to prevent the production of cell tips and is 

necessary for the correct establishment of vascular networks throughout development 

(Williams et al., 2006; Suchting et al., 2007). Similar to this, migrating and proliferating 

endothelium cells lack the fundamental helix-loop-helix transcription factor HESR1 (HEY-

1/HRT-1/CHF-2/gridlock). A negative involvement for this protein in the control of 

angiogenesis is suggested by the fact that overexpression of HESR1 in endothelial cells 

reduces VEGFR2 mRNA expression, which in turn prevents proliferation, migration, and 

network development (Henderson et al., 2001). The notch family of transmembrane receptors, 

which are expressed on endothelial cells, includes Notch4. Leong et al. (2002) used an in vitro 

endothelial-sprouting test to investigate the function of Notch4 in angiogenesis. Human dermal 

microvascular endothelial cells (HMEC-1) that expressed Notch 4 were unable to sprout new 

endothelial cells. They also demonstrated that VEGF-induced angiogenesis was reduced by 

activated Notch4 (Leong et al., 2002). Our data suggests that increased expression of these 

genes is one of the factors mediating the inhibitory effect exerted by miR-133a-3p in 

angiogenesis. These findings, along with others (Leslie et al., 2007; Phng and Gerhardt, 

2009), have shown that DLL4/Notch signalling negatively modulates sprouting angiogenesis. 

Our findings further demonstrate that miR-133a-3p's aberrant expression suppressed CD44 

and ID1 expression (Figure 15). In rat models of choroidal neovascularization, hindlimb 

ischemia, and cardiac ischemia, enhanced endothelial CD44 expression has been shown, 

showing that CD44 promotes angiogenesis in these pathological circumstances (Shen et al., 

1998; van Royen et al., 2004; Cao et al., 2006; Wei et al., 2014). Additionally, CD44 
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encourages and controls a variety of endothelial cell activities, including proliferation, 

migration, adhesion, and invasion. Furthermore, abnormal angiogenesis and disease 

development would be hampered by CD44 deficiency or its function (Chen et al., 2020). Helix-

loop-helix transcription factor ID1 is known to promote angiogenesis, according to published 

studies. The presence of ID1 increased HUVEC migration, proliferation, and the development 

of capillary-like tubes, as demonstrated by Nishiyama et al. (2005) (Nishiyama et al., 2005). 

Our findings demonstrate that abnormal miR-133a expression in endothelial cells suppresses 

the expression of CD44 and ID1. The documented pro-angiogenic properties of these genes 

coincide with the detrimental impact of miR-133a on the tubular morphogenesis of endothelial 

cells found in our work. 

The proliferation of endothelial cells in response to pro-angiogenic stimuli is a critical stage in 

the process of angiogenesis. Here, we demonstrate that both the -3p and -5p strands limit the 

proliferation of endothelial cells, while the impact of miR-133a-3p is stronger than that 

observed with the -5p strand (Figure 16). Further tests showed that miR-133a-3p 

downregulated the expression of CDK1, CCNA2, CCNB1, MCM2, and MCM4 when it was 

expressed ectopically (Figure 16). The advancement of DNA replication during the cell cycle 

and entrance into the S phase, which is where endothelial cell proliferation occurs, are 

significantly regulated by cyclins and the minichromosome maintenance protein (MCM) 

(Yeeles et al., 2015). Therefore, we looked at whether abnormal miR-133a-3p expression 

prevented cells from entering the S phase. A flow cytometer examination of the miR-133a-3p-

transfected HUVEC population was done. Results demonstrated that compared to cells 

transfected with miR-NC, the G0/G1 phase of the cell cycle had more cells, but fewer in the S 

and G2.M stages (Figure 16). Gao et al 2019 study looked at CDK1's impact on angiogenesis. 

The authors' extremely intriguing findings corroborate our findings. Initially, they used CDK1 

siRNAs on HUVEC to examine the function of CDK1 in angiogenesis. The outcomes showed 

that the CDK1 siRNAs drastically decreased CDK1's mRNA expression. In contrast to what 

was discovered in this study, miR-133a-3p overexpression suppressed CDK1 expression. 
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Second, in HUVEC cells, the impact of CDK1 siRNAs on endothelial cell proliferation was 

examined. According to their findings, cells exposed to CDK1 siRNAs multiplied more slowly 

than cells from the control and scramble groups. We may conclude from these observations 

and our findings that aberrant miR-133a-3p expression prevents endothelium growth by 

suppressing CDK1 expression. The authors further demonstrate that silencing CDK1 prevents 

HUVEC from forming tubes, which is consistent with the reduction of endothelial cell tubular 

morphogenesis observed when miR-133a is transfected into HUVECs (Gao et al., 2019). 

Cell migration was investigated since it is another area where miR-133a-3p could inhibit 

angiogenesis. As already noted, the Notch signalling system is essential for controlling the 

development of tip and stalk cells. Furthermore, through controlling the expression of essential 

regulators of cell motility, it also plays a significant role in the migration of endothelial cells. 

When there is a wound, VEGF is raised in the skin and contributes to cell migration, which 

encourages endothelial cell migration to seal the wound (Johnson and Wilgus, 2014). Our 

findings shown that miR-133a-3p ectopic expression slows the migration of endothelial cells 

after 24 hours. After 24 hours, miR-133a-5p-transfected cells showed no statistically 

significant change in endothelial cell movement. The research from Gao et al. (2019) revealed 

that silencing of CDK1 decreased vascular endothelial cell migration, which is thought to be 

an important mechanism for angiogenesis. They demonstrated that silencing of CDK1 

hindered the migration of HUVECs (Gao et al., 2019). When compared to our findings, this 

evidence suggests that endothelial cell overexpression of miR-133a-3p inhibits CDK1 

expression, supporting the observed suppression of endothelial cell migration. Here, we also 

show that overexpressing miR-133a-3p in HUVEC decreased the expression of the genes for 

PLAUR (also known as uPAR) and Moesin (MSN). The primary regulator that stimulates 

uPAR, which in turn activates tip cell migration, is MSN, a regulator of receptor signalling and 

a promoter of cell migration. Therefore, downregulation of this gene also supports miR-133a's 

inhibitory role in endothelial cell migration. RCAN1.4 expression was also evaluated in 

addition. RCAN1.4 is a critical negative regulator of angiogenesis that is activated by VEGF 
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stimulation in endothelial cells (Minami et al., 2004). While there was no difference in the RNA 

expression of this gene in cells transfected with miR-133a-5p, it was evident that HUVECs 

transfected with miR-133a-3p and stimulated with VEGF at different time points increased the 

RNA expression of this gene in comparison to the control, indicating that this gene is a key 

mediator of the inhibitory effect of miR-133a-3p on angiogenesis. Overall, our findings show 

that aberrant miR-133a-3p expression prevents the migration of endothelial cells by 

suppressing the RNA production of the pro-angiogenic genes PLAUR and MSN. RCAN1.4, 

which is encoded as an inhibitor of angiogenesis, is expressed more highly when miR-133a-

3p is overexpressed in endothelial cells. 

This pathway is crucial for angiogenesis because the remodelling of the extracellular matrix 

(ECM) brought about by secreted proteases in the region surrounding vessel branching is the 

only way for endothelial cell migration, tube formation, and the ability of a new vessel sprout 

to move toward pro-angiogenic signal (Adams and Alitalo, 2007). Therefore, we looked at 

whether abnormal miR-133a expression in endothelial cells affects the expression of ECM 

and protease degraders. In both unstimulated and VEGF-stimulated cells, ectopic expression 

of miR-133a-3p increased the expression of SPARC, ITGA6, and THBS1 to the same extent, 

indicating that the impact was not reliant on VEGF stimulation. The ectopic expression of miR-

133a-3p also increased the expression of ADAMTS1, but only after VEGF stimulation. These 

genes were not affected by cells transfected with miR-133a-5p, indicating that they are miR-

133a-3p-specific. Previous studies have indicated that these genes act as angiogenic 

inhibitors. Zhang et al. (2012), for instance, showed that SPARC inhibits angiogenesis by 

preventing proliferation and invasion. According to their findings, SPARC silencing enhanced 

the expression of VEGF and angiogenesis whereas SPARC overexpression decreased the 

expression of VEGF (Zhang et al., 2012). Other research has shown that ADAMTS1 lowers 

endothelial cell growth in vitro and decreases angiogenesis in vivo. In the work of Xu et al., 

the researchers used siRNA knockdown to examine the impact of ADAMTS1 on endothelial 

cell growth. Their findings demonstrated that ADAMTS1 knockdown increased endothelial cell 
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proliferation (Xu et al., 2006). TIMP3 (tissue inhibitor of metalloproteinases 3) has been shown 

in several studies to be a powerful inhibitor of angiogenesis. It achieves its anti-angiogenic 

activity by direct contact with VEGFR2, which in turn prevents endothelial cell proliferation, 

migration, and tube formation. This research reveals that TIMP3 reduces downstream 

signalling and angiogenesis by preventing the binding of VEGF to VEGFR2 (Qi and Anand-

Apte, 2015). According to our findings, miR-133a-3p transfected HUVECs increased TIMP3 

expression both at basal levels and in response to VEGF stimulation. Canine endothelial 

colony-forming cells (ECFCs) were identified and cultivated in a recent work by Liao et al. 

(2022). Using a lentiviral vector, the expression of THBS1 in these cells was suppressed. To 

examine the impact of exosomes on the angiogenic activity of HUVECs, the exosomes 

released by ECFCs were separated and purified. Their findings demonstrated that ECFC-Exo 

increased HUVECs proliferation, migration, and tube formation, which was made possible by 

ECFC-inhibition Exo's of THBS1 expression. Additionally, they showed that suppressing 

THBS1 expression in ECFCs-Exo stimulated PI3K, AKT, and ERK phosphorylation levels in 

HUVECs, promoting the production of VEGF and bFGF (Liao et al., 2022). Our findings show 

that increased miR-133a-3p expression in endothelial cells increases the expression of genes 

encoding angiogenesis-inhibiting proteins, supporting the negative influence that miR-133a-

3p has on angiogenesis. This is supported by data from other studies and data from our own 

research. 

Evaluations of gene arrays that take into consideration ECM-CAM, Notch signalling regulators, 

or cell cycle, as was previously found, revealed that endothelial cells overexpressing miR-

133a-3p displayed differential expression of 25 genes. We investigated whether the differential 

gene expression profile of these 25 genes supported the inhibitory effect on angiogenesis 

brought on by the overexpression of miR-133a-3p in endothelial cells. The IPA analysis 

revealed that the following categories have enhanced biological processes: "Cell cycle,” "DNA 

replication, recombination, and repair," and “Cardiovascular system development and 

function."  According to the activation Z-scored prediction, cellular activities such as 
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"proliferation of endothelial cells,” “branching of vasculature," "tubulation of endothelial cells," 

"entry into S phase," "DNA replication," "cell cycle progression," "synthesis of DNA," and 

"mitosis" were all suppressed. Our findings on the inhibitory activity of miR-133a-3p in 

angiogenic cellular processes are supported by the decrease in these cellular activities. 

Overall, our study has shown that aberrant miR-133a-3p expression increases the expression 

of genes that have inhibitory roles in angiogenesis while lowering the expression of genes that 

have pro-angiogenic activities in primary HUVECs. The research published by Soufi-Zomorrod 

et al., 2016 and Chen et al., 2018, provide support for our findings. They disagree with the 

research reported by Zhu et al. in 2021, which characterise miR-133a-3p as having a 

beneficial regulatory effect in angiogenesis. In their investigation, in order to create exosomes 

that were enriched in miR-133a-3p, Zhu et al. used mesenchymal stem cells that had been 

exposed to a lentivirus that overexpressed the macrophage migration inhibitory factor protein. 

The disagreement regarding the impact of miR-133a-3p on angiogenesis may thus be caused 

by different exosomal cargo components. As far as we are aware, miR-133a-3p is exclusively 

expressed in endothelial cells under pathological circumstances and is muscle-specific. 

Because of transcriptional stimulation of the miR-133a promoter in Li et al., 2016 

investigations, we found the influence of direct transfection of miR-133a-3p into endothelial 

cells. Our experiments supported this finding. With this discovery, we tried to reproduce the 

circumstances present in the ailing endothelium. 

We hypothesise that miR-133a-3p's direct binding to complimentary motifs in the targeted 

gene's sequence, which is how miR-133a binds to target genes, may be the source of the 

decrease in gene expression. This was inferred from in silico research that predicted the direct 

miR-133a-3p binding sites in the 3'UTR of MSN (Kinoshita et al., 2012). Additionally, we have 

demonstrated that miR-133a increases the expression of angiogenesis inhibitors such 

THBS1. A lentiviral vector containing siTHBS1 (THBS1-shRNA) exosomes as opposed to con-

shRNA exosomes was utilised to analyse HUVECs angiogenesis, according to a research by 

Liao et al. (2022). They found that decreasing THBS1 expression in ECFC-Exo improved the 
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capacity of HUVECs to proliferate, migrate, and form tubes (Liao et al., 2022). Our results 

validate the inhibition of angiogenesis that miR-133a-3p has been demonstrated to produce 

by increasing the expression of the gene that encodes for an angiogenesis inhibitor. However, 

these findings could point to a side effect brought on by the suppression of a repressor of the 

increased RNA by miR-133a. Some miR-1 effects have been linked to this method. According 

to Lin et al (2013) research, miR-1 specifically targets the mRNA that encodes seryl-tRNA 

synthetase (SARS). In embryos with miR-1 knockdown, SARS expression is elevated. 

Reduced VEGFaa expression and impaired blood vessel development was caused by either 

SARS overexpression or miR-1 knockdown. SARS knockdown caused aberrant vessel 

branching and an increase in VEGFaa expression, research demonstrated that miR-1 

enhances angiogenesis by inhibiting SARS and exhibited behaviours that were comparable 

to those of embryos with VEGFaa overexpression (Lin et al., 2013). 

Alternatively, miR-133a may target other areas of the gene apart from the 3’UTR such as the 

promoter. Place et al. (2008) demonstrated that the expression of genes with complementary 

promoter sequences is boosted by miR-373 which supports the notion that miRNAs may target 

promoter sequences and in doing so, regulate the expression of the target genes (Place et 

al., 2008). 

As previously indicated, the 3p strand directly binds and targets the 3'UTR of MSN, which 

accounts for the suppression of RNA levels we see. Bioinformatic analysis utilising databases 

like miRWalk, miRDB, and Target-Scan was carried out to ascertain if the decrease in gene 

expression is the consequence of direct miR-133a binding to complementary motifs in the 

sequence of the target genes. No other genes had any possible binding sites predicted by at 

least two databases, with the exception of MSN, where potential sites were found by miRDB 

and TargetScan with a prediction score more than 90%. However, it is plausible that miR-

133a might suppress by identifying sequences that databases have not yet predicted, gene 

expression. By attaching to specific areas in the promoters of target genes as well as 

cytoplasmic target RNAs, for instance, Catalanotto et al. (2016) demonstrate that miRNAs 
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may contribute to the transcriptional regulation of gene expression in the nucleus (Catalanotto 

et al., 2016). According to research by Di Mauro et al (2019) Through the traditional mRNA 

suppression process, which occurs in the cytoplasm, miR-133a controls the expression of 

certain of its target genes. But the researchers also showed that miR-133a translocate to the 

nucleus of cardiac cells when the canonical Wnt pathway is turned off. MiR-133a inhibits the 

transcription of de novo DNA methyltransferase 3B (Dnmt3b) in the nucleus by recognising a 

complementary region in its promoter (Di Mauro et al., 2019). These findings suggest that 

miR-133a may inhibit gene expression by means other than targeting the 3'UTR of target 

genes. 

A bioinformatic investigation using Target-Scan revealed a strong prediction for miR-133a-5p 

to bind the 3'UTR of CD44, returning to the conventional mode of miR activity. We cloned the 

3'UTR of CD44 since it is a pro-angiogenic gene that encourages angiogenesis, and in our 

tests, overexpression of both the -3p and -5p stands inhibits the production of this gene. In 

order to look into a potential inhibition in the production of firefly luciferase, we successfully 

cloned a number of segments of the CD44 3'UTR and carried out dual luciferase tests. 

However, luciferase activity was unaffected whether miR-133a-3p or miR-133a-5p were co-

transfected with the luciferase reporter construct. It's likely that miR-133a does not target the 

3'UTR of CD44 and that other mechanisms are at work when miR-133a reduces CD44 

expression. In actuality, miR-133a binding to the 3'UTR of CD44 was predicted to have a 

prediction score of 21% on the target scan database, which is notably low when compared to 

binding to a previously described location in the 3'UTR of MSN, which exhibited a score of 

98%.  
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In conclusion, abnormal expression of miR-133a in endothelial cells prevents angiogenesis 

with or without VEGF. 

The -3p strand has a higher inhibitory effect than the -5p strand on the morphogenesis, 

proliferation, and migration of endothelial cell tubes. Key regulators of angiogenesis are 

encoded by target genes that miR-133a modifies in terms of expression. Our results suggest 

that miR-133a alteration in diseased endothelial cells, namely the -3p strand, may have 

important therapeutic ramifications for the management of human illnesses related to 

angiogenesis. For instance, delivering -3p strand to the diseased endothelium of conditions 

characterised by excessive angiogenesis may provide patients new therapeutic alternatives. 

However, this potential would need to be verified using pathological angiogenesis-related pre-

clinical animal models. 

 

4.1.1 Conclusion 

Both strands of miR-133a inhibit endothelial cell angiogenesis, with the -3p having exerted a 

more profound effect than -5p. Aberrant expression of miR-133a-3p in primary endothelial 

cells up-regulate the expression of anti-angiogenic genes and downregulates the expression 

of pro-angiogenic genes. miR-133a-3p attenuated endothelial cell proliferation. Through 

reducing the expression of genes encoding cell cycle regulators. miR-133a-3p significantly 

reduced endothelial cell migration. Our findings indicate that specific delivery of miR-133a-3p 

mimics to endothelial cells within tumours that are resistant to anti-VEGF treatment or the neo-

vasculature of diseased diabetic eyes, might open new therapeutic interventions to treat these 

patients. Although the potential therapeutic delivery of miR-133a-3p requires validation using 

animal models of pathological angiogenesis, our results warrant further investigations into this 

possibility.   
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Appendix 1: Differential gene expression analysis of RT2 ProfilerTM PCR Array Human Notch 

Signalling Pathway Plus Kit. HUVEC transfected with miR-133a-3p, or negative control miR-

NC were stimulated with VEGF-A 165 for 1hour. Upregulated and down regulated genes are 

highlighted in red and green, respectively. Genes showing values of AVG ΔCt ≥10 indicating 

high number of amplification cycles required in the PCR analysis were not considered in 

further experiments to improve accuracy and reproducibility of data 
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Appendix 2: Differential gene expression analysis of RT2 ProfilerTM PCR Array 

Human Cell Cycle Kit. HUVEC transfected with miR-133a-3p, or negative Control miR-NC 

were stimulated with VEGF-A165 for 1hour. Upregulated and downregulated genes are 

highlighted in red and green, respectively. Genes showing values of AVG ΔCt≥10 indicating 

high number of amplification cycles required in the PCR analysis were not considered in 

further experiments to improve accuracy and reproducibility of data. 
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Appendix 3: Differential gene expression analysis of RT2 ProfilerTM PCR Array 

Human Extracellular Matrix and Cell Adhesion Molecules Kit. HUVEC transfected with 

miR-133a-3p, or negative control miR-NC were stimulated with VEGF-A165 for 4hour. 

Upregulated and downregulated genes are highlighted in red and green, respectively. Genes 

showing values of AVG ΔCt≥10 indicating high number of amplification cycles required in the 

PCR analysis were not considered in further experiments to improve accuracy and 

reproducibility of data. 

 

 

Appendix 4: List of the predicted score of the differentiated genes which have miR-
133a-3p or -5p binding sites in either the coding region (CDS) or 3’UTR of the 3 
bioinformatic databases, miRWalk, miRDB or Target Scan. The 3’UTR of CD44’s RNA 
was cloned as 2 out 3 bioinformatic databases predicted miR-133a-5p directly binding to the 
3’UTR of CD44’s RNA at position 3063-3070, with a prediction score of 92% on miRWalk 
and 21% on target scan.  
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