
 
 

 

 

THE UNIVERSITY OF HULL 

 

 

 

Elucidation of the signalling mechanisms involved in TF-mediated 

apoptosis in endothelial cells 
 

 

 

 

Thesis submitted to the University of Hull towards the degree of 

Doctor of Philosophy 

 

 

 

by 

 

 

Ali Mahdi Ethaeb 

 

 

 

September 2018 

 



 

i 
 

Abstract 

Tissue factor (TF) is the main initiator of blood coagulation. In addition to its 

procoagulant property, TF has the ability to regulate various functions within cells 

including proliferation, angiogenesis and apoptosis. These outcomes appear to 

depend on the amount of TF with which the cell comes into contact with. In this study, 

human dermal blood endothelial cells (HDBEC) were transfected to express wild-type 

TF which is released following the activation of PAR2 in a normal physiological 

response. In addition, a model for the accumulation of TF in vascular disease and 

cancer was used by expressing a mutant form of TF (TFAla253-tGFP) which although 

expressed is not released by the cells and therefore it accumulates intracellularly. 

Initially, the phosphorylation of Src1 and Rac1 were monitored in order to determine 

any difference in phosphorylation patterns following PAR2 activation of cells. 

Phosphorylation of Src1, but not Rac1 was prolonged on expression of TF and was 

further enhanced on intracellular accumulation of TF. Therefore, the role of Src1 as a 

mediator of TF-induced apoptosis was examined next. Either inhibition of Src using 

pp60c-srcpeptide, or suppression of Src1 expression using siRNA prevented the TF-

induced p38 MAPK activation and subsequent cellular apoptosis. Following 

confirmation of the role of Src1 in this process, an attempt was then made to delineate 

upstream intermediaries involved in this pathway. By using an inhibitory antibody 

(AIIB2), β1-integrin was shown to participate in TF-induced Src1 activation. In contrast, 

prevention of Src1-FAK complex formation using FAK inhibitor-14 did not interfere with 

the TF-mediated Src1 activation, despite a clear reduction in Src1 phosphorylation. 

Furthermore, TF-induced apoptosis did not appear to require Src1-FAK binding. In 

conclusion, this study has established further steps in the pathway by which TF can 

induce cellular apoptosis, and suggests a mechanism by which the increased amount 

of TF during inflammation can have detrimental outcome on the vascular system. 
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1.1 Introduction  

There have been a number of studies which have established the relationship 

between thrombosis and cardiovascular disease which can cause morbidity and 

mortality in many chronic diseases. The release of procoagulant microvesicles 

from the diseased vascular tissues is a major factor that can give rise to thrombus 

formation in the blood vessels. Additionally, it is now well established that 

inflammation, diabetes, malignancy and even hypertension can induce the 

release of microvesicles. Importantly, it has been shown that microvesicles impair 

the vascular system exacerbating cardiovascular diseases particularly those 

involving endothelial cells damage (Chen et al, 2018; Preston et al, 2002; 

Sabatier et al, 2002; Tesselaar et al, 2007). The procoagulant activity of these 

microvesicles is derived from tissue factor (TF) which is present in the membrane 

of microvesicles (Davila et al, 2008). TF is known as the principal initiator of the 

coagulation mechanism (Tesselaar et al, 2007). Elevated level of TF positive 

microvesicles may be detected within the blood circulation during various 

pathophysiological conditions such as cancer, atherosclerosis and following 

injury or trauma (Bach & Moldow, 1997; Giesen et al, 1999; Hron et al, 2007; 

Simak et al, 2006; Thaler et al, 2012). In addition to coagulation, TF also has the 

ability to regulate various functions of endothelial cells including proliferation, 

angiogenesis, and apoptosis (Collier & Ettelaie, 2010; Ettelaie et al, 2011; Shai 

& Varon, 2011). This study has focused on the mechanism by which TF induces 

apoptosis and subsequent erosion of endothelial cells, which occurs during 

inflammatory conditions such as cancer and vascular disease. 
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1.1.1 Tissue factor 

Tissue factor is also known as tissue thromboplastin, coagulation factor III, or 

CD142. A growing body of literature from various laboratories has demonstrated 

the importance of TF as the main initiator of blood coagulation (Bachli, 2000). A 

number of cell types, including skin epithelial cells, astrocytes and fibroblasts 

have been shown to express TF (Drake et al, 1989). TF is expressed in brain, 

lung, and kidney to control the bleeding (Erlich et al, 1999). In addition, cells of 

tunica adventitia and tunica intima within the blood vessel walls, and the cells of 

organ capsules express TF. This in turn creates haemostatic envelope which 

prevent the blood loss following the vasculature rupture (Fleck et al, 1990). 

Endothelial cells and circulating cells which are in direct contact with the blood do 

not express TF (Drake et al, 1989). Although, these cells have the ability to 

express TF following activation by cytokines during inflammation (Eisenreich & 

Rauch, 2010; Ruf & Edgington, 1994). In addition, macrophages express and 

release TF in response to lipopolysaccharide (LPS) (Imamura et al, 2002).  

Under normal physiological conditions, TF-bearing microvesicles are not 

detected within blood circulation (Nemerson, 1988; Steffel et al, 2006). Following 

trauma or injury, endothelial cells can produce and release TF-bearing 

microvesicles into the bloodstream (Aird, 2007; Yau et al, 2015). However, TF 

may be detected within the circulation during various pathophysiological 

conditions such as cancer and cardiovascular complications and following injury 

and trauma (Bach & Moldow, 1997; Giesen et al, 1999; Simak et al, 2006; Thaler 

et al, 2012). Moreover, microvesicles with a high level of procoagulant activity 

have been reported to be released from cancer cell, particularly pancreatic and 

breast cancers (Gerotziafas et al, 2012; Zhang et al, 2017b). 
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In addition to its role in coagulation, the expression of TF in the visceral endoderm 

within the yolk sac has been shown. It has also been demonstrated that TF plays 

a vital role in the development of embryonic blood vessels (Carmeliet et al, 1996). 

Therefore, studies have indicated a pivotal role for TF in physiological non-

haemostatic cell functions. 

 

1.1.2 Tissue factor structure 

The TF gene is located on chromosome 1 and is comprised of six exons 

separated by five introns (Mackman et al, 1989). TF genes have been reported 

to be present in 47 vertebrate genomes ranging from fishes to humans (Rallapalli 

et al, 2014). TF is a membrane glycoprotein of 47 kDa which is made up of a 

single chain consisting of 263 amino acids. The crystal structure of TF is 

analogous to the proteins of cytokine receptors family (class II), mainly the 

interferon γ receptor (Bazan, 1990). The structure of TF can be divided into three 

domains (Figure 1.1). A large extracellular N-terminal domain (residues 1-219), 

which is responsible for binding to factor VIIa. A hydrophobic transmembrane 

domain that crosses the membrane (residues 220-242) and connects the 

extracellular and cytoplasmic domains. A short cytoplasmic C-terminal (residues 

243-263), which includes three serine residues and can be phosphorylated at 

serine 253 and 258 (Chu, 2011; Zioncheck et al, 1992). This domain has been 

suggested to be involved in signal transduction (Ruf et al, 1991; Spicer et al, 

1987).  
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Human TF is a membrane glycoprotein made up of a single chain consisting of 

263 amino acid. The structure is split into an extracellular domain (residues 1-

219), a membrane-spanning domain (residues 220-242) and cytoplasmic tail 

(residues 243-263). The cytoplasmic domain contains three serine residues (red 

colour) but only serine 253 and 258 have been shown to undergo phosphorylation 

(adapted from Chu, 2011). 

 

 

Figure 1.1 Schematic representation of the structural domains of TF 
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1.1.3 Tissue factor and coagulation 

The coagulation cascade is formed of two pathways termed the intrinsic and the 

extrinsic pathways. These mechanisms act to activate a third pathway called the 

common pathway. As stated above, TF is the main initiator of the coagulation 

cascade (Figure 1.2). Various factors including collagen can activate the intrinsic 

pathway by the activation of factor XII (FXII) to activated FXIIa, which in turn 

activate factor XI (FXI) to activated FXIa. Activated FXIa then activate factor IX 

(FIX) to activated FIXa, which in turn activate factor X (FX) to activated FXa in 

the presence of activated FVIIIa (Mackman, 2009).  

The exposure of TF to blood as a result of damage to blood vessels leads to the 

activation of the extrinsic pathway of coagulation (Egorina et al, 2008). The 

exposure of TF to the blood leads to the binding of extracellular domain of TF to 

circulating factor VII (FVII). This binding causes the activation of FVII to activated 

FVIIa and the formation of TF/FVIIa complex. The TF/FVIIa complex activates 

plasma zymogens factor IX (FIX) to activated FIXa and FX to activated FXa 

(Morrison & Jesty, 1984). FXa goes onto catalyse the conversion of prothrombin 

(FII) to thrombin (FIIa) (Esmon et al, 1974). As a consequence, thrombin causes 

the feedback process to activate factor VIII (FVIII) to activated FVIIIa and factor 

V (FV) to activated FVa to amplify the coagulation process. In addition, thrombin 

converts fibrinogen into fibrin monomers. The fibrin monomers aggregate and 

cross linked by another coagulation factor called FXIIIa, which itself is activated 

by thrombin. Additionally, thrombin a major platelet activator. Eventually, the 

aggregation of platelets together with insoluble fibrin clot make up the 

constituents of the haemostatic plug which prevents excessive blood loss and 

maintains vascular integrity.  
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The coagulation cascade is formed of two pathways (intrinsic and extrinsic). TF 

binds FVIIa and activates extrinsic pathway. Intrinsic pathway can be activated 

by collagen. These mechanisms act to activate a third pathway (common 

pathway). 

 

Figure 1.2 The coagulation cascade and the role of TF in coagulation 
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1.1.4 Tissue factor and cell signalling 

In addition to its function in coagulation, TF has the ability to regulate cellular 

processes such as migration, proliferation (Hu et al, 2013) and apoptosis through 

intracellular signalling mechanisms (Pradier & Ettelaie, 2008; Pyo et al, 2004). 

Recently, it has been reported that the accumulation of TF within endothelial cells, 

either through increased expression, or by acquisition of TF from the bloodstream 

can promote cellular apoptosis through mechanisms mediated by p38 MAPK 

(ElKeeb et al, 2015). Previously, it was suggested that the cytoplasmic domain of 

TF is involved in signalling (Ruf & Mueller, 1999). Alternatively, TF/VIIa complex 

can activate PAR1 and PAR2 (Hjortoe et al, 2004; Hu et al, 2013). In fact, the 

interaction of TF with β1-integrin requires the formation of a complex with factor 

VIIa which can then activate PAR2, leading to subsequent pro-angiogenic and 

pro-migratory signals (Rothmeier et al, 2018). However, the interaction of TF with 

β1 and β3 integrins has recently been suggested to stimulate pro-angiogenic 

factors and to activate various signalling molecules including FAK and p38 MAPK 

(van den Berg et al, 2009). Therefore, the role of β-integrin in the mechanisms by 

which TF induce cellular apoptosis cannot be ruled out. 

 

1.1.5 Microvesicles 

Microvesicles (MVs) are referred to small vesicles with a diameter range between 

0.1 µm and 1.0 µm depending on the cell origin. The microvesicles have a 

spherical shape and they can be isolated from blood plasma by ultracentrifugation 

at 10,000-20,000 g (Thery et al, 2009). Microvesicles are formed from the plasma 

membrane by direct budding into the extracellular space (Hugel et al, 2005). It 

has been reported that microvesicles can be released from the plasma 
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membrane of most of cell types during apoptosis and also following the activation 

of cells (Distler et al, 2005; Scholz et al, 2002). Low levels of circulating 

microvesicles have been detected in the blood under normal physiological 

conditions (Berckmans et al, 2001). In contrast, various diseases including 

inflammation and cardiovascular disease induce the production of high 

concentrations of microvesicles (Gyorgy et al, 2011; Habersberger et al, 2012; 

Loyer et al, 2014; Pan et al, 2016). Microvesicles can be produced by endothelial 

cells, platelets (Diehl et al, 2011; Stepien et al, 2012), cancer cells (Gerotziafas 

et al, 2012; Zhang et al, 2017b). 

Microvesicle membranes are composed of a lipid bilayer which contain 

cytoplasmic and transmembrane proteins derived from their donor cell and can 

act as mediator of cell-to-cell communication (Figure 1.3) (Camussi et al, 2010; 

Thery et al, 2009). Therefore, microvesicles play an important role in cell 

processes through transfer these proteins, which can regulate cell signalling and 

induce endothelial cell dysfunction, inflammation and thrombosis (Habersberger 

et al, 2012; Jansen et al, 2013; Mause & Weber, 2010; Wang et al, 2013). 

Endothelial cells produce microvesicles as response to various stimuli including 

the activation of protease activated receptor 2 (PAR2) (Banfi et al, 2009; Coughlin 

& Camerer, 2003; Riewald & Ruf, 2003) and cytokines such as tumour necrosis 

factor-α (TNFα) (Combes et al, 1999; Peterson et al, 2008). 

A number of studies have reported that tumour cell-derived microvesicles are 

highly procoagulant (Dvorak et al, 1981; Nomura et al, 2015). The main culprit of 

this activity is the exposure of TF, which together with phosphatidylserine can 

initiate the coagulation mechanism (Bastida et al, 1984; Hellum et al, 2012). 

Studies have also reported that cancer patients have increased risk of developing 

venous thromboembolism (VTE) due to the presence of high levels of TF-
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containing tumour-derived microvesicles within blood circulation (Zwicker et al, 

2009). Therefore, it was hypothesized that the TF-bearing microvesicles can 

cause further physiological process such as apoptosis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Microvesicles are formed from the plasma membrane by direct budding into the 

extracellular space. Microvesicles are composed of a lipid bilayer which contains 

cytoplasmic and transmembrane proteins derived from their original donor cell 

(Hugel et al, 2005).  

 

Figure 1.3 The structure of a microvesicle 
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1.1.6 Protease-activated receptor 

Protease activated receptors (PARs) are a family of four G-protein coupled 

receptors (PAR1-PAR4). Vascular endothelial cells have been shown to express 

PAR1, PAR2 and PAR4 (Coughlin, 2000; Rezaie, 2014). PARs are activated by 

the cleavage of the receptors N-terminal through the action of proteases such as 

FXa, thrombin and trypsin (Figure 1.4) (Mackman, 2004; Major et al, 2003). This 

cleavage leads to the formation of a tethered ligand that binds to the main body 

of the receptor (Macfarlane et al, 2001) altering its shape which in turn induces 

the internal signal (Soh et al, 2010). FXa activates PAR1 and PAR2, while the 

TF/FVIIa complex activates PAR2 (Camerer et al, 2000; Riewald et al, 2001; 

Riewald & Ruf, 2001).  

Studies have reported that PARs are involved in cell signalling that regulate cell 

physiology (El-Daly et al, 2014; Suen et al, 2014) and pathological conditions 

such as cancer cells migration and proliferation (Adams et al, 2011; Rothmeier & 

Ruf, 2012; Yang et al, 2015; Zhou et al, 2011). In addition, PAR2 has been 

detected in 72% of breast cancer cells as compared to 21% of normal breast cells 

(Su et al, 2009). Cancer cells also secret trypsin-like proteases that can activate 

PAR2 (Nystedt et al, 1995). Studies have shown that the signalling arising from 

PAR2 activation in cancer cells can promote the phosphorylation of the 

cytoplasmic domain of TF at Ser253, which suggest that PAR2-dependent TF 

phosphorylation may regulate non-haemostatic functions including angiogenesis 

and migration (Ahamed & Ruf, 2004; Schaffner et al, 2010). In addition, TF 

phosphorylation at Ser253 through the activation of PAR2 results in the release of 

TF-bearing microvesicles which can cause blood coagulation (Collier & Ettelaie, 
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2011). Moreover, the treatment of endothelial cells with TF-bearing microvesicles 

prior to activation of PAR2 can result in either cellular apoptosis (ElKeeb et al, 

2015) or proliferation (Pradier & Ettelaie, 2008) depending on the concentration 

of TF-bearing microvesicles. However, the signalling mechanisms by which the 

presence of TF in PAR2-activated cells need further investigation. 

 

1.1.7 Endothelial cells 

Endothelium is a single layer of cells that lines the interior surface of the vascular 

system and acts as a barrier between the bloodstream and the surrounding tissue 

(Galley & Webster, 2004). The main functions of endothelial cells are to maintain 

vascular tone and the anticoagulant properties of the vessels, but are also 

involved in processes including haemostasis, angiogenesis and inflammatory 

responses. Endothelial cells respond to hypoxia and high blood pressure by 

producing vasodilators including nitric oxide, which enhance the blood flow 

(Michiels, 2003). In addition, endothelial cells respond to tissue hypoxia and 

vascular endothelial growth factor (VEGF) produced by platelets, macrophages 

and tumour cells, which result in angiogenesis and vascular proliferation. 

Endothelial cells are also involved in restricting blood flow by producing 

vasoconstrictors such as endothelin (Michiels, 2003) or to limit the blood loss 

during injury.  

Under normal physiological conditions, the endothelial cells prevent coagulation 

by expressing anticoagulant agents such as heparans and tissue factor pathway 

inhibitor (TFPI) (Aird, 2007; Michiels, 2003). However, many agents such as 

inflammatory cytokines (TNFα) have the ability to activate the endothelial cells 

(Combes et al, 1999; Pober, 2002). Activated endothelial cells are involved in 
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adhesion and inflammation (Cook-Mills & Deem, 2005). Once activated, 

endothelial cells express pro-inflammatory receptors such as intercellular 

adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1), 

to recruit leukocytes to the site of inflammation (Mesri & Altieri, 1999; Pober & 

Cotran, 1990). Endothelial cells also release TF-bearing microvesicles into the 

bloodstream following activation by cytokines (Eisenreich & Rauch, 2010; Ruf & 

Edgington, 1994). Since TF can promote endothelial cell apoptosis (ElKeeb et al, 

2015), the investigation of the signalling pathway connecting TF to apoptosis may 

explain the denudation of endothelial cells that occurs during diseases.  
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The activation of coagulation proteases together with TF results in the activation 

of signalling and coagulation. Various coagulation proteases have the ability to 

activate different PARs on endothelial cells (Mackman, 2004). 

 

 

 

 

 

 

 

Figure 1.4 The hierarchy of PAR activation by coagulation proteases 
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1.1.8 p38 MAPK signalling 

p38 mitogen-activated protein kinases (MAPKs) is the stress-activated MAPK 

pathway and a member of a serine /threonine kinase family (Garcia-Gomez et al, 

2012). p38 MAPK family consists of four isoform proteins p38α, p38β, p38γ, and 

p38δ, all of which have an apparent molecular weight of 38 kDa (Han et al, 1994). 

The four proteins share 60 % homology in their amino acid sequences. It has 

been reported that most cell types express p38α and p38β (Cuenda & Rousseau, 

2007; Yasuda et al, 2011). However, p38γ is mainly detected in skeletal muscle 

while p38δ is expressed within the endocrine glands (Goedert et al, 1997). p38 

MAPK is activated by the phosphorylation of Thr180 and Tyr182 residues. This 

activation occurs in response to different stress signals including cytokines such 

as IL-1β, DNA damage and lipopolysaccharide (LPS) stimulation (Raingeaud et 

al, 1995; Xiao et al, 2018). Upstream activators of p38 MAPK include the 

activated forms of Src1 (Watanabe et al, 2006; Watanabe et al, 2009), Rac1 

(Coso et al, 1995; Puls et al, 1999) and TAK1 (Huth et al, 2017; Moriguchi et al, 

1996; Wang et al, 1997). In addition, the activation of PAR2 can result in the 

phosphorylation of p38 MAPK (Enjoji et al, 2014). 

It has been suggested that the level and/or duration of activation of p38 MAPK 

may determine the cellular response to this signal (Faust et al, 2012). Among 

these responses, the activation of p38 MAPK has been shown to promote cellular 

apoptosis (Cheng et al, 2017; ElKeeb et al, 2015). As mentioned in part 1.1.4, 

p38 MAPK has been shown to mediate apoptotic signalling mechanisms initiated 

by TF. Therefore, it is hypothesised that one or more of Src1, Rac1 and TAK1 

proteins may act as mediator, connecting TF to p38 MAPK activation. 
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1.1.9 Src1 

Src1 protein is a member of the Src family of kinases (SFKs) and has a molecular 

weight of 60 kDa. Src1 is a non-receptor tyrosine kinase which is encoded for by 

the proto-oncogene src (Byeon et al, 2012). Src1 is made of seven functional 

regions (Figure 1.5). The N-terminal domain is necessary for its localisation to the 

internal cytoplasmic surface of the membrane. Domain 2 (SH2) and domain 3 

(SH3) allow Src1 to interact to phosphorylated tyrosine residues of different 

proteins. The linker domain that binds to SH3 domain when the protein is inactive. 

The kinase domain comprised of two lobes divided by catalytic cleft, which 

contain the activation loop. The activation loop harbour the auto-phosphorylation 

site (Tyr416) of Src1 (Guarino, 2010). C-terminal tail contains the negative 

regulatory site (Tyr527) (Boggon & Eck, 2004; Guarino, 2010; Roskoski, 2004). 

Src1 activity is controlled by the phosphorylation and de-phosphorylation of 

tyrosine residues within Src by protein kinases and phosphatase which result in 

structural changes in the Src1 protein (Hunter & Sefton, 1980; Xu et al, 1999) 

(Figure 1.6). Several studies have reported that in the inactive form of Src1, 

Tyr527 is phosphorylated and binds to the SH2 domain, while Tyr416 remains 

unphosphorylated. This produces a closed protein configuration with no kinase 

activity (Brown & Cooper, 1996; Johnson et al, 1996; Xu et al, 1999).  

Following activation, Src1 regulates a number of cellular processes such as 

differentiation, proliferation and angiogenesis (Biscardi et al, 2000; Li et al, 

2018b). For example, Src1 activation leads to downstream activation of p38 

MAPK pathway and induce proliferation of synovial sarcoma cells (Watanabe et 

al, 2006; Watanabe et al, 2009). Additionally, Src1 has been shown to play a 

crucial role in cancer growth, progression, and metastasis (Gu & Gu, 2003; 

Parsons & Parsons, 2004).  
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Src1 has been shown to be a component of the focal adhesion complex (Wu et 

al, 2015). Studies have reported that β1-integrin has the ability to induce FAK 

auto-phosphorylation at Tyr397, which in turn binds to the SH2 domain of Src1 

protein (Calalb et al, 1995; Schaller et al, 1994). As a result of Src1-FAK binding, 

the intramolecular interaction between the SH2 domain and the phospho Tyr527 

in the C-terminal of Src1 is disrupted (Thomas & Brugge, 1997). This removal of 

the negative regulatory C-terminal creates an active conformation resulting in 

increased catalytic activity of Src1 (Schlaepfer et al, 1994). Subsequently, the 

activation loop is exposed which allows the phosphorylation of Src1 at Tyr416 

(Guarino, 2010; Kleinschmidt & Schlaepfer, 2017). Therefore, the interaction of 

Src1 and FAK can induce Src1-mediated signalling (Schlaepfer et al, 2004).  

It has been shown that Src1 can be activated by TF/FVIIa complex (Siegbahn et 

al, 2008). Therefore, a possible role for Src1 has been suggested in cellular 

apoptosis triggered by TF.  
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Src1 protein consists of seven functional domains: SH4 domain (Myristoylation 

site) is necessary for its localisation to the cytoplasmic membrane. The unique 

domain. SH3 and SH2 domains allow Src1 to interact with different proteins. The 

kinase domain contain the auto-phosphorylation site (Tyr416). C-terminal tail 

which contains negative regulatory site (Tyr527). 

 

 

 

 

 

 

 

 

Figure 1.5 Structural domains of Src1 protein 
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In the inactive form (left), Src1 is phosphorylated on tyrosine 527 (Tyr527) within 

the C-terminal which is connected to the SH2 domain, causing the closed 

configuration. The mechanism of Src1 activation involves the dephosphorylation 

of Tyr527 on C-terminal and the phosphorylation of Tyr416 within the kinase 

domain. Dephosphorylation of Tyr527 prevents its interaction with the SH2 

domain, which creates an active conformation resulting in increased catalytic 

activity of Src1. Subsequently, the activation loop is exposed which allows the 

phosphorylation of Src1 at Tyr416 (Thomas & Brugge, 1997). 

 

 

 

 

Figure 1.6 The structure and activation of Src1 protein 
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1.1.10 Rac1 

Rac1 (ras-related C3 botulinum toxin substrate) is a member of small guanosine 

triphosphatase (GTPase) family which is related to ras-related proteins 

superfamily (Hall, 1994). Rac1 is a plasma membrane-associated GTP-binding 

protein that contains 192 amino acids. It has a molecular weight of 21 kDa and it 

is made up of four domains (Didsbury et al, 1989). 

Rac1 is found in every eukaryotic cell (Aspenstrom et al, 2004; Boureux et al, 

2007) and has been reported to play a crucial role in regulating cellular processes 

including migration, proliferation, phagocytosis, adhesion and apoptosis (Boissier 

& Huynh-Do, 2014; Kurdi et al, 2016; Leone et al, 2010; Wu et al, 2018). Rac1 

influences gene transcription through a number of signalling pathways including 

the c-Jun N-terminal Kinase (JNK) and p38 MAPK pathway (Coso et al, 1995; 

Minden et al, 1995; Puls et al, 1999). Rac1 is activated by the phosphorylation of 

Ser71 (Kwon et al, 2000). In addition, previous studies have shown the ability of 

Src1 to activate Rac1 (Chiariello et al, 2001; Servitja et al, 2003). In relevance to 

the current study, it has been reported that the interaction of TF/FVIIa leads to 

the activation of Rac1 (Versteeg et al, 2000). Therefore, it is possible that Rac1 

may be capable of relaying the signal initiated by TF, to the activation of p38 

MAPK. 

 

1.1.11 TAK1  

TAK1 (TGF-beta-activated kinase 1) protein is also known as mitogen-activated 

protein kinase kinase kinase 7, MAP3K7 and MEKK7. TAK1 has been shown to 

be involved in inflammatory signalling pathways and many pro-inflammatory 
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cytokines and endotoxins such as interleukin-1 (IL-1) activate TAK1 (Irie et al, 

2000; Ninomiya-Tsuji et al, 1999; Sakurai et al, 1999).  

Three TAK1-binding proteins TAB1, TAB2, and TAB3 are required for TAK1 

activation. The formation of the TAK1-TAB1-TAB2 complex or TAK1-TAB1-TAB3 

complex results in the auto-phosphorylation of TAK1 (Cheung et al, 2004; Ishitani 

et al, 2003; Munoz-Sanjuan et al, 2002; Takaesu et al, 2000). The activation of 

TAK1 occurs through the interaction of TAB with the kinase domain of TAK1 

(Shibuya et al, 1996). This interaction results in the auto-phosphorylation of 

TAK1, at Thr184 and Thr187 and a Ser192 in the kinase activation loop 

(Kishimoto et al, 2000; Ono et al, 2001; Sakurai et al, 2000). It has been 

suggested that the activation of TAK1 may also occur by integrin signalling and 

is mediated through the FAK/Src complex (Kim & Choi, 2012).  

TAK1 has been shown to be associated with cellular processes including 

proliferation and apoptosis (Kim et al, 2009; Martin et al, 2011). In addition, it has 

been shown that TAK1 plays a crucial role in inflammation such as cancer (Melisi 

et al, 2011; Singh et al, 2012). TAK1 is reported to be activated by various 

stresses factors including osmotic shock and DNA damage (Dai et al, 2012; Hinz 

et al, 2010). 

It has been known that TAK1 plays a crucial role in the activation of both c-Jun 

N-terminal Kinase (JNK) and p38 MAPK. These mechanisms are mediated 

through various MAPK kinases including MKK4 and MKK3/6 (Moriguchi et al, 

1996; Ninomiya-Tsuji et al, 1999; Wang et al, 1997). In addition, TAK1 activation 

leads to downstream activation of p38 MAPK and can also lead to cellular 

apoptosis (Smith et al, 2012). Therefore, TAK1 is also a candidate as a mediator 
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of the signalling pathway connecting TF to p38 MAPK and subsequent cellular 

apoptosis in endothelial cells. 

 

1.2 Hypothesis and Aims  

The accumulation of TF within the endothelial cells has been reported to 

contribute to chronic pathological disorders such as cardiovascular disease. In 

addition, TF can induce cellular apoptosis through a mechanism that involves the 

activation of p38 MAPK. This study hypothesised that the accumulation of TF 

within the endothelial cells can cause the activation of p38 and subsequent 

cellular apoptosis, mediated by Src1, Rac1, TAK1, β1-integrin and FAK. To test 

this hypothesis, a model was used to identify and further elucidate the TF-induced 

apoptotic pathway. The aim of this study was to examine the signalling molecules 

that mediate TF-signalling resulting in the activation of p38 MAPK. The main 

objectives of the study were as follows. 

 To investigate the phosphorylation patterns of Src1, Rac1 and TAK1 proteins 

following the activation of PAR2, in the presence and absence of TF. 

 To confirm the role of Src1 protein as a mediator of TF-induced cellular 

apoptosis. 

 To examine the role of β1-integrin and FAK protein in the activation of Src1 

initiated by TF-signalling. 
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Chapter 2  

Materials and methods 
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2.1 Materials  

Ambion® by life technologies™ 

- Silencer® Select Pre-designed siRNA (SRC) 

- Silencer® Select Pre-designed siRNA (NCOA1) 

- Silencer® Select Negative Control #1 siRNA 

 

Applied Biosystem, Warrington, UK 

- Power SYBR Green RT-PCR mix 

 

BD Bioscience, Oxford, UK 

- Becton Ddickinson FACS Calibur flow cytometer 

- CellQuest software version 3.3 

- Falcon FACS tubes 

 

BDH, Pool, UK 

- SDS (sodium dodecyl sulphate) 

- Glycerol 

- Magnesium chloride 

- Sodium acetate 

- Sodium hydroxide 

 

Bioline Ltd, London, UK 

- Molecular grade agarose 
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Bio-rad, Hemel Hempstead, Hertfordshire, UK 

- iCycler real-time thermal cycle 

- Nitrocellulose membrane 

 

BMG lab Tech, Offenburg, Germany 

- POLAR star OPTIMA Plate reader 

 

Cell Signalling Technologies, Leiden, The Netherland 

- Rabbit anti-human phospho-FAK (Tyr397) 

- Rabbit anti-human FAK 

- Rabbit anti-human phospho-Rac1 antibody  

- Rabbit anti-human Rac1/2/3 antibody  

- Rabbit anti-human phospho-Src Family antibody  

- Rabbit anti-human Src antibody  

- Rabbit anti-human phospho-TAK1 antibody  

- Rabbit anti-human TAK1 antibody 

- Mouse anti-human phospho-p38 antibody 

- Rabbit anti-human p38 antibody 

 

Developmental Studies Hybridoma Bank University of Iowa, Iowa City, 

USA 

- Rat anti-human Integrin beta-1 antibody (AIIB2) 

 

Fermentas, Sankt Leon-Rot, Germany 

- Multicolour broad range protein ladder (10-260 kDa) 
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Fisher scientific, Loughborough, Leicestershire, UK 

- GeneRuler 1 kbp DNA ladder 

- Lipofectamine™ RNAiMAX Transfection Reagent 

- Glycine 

- NaCl 

- Tris Base 

- DAPI (4′,6-diamidino-2-phenylindole), NucBlue™ Fixed Cell 

ReadyProbes™ Reagent 

 

Flowgen Bioscience, Nottingham, UK 

- Horizontal electrophoresis tank 

- Proto FlowGel (acrylamide: bisacrylamide) 

- Proto FlowGel, resolving buffer (1.5 M Tris-HCl (ph 8.8), 0.4% (w/v) SDS.) 

- Proto FlowGel staking buffer 

 

FMC Corporation, Philadelphia, USA 

- SYBR Green I DNA stain 

 

Gibco- Invitrogen Corporation, Paisley, UK 

- Opti-MEM® I reduced serum medium 

- TrypLE™ Select Enzyme (10X), no phenol red 

 

Greiner Bio-One Ltd, Gloucestershire, UK 

- 12 well culture plates, 25 and 75 cm² cell culture flasks 
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Hoefer, Inc, San Francisco, USA 

- TE 50X protein transfer tank 

 

http://imagej.nih.gov/ij/ 

- ImageJ program 

 

LGC-ATCC, Teddington, UK 

- MDA-MB-231 breast cancer cell line 

 

Life Technology, Paisly, UK 

- Endothelial cell serum-free medium 

- Lipofectin reagent 

- Lipofectamine® LTX & PLUS™ Reagent 

- Lipofectamine® 2000 Reagent 

- Lipofectamine™ 3000 Reagent 

 

Lonza, Basel, Switzerland 

- DMEM medium 

 

Mirus Bio LLC, Madison, USA 

- Trans IT® -LT1 transfection reagent 

- Trans IT® -2020 transfection reagent 

 

New England Biolab Inc, UK 

- Q5 Site-Directed Mutagenesis Kit 

- SOC outgrowth Medium 

http://imagej.nih.gov/ij/
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OriGene, Rockville, USA 

- pCMV6-AC-TF-tGFP plasmid 

- pCMV6-AC-tGFP plasmid 

 

Promega Corporation, Southampton, UK 

- Midipreps DNA purification system 

- ProFluor® Src-Family Kinase Assay 

- TBE Buffer; 0.9 M Tris-borate (pH 8.3), 25 mM EDTA 

- TMB stabilised substrate for horse raddish peroxidase 

- Western blue stabilised substrate for alkaline phosphatase 

 

Promocell, Heidelberg, Germany 

- Endothelial cell growth medium (MV) 

- Endothelial cell growth supplement pack 

- Foetal calf serum (FCS) 

- Human coronary artery endothelial cells (HCAEC) 

- Human dermal blood endothelial cells (HDBEC) 

 

R&D Systems, Abingdon, UK 

- Escherichia coli TB-1 strain 

 

Santa Cruz Biotechnology, Heidelberg, Germany 

- Donkey anti-goat alkaline phosphatase-conjugated antibody 

- Goat-anti-GAPDH polyclonal IgG antibody 

- Goat-anti-rabbit alkaline phosphatase-conjugated antibody 
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Scientific Lab Supplies, Nottingham, UK 

- Magnitofection CombiMag reagent 

 

Sigma Chemical Company, Poole, UK 

- Ammonium persulphate 

- Anisomycin 

- Antibiotic antimycotic solution (Penicillin - Streptomycin - Neomycin 

Solution) (100X) 

- Bovine serum albumin (BSA) 

- Cycloheximide 

- FAK Inhibitor-14 (1,2,4,5-benzenetetraamine tetrahydrochloride) 

- Hydrogen peroxide solution (H2O2) 

- Laemmli electrophoresis buffer 

- N,N,N’,N’-Tetramethylethylenediamine (TEMED) 

- Phosphate buffered saline (PBS) 

- PhosphoSafe™ Extraction Reagent (PhosphoSafe buffer) 

- Powder microbial growth medium LB agar (Lennox) 

- Powder microbial growth medium LB Broth (Luria Broth) 

- proteinase-activated receptor 2-activating peptide (PAR2-AP) 

- Trypsin/EDTA solution (1X) 

- Tween 20 

 

TCS Cellworks, Claydon, UK 

- DMSO freeze medium 
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UVP LTD, Cambridge, UK 

- 3 UV-transilluminator 

 

WPA, Cambridge, UK 

- UV-Visible spectrophotometer 

 

- The Src1 inhibitor (pp60c-srcpeptide TSTEPQpYQPGENL) and Src1 

pseudo-inhibitor (TSTEPQWQPGENL) were gifts from Dr. Camille 

Ettelaie. 

 

2.2 Methods 

2.2.1 Cell culture 

All the cell cultures were carried out in sterile conditions in a class II biological 

safety cabinet. Before starting the work, all the surfaces were cleaned using 

ethanol (75% v/v). All the media and reagents were warmed in a 37°C water bath 

for about 30 min before use. Only sterile plastic was used. 

Three types of cells were used in this experiment: 

a. Human breast cancer cell line (MDA-MB-231). 

b. Human coronary artery endothelial cells (HCAEC). 

c. Human dermal blood endothelial cells (HDBEC).  
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I. Culture of the MDA-MB-231 cell line 

The MDA-MB-231 cell line was cultured in 75 cm2 flasks in 10 ml of DMEM 

medium supplemented with 10% FCS (v/v). The cells were incubated at 37°C 

under 5% (v/v) CO2. 2-3 ml of the media were replaced with fresh medium every 

2 or 3 days while maintaining the total volume at 10 ml. 

II. Culture of the primary cells (HCAEC and HDBEC) 

HCAEC and HDBEC primary cells were cultured in 25 cm2 flasks in 6 ml of 

complete endothelial medium that consisted of endothelial cell growth medium 

(MV), foetal calf serum (FCS) (5% v/v), endothelial cell growth supplement (0.004 

ml/ml), epidermal growth factor (10 ng/ml), heparin (90 µg /ml) and 

hydrocortisone (0.2 µg/ml). The cells were cultured at 37°C under 5% CO2. 2-3 

ml of the media were replaced with fresh medium every 2 or 3 days while 

maintaining the total volume at 6 ml. 

 

2.2.2 Subculturing, harvesting and counting the cells 

When the cells were 80% confluent, the medium was removed from the flask and 

the cells were washed with 5 ml of sterile phosphate buffered saline (PBS) (pH 

7.2) to remove traces of the serum and to maintain the correct pH. To detach the 

MDA-MB-231 cells, 2-3 ml of trypsin/EDTA solution was pipetted into the flask 

and incubated at 37ºC for 3-4 min. HCAEC and HDBEC were detached using 2-

3 ml of TrypLE solution which was incubated at 37ºC for 3-4 min. The flask was 

then tapped firmly to release the cells. Complete media (2-3 ml) was then added 

to block the trypsin activity. To determine the number of cells, the cell suspension 
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(20 µl) was loaded into a haematocytometer and the number of cells in 1 mm² 

area counted. The number of cells was then calculated as: 

Total number of cells in flask = number of cells counted per mm2 x volume x 

10,000 

The cell suspension was transferred to a sterile tube and centrifuged at 2,400 g 

for 5 min at room temperature. The supernatant was poured off without disturbing 

the cell pellet and the cells were re-suspended in 2 ml of fresh medium. Aliquots 

of the cells were then placed in flasks or plates, as required. 

 

2.2.3 Cryopreservation of cells 

In order to cryopreserve the cells as stocks, the pelleted cells were re-suspended 

in 1 ml of DMSO freeze medium and 2 x 105 cells/ml were placed in each of the 

labelled cryovial. The vials were then transferred to a freezing chamber that 

contained isopropanol and were frozen at −70ºC overnight. This step ensures a 

gradual decrease in temperature (−1ºC/min) to retain the optimal viability of the 

cells. The cryovials were transferred to liquid nitrogen container on the following 

day for long-term storage. To start a new culture from frozen cells, cryovials 

containing the cells were defrosted in a 37ºC water bath for 1-2 min. The cells 

were then immediately transferred to flasks that contained warmed complete 

medium. 

 

2.2.4 Adaptation of endothelial cells to serum-free medium 

The complete endothelial culture medium used contained 5% (v/v) FCS which 

provides the essential nutrients required for cell maintenance and growth. 
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However, some of the studies aimed to examine the influence of the TF on 

signalling pathways and therefore need to use serum-reduced or serum-free 

medium. For these studies, HDBEC were cultured in a complete endothelial 

culture medium (MV) overnight and then gradually adapted to the serum-free 

medium by replacing the complete medium with 2% (v/v) FCS for 1 h which was 

then replaced with serum-free medium for another 1 h prior the experiments. 

 

2.2.5 Activation of PAR2 and preparation of cell lysate  

MDA-MB-231 cells, HCAEC or HDBEC (105/well) were cultured in 12-well plates 

in complete medium overnight. The medium was then removed, and the cells 

were washed with 1 ml of PBS and incubated for 30 to 60 min with 1 ml of serum-

free medium. The cells were activated by the addition of the PAR2-agonist 

peptide (PAR2-AP) (SLIGKV-NH; 20 μM) to the medium and incubated up to 120 

min. The medium was then removed and the cells were lysed using Laemmli 

electrophoresis buffer (4% SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.004% 

bromophenol blue and 0.125 M Tris-HCl, pH 6.8). A pipette mechanically detach 

was used to the cells from the wells and to lyse the cells. The cell lysate samples 

were then boiled for 10 min to denature the proteins. The samples were analysed 

by western blots to detect the phosphorylation of specific proteins. 

 

2.2.6 Estimation of protein concentration using the Bradford assay 

To measure the protein concentration in the cell lysates, a standard curve was 

constructed by preparing a serial dilution of lipid-free BSA (0, 10, 20, 50, 100 and 

200 μg/ml). The samples (cell lysate) and standards (10 μl) were placed 
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individually into 96-well plates and 200 μl of Bradford reagent (Bradford reagent 

stock diluted in dH2O 3:2 v/v) was added to each well. Both the standards and 

samples were then incubated in a dark place at room temperature for 15 min. The 

absorption of the standards and samples was then measured at 584 nm using a 

plate reader (POLARstar OPTIMA plate reader). Based on the absorbance 

reading of the standards against protein concentrations, the standard curve was 

determined (Figure 2.1). The concentrations of the protein samples were then 

measured by using the equation from the standard curve. 

 

2.2.7 SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 

The 12% (w/v) separating gel was prepared by mixing 4 ml acrylamide solution 

(30% (w/v) acrylamide, 0.8% (w/v) bisaacrylamide), 2.6 ml resolving buffer (1.5 

M Tris-HCl pH 8.8, 0.4% (w/v) SDS), 3.3 ml de-ionised water and 100 μl 

ammonium persulphate (10% w/v). The solution was then gently mixed and 10 μl 

of N,N,N’,N’-tetramethylethylenediamine (TEMED) added to start polymerisation. 

The solution was then poured in between the glass electrophoresis plates in a 

gel caster and covered with a layer of butanol (100%) and left to set for 1 h at 

room temperature. Once the gel was set, the butanol was removed and a 4% 

(w/v) stacking gel was prepared by mixing 0.65 ml of the acrylamide solution, 1.3 

ml stacking buffer (0.5 M Tris-HCl pH 6.8, 0.4% (w/v) SDS), 3 ml de-ionised water 

and 100 µl ammonium persulphate (10% w/v). The solution was then gently 

mixed and 10 μl of N,N,N’,N’-tetramethylethylenediamine (TEMED) was added. 

The solution was poured on top of the separating gel and an appropriate comb 

was inserted and allowed to set for about 1.5 h. The comb was then removed and 

the gel and glass plates placed in the electrophoresis tank. The electrophoresis 
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buffer (25 mM Tris-HCl pH 8.3, 192 mM glycine, 0.035% (w/v) SDS) was poured 

into the tank until it covered the gel. 5 µl of the molecular-weight protein markers 

(10-260 kDa) was loaded into the first well, and 20 µl of the pre-heated protein 

samples were loaded into the subsequent wells. Approximately 20 µg of protein 

lysate was loaded on the western blot. To separate the proteins, electrophoresis 

was carried out at 100 V until the line of blue dye reach the bottom. 

 

2.2.8 Western blot analysis 

Following electrophoresis, a transfer system was used to transfer the proteins 

onto a nitrocellulose membrane.  Nitrocellulose membrane and blotting paper 

were prepared and soaked for 2 min in the transfer buffer (150 mM glycine, 20 

mM Tris-HCl pH 8.3, 20 % (v/v) methanol), then the gel was gently positioned in 

between the nitrocellulose membrane and blotting paper. The gel, membrane and 

blotting papers were then placed in a holder and transferred to a transfer tank 

containing transfer buffer. The protein bands were transferred at 300 mA for 60 

min at 4ºC. The nitrocellulose membrane was then blocked with TBST (20 mM 

Tris-HCl pH 8.0, 150 mM NaCl, 0.05 % (v/v) Tween 20) for 1 h with gentle shaking 

at room temperature. The membrane was then incubated overnight at 4ºC in 

primary antibody diluted in TBST (Table 2.1). The membrane was then washed 

three times (5 min each time) with TBST and incubated for 2 h with an appropriate 

secondary antibody diluted in TBST (Table 2.1) with gentle shaking at room 

temperature. The membrane was then washed three times with TBST and finally 

washed with dH2O. The bands were developed with Western Blue-stabilised 

substrate for alkaline phosphatase and the images were recorded using a digital 

camera and the visualised bands analysed using the ImageJ program. 
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2.2.9 Preparation of the LB agar media plates 

To prepare plates of agar media containing carbenicillin antibiotic, the LB agar 

powder (3.5 g) was dissolved in dH2O (100 ml) and autoclaved. The agar media 

was then cooled down to 50°C and a carbenicillin (0.1 mg/ml) was added. To 

prepare the agar plates, 20 ml of LB agar was poured into a 75 mm Petri dish 

and left to solidify at room temperature in a sterile environment. The sealed plates 

were stored at 4°C until they were required. 

 

2.2.10 Cryopreservation of the bacterial cells 

A freezing solution was prepared by adding glycerol to LB broth media to give a 

final concentration of 20% (w/v). The freezing solution was mixed by vortexing 

and filtered through a 0.22-µm filter in order to sterilise the solution. Bacterial 

pellets were re-suspended in the appropriate amount of freezing medium, divided 

into 500 µl aliquots and transferred to Eppendorf tubes. The samples were frozen 

at −70ºC. 

 

2.2.11 Bacterial cell culture 

The LB broth powder (10 g) was dissolved in 400 ml of dH2O to prepare the LB 

broth medium. The appropriate antibiotic (0.1 mg/ml carbenicillin) was then 

dissolved in the medium. 5-alpha competent E. coli containing a DNA plasmid 

(pCMV6-AC-TF-tGFP) was incubated in 100 ml of LB medium at 37ºC. On the 

following day, the medium was cooled to 4ºC and centrifuged for 15 min at 2500 

g to pellet the bacteria. 
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The standard curve was constructed using 0-200 μg/ml of the protein standards 

by diluting lipid-free BSA in dH2O. The standards (10 μl) were placed in 96-well 

plates and mixed with 200 μl of diluted Bradford reagent. The samples were then 

incubated in a dark place at room temperature for 15 min. The absorbance of the 

samples was then measured at 584 nm using a plate reader. 

 

 

 

 

 

Figure 2.1 Standard curve for the Bradford assay 



 

38 
 

Table 2.1 Primary and secondary antibody dilutions used during the western blot 

procedure 

 

 

 

Primary antibodies Dilution 

antibodies: TBST 

(v/v) 

Secondary antibodies Dilution 

antibodies: TBST 

(v/v) 

Rabbit anti-human 

Rac1/2/3 antibody 

1:3000  

 

Goat-anti-rabbit 

alkaline phosphatase-

conjugated antibody 

1:4000 

Rabbit anti-human 

phospho-Rac1 

antibody 

1:3000  

 

Goat-anti-rabbit 

alkaline phosphatase-

conjugated antibody 

1:4000 

Rabbit anti-human 

Src antibody 

1:3000  Goat-anti-rabbit 

alkaline phosphatase-

conjugated antibody 

1:4000 

Rabbit anti-human 

phospho-Src family 

antibody 

1:4000  

 

Goat-anti-rabbit 

alkaline phosphatase-

conjugated antibody 

1:4000 

Rabbit anti-human 

TAK1 antibody 

1:3000  

 

Goat-anti-rabbit 

alkaline phosphatase-

conjugated antibody 

1:4000 

Rabbit anti-human 

phospho-TAK1 

antibody 

1:3000  

 

Goat-anti-rabbit 

alkaline phosphatase-

conjugated antibody 

1:4000 

Goat anti-human 

GAPDH antibody 

1:5000  Donkey anti-goat 

alkaline phosphatase-

conjugated antibody 

1:5000 
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2.2.12 Isolation of plasmid DNA from bacteria using the Wizard plus 

Midiprep kit 

Isolation of the plasmid DNA from the bacteria was carried out using the Wizard 

plus Midipreps DNA Purification system as follows. 3 ml of re-suspension buffer 

provided by the kit (50 mM Tris pH 7.5, 10 mM EDTA, 100 μg/ml RNase A) was 

used to re-suspend the bacterial pellet and transferred to a 20 ml tube. 3 ml of 

lysis buffer (0.2 M NaOH, 1 % SDS) was the added drop wise and the tube was 

gently inverted four times. 4 ml of neutralising buffer (1.32 M potassium acetate 

pH 4.8) was added to the tube with gentle mixed followed by centrifuging the 

mixture at 3000 g for 15 min to pellet the cell debris (genomic DNA?). The 

supernatant was then transferred into a 15 ml tube and centrifuged at 3000 g for 

a further 15 min to remove any remaining debris. Resin (10 ml) was added to the 

midiprep column followed by the supernatant. The mixture was cleared through 

the column using a vacuum. 20 ml of wash buffer (80 mM potassium acetate, 8.3 

mM Tris-HCl pH 7.5, 40 μM EDTA, 55 % (v/v) ethanol) was added to wash the 

column and cleared through using a vacuum. The neck of the midiprep column 

was removed and the filter section (containing the resin) was transferred to a 1.5 

ml microcentrifuge (Eppendorf) tube. The tube was then centrifuged at 12,000 g 

for 3 min to remove the residual wash buffer. The midiprep neck of the column 

was transferred to a new 1.5 ml Eppendorf tube and pre-warmed DNase-free 

water (300 µl) was added to the neck and incubated for 1 min at room 

temperature. To elute the plasmid, the Eppendorf tube was centrifuged for 2 min 

at 12,000 g. The neck of the column was removed and the eluted plasmid was 

centrifuged again to remove any resin fibres and the supernatant was moved to 

a new Eppendorf tube. 
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2.2.13 Ethanol precipitation of DNA 

To remove any salts and endotoxins from the isolated plasmid DNA, the plasmid 

DNA was precipitated using ethanol. Sodium acetate (5 M) pH 5.2 (150 µl) and 

absolute ethanol (600 µl) were mixed with the DNA solution (150 µl) and the 

sample was incubated at −20°C for 30 min. The sample was then centrifuged at 

12,000 g for 20 min in a microcentrifuge to pellet the DNA. The pellet was washed 

with 300 µl of ice-cold ethanol solution (75% (v/v)). The sample was then 

centrifuged at 12,000 g for a further 10 min. The supernatant was removed and 

the pellet was dried in a sterile environment for 10 min to remove any remaining 

ethanol. Finally, the pellet was re-suspended in nuclease-free water (150 µl) and 

the concentration of the plasmid DNA was measured to be used in subsequent 

studies.  

 

2.2.14 Quantification of the concentration and purity of the isolated DNA 

To determine the concentration of the eluted plasmid DNA, the sample was 

analysed by measuring the absorption of 1:10 dilution (v/v) of the DNA at 260 nm. 

The DNA concentration (μg/ml) was calculated as: 

DNA concentration (µg/ml) = Absorbance (260 nm) x 50 x dilution factor 

The 260:280 ratio was measured to determine the purity of the DNA. A DNA 

sample with a ratio of above 1.3 was deemed to have sufficient purity. 
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2.2.15 Analysis of the plasmid DNA by agarose gel electrophoresis 

The quality and purity of the plasmid DNA was examined by electrophoresis on 

a 0.5% (w/v) agarose gel. The gel was prepared by adding 0.25g of agarose to 

50 ml of TBE buffer. A microwave oven was used to dissolve the agarose. The 

mixture was immediately poured into a pre-sealed gel tray, an appropriate comb 

was placed in the gel and it was allowed to solidify. DNA samples were prepared 

by adding 1 µl of SYBR Green I and 10 µl of loading buffer to 10 µl of the DNA 

sample. In addition, a DNA marker (10 µl) was mixed with 1 µl of SYBR Green I 

and the samples and markers were loaded into the wells. Electrophoresis was 

carried out at 100 V for around 1 h. and the bands were examined using a UV 

transilluminator. 

 

2.2.16 Statistical analysis 

The data represent the mean value of the number of experiments ± the standard 

deviation (SEM). The statistical analysis was carried out using the Statistical 

Package for the Social Sciences (SPSS) program. The one-way ANOVA 

procedure was used to determine significant differences in the variance when 

compared to the control. 
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Chapter 3  

The influence of TF accumulation on Src1, Rac1 

and TAK1 phosphorylation post PAR2 activation 

in endothelial cells 
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3.1 Introduction 

Induction of protease-activated receptor 2 (PAR 2) leads to cellular activation and 

the release of tissue factor (TF) from the cell surface (Ettelaie et al, 2016). TF has 

been detected within the circulation during various pathophysiological conditions 

such as cancer, cardiovascular complications and following injury or trauma 

(Bach & Moldow, 1997; Giesen et al, 1999; Simak et al, 2006; Thaler et al, 2012). 

Recently, it has been reported that the accumulation of TF within endothelial cells 

can promote cellular apoptosis through mechanisms mediated through p38 

MAPK signalling (ElKeeb et al, 2015). The main proteins capable of mediating 

the activation of p38 MAPK are the signalling molecules Src1, Rac1 and TAK1. 

In the first experimental chapter, the phosphorylation state of these proteins, 

following PAR2 activation was examined in endothelial cells and an attempt was 

made to clarify the possible roles of these proteins as signalling mediators during 

TF-p38 MAPK-induced apoptosis (Figure 3.1). Cells transfected to express 

Ala253-substituted TF were used since this substitution results in the accumulation 

of TF within the cell, providing a reproducible model of TF accumulation that 

promotes cell apoptosis (ElKeeb et al, 2015). The data was compared to 

phosphorylation of Src1, Rac1 and TAK1 in cells expressing wild-type TF and 

cells expressing turbo GFP (pCMV6-AC-tGFP) as a control. 

 

3.1.1 Aims 

In this study, it is proposed that the activation of p38 MAPK following PAR2 

induction is mediated through one, or a combination of the Src1, Rac1 and/or 

TAK1 proteins. In addition, it is suggested that the strength (magnitude and 
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length) of this signal is dependent on the presence or accumulation of TF within 

cells. Therefore, to examine these hypotheses, the phosphorylation of Src1, Rac1 

and TAK1 following PAR2 activation was first measured over a period of time. 

After establishing the phosphorylation patterns in untransfected (HDBEC), 

comparisons were carried out in cells transfected to express wild-type TF, 

alanine-substituted TF or tGFP. Differences in the magnitude and length of Src1, 

Rac1 and TAK1 phosphorylation were examined. However, prior to the 

experiments, plasmids expressing TF with a Ser→Ala substitution at position 253 

were prepared by site-directed mutagenesis. The transfection of the various 

plasmids using various transfection reagents was then optimised for maximal 

protein expression. 
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The accumulation of TF within endothelial cells stimulates cellular apoptosis 

through mechanisms mediated by p38 MAPK. Src1-, Rac1- and TAK1-signalling 

have been suggested as possible links between TF and p38 MAPK activation. 

 

Figure 3.1 The proposed role of the Src1, Rac1 and TAK1 proteins in mediating 

TF-p38 MAPK signalling 
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3.2 Methods  

3.2.1 PCR-based DNA mutagenesis 

The mammalian expression plasmid (pCMV6-AC-TF-tGFP) containing the wild-

type TF (Figure 3.2) was isolated from an overnight culture of transformed 5-

alpha competent E. coli bacteria using a midiprep isolation kit. PCR-based site-

directed mutagenesis of the plasmid to alter Ser253 to Ala was performed using 

the Q5 Site-Directed Mutagenesis Kit. The PCR amplification was carried out 

using primers designed to introduce the desired mutation. A reaction mix was 

prepared containing Q5 hot-start high-fidelity master mix reagent (12.5 µl), a 

forward primer (0.5 µM), a reverse primer (0.5 µM), template DNA (final 

concentration 18 ng/µl) and nuclease-free water (9 µl).  

Forward primer 5'-AGTGGGGCAGGCCTGGAAGGAGA 

Reverse primer 5'-CCTGCCTTTCTACACTTG 

A control was prepared containing 2 µl nuclease-free water with 1 µl of plasmid. 

The samples were transferred to the thermalcycler and the PCR carried out as 

shown in Table 3.1. Following amplification, a reaction mix was prepared using 

the PCR product (1 µl), 2X KLD reaction buffer (5 µl), 10X KLD enzyme mix (1 

µl) and nuclease-free water (3 µl), mixed together and incubated for 5 min at room 

temperature. To transform the bacteria, 5 µl of the KLD mix was added to the 

tube of thawed 5-alpha competent E. coli bacteria (50 μl) and the tube was 

incubated on ice for 30 min. The cells were heat shocked at 42ºC for 30 s and 

then returned to the ice for 5 min. 950 µl of pre-warmed SOC outgrowth medium 

(2% vegetable peptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM 

MgCl2, 10 mM MgSO4 and 20 mM glucose) was added to the mixture and 

incubated for 1 h at 37ºC. 20 μl of the bacterial suspension was spread on agar 
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media plates containing 0.1 mg/ml of carbenicillin and incubated overnight at 

37ºC. Five individual bacterial colonies were picked out, transferred into LB broth 

media (10 ml) and incubated overnight at 37ºC with shaking. The samples were 

centrifuged for 15 min at 2500 g to pellet the bacteria. One part of each sample 

was used to make a bacteria stock while the second part was used to extract the 

plasmid using miniprep kit. Once the plasmid had been isolated, it was ready for 

sequencing to confirm the mutation. 
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Table 3.1 Conditions for PCR thermocycling 

STEP  TEMP TIME 

Initial Denaturation  98°C 30 s 

25 Cycles 

98°C  10 s 

61°C 30 s 

72°C  2 min 

Final Extension  72°C 2 min 

Hold  4°C  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 The pCMV6-AC-GFP mammalian plasmid used to express 

TF with a tGFP tag at the c-terminal 
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3.2.2 Transfection of HDBEC and HCAEC with plasmid DNA 

To optimise the transfection procedure, the pCMV6-AC-tGFP plasmid was 

transfected into endothelial cells using a range of transfection reagents and the 

expression of tGFP was assessed by flow cytometry as described in 3.2.3.  

 

3.2.2.1 Transfection of HDBEC and HCAEC using the Lipofectin 

transfection reagent  

Endothelial cells (2 x 105/well) were seeded out in 6-well plates in 2 ml of 

complete MV media and incubated overnight. On the following day, the media 

was removed and the cells were washed with 1 ml of PBS. The cells were overlaid 

with Opti-MEM I-reduced serum medium (0.8 ml) and incubated for 1 h at 37ºC. 

The DNA-Lipofectin complex was prepared as follows: 

A. Plasmid DNA solution: 1-2 µg of pCMV-AC-tGFP plasmid was diluted in 100 

µl of Opti-MEM I-reduced serum medium and incubated at room temperature for 

30-45 min. 

B. Reagent solution: 10-20 µl of Lipofectin was diluted in 100 µl of Opti-MEM I-

reduced serum medium and incubated at room temperature for 30 min. 

The two solutions were gently mixed together and incubated at room temperature 

for 10-15 min. The DNA-Lipofectin complex was added to the cells and incubated 

at 37ºC for 5 h. Following the incubation, the media containing the DNA-Lipofectin 

complex was removed and the cells were washed with 1 ml of PBS. 2 ml of 

complete medium was then added, and the cells were incubated at 37ºC for 48 

h. 
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3.2.2.2 Transfection of HDBEC and HCAEC using the TransIT®-LT1 

transfection reagent and TransIT®-2020 transfection reagent 

Two transfection reagents (TransIT-LT1 transfection reagent and TransIT-2020 

transfection reagent) were used separately on HDBEC and on HCAEC. The cells 

(2 x 105/well) were seeded out in 6-well plates in 2 ml of complete MV medium 

and incubated overnight. The media was removed on the following day and the 

cells were washed with 1 ml of PBS. Fresh complete MV medium (1 ml) was then 

added to the cells and incubated for 1 h at 37ºC. The transfection reagent-DNA 

mixtures were prepared by gently mixing 100-250 µl of Opti-MEM I-reduced 

serum medium with1-2 µg of plasmid DNA and 2-5 µl of the transfection reagent 

(Trans IT-LT1 or Trans IT-2020). The mixtures were incubated for 25 min at room 

temperature. The mixtures were added drop wise to different areas of the wells 

and the plates were gently shaken. The cells were incubated at 37ºC for 48 h.  

 

3.2.2.3 Reverse transfection using the TransIT®-2020 transfection reagent 

To increase the transfection efficiency of endothelial cells, a variation of the above 

procedure was used (reverse transfection) which has been reported to produce 

higher rates of transfection (Fujita et al, 2007; Ziauddin & Sabatini, 2001). The 

plasmid DNA (2 μg) was diluted in 250 μl of Opti-MEM I-reduced serum medium. 

TransIT-2020 (5 μl) was then added to the plasmid-Opti-MEM mixture and 

incubated for 30 min at room temperature. The transfection reagent-DNA mixture 

(250 μl) was placed in each well of a 6-well plate. Endothelial cells (2 x 105/well) 

were suspended in 2 ml of complete medium and added to the wells, and then 

incubated for 24 h. The media was then replaced and incubated for a total of 48 

h to allow for gene expression. 
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In addition, magnet-assisted transfection was used to attempt to improve the 

transfection efficiency. Following the preparation of the transfection reagent-DNA 

mixture, magnetic nanoparticles (1 μl; Magnitofection CombiMag) were added to 

the mixture and incubated for 20 min to allow for the association of DNA-magnetic 

particles. The final mixture was added drop wise to different areas of the wells 

and the plates were gently shaken. The plates were placed over a magnetic field 

for 20 min to draw the complex of DNA-magnetic particles towards the cells. 

Finally, the magnetic field was removed, and the procedure was completed, as 

previously described in section 3.2.2.2. 

 

3.2.3 Determination of transfection efficiency by flow cytometry 

To determine the efficiency of the cell-transfection procedure, HDBEC and 

HCAEC cells transfected with the pCMV-AC-tGFP mammalian expression 

vector. This plasmid encodes for the turbo green fluorescent protein (tGFP). The 

expression of tGFP in HDBEC and HCAEC was then measured by flow cytometry 

and compared against an untransfected set of cells. The cells were harvested 

and collected by centrifuge at 400 g for 15 min. The cells were suspended in PBS 

(300 µl) and transferred to polypropylene FACS tubes. The cells were analysed 

using a Becton Dickinson FACS-Calibur flow cytometer running the CellQuest 

software version 3.3. 10,000 events were recorded for each sample along with 

the intensity of the fluorescence. A gate was set to contain 3% of events from the 

control untransfected cells. The control cells were used to determine the amount 

of background fluorescence (auto-fluorescence) produced by untransfected cells. 

The percentage of transfected cells was then calculated and the mean cell 

fluorescence recorded. 
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3.2.4 Confirmation of the cell transfection by fluorescence microscopy 

To confirm the transfection of the transfected cells, the cells were inspected using 

a fluorescence microscope (Zeiss Axio Vert.A1 fluorescence microscope). The 

transfections were carried out as previously described in section 3.2.2.2. 

Subsequently, the samples were washed twice with PBS, and were fixed using 

4% (v/v) formaldehyde at room temperature for 20 min. The cells were then 

washed a further two times with PBS. To stain the nuclei, the cells were incubated 

with DAPI (5 μg/ml) for 5 min at room temperature. Finally, the cells were washed 

with PBS, and fluorescent imaging was carried out using a Zeiss Axio Vert.A1 

fluorescence microscope with an AxioCam ICm1 camera attachment. 

 

3.2.5 Optimisation of the western blot procedure to detect the 

phosphorylated and total Src1, Rac1 and TAK1 proteins  

To detect the phosphorylated and total Src1, Rac1 and TAK1 proteins, MDA-MB-

231 (2 x 105/well) and endothelial cells (HDBEC and HCAEC; 2 x 105/well) were 

seeded out in 6-well plates and incubated overnight. The cells were then lysed 

and the lysate was collected. The protein samples were then separated by SDS-

PAGE and analysed using the western blot procedure, as described in 

section 2.2.8. Initially, the MDA-MB-231 cells were used to optimise the western 

blot protocol for each of the three proteins using antibodies for the total and 

phosphorylated proteins at the dilutions shown in Table 2.1. Once optimised, the 

procedures were employed to analyse these proteins in endothelial cells. The 

examination of TAK1 by western blot did not produce resolvable and was not 

continued further.  
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3.2.6 Time-course analysis of Src1 phosphorylation following PAR2 

activation in transfected endothelial cells 

To examine the role of TF on the activation time and phosphorylation status of 

Src1, sets of HDBEC (2 x 105/well) were seeded out in 6-well plates and 

incubated overnight. The cells were divided into four groups. Each group of cells 

was then either transfected as follows or used untransfected: The first group was 

transfected with the mutant plasmid pCMV6-AC-TFAla253-tGFP, the second group 

was transfected with the plasmid carrying wild-type TF pCMV6-AC-TF-tGFP and 

the third group was transfected with the pCMV6-AC-tGFP plasmid alone. All cells 

were permitted to express the respective proteins for 48 h. The cells were then 

activated by adding PAR2-AP (20 µM) at intervals up to 120 min. The cells were 

then lysed and the protein samples were separated by SDS-PAGE and analysed 

using the western blot procedure, as described in section 2.2.8. A quantitative 

analysis of the western blots was carried out using the ImageJ program and the 

amount of phospho Src1 was normalised against total Src1 at each interval. 

 

3.2.7 Time-course analysis of Rac1 phosphorylation following cellular 

PAR2 activation in transfected cells 

In addition to Src1, the samples were also used to examine the role of TF on the 

activation time and phosphorylation status of Rac1. The protein samples were 

separated by SDS-PAGE and analysed by western blot, as described in 

section 2.2.8. A quantitative analysis of the western blots was carried out using 

the ImageJ program and the amount of phospho Rac1 was normalised against 

total Rac1 at each time interval. 
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3.3 Results 

3.3.1 PCR-based mutagenesis of wild-type tissue factor 

Site-directed mutagenesis of the pCMV6-AC-TF-tGFP plasmid was carried out 

using the Q5 kit (New England Biolabs). The mutant plasmid was transformed 

into bacteria and spread on agar plates containing 0.1 mg/ml carbenicillin. Five 

separate colonies of bacteria were selected and propagated in Luria broth (LB). 

The plasmids were then extracted from these bacteria using a midiprep kit and 

analysed by agarose gel electrophoresis (Figure 3.3A). The concentration of the 

plasmid DNA was also measured, and the purity of the DNA was determined 

using a spectrophotometer (Figure 3.3B). The isolated plasmids were sequenced 

by Eurofins Genomics and two mutated clone sequences were found to contain 

the desired Ser253→Ala mutation (Figure 3.4). 

Once the sequence of the mutant plasmid was confirmed, samples of the bacteria 

carrying the plasmids encoding the mutant form of TF (samples 1 and 3), wild-

type TF and tGFP were propagated and stored. Plasmids were extracted using 

midiprep. Finally, the plasmid samples were analysed by agarose gel 

electrophoresis (Figure 3.5A) and the quantity and purity of the DNA were 

determined using a spectrophotometer (Figure 3.5B) prior to use in endothelial 

cell transfection. 
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pCMV6-AC-TF-tGFP plasmid was mutated using site-directed mutagenesis and 

transformed into E. coli bacteria. The bacteria were plated out and five colonies 

were isolated and the DNA extracted by midiprep. A) Micrograph of the agarose 

gel electrophoresis analyses of the five isolated plasmids (numbers 1 and 3 were 

positive for the desired mutation). B) Absorption values were measured at 260 

nm and 280 nm and the concentration and purity of the plasmid DNA were 

calculated. 

 

 

 

 

 

    A)                                                                  B) 

 

 
A260 A280 µg/ml 

A260/A280 
Ratio 

1 0.123 0.068 61.5 1.809 

2 0.307 0.174 153.5 1.764 

3 0.262 0.149 131.0 1.758 

4 0.155 0.084 77.5 1.845 

5 0.152 0.082 76.0 1.854 

 

 

 

 1      2        3       4        5 

 

6.6 kb 

Figure 3.3 Analysis of the plasmids after mutagenesis 
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5'-AGTGGGGCAGGCCTGGAAGGAGA   Ala253  forward primer. 

5'-CCTGCCTTTCTACACTTG                reverse primer 

 

 

 

 

TCAGGCACTACAAATACTGTGGCAGCATATAATTTAACTTGGAAATCAACTAA

TTTCAAGACAATTTTGGAGTGGGAACCCAAACCCGTCAATCAAGTCTACACTG

TTCAAATAAGCACTAAGTCAGGAGATTGGAAAAGCAAATGCTTTTACACAACA

GACACAGAGTGTGACCTCACCGACGAGATTGTGAAGGATGTGAAGCAGACGTA

CTTGGCACGGGTCTTCTCCTACCCGGCAGGGAATGTGGAGAGCACCGGTTCTG

CTGGGGAGCCTCTGTATGAGAACTCCCCAGAGTTCACACCTTACCTGGAGACA

AACCTCGGACAGCCAACAATTCAGAGTTTTGAACAGGTGGGAACAAAAGTGAA

TGTGACCGTAGAAGATGAACGGACTTTAGTCAGAACCAACAACAATTTAATAA

GCCTCCGGGATGTTTTTGGCAAGGACTTAATTTATACACTTTATTATTGGAAA

TCTTCAAGTTCAGGAAAGAAAACAGCCAAAACAAACACTAATGAGTTTTTGAT

TGATGTGGACAAAGGAGAAAACTACTGTTTCAGTGTTCAAGCAGTGATTCCCT

CGGGAACAGTTAACCGGAAGAGTACAGACAGCCCGGTAGAGTGTATGGGCCAG

GAGAAAGGGGAATTCAGAGAAATATTCTACATCATTGGAGCTGTGGTATTTGT

GGTCATCATCCTTGTCATCATCCTGGCTATATCTCTACACAAGTGTAGAAAGG

CAGGAGTGGGGCAGAGCTGGAAGGAGAACTCCCCACTGAATGTTTCATAA 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 The sequence of the mutant form of the tissue factor (Ser253→Ala) 
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Plasmids encoding the mutant form of TF (lanes 1 and 2), tGFP (lane 3) and wild-

type TF (lane 4) were extracted from E. coli using midiprep and precipitated. The 

plasmids were then assessed using A) agarose gel electrophoresis and B) the 

quantity and the purity of the DNA samples were assessed. Measuring the 

absorption at 260 and 280 nm. 

 

 

 

 

 

 

 A)                                                                  B) 

 

 A260 A280 µg/ml A260/A280 
Ratio 

1 1.185 0.856 592.5 1.384 

2 0.471 0.287 235 1.641 

3 1.472 0.853 736 1.726 

4 1.95 1.15 975 1.696 
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Figure 3.5 Analyses of the plasmids encoding the mutant TF, wild-type TF and 

tGFP 
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3.3.1.1 Examination of HDBEC and HCAEC transfection efficiency by 

Lipofectin, TransIT®-LT1 Transfection, and TransIT®-2020 reagents 

using flow cytometry 

To optimise the transfection procedure for HDBEC and HCAEC, different 

transfection reagents (Lipofectin, Trans IT-2020 and Trans IT-LT1) were used to 

transfect a plasmid encoding for the tGFP protein into the endothelial cells. The 

number of transfected cells was then measured by flow cytometry and compared 

to that of untransfected cells in order to calculate the transfection efficiency. 

Transfection of cells using Lipofectin showed a transfection efficiency of 2% with 

a mean fluorescence value of 55 (Figure 3.6). Due to the low percentage of 

transfection, other transfection reagents were proposed to achieve efficient 

transfection. Transfection of cells using TransIT-LT1 and TransIT-2020 

transfection reagents showed a transfection percentages of 14% and 16% 

respectively with mean fluorescence of 137 and 93 respectively (Figure 3.6). 

As part of the optimisation procedure, a different plasmid containing the mutant 

TF (pCMV6-AC-TFAla253-tGFP) was employed. In addition, a different amount of 

plasmid DNA (2.6 μg) was used to establish the optimal plasmid concentration 

for maximal transfection. Analyses of the transfection efficiencies found that 

Trans IT-2020 produced a transfection efficiency of 20% with a mean 

fluorescence value of 105.5, whilst in the same experiment, TransIT-LT1 

produced a very poor transfection efficiency of only 1% (Figure 3.7).  

Transfection of cells using the TransIT-2020 reagent produced the greatest 

transfection efficiency (18.13%) compared to the other two transfection reagents 

(Figure 3.7). However, the high level of the transfection reagent was found to be 

detrimental to the cells. Therefore, the remainder of the investigations were 
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carried out using the TransIT-2020 transfection reagent but with less of the 

plasmid (2 μg) and transfection reagent (5 μl) maintaining the ratio of 

DNA:transfection reagent. HDBEC (2 x 105/well) were seeded out in 6-well plates 

in complete MV medium and incubated overnight. The cells were then incubated 

with the transfection reagent-DNA complex (plasmid; 2 μg + TransIT-2020; 5 μl 

+ Opti-MEM I; 250 μl) at 37ºC for 48 h. The final analyses of the transfection 

efficiency found that the highest transfection percentage was 31.4% with a mean 

fluorescence value of 103 (Figure 3.8). 
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HDBEC (2 x 105/well) were transfected with the tGFP (pCMV6-AC-tGFP) plasmid 

(2 μg) using the A) Lipofectin and B) TransIT-LT1 and TransIT-2020 transfection 

reagents (6 μl). Transfected cells were analysed using flow cytometry. 10,000 

events were analysed for each sample. A gate (M1) encompassing 3% of the 

control sample (the solid purple area) was used to compare the fluorescence of 

the transfected cells with the untransfected control cells. The data is 

representative of four separate experiments.  

 

 

 

 

            

 

 

 

 

 

 

 

 

 

Figure 3.6 Analysis of the transfection efficiency using the Lipofectin, TransIT®-

LT1 and TransIT®-2020 transfection reagents 

        Untransfected EC (control).                    Transfected cells using Lipofectin 

        Transfected cells using TransIT-2020.         Transfected cells using TransIT- LT1 
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HCAEC (2 x 105/well) were transfected with 2.6 μg of the mutant form of the 

plasmid (pCMV6-AC-TFAla253-tGFP) using the TransIT-LT1 and TransIT-2020 

transfection reagents (6 μl). The samples were incubated for 48 h to allow for 

protein expression. The transfected cells were analysed using flow cytometry and 

10,000 events were examined for each sample. A gate (M1) was set to include 

3% of cells (the solid purple area) and was used to compare the fluorescence of 

the transfected samples. The data is representative of two separate experiments. 

 

 

 

 

         

 

 

 

 

 

 

 

 

 

 

 

 

           Untransfected cells (control) 

     Transfected cells using TransIT-2020.         Transfected cells using TransIT- LT1 

Figure 3.7 Analysis of the transfection efficiency using the TransIT-LT1 and TransIT-

2020 transfection reagents 
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HDBEC (2 x 105/well) were transfected with 2 μg of the mutant form of TF 

(pCMV6-AC-TFAla253-tGFP) using the TransIT-2020 transfection reagent (5 μl). 

The samples were incubated for 48 h to allow for protein expression. The 

transfected cells were analysed using flow cytometry and 10,000 events were 

examined for each sample. A gate (M1) was set to include 3% of cells (the solid 

purple area) and was used to compare the fluorescence of the transfected 

samples. The data is representative of two separate experiments. 

 

 

 

 

 

      

 

 

 

 

 

 

 

 

 

 

 

              Untransfected cells (control) 

               Transfected cells (duplicates)  

 

Figure 3.8 Analysis of the transfection efficiency using the TransIT-2020 transfection 

reagent 
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Reverse transfection was attempted to further improve the transfection efficiency. 

100 μl of transfection reagent-plasmid mixture (1 μg plasmid (pCMV6-AC-

TFAla253-tGFP) and 2.5 μl of TransIT-2020 in 100 μl of Opti-MEM I) was added to 

each well in a 12-well plate and HDBEC (2 x 105/well) were dispersed in 1 ml of 

complete medium and incubated for 48 h to allow for gene expression. The 

analyses of the cells showed a lower level of transfection at 22.5% (mean 

fluorescence value = 98.39) compared with the forward transfection procedure 

(Figure 3.9A).  

In addition, magnet-assisted transfection was used to try and improve the 

transfection efficiency. Magnetic nanoparticles (1 μl) was added to the 

transfection reagent-plasmid mixture and then incubated for 20 min. The complex 

was then added to HDBEC (2 x 105/well) and the culture plates were placed on a 

magnetic plate for 20 min. The inclusion of the magnetic nanoparticles did not 

result in a significant increase in transfection levels (percentage transfection = 

34.25%; mean fluorescence = 135.48) compared to the level of transfection 

(27.83%) with a mean fluorescence of 118.02 in transfected samples without the 

magnetic nanoparticles (Figure 3.9B). 
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A) Reverse transfection was carried out using 100 μl of the transfection reagent-

plasmid (pCMV6-AC-TFAla253-tGFP) mixture, which was placed in each well. 

HDBEC (2 x 105/well) were dispersed in 1 ml of complete medium and incubated 

for 24 h. The media was then replaced and incubated for a further 24 h to allow 

for gene expression.  

B) Magnet-assisted transfection was carried out in the presence (green line) and 

absence (pink line) of the magnetic nanoparticles in the transfection reagent-

plasmid mixture. The complex was added to the cultured HDBEC and the culture 

plate was placed on a magnetic plate for 20 min. The cells were incubated for 48 

h to allow for gene expression. The transfected cells were analysed using flow 

cytometry and 10,000 events were examined for each sample. A gate (M1) was 

set to include 3% of the control cells (the solid purple area) and was used to 

compare the fluorescence of the transfected samples. The data is representative 

of two separate experiments. 

A)                                                                    B) 

    
 

 

 

 

 

 

 

 

 

 

           Untransfected cells (control).          Transfected cells (conventional transfection) 

A)       Transfected cells (reverse transfection).     B)       Transfected cells (magnetic). 

 

 

 

Figure 3.9 Analysis of the transfection efficiency using reverse transfection and 

magnetic-assisted transfection 
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3.3.2 Analysis the transfection efficiency using the TransIT®-2020 reagent 

in low-passage HDBEC 

It has been proposed that a low cell passage rate passages (<5 passages) may 

improve the transfection efficiency (McCoy et al, 2010). Therefore, passage 4 

cells were used in the next part of the optimisation experiment. HDBEC (2 x 

105/well) were seeded out in 6-well plates in complete MV medium and incubated 

overnight. The cells were then incubated with the transfection reagent-DNA 

complex (pCMV-AC-tGFP (2 μg) + TransIT-2020 (5 μl) + Opti-MEM I (250 μl)) at 

37ºC for 48 h. The final analyses of the transfection efficiency using flow 

cytometry showed a mean transfection percentage of 61% with a mean 

fluorescence value of 153 (Figure 3.10). This optimised transfection procedure 

was employed to transfect the HDBEC in subsequent studies. 

 

3.3.3 Examination of HDBEC transfection by fluorescence microscopy 

To confirm the transfection of endothelial cells, HDBEC (3 x 104/well) were 

seeded out in 48-well plates in 1 ml of complete MV medium and incubated 

overnight. The cells were transfected using the Trans IT-2020 transfection 

reagent to express tGFP and were incubated at 37ºC for 48 h. The analyses of 

green fluorescence by fluorescent microscopy showed that a majority of cells 

were expressing the green fluorescent protein (Figure 3.11). 
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Passage 4 HDBEC (2 x 105/well) were transfected with the pCMV6-AC-tGFP 

plasmid (2 μg) using the TransIT-2020 transfection reagent (5 μl). The samples 

were incubated for 48 h to allow for protein expression. The transfected cells were 

analysed using flow cytometry and 10,000 events were examined for each 

sample. A gate (M1) was set to include 3% of cells (the solid purple area) and 

was used to compare the fluorescence of the transfected samples. The data is 

representative of three separate experiments.  

 

 

 

   

 

 

 

 

 

 

 

 

                     Untransfected cells (control). 

                     Transfected cells. 

Figure 3.10 Transfection of HDBEC using the TransIT-2020 reagent 
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HDBEC (3 x 104/well) were transfected with the pCMV6-AC-tGFP plasmid (2 μg) 

using the TransIT-2020 transfection reagent (5 μl). The samples were incubated 

for 48 h to allow for protein expression. The transfected cells were washed with 

PBS and fixed using 4% (v/v) formaldehyde at room temperature for 20 min. Cells 

were then incubated with DAPI (5 μg/ml) for 5 min at room temperature to stain 

the nucleus. Finally, the cells were inspected using a fluorescence microscope. 

The data is representative of three experiments. (Magnification x 10 and 40). 

 

                  GFP                                         DAPI                                    Combined  

 

 

 

Figure 3.11 Examination of transfected HDBEC by fluorescence microscopy  
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3.3.4 Detection of the Src1, Rac1 and TAK1 proteins using western blotting 

Western blot analysis was used to detect the total and phosphorylated Src1, Rac1 

and TAK1 proteins. To optimise the western blot protocol, the human breast 

cancer cell line, MDA-MB-231 (2 x 105/well) was cultured in 6-well plates and 

incubated overnight. The cells were then lysed, collected and analysed by 

western blotting. Clear bands were obtained from the preliminary analysis using 

western blotting for the total proteins, but the bands were faint for phospho-TAK1 

(Figure 3.12). 

Following the optimisation of the western blot procedure for each of the three 

proteins in MDA-MB-231, the phosphorylation of Src1, Rac1 and TAK1 in HDBEC 

and HCAEC was examined using the same procedure of the western blot, it was 

possible to produce blots of sufficiently good quality for total and phosphorylated 

Src1 and Rac1 in HDBEC (Figure 3.13) for use in further experiments. However, 

the examination of TAK1 phosphorylation in HDBEC or HCAEC did not produce 

bands that were adequately resolved, and therefore, the examination of TAK1 

phosphorylation was discontinued (Figure 3.14). 

 

 

 

 

 

 



 

69 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MDA-MB-231 (2 x 105/well) were seeded out in 6-well plates and incubated 

overnight. The cells were then lysed and collected. Western blot analysis was 

carried out using antibodies to determine the total and phosphorylated Src1, Rac1 

and TAK1 proteins (n=3 independent experiments labelled as samples 1-3 on the 

micrographs). 
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Figure 3.12 Examination of the phosphorylation of the Src1, Rac1, and TAK1 

proteins in MDA-MB-231 cells 
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HDBEC (2 x 105/well) were seeded out in 6-well plates and incubated overnight. 

The cells were then lysed and collected. Western blot analysis was carried out 

using antibodies for the total and phosphorylated Src1 and Rac1 proteins (n=4 

independent experiments labelled as samples 1-4 on the micrographs). 
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Figure 3.13 Examination of the phosphorylation of the Src1 and Rac1 proteins in 

HDBEC 
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HDBEC and HCAEC (2 x 105/well) were seeded in 6-well plates and incubated 

overnight. The cells were then lysed and collected. Western blot analysis was 

carried out using antibodies for total (T/TAK1) and phosphorylated TAK1 

(P/TAK1) in A) HDBEC and B) HCAEC (n=3 independent experiments labelled 

as samples 1-3 on the micrographs). 

A) HDBEC 

 

                          

 

B) HCAEC  
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Figure 3.14 Examination of the TAK1 protein bands in HDBEC and HCAEC 
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3.3.5 Examination of Src1 phosphorylation following PAR2 activation in 

transfected cells 

To assess the effect of TF on the phosphorylation state of Src1 in HDBEC, four 

sets of cells were transfected as following with plasmids: A) the first set was 

transfected with the mutant pCMV6-AC-TFAla253-tGFP plasmid; B) the second set 

was transfected with the wild-type pCMV6-AC-TF-tGFP plasmid; C) the third set 

was transfected with the pCMV6-AC-tGFP plasmid; and D) the fourth set was left 

untransfected. The cells were activated using PAR2-AP (20 µM) for up to 120 min 

and then lysed. The protein samples were separated by 12% (w/v) SDS-PAGE. 

The samples were then transferred to a nitrocellulose membrane and probed 

using the anti-phospho-Src (pTyr416) family and anti-Src antibodies. The bands 

were quantified using the ImageJ program and the ratio of Src1 phosphorylation 

was normalised against the total Src1 at each interval. The results of the four 

groups were as follows: 

A) Expression of the mutant form of TF in HDBEC resulted in a peak 

phosphorylation values with a higher magnitude at 80 and 100 min following the 

activation of PAR2 (Figure 3.15). 

B) The second set of cells expressing the wild type TF showed no clear peak, 

although a small increase in phosphorylation was seen at 100 min following the 

activation of PAR2 (Figure 3.16). 

C) The third set of cells expressing tGFP also showed no clear peak, although a 

small increase in the phosphorylation value was seen at 60 and 80 min following 

the activation of PAR2 (Figure 3.17). 

D) The fourth untransfected set produced a phosphorylation peak at 60 min 

following the activation of PAR2 (Figure 3.18). 
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HDBEC (2 × 105/well) were transfected with the mutant-form plasmid (TFAla253-

tGFP) and were incubated for 48 h to express the protein. The cells were treated 

with PAR2-AP (20 μM) for up to 120 min. The cells were then collected at each 

time point and lysed. The samples were analysed by western blotting using a 

rabbit anti-human phospho-Src (pTyr416) family antibody and a rabbit anti-

human Src antibody. The phospho-Src1 (P/Src1)/total Src1 (T/Src1)/GAPDH 

ratio was calculated (The data is the average of three independent experiments 

and expressed as the mean ± SEM; * = P<0.05 vs the untransfected/untreated). 
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Figure 3.15 Time-course analysis of the phosphorylation of Src1 in HDBEC 

transfected to express TFAla253-tGFP 
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HDBEC (2 × 105/well) were transfected with the wild-type pCMV6-AC-TF-tGFP 

plasmid and incubated for 48 h to express the protein. Then, the cells were 

treated with PAR2-AP (20 μM) for up to 120 min. The cells were then collected 

and lysed at each time point. The samples were analysed by western blotting 

using a rabbit anti-human phospho-Src (pTyr416) family antibody and a rabbit 

anti-human Src antibody to determine the phospho-Src1 (P/Src1)/total Src1 

(T/Src1) ratio (The data is the average of three independent experiments and 

expressed as the mean ± SEM). 

 

 

                    

 

 

 

 

 

 

 

 

 

 

 

 

L
a
d
d
e
r 

 0
  2
0
 

 4
0
 

 6
0
 

 8
0
 

 1
0

0
 

 1
2

0
 

L
a
d
d
e
r 

 0
  2
0
 

 4
0
 

 6
0
 

 8
0
 

 1
0

0
 

 1
2

0
 

L
a
d
d
e
r 

 0
  2
0
 

 4
0
 

 6
0
 

 8
0
 

 1
0

0
 

 1
2

0
 

70 

50 

 

 

 
40 

35 

 

 

 

70 

50 

 

 

 

T/Src1 

60 kDa 
P/Src1 

60 kDa 

GAPDH 

37 kDa 

Time (min) 

 

 

Time (min) 

 

 

Time (min) 

 

 

Figure 3.16 Time-course analysis of the phosphorylation of Src1 in HDBEC 

transfected to express wild-type TF 
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HDBEC (2 × 105/well) were transfected with the pCMV6-AC-tGFP plasmid and 

incubated for 48 h to express the protein. The cells were treated with PAR2-AP 

(20 μM) for up to 120 min. The cells were then collected at each time point and 

lysed. The samples were analysed by western blotting using a rabbit anti-human 

phospho-Src (pTyr416) family antibody and a rabbit anti-human Src antibody and 

the phospho-Src1 (P/Src1)/total Src1 (T/Src1) ratio calculated (The data is the 

average of three independent experiments and expressed as the mean ± SEM). 
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Figure 3.17 Time-course analysis of the phosphorylation of Src1 in HDBEC 

transfected to express tGFP  
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HDBEC (2 × 105/well) were treated with PAR2-AP (20 μM) for up to 120 min. The 

cells were then collected and lysed at each time point. The samples were 

analysed by western blotting using a rabbit anti-human phospho-Src (pTyr416) 

family antibody and a rabbit anti-human Src antibody to determine the phospho-

Src1 (P/Src1)/total Src1 (T/Src1) ratio (The data is the average of three 

independent experiments and expressed as the mean ± SEM). 

 

 

                            

 

             

 

 

 

 

 

 

 

 

 

 

Figure 3.18 Time-course analysis of the phosphorylation of Src1 in untransfected 

HDBEC 
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3.3.6 Examination of Rac1 phosphorylation following PAR2 activation in 

transfected cells 

To assess the effect of TF on the phosphorylation state of Rac1 in HDBEC, four 

sets of cells were transfected as following plasmids: A) the first set was transfected 

with the mutant pCMV6-AC-TFAla253-tGFP plasmid; B) the second set was 

transfected with the wild-type pCMV6-AC-TF-tGFP plasmid; C) the third set was 

transfected with the pCMV6-AC-tGFP plasmid; and D) the fourth set was left 

untransfected. The cells were activated using PAR2-AP (20 µM) for up to 120 min 

and then lysed. The protein samples were separated by 12% (w/v) SDS-PAGE. 

The samples were then transferred to a nitrocellulose membrane and probed using 

anti-phospho-Rac1 and anti-Rac1 antibodies. The bands were quantified using the 

ImageJ program and the ratio of Rac1 phosphorylation was normalised against 

the total Rac1 at each interval. The results of the four groups were as follows: 

A) Expression of the mutant form of TF in HDBEC resulted in a peak 

phosphorylation value at 40 and 60 min post-activation with PAR2-AP 

(Figure 3.19). 

B) The second set of cells expressing the wild-type TF showed an increase in the 

level of phosphorylation value that peaked at 60 min following the activation of 

PAR2 (Figure 3.20). 

C) The third set of cells expressing tGFP showed no clear peak in phosphorylation. 

The phosphorylation levels rose slightly 20 min after PAR2-AP activation. The 

phosphorylation remained at this level until 100 min after activation, when it 

decreased again (Figure 3.21). 

D) The fourth untransfected set showed a phosphorylation peak at 60 min 

following the activation of PAR2 (Figure 3.22). 
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HDBEC (2 × 105/well) were transfected with the mutant-form plasmid (TFAla253-

tGFP) and incubated for 48 h to express the protein. The cells were treated with 

PAR2-AP (20 μM) for up to 120 min. The cells were then collected at each time 

point and lysed. The samples were analysed by western blotting using a rabbit 

anti-human phospho-Rac1 antibody and a rabbit anti-human Rac1 antibody and 

the phospho-Rac1 (P/Rac1)/total Rac1 (T/Rac1) ratio calculated  (The data is the 

average of three independent experiments and expressed as the mean ± SEM). 
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Figure 3.19 Time-course analysis of the phosphorylation of Rac1 in HDBEC 

transfected to express TFAla253-tGFP 
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HDBEC (2 × 105/well) were transfected with the wild-type pCMV6-AC-TF-tGFP 

plasmid and incubated for 48 h to express the protein. The cells were treated with 

PAR2-AP (20 μM) for up to 120 min. The cells were then collected at each time 

point and lysed. The samples were analysed by western blotting using a rabbit 

anti-human phospho-Rac1 antibody and a rabbit anti-human Rac1 antibody and 

the phospho-Rac1 (P/Rac1)/total Rac1 (T/Rac1) ratio calculated (The data is the 

average of three independent experiments and expressed as the mean ± SEM). 
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Figure 3.20 Time-course analysis of the phosphorylation of Rac1 in HDBEC 

transfected to express wild-type TF 
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HDBEC (2 × 105/well) were transfected with the pCMV6-AC-tGFP plasmid and 

incubated for 48 h to express the protein. The cells were treated with PAR2-AP 

(20 μM) for up to 120 min. The cells were then collected at each time point and 

lysed. The samples were analysed by western blotting using a rabbit anti-human 

phospho-Rac1 antibody and a rabbit anti-human Rac1 antibody and the 

phospho-Rac1 (P/Rac1)/total Rac1 (T/Rac1) ratio calculated (The data is the 

average of three independent experiments and expressed as the mean ± SEM). 
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Figure 3.21 Time-course analysis of the phosphorylation of Rac1 in HDBEC 

transfected to express tGFP 
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HDBEC (2 × 105/well) were treated with PAR2-AP (20 μM) for up to 120 min. The 

cells were then collected at each time point and lysed. The samples were 

analysed by western blotting using a rabbit anti-human phospho-Rac1 antibody 

and a rabbit anti-human Rac1 antibody and the phospho-Rac1 (P/Rac1)/total 

Rac1 (T/Rac1) ratio calculated (The data is the average of three independent 

experiments and expressed as the mean ± SEM). 
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Figure 3.22 Time-course analysis of the phosphorylation of Rac1 in untransfected 

HDBEC 
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3.4 Discussion 

In addition to its function in coagulation, TF has the ability to regulate cellular 

processes, such as proliferation and apoptosis through intracellular signalling 

pathways (Pradier & Ettelaie, 2008; Pyo et al, 2004). TF has been detected in the 

circulatory system under certain pathophysiological conditions, such as cancer 

and cardiovascular complications, and following injury (Bach & Moldow, 1997; 

Giesen et al, 1999; Simak et al, 2006). Recently, it has been reported that the 

accumulation of TF within endothelial cells can promote cellular apoptosis 

through mechanisms that are mediated through p38 MAPK signalling (ElKeeb et 

al, 2015). Proteins including Src1, Rac1 and TAK1 mediate the signals that lead 

to the activation of p38 MAPK. Therefore, the present study was designed to 

determine the phosphorylation state of these proteins following the activation of 

PAR2 in endothelial cells expressing TF, in order to demonstrate a link between 

TF and p38 MAPK. Endothelial cells were used to investigate the phosphorylation 

of these proteins following the activation of PAR2, since these cells express 

PAR2. In addition, these cells do not express TF under normal conditions which 

may interfere with the signalling from the overexpressed TF-tGFP (Collier & 

Ettelaie, 2010). The initial objective of the study was to recognise the ability of 

Src1 to mediate TF-signalling, resulting in the activation of p38 MAPK in HDBEC. 

Cells transfected to express Ala253-substituted TF (Figure 3.4) were used 

because this substitution results in the accumulation of TF within the cell which 

can lead to apoptosis. This model was used as a reproducible mean of 

investigating the effect of TF accumulation in cells (ElKeeb et al, 2015). The data 
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were compared to those obtained from cells expressing wild-type TF as well as 

cells expressing tGFP and also untransfected cells.  

To test the role of TF in Src1 activation, the phosphorylation of Src1 was 

measured. The activation of PAR2 in HDBEC expressing the mutant form of TF 

(TFAla253-tGFP) caused the over-activation of Src1, demonstrated by the 

presence of a second phosphorylation peak with a high magnitude (Figure 3.15) 

(Figure 3.22A). This phosphorylation peak was absent following the activation of 

PAR2 in untransfected cells. In the presence of wild-type TF, the second 

phosphorylation peak was reduced compared to the mutant form of TF (TFAla253-

tGFP), indicating that the increased Src1 activation resulted from the 

accumulation, rather than the presence of TF. Moreover, although a higher level 

of Src1 phosphorylation was achieved by the accumulation of TF in cells, this 

phosphorylation had to be initiated by PAR2 activation. This finding concerning 

Src1 over-activation, is in line with previous studies which have reported that 

induction of PAR2 without the release of TF can promote p38 MAPK activation 

(ElKeeb et al, 2015). Taken together, these results support the hypothesis that 

Src1 may be a signalling mediator connecting TF to p38 MAPK, leading to cellular 

apoptosis. 

In addition, the possible role of Rac1 in mediating the TF-signalling to the 

activation of p38 MAPK was examined in HDBEC. Activation of PAR2 in HDBEC 

resulted in the phosphorylation of Rac1 protein regardless of expression of TF 

(Figure 3.19). However, previous studies have shown the ability of Src1 to 

activate Rac1 (Chiariello et al, 2001; Servitja et al, 2003). Also, the importance of 

Rac1 protein in the regulation of cellular processes including adhesion and 

apoptosis is well-established (Boissier & Huynh-Do, 2014; Kurdi et al, 2016; Wu 

et al, 2018). Therefore, Rac1 does not appear to play a role in connecting TF to 
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p38 MAPK. However, it has been reported that the interaction of TF/FVIIa leads 

to the activation of Rac1 mediated through Src1 (Versteeg et al, 2000). Therefore, 

it is possible that Rac1 phosphorylation could occur in response to the activation 

of PAR2 by the TF/FVIIa complex (Hjortoe et al, 2004)(Figure 3.22B). This also 

explains the similarity in the phosphorylation patterns which occurred following 

PAR2 activation, in the presence or absence of TF.  

In conclusion, the activation of PAR2 in cells containing high levels of TF can 

result in the over-activation of Src1 augmenting the magnitude and duration of 

the resultant signal. In contrast, the activation of Rac1 is initiated by PAR2 and is 

independent of the levels of cellular TF. Therefore, Src1 appears to be the main 

connecting protein between TF and p38 MAPK. Finally, the participation of TAK1 

as mediator of TF signalling was not tested and therefore, cannot be ruled out. 

Consequently, by inhibiting Src1 function and through the suppression of Src1 

gene expression, the role of Src1 in the relationship between TF accumulation 

and cellular apoptosis was confirmed. 
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A) The activation of PAR2 following the accumulation of TF in the HDBEC 

resulting in over-activation of Src1 for 90 min. B) The activation of PAR2 with the 

presence of low level of TF results in activation of Src1 and Rac1 for 60 min.  

 

A) 

 

 

B) 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.23 The proposed role of the TF on the activation of Src1 and Rac1 
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Chapter 4  

Evaluation of the role of Src1 in TF-mediated 

cellular apoptosis 
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4.1 Introduction  

It has been established that Src1 protein is involved in the regulation of a number 

of different cellular functions, including differentiation (Behrens et al, 1993), 

migration (Altun-Gultekin & Wagner, 1996) and proliferation (Yeatman, 2004). A 

number of extracellular stimuli such as integrin, can activate Src1 resulting in 

stimulation of intracellular signalling pathways that induce a cell function such as 

apoptosis (Sirvent et al, 2012). The data obtained in the previous chapter suggest 

that the accumulation of tissue factor within the cells results in the over-activation 

of the Src1 signalling molecules. In addition, it is known that Src1 protein is 

capable of activating p38 MAPK (Watanabe et al, 2009). Moreover, it has been 

reported that the activation of p38 MAPK protein can promote cellular apoptosis 

trigged by TF (ElKeeb et al, 2015). Although Src1 protein plays a vital role in 

regulating different cellular signalling pathways (Bjorge et al, 2011; Sato et al, 

1995) (Figure 4.1), the role of Src1 in the TF- p38 MAPK signalling pathway that 

results in cellular apoptosis is not yet clear. Therefore, the next series of 

experiments were designed to determine whether Src1 protein is involved in this 

signalling pathway by examining its role in cellular apoptosis. To assess this, 1) 

Src1 activity was inhibited using a specific Src1 inhibitor and 2) the protein 

expression was suppressed using a specific Src1 siRNA. The phosphorylation of 

p38 MAPK was measured following the inhibition of Src1 protein. 
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Src1 protein is proposed to regulate many different types of signalling pathways 

upstream and downstream, resulting in a number of cell functions.  

 

 

 

 

 

Figure 4.1 The role of Src1 protein in signalling pathways for different cell 

types 
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4.1.1 Cellular apoptosis 

Apoptosis can broadly be defined as a natural mechanism for programmed cell 

death and plays a critical role in the maintenance of the cell numbers, tissue size 

and shape in multicellular organisms (Danial & Korsmeyer, 2004). It is also 

essential for the clearance of infected or damaged cells and the removal of cells 

during development (Hipfner & Cohen, 2004). During apoptosis, characteristic 

changes can be seen in cell features, including cell shrinkage, degradation of the 

cell cytoskeleton, membrane blebbing, chromatin condensation and DNA 

fragmentation (Elmore, 2007). These changes occur because of the dimerisation 

of protease enzymes called caspases (McIlwain et al, 2013). Following the 

breakdown of DNA, the initial cellular response is the arrest of the cell cycle. This 

stage allows the cell to repair itself; if this is not possible then the cell undergoes 

apoptosis. (Hussain & Harris, 1998). Apoptosis is regulated by different cellular 

signals that control whether cells survive or die (Reed, 2000). It is initiated through 

one of two pathways: the intrinsic or the extrinsic. In the intrinsic pathway, cell 

stress induces the cell to kill itself, whereas in the extrinsic pathway, cell death 

occurs in response to external signals transmitted by other cells. Both pathways 

induce cellular apoptosis by the activation of cysteine-proteases called caspases 

and lead to the degradation of cellular proteins (Beurel & Jope, 2006). However, 

apoptosis is a highly regulated process and once it has started, it cannot be 

stopped (Beurel & Jope, 2006). 

The intrinsic pathway of apoptosis is also known as the mitochondrial pathway 

and is regulated by intracellular signals (Kroemer & Reed, 2000), which lead to 

the release of mitochondrial proteins into the cell cytosol (Susin et al, 1999). This 

release of proteins can occur in response to cell stress such as radiation (Verheij 

& Bartelink, 2000), heat shock (Stankiewicz et al, 2005), nutrient deprivation 
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(Braun et al, 2011), hypoxia (Sendoel & Hengartner, 2014), increased levels of 

intracellular calcium (Uguz et al, 2009) or viral infection (Thomson, 2001). The 

activation of the intrinsic pathway increases the permeability of the mitochondrial 

membrane. This increased permeability allows for the release of proteins 

including cytochrome c and Smac (second mitochondria-derived activators of 

caspases) into the cytoplasm (Tsujimoto & Shimizu, 2007; Wang, 2001). Smacs 

bind to apoptosis-inhibiting proteins (IAPs). IAPs bind and inhibit caspases-3, -7 

and -9 directly (Deveraux et al, 1998). The binding of Smacs-IAPs results in 

deactivation of the IAPs, thereby permitting apoptosis to progress (Du et al, 

2000). Cytochrome c is also released from mitochondria into the cell cytosol and 

binds with apoptotic protease activating factor-1 (Apaf-1) and ATP to form the 

apoptosome (Dejean et al, 2006). Consequently, the apoptosome interacts with 

and activates procaspase-9, which in turn cleave and activate caspase-3 

(Figure 4.2) (Wang, 2001; Zou et al, 1999). 

The extrinsic pathway of apoptosis is initiated by the interaction between death 

activators such as Fas ligand (Fas-L) or tumour necrosis factor α (TNFα) with the 

corresponding death receptor on the plasma membrane of the cell (Ashkenazi & 

Dixit, 1998). The engagement of the death activator with its corresponding 

receptor induces intracellular signals as well as activating caspase-8 and -10 

(Donepudi et al, 2003). As a result of this activation, these caspases are released 

into the cell cytoplasm which then activate caspase-3. (Liu et al, 2005). Caspase-

3 cause apoptosis by liberating DNase from the inhibitor of caspase activated 

DNase (ICAD) as well as degradation of cytoskeleton (Weinberg, 2007). 

Defects in the processes involved in cellular apoptosis can interfere with cell 

biology and are associated with a variety of diseases. For example, the lack of 

sufficient apoptosis can permit uncontrolled cell proliferation, causing cancer. In 
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contrast, an increase in the rate of apoptosis may result in the atrophy of the 

tissue. 

 

4.1.2 The contribution of TF in cellular apoptosis 

In addition to its role as the main initiator of the blood coagulation process, TF 

has been established as a regulator of various cellular processes, including 

migration and proliferation (Dorfleutner et al, 2004; Hu et al, 2013). The presence 

of TF in both the acellular and cellular regions of human atherosclerotic plaque 

within the apoptotic area suggests a possible role for TF in plaque 

thrombogenicity following the rupture of the plaque (Mallat et al, 1999). Studies 

have shown different cell responses to exogenous TF depending on the 

concertation of TF. Low amounts of TF induce cell proliferation, while cellular 

apoptosis has been reported as a result of exposure to high levels of TF (Ettelaie 

et al, 2007; Pradier & Ettelaie, 2008). Moreover, it has been shown that the 

incubation of cardiomyocyte or endothelial cells with a high concentrations of TF 

causes cell cycle arrest which in turn can result in cellular apoptosis (Frentzou et 

al, 2010). Following the release of TF-bearing microvesicles into the bloodstream, 

endothelial cells pick up TF-bearing microvesicles (Dasgupta et al, 2012; Osterud 

& Bjorklid, 2012). Pathological conditions such as cancer can lead to an 

accumulation of TF within the endothelial cells. The activation of these cells 

through inflammation or injury could stimulate pro-apoptotic mechanisms, in the 

endothelial cells. 
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During the intrinsic pathway of apoptosis, cytochrome c is released from 

mitochondria into the cell cytosol where it binds to apoptotic protease activating 

factor-1 (Apaf-1) and ATP, to form the apoptosome. The apoptosome interacts 

with and activates procaspase-9, which in turn cleaves and activates caspase-3 

(Wang, 2001).  

 

 

 

 

 

Figure 4.2 The role of cytochrome c in mitochondrial pathway of apoptosis 
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4.1.3 Aims  

The main objectives were to determine the role of Src1 protein in TF-mediated 

cellular apoptosis by:  

• inhibiting the Src1 protein function using a peptide inhibitor (pp60c-src 

peptide) and 

• suppressing Src1 protein expression using a specific Src1 siRNA to 

examine the role of Src1 signalling molecules in cellular apoptosis. 
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4.2 Methods  

4.2.1 Examining cellular apoptosis using a TiterTACS™ Colorimetric 

Apoptosis Detection Kit 

Throughout the process of cellular apoptosis, endonucleases cause 

chromosomal DNA fragmentation. In this study, a quantitative assay to detect 

cellular apoptosis based on fluorescent labelling of DNA fragments (TUNEL 

assay) was employed to measure DNA fragmentation using a TiterTACS™ 

Colorimetric Apoptosis Detection Kit. HDBEC (2 x 104/well) were seeded in 96-

well plates and incubated overnight. The cells were then washed three times with 

PBS prior to fixation with 3.7% (v/v) PBS-buffered formaldehyde solution for 7 

min each time at room temperature. The cells were then washed twice with PBS 

and further fixed using pure methanol at room temperature for 20 min. Samples 

were then washed twice with PBS and incubated with 50 μl of Cytonin solution 

(provided with the kit) for 15 min at room temperature to permeabilise the cells. 

The cells were then washed twice with dH2O (200 μl). TACS Nuclease™ Solution 

(50 μl) containing TACS-Nuclease TM Buffer (50 μl) and TACS-Nuclease TM (1 

μl) was added to each positive control well for 30 min at 37°C to degrade cellular 

DNA to generate a positive control for the kit, while the other samples were 

covered with PBS. The wells were then washed twice with PBS for 2 min each 

time and incubated with 200 μl of 3% (v/v) hydrogen peroxide (H2O2) solution in 

methanol solution for 5 min at room temperature. Following a further wash with 

dH2O (200 μl), 1X TdT labelling buffer (150 μl) was added to each well and 

incubated for a 5 min. The buffer was then removed and replaced with 50 μl of 

labelling reaction solution (1X TdT labelling buffer containing TdT dNTP Mix (0.35 

μl), TdT enzyme (0.35 μl) and 50X Mn+2 (1 μl)) and incubated for 60 min at 37°C. 
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To stop the labelling reaction, 150 μl of 1X TdT stop buffer was added and 

incubated for 5 min. The cells were then washed twice with PBS for 2 min each 

time and incubated with the provided strep-HRP solution (50 μl) for 10 min at 

room temperature. The cells were then washed twice with PBS and once more 

with 200 μl of 0.1% (v/v) Tween 20 PBS solution. Finally, 100 μl of colorimetric 

substrate (TACS-Sapphire) was added to each well and incubated in the dark for 

30 min at room temperature. The reactions were then stopped by adding 100 μl 

of 0.2 N hydrochloric acid (HCl). The samples (200 μl) were transferred to new 

96-well plates and absorption was measured at 450 nm using a plate reader 

(POLARstar OPTIMA plate reader). Based on the amount of the DNA fragments, 

the level of cellular apoptosis was determined in differently treated samples. In 

addition, apoptosis-inducing reagents must be established to generate apoptosis 

prior to the experiment to be used as a positive control for comparison with 

treated samples. 

 

4.2.1.1 Determining the concentration of positive control reagents to 

induce cellular apoptosis 

HDBEC (2 x 104/well) were seeded in 96-well plates and treated with various 

reagents to induce cellular apoptosis overnight. These reagents were assessed 

to establish a positive control for apoptosis to be used for comparison with the 

treated samples. The analyses were carried out as described previously in 4.2.1. 

Sets of cells were incubated with cycloheximide (0-100 μg/ml), anisomycin (0-

100 μg/ml) or DMSO vehicle. Other sets of cells were deprived of serum overnight 

to induce apoptosis. In another experiment, HDBEC (4 x 104/well) were seeded 

in 48-well plates and incubated with a different concentrations of H2O2 (0-1.6 
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mM), as H2O2 can cause both apoptosis and necrosis (Teramoto et al, 1999). 

The cells were inspected visually at 6, 16, and 18 h. 

 

4.2.1.2 Determining the optimal incubation time for inducing cellular 

apoptosis using H2O2, TNFα, and IL-1β 

To determine the optimal incubation time for inducing cellular apoptosis, HDBEC 

(4 x 104/well) were seeded in 48-well plates and incubated with H2O2 (200 μM) or 

TNFα (10 ng/ml) and IL-1β (10 ng/ml), as recommended by the manufacturers. 

Samples were analysed for cellular apoptosis at 16, 18, and 22 h using the 

TiterTACS™ Colorimetric Apoptosis Detection Kit, as described in section 4.2.1. 

 

4.2.2 Optimising the knockdown of Src1 expression using siRNA 

siRNA is synthetic short interfering RNA (iRNA) made of double stranded RNA 

used to induce the knockdown of protein coding genes in different cell types 

(Agrawal et al, 2003). To suppress the expression of Src1 protein in endothelial 

cells, a specific Src1 siRNA (Ambion® Silencer® Select Pre-designed siRNA) (see 

table 4.1 for details) was employed. Prior to using the Src1 siRNA in an apoptosis 

assay, the type of siRNA and the concentration of both siRNA and the 

transfection reagent were optimised. 

Furthermore, the siRNA was co-transfected with the plasmid expressing wild-type 

or mutant form of TFAla253-tGFP. HDBEC (105/well) were cultured in 12-well plates 

in 1 ml of complete MV medium and incubated overnight. The cells were then 

washed with 0.5 ml of PBS, and 0.9 ml of complete MV medium was added to 

the cells and incubated for 1 h at 37ºC. The cells were then transfected with Src1 



 

97 
 

siRNA. Various transfection reagents were used and the amount used based on 

the recommendation of the manufacturer to obtain optimal transfection to reach 

the maximum knockdown of Src1, as follows.  

 

4.2.2.1 Optimising the transfection reagent Lipofectamine® LTX & PLUS™ 

Reagent, Lipofectamine® 2000 Reagent, Lipofectamine™ 3000 

Reagent and Lipofectamine RNAimax 

To achieve optimal suppression of Src1 protein, the transfection reagent 

(Lipofectamine® LTX & PLUS™ Reagent, Lipofectamine® 2000 Reagent, 

Lipofectamine™ 3000 Reagent or Lipofectamine RNAimax) was mixed with Src1 

siRNA complex and prepared as follows 

 Plasmid DNA: 0-200 nM of Src1 siRNA concentrations were diluted in 

Opti-MEM I reduced serum medium (50 µl) 

 Reagent solution: 3 µl of one of the transfection reagents was diluted in 

Opti-MEM I reduced serum medium (50 µl) 

Following incubation for 5 min at room temperature, the two solutions were gently 

mixed and incubated for 10 min at room temperature to produce the siRNA-

transfection reagent complex. After incubation, the siRNA-transfection reagent 

complex was added to the cells and gently shaken. Following incubation of the 

cells for 48 h at 37°C, cells lysate were collected and boiled for 10 min. The 

protein samples were then separated by SDS-PAGE and analysed using western 

blot, as described in section 2.2.8. Quantitative analysis of the western blots was 

carried out using the ImageJ program. The levels of total Src1 expression were 

normalised against respective GAPDH. 
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4.2.2.2 Optimising the Trans IT®-2020 transfection reagent 

The Src1 siRNA was also transfected using Trans IT-2020 transfection reagent 

as described previously in 3.2.2.2 to achieve the maximum suppression of Src1 

protein. The samples were incubated with Src1 siRNA at 37°C for 48 h. To 

examine the transfection efficiency, the protein samples were separated by SDS-

PAGE as previously described in 2.2.7, and the level of Src1 protein expression 

was analysed using western blot as described in section 2.2.8. Quantitative 

analysis of the western blots was carried out using the ImageJ program. The 

levels of total Src1 expression were normalised against respective GAPDH. 

 

4.2.3 Investigating cellular apoptosis following the inhibition of Src1 in TF-

mediated endothelial cells apoptosis using the TiterTACS™ 

Colorimetric Apoptosis Detection Kit  

To examine the role of Src1 in cellular apoptosis, HDBEC (4 x 104/well) were 

cultured in 48-well plates and incubated overnight. A set of cells were transfected 

to express a mutant form of TF (TFAla253-tGFP) or a control plasmid (pCMV6-AC-

tGFP). The cells were incubated for 48 h to express the proteins. In addition, sets 

of untransfected cells were used as a control and adapted to low-serum medium 

MV containing 2% (v/v) FCS for 60 min. The cells were then treated with or 

without Src1 inhibitor (pp60c-src peptide TSTEPQpYQPGENL) (0-900 μM) or Src1 

pseudo-inhibitor (TSTEPQWQPGENL) (500 μM) for a further 60 min. Finally, the 

cells were activated using PAR2-AP (20 μM), following which cellular apoptosis 

was measured at 24 h, as previously described in section 4.2.1.  
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Table 4.1 Silencer® Select Pre-designed siRNA information used in Src1 

knockdown experiment 

 

Target  Manufacturer Final 

concentration 

Sequence  

Src1 

protein 

(SRC) 

Ambion® by Life 
Technologies™ 

200nM  GCACAGGACAGACAGGCUAtt 

Src1 

protein 

(NCOA1) 

Ambion® by Life 
Technologies™ 

200nM  GUGUAACCAUCAAAUCGGAtt 

Non 

targeting 

siRNA 

Ambion® by Life 
Technologies™ 

200nM  Negative Control siRNA 
(Confirmed non targeting 
siRNA) 

 

 

 

 

 

 

 



 

100 
 

4.2.4 Evaluating the influence of Src1 knockdown on TF-mediated 

endothelial cell apoptosis using a TUNEL assay  

HDBEC (2 x 104/well) were seeded in 96-well plates and incubated overnight. 

The cells were co-transfected to express a mutant form of TF (TFAla253-tGFP) 

together with a specific Src1 siRNA or a control siRNA. In addition, sets of cells 

were treated with TNFα; an untransfected set was also included. The cells were 

adapted to low-serum medium MV containing 2% (v/v) FCS for 1 h and then 

activated using PAR2-AP (20 μM). The level of cellular apoptosis was assessed 

at 24 h using the TiterTACS™ Colorimetric Apoptosis Detection Kit as described 

in section 4.2.1. 

 

4.2.5 Evaluating the outcome of Src1 inhibition on p38 MAPK protein 

phosphorylation  

HDBEC (105/well) were seeded in 12-well plates and incubated overnight. The 

cells were transfected to express a mutant form of TF (TFAla253-tGFP), and 

untransfected cells were used as a control for comparison. All cells were adapted 

to low-serum medium MV containing 2% (v/v) FCS for 1 h and then supplemented 

with a range of concentrations of the Src1 inhibitor (pp60c-srcpeptide 

TSTEPQpYQPGENL) (0-500 μM) and incubated for 60 min. The cells were then 

activated by incubating PAR2-AP (20 μM) for 90 min and then lysed and boiled 

for 10 min. The protein samples were then separated by SDS-PAGE and 

analysed using western blot, as described in section 2.2.8 and using specific 

antibodies (Table 2.1). Quantitative analysis of the western blots was carried out 

using the ImageJ program, and the amount of phospho p38 MAPK was 

normalised against total p38 MAPK protein at each interval. 
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4.3 Results  

4.3.1 Analysis of TiterTACS™ Colorimetric Apoptosis Detection Kit and 

establishing a positive control for the apoptosis assay 

Throughout this work, DNA fragmentation due to cellular apoptosis was 

measured using a TiterTACS™ Colorimetric Apoptosis Detection Kit (TUNEL 

assay). Consequently, to optimise the use of the kit, a number of apoptosis-

inducing reagents were compared, and the duration of the incubation with cells 

was determined for effective apoptosis. Artificial degradation of the DNA using 

the provided TACS Nuclease Solution prior to analyses produced apoptosis. 

 

4.3.1.1 Establishing the concentration of the reagents required for optimal 

induction of cellular apoptosis  

Initially, the ability of a range of concentrations of potential apoptosis-inducing 

reagents to induce apoptosis in endothelial cells was evaluated. HDBEC (2 x 

104/well) were seeded in 96-well plates, incubated overnight and then incubated 

with cycloheximide (0-100 μg/ml) for 24 h (Figure 4.3). The second part of the 

experiment focused on the use of anisomycin (0-100 μg/ml) for 24 h to promote 

cellular apoptosis (Figure 4.4). Incubation of cells with either cycloheximide (0-

100 μg/ml) or anisomycin (0-100 μg/ml) did not induce any measurable increase 

in cellular apoptosis.  

In addition to treatment with cycloheximide and anisomycin, an attempt was made 

to induce cellular apoptosis in endothelial cells by the withdrawal of serum. 

However, overnight incubation of cells with the serum-free medium MV did not 
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result in increased cellular apoptosis for the duration of the experiment 

(Figure 4.5). 

It has previously been shown that incubating cells with H2O2 can cause both 

apoptosis and necrosis, depending on the concentration of H2O2 (Teramoto et al, 

1999). To examine the effect of H2O2, HDBEC (4 x 104/well) were cultured in 48-

well plates, incubated with H2O2 (0-1.6 mM) and inspected at 6, 16 and 18 h to 

assess the induction of apoptosis and/or necrosis. Treatment of cells with H2O2 

(0.8-1.6 mM) for 6 h caused a noticeable reduction in cell numbers, which 

suggests cell necrosis (Figure 4.6A). Furthermore, treatment for 16 h and 18 h 

with concentrations of 0.4 mM or higher also caused cell perturbation, as shown 

in Figure 4.6B and C. 

 

4.3.1.2 Establishing the incubation time required for optimal induction of 

cellular apoptosis  

To establish the incubation time of the apoptosis-inducing reagents, HDBEC (4 x 

104/well) were cultured in 48-well plates. The cells were incubated with TNFα (10 

ng/ml), IL-1β (10 ng/ml) for 16, 18, or 22 h or with H2O2 (200 μM) for 18 h. The 

incubation of cells with H2O2 (200 μM) for 18 h (Figure 4.7), TNFα (10 ng/ml) for 

22 h and IL-1β (10 ng/ml) for 16-22 h (Figure 4.8) produced a maximal amount of 

apoptosis. Analyses was carried out using an apoptosis detection kit. 
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HDBEC (2 x 104/well) were seeded in 96-well plates and treated with (0-100 

μg/ml) of cycloheximide (cyclo) for 24 h. Sets of cells were treated with TACS 

Nuclease Solution to degrade cellular DNA or used untreated cells and used to 

determine the maximum and minimum value. Cellular apoptosis was measured 

after 24 h using a colorimetric TUNEL assay (The data is the average of two 

independent experiments and expressed as ± SD). 

 

 

 

 

 

Figure 4.3 Optimisation of the induction of cellular apoptosis using 

cycloheximide 
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HDBEC (2 x 104/well) were seeded in 96-well plates and treated with (0-100 

μg/ml) of anisomycin (aniso.), DMSO as a vehicle control overnight. Sets of cells 

were treated with TACS Nuclease Solution to degrade cellular DNA or used 

untreated cells and used to determine the maximum and minimum value. Cellular 

apoptosis was measured after 24 h using a colorimetric TUNEL assay (The data 

is the average of two independent experiments and expressed as ± SD). 

 

 

 

 

 

Figure 4.4 Optimisation of the induction of cellular apoptosis using 

anisomycin 
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HDBEC (2 x 104/well) were seeded in 96-well plates and incubated overnight. 

Parallel set of cells were then incubated with serum-free medium. Sets of cells 

were treated with TACS Nuclease Solution to degrade cellular DNA or used 

untreated cells and used to determine the maximum and minimum value. Cellular 

apoptosis was measured after 24 h incubation and measured using a colorimetric 

TUNEL assay (n=1 independent experiment). 

 

 

 

 

 

 

Figure 4.5 Optimisation of the induction of cellular apoptosis using 

serum-free medium 
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A) 6 hours 

      1) 0 mM      2) 0.025 mM  

3) 0.05 mM           4) 0.1 mM  

  5) 0.2 mM           6) 0.4 mM  

  7) 0.8 mM           8) 1.6 mM  
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.6 Examination of the induction of cellular apoptosis and necrosis using H2O2 
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B) 16 hours 

      1) 0 mM        2) 0.025 mM  

3) 0.05 mM             4) 0.1 mM  

  5) 0.2 mM             6) 0.4 mM  

  7) 0.8 mM             8) 1.6 mM  
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C) 18 hours 

HDBEC (4 x 104/well) were cultured in 48-well plates and then exposed to H2O2 

(0-1.6 mM) for A) 6 h, B) 16 h and C) 18 h. Cell morphology was investigated by 

examining cell integrity, shape, graininess and apparent density using a light 

microscope. 

      1) 0 mM          2) 0.025 mM 

3) 0.05 mM              4) 0.1 mM  

  5) 0.2 mM              6) 0.4 mM  

  7) 0.8 mM              8) 1.6 mM  
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HDBEC (4 x 104/well) were seeded in 48-well plates. They were then incubated 

with H2O2 (200 μM) for 18 h. Sets of cells were treated with TACS Nuclease 

Solution to degrade cellular DNA or used untreated cells and used to determine 

the maximum and minimum value. Cellular apoptosis was measured using a 

colorimetric TUNEL assay (n=1 independent experiment). 

 

 

 

 

 

 

Figure 4.7 Cellular apoptosis induction using H2O2 
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HDBEC (4 x 104/well) were cultured in 48-well plates. They were then incubated 

with TNFα (10 ng/ml) or IL-1β (10 ng/ml), for 16 h, 18 h and 22 h. An untreated 

set of cells was used as a control. Cellular apoptosis was measured using a 

colorimetric TUNEL assay (n=1). 

 

 

 

 

 

 

 

Figure 4.8 Apoptosis induction using TNFα (10 ng/ml), IL-1β (10 ng/ml) 
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4.3.2 Optimising silencing of Src1 expression by siRNA transfection 

siRNA was designed to reduce the expression of a specific protein. To knock 

down the targeted protein Src1, sets of HDBEC (105/well) were seeded in 12-well 

plates and incubated overnight. New media was added, and various transfection 

reagents were tested in an attempt to transfect the cells with a specific Src1 

siRNA. Following the transfection, the cells were incubated for 48 h, and the 

expression of Src1 protein was examined using western blot. The membranes 

were analysed using the ImageJ program, and the amount of total Src1 protein 

was normalised against GAPDH in each sample. 

The first sets of experiments were done using 3 μl of Lipofectamine 3000, 

Lipofectamine LTX together with PLUS™ and Lipofectamine 2000 transfection 

reagents. The cells were transfected with Src1 siRNA (NCOA1) (5 nM with 

Lipofectamine 3000, 5 nM with Lipofectamine LTX together with PLUS and 150 

nM with Lipofectamine 2000 separately). In these transfections, no evidence of a 

significant reduction in the amount of Src1 protein was found. Figure 4.9 shows 

a slight reduction in Src1 expression compared to the control. 

An assessment of Src1 knockdown using Lipofectamine RNAimax showed a 

possible reduction when using 2.5 nM of siRNA (NCOA1) (Figure 4.10A). On 

further examination over a range of (0-2 nM), a better level of gene silencing was 

obtained at 2 nM (Figure 4.10B). However, even with the optimal concentration, 

only marginal levels of Src1 knockdown were observed. 
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HDBEC (105/well) were transfected with 0-150 nM of specific Src1 siRNA 

(NCOA1) using 3 μl of Lipofectamine™ 3000, Lipofectamine LTX & PLUS and 

Lipofectamine 2000 transfection reagent and incubated for 48 h. The expression 

of Src1 protein was examined using western blot and the amount of total Src1 

(T/Src1) protein was normalised against GAPDH using ImageJ program analyses 

(The data is the average of three independent experiments and expressed as the 

mean ± SEM). 
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Figure 4.9 Assessment of Src1 siRNA (NCOA1) transfection efficiency using 

Lipofectamine 3000, Lipofectamine LTX & PLUS and Lipofectamine 2000 

transfection reagent 

transfection reagent 
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HDBEC (105/well) were transfected with A) 0-20 nM or B) 0-2 nM of specific Src1 

siRNA (NCOA1) using 3 μl of Lipofectamine RNAimax transfection reagent and 

incubated for 48 h. The expression of Src1 protein was examined using western 

blot and the amount of total Src1 protein (T/Src1) was normalised against GAPDH 

using ImageJ program analyses (The data is the average of two independent 

experiments and expressed as ± SD). 

A) 

              

                  

 

B) 
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Figure 4.10 Assessment of Src1 siRNA (NCOA1) transfection efficiency using 

Lipofectamine RNAimax transfection Reagent 
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Because none of the used reagents achieved a significant Src1 knockdown, 

TransIT-2020 transfection reagent (3 μl) was used to transfect a set of HDBEC 

with two series of concentrations of Src1 siRNA (NCOA1) (0-10 and 0-150 nM). 

Figure 4.11A shows a slight reduction in the Src1 expression, and the reduction 

was about 35% at 150 nM (Figure 4.11B). However, the results in Figure 4.11 

show that the decrease in the expression of Src1 protein is still less than required 

to have the proposed effect on the molecular signalling pathway. 

Following the establishment of TransIT-2020 transfection reagent as a suitable 

transfection reagent for the siRNA-mediated knockdown of Src1, a second siRNA 

(SRC) was tested and the effective concentrations examined. Sets of HDBEC 

were transfected with a series of concentrations of Src1 siRNA (SRC) (0-200 nM) 

using the TransIT-2020 transfection reagent (3 μl). An examination of the 

expression of Src1 protein by western blot indicated a 77.12% reduction in Src1 

protein expression following transfection with 200 nM of SRC siRNA 

(Figure 4.12). 

 

4.3.3 Examining the role of Src1 in TF-induced endothelial cell apoptosis 

by inhibiting Src1  

To determine the optimal concentration of the Src1 inhibitor, HDBEC (4 x 

104/well) were seeded in 48-well plates and transfected to express a mutant form 

of TF (TFAla253-tGFP). Following the incubation of the cells for 48 h, the cells were 

adapted to low-serum medium MV containing 2% (v/v) FCS for 60 min and then 

treated with (0-900 μM) of Src1 inhibitor (pp60c-srcpeptide) for a further 60 min. 
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Subsequently, the samples were activated using PAR2-AP (20 μM) to induce 

cellular apoptosis and measured after 24 h using a TiterTACS™ Colorimetric 

Apoptosis Detection Kit. Pre-incubation of cells with pp60c-src (0-500 μM) reduced 

the TF-induced cellular apoptosis in a concentration-dependent manner 

(Figure 4.13). However, significant levels of cellular apoptosis were detected at 

higher concentrations of pp60c-src (700-900 μM). 
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HDBEC (105/well) were transfected with A) 0-10 nM or B) 0-150 nM of Src1 siRNA 

(NCOA1) using 3 μl TransIT-2020 Transfection Reagent and incubated for 48 h. 

The expression of Src1 protein was examined using western blot, and the amount 

of total Src1 protein (T/Src1) was normalised against GAPDH using ImageJ 

program analyses (The data is the average of three independent experiments 

and expressed as the mean ± SEM). 
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Figure 4.11 Assessment of Src1 siRNA (NCOA1) transfection efficiency using 

TransIT-2020 transfection reagent 
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HDBEC (105/well) were transfected with 0-200 nM of specific Src1 siRNA (SRC) 

using 3 μl of TransIT-2020 transfection reagent and incubated for 48 h. The 

expression of Src1 protein was examined using western blot, and the amount of 

total Src1 protein (T/Src1) was normalised against GAPDH using ImageJ 

program analyses (The data is the average of two independent experiments and 

expressed as the SD; * = P<0.01, ** = P<0.05 vs no inhibitor). 
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Figure 4.12 Assessment of Src1 siRNA (SRC) transfection efficiency using 

TransIT-2020 transfection reagent 
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HDBEC (4 x 104) were cultured and transfected with TFAla253-tGFP plasmid. 

Following 48 h of incubation, the cells were adapted to low-serum medium MV 

containing 2% (v/v) FCS for 60 min and incubated with (0-900 μM) of Src1 

inhibitor (pp60c-srcpeptide TSTEPQpYQPGENL) for a further 60 min. Cellular 

apoptosis was measured after 24 h post-activation with PAR2-AP (20 µM) using 

a colorimetric TUNEL assay (The data is the average of four independent 

experiments and expressed as the mean ± SEM; * = P<0.05 vs. no inhibitor). 

 

 

 

 

Figure 4.13 The effect of pp60c-src on TF-induced endothelial cellular apoptosis 
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To assess the role of Src1 in TF-mediated endothelial cell apoptosis, HDBEC (4 

x 104/well) were seeded in 48-well plates and transfected to express a mutant 

form of TF (TFAla253-tGFP). Following 48 h of incubation, the cells were adapted 

to low-serum medium MV containing 2% (v/v) FCS for 60 min. The cells were 

then incubated with or without Src1 inhibitor (pp60c-srcpeptide 

TSTEPQpYQPGENL) (500 μM) or Src1 pseudo-inhibitor (TSTEPQWQPGENL) 

(500 μM) for a further 60 min before activation with PAR2-AP (20 μM). Sets of 

cells were also transfected to express control tGFP or used untreated. In addition, 

sets of cells were treated with IL-1β to be used as a positive control. The level of 

cellular apoptosis was measured after 24 h using a TiterTACS™ Colorimetric 

Apoptosis Detection Kit. The activation of PAR2 in cells expressing a mutant form 

of TF (TFAla253-tGFP) resulted in increased cellular apoptosis compared to 

untreated cells (control) (Figure 4.14). Furthermore, the induction of apoptosis 

was dependent on the expression of TFAla253-tGFP and also, was induced 

following PAR2 activation. However, pre-incubation of the cells expressing a 

mutant form of TF with Src1 inhibitor prior to activation with PAR2-AP significantly 

decreased the level of apoptosis, while the high level of apoptosis remained 

unchanged in cells pre-incubated with the pseudo-inhibitor (Figure 4.15). 

 

4.3.4 Examining the role of Src1 in TF-mediated endothelial cells 

apoptosis through Src1 gene silencing  

To assess the role of Src1 signalling molecules in cellular apoptosis triggered by 

the presence of TF, HDBEC (2 x 104/well) were cultured in 96-well plates and co-

transfected to express a mutant form of TF (TFAla253-tGFP) together with either 
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Src1 siRNA (SRC) or a control silencer siRNA. The cells were adapted to low-

serum medium MV containing 2% (v/v) FCS for 1 h prior to activation using PAR2-

AP (20 μM). Sets of cells were also examined untransfected or treated with TNFα 

to induce apoptosis. Cellular apoptosis levels were analysed in all samples after 

24 h. Cellular apoptosis was induced following the activation of PAR2 in cells 

expressing a mutant form of TF (TFAla253-tGFP). The level of apoptosis was 

significantly decreased due to Src1 silencing in activated cells expressing a 

mutant form of TF, which indicates that cellular apoptosis triggered by TF is 

dependent on Src1 signalling molecules (Figure 4.16). 
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HDBEC (4 x 104/well) were seeded in 48-well plates, incubated overnight and 

transfected with TFAla253-tGFP, tGFP plasmid. Following 48 h of incubation, the 

cells were adapted to low-serum medium MV containing 2% (v/v) FCS for 60 min. 

The cells were then activated using PAR2-AP (20 µM). Sets of cells were treated 

with IL-1β to be used as a positive control or used untreated. Cellular apoptosis 

was measured after 24 h post-activation using a colorimetric TUNEL assay (The 

data is the average of four independent experiments and expressed as the mean 

± SEM; * = P<0.05 vs. PAR2 activated cells expressing TFAla253-tGFP). 

 

 

 

Figure 4.14 TF-induced endothelial cellular apoptosis 
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HDBEC (4 x 104/well) were seeded in 48-well plates, incubated overnight and 

transfected with TFAla253-tGFP plasmid. Following 48 h of incubation, the cells 

were adapted to low-serum medium MV containing 2% (v/v) FCS for 60 min. The 

cells were pre-incubated with Src1 inhibitor or pseudo-inhibitor peptides (500 µM) 

for a further 60 min prior to activation with PAR2-AP (20 µM). Sets of cells were 

treated with IL-1β to be used as a positive control or used untreated. Cell 

apoptosis was measured after 24 h post-activation using a colorimetric TUNEL 

assay (The data is the average of four independent experiments and expressed 

as the mean ± SEM; * = P<0.05 vs. no inhibitor). 

 

 

 

 

Figure 4.15 Endothelial cellular apoptosis following the inhibition of Src1 
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4.3.5 Examining the role of Src1 inhibitor on TF-mediated p38 MAPK 

protein phosphorylation  

To examine the role of Src1 as a signalling mediator connecting TF and p38 

MAPK, the outcome of Src1 inhibition on p38 MAPK phosphorylation was 

examined. HDBEC (105/well) were seeded in 12-well plates and either 

transfected to express a mutant form of TF (TFAla253-tGFP) or used untransfected. 

The samples were adapted to serum-free medium and then incubated with a 

range of concentrations of Src1 inhibitor (pp60c-srcpeptide TSTEPQpYQPGENL) 

(0-500 μM) for 60 min. The cells were activated using PAR2-AP (20 μM) for 90 

min and lysed in Laemmli electrophoresis buffer. p38 MAPK phosphorylation was 

then assessed by western blot. Analyses of the protein bands showed a dose-

dependent reduction in p38 MAPK phosphorylation with increasing 

concentrations of Scr1 inhibitor (Figure 4.17). 
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HDBEC (3 x 104/well) were co-transfected to express a mutant form of TF 

together with Src1 siRNA or alternatively a control siRNA. The cells were adapted 

to low-serum medium MV containing 2% (v/v) FCS for 1 h prior to activation using 

PAR2-AP (20 μM). For comparison, another set of cells was treated with TNFα 

or used untreated samples. Cellular apoptosis was measured after 24 h post-

activation using a colorimetric TUNEL assay (The data is the average of four 

independent experiments and expressed as the mean ± SEM; *= P<0.05 vs. no 

siRNA).  

 

 

 

Figure 4.16 The influence of Src1 silencing on TF-mediated endothelial cell 

apoptosis 
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HDBEC (105/well) were transfected with TFAla253-tGFP plasmid and incubated for 

48 h. The cells were then incubated with Src1 inhibitor (0-500 μM) for 60 min and 

then incubated for a further 90 min with PAR2-AP (20 µM). The cells were then 

lysed in Laemmli buffer and analysed by western blot using mouse anti-human 

phospho-p38 and rabbit anti-human p38 antibodies. The ratios of phospho-p38 

(P/p38)/total p38 (T/p38) were analysed (The data is the average of four 

independent experiments and expressed as the mean ± SEM; * = P<0.05 vs. no 

inhibitor). 
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Figure 4.17 Influence of Src1 inhibitor on phosphorylation of P38 MAPK following 

PAR2 activation 
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4.4 Discussion 

Src1 is involved in the regulation of a number of cellular processes such as 

differentiation (Biscardi et al, 2000; Zhang et al, 2014) and apoptosis (Hofmeister 

et al, 2000). Additionally, the activation of Src1 leads to downstream signalling 

via the p38 MAPK protein (Watanabe et al, 2006; Watanabe et al, 2009). 

Previously it was reported that the activation of the p38 MAPK  protein can 

promote cellular apoptosis in response to TF accumulation (ElKeeb et al, 2015). 

However, the signalling mediators linking TF and p38 MAPK have not been 

identified. The results presented in chapter 3 indicated that the accumulation of 

TF within cells results in the over-activation of the Src1 protein. Therefore, the 

present study attempted to confirm the role of Src1 as an intermediary between 

high levels of cellular TF, and induction of apoptosis. 

A quantitative assay for the detection of cellular apoptosis, based on fluorescent 

labelling of DNA fragments (TUNEL assay) was used to measure DNA 

degradation. Apoptosis-inducing reagents were examined to generate apoptosis 

prior to the experiment. These reagents were then used as a positive controls for 

comparison against treated samples. Incubation of HDBEC with cycloheximide 

did not induce a measurable increase in cellular apoptosis although previous 

studies have demonstrated that cycloheximide is capable of inducing apoptosis 

(Alessenko et al, 1997). However, cycloheximide has been reported to either 

induce or inhibit apoptosis depending on the cell type treated (Collins et al, 1991; 

Lemaire et al, 1999; Tessitore et al, 1999). The incubation of the cells with 

anisomycin also did not produce apoptosis. Again, this finding is contrary to 

previous studies, which report that the incubation of cells with anisomycin 

increases the level of cellular apoptosis (Croons et al, 2009). Finally, incubation 
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of cells with H2O2 can induce both apoptosis or necrosis, depending on the 

concentration of H2O2 applied (Teramoto et al, 1999). The analysis of DNA-

degradation by TUNEL assay in this study, indicated that the incubation of cells 

with 0.2 mM of H2O2 for 18 h induced apoptosis. However, although there was a 

reduction in cell numbers, the risk of induction of necrosis could not be ruled out, 

and therefore the use of H2O2 as a means of promoting apoptosis was not 

pursued further. In devising a more physiological method, an attempt was made 

to determine the optimal incubation time of the induction of apoptosis using the 

cytokines TNFα and IL-1β. Incubation of cells with TNFα (10 nM) for 22 h or, with 

IL-1β (10 nM) for 16-22 h caused apoptosis and were consistent with those 

suggested by Grunnet et al (2009). Therefore, incubation of the cells with TNFα 

or IL-1β for 22 h was employed to induce apoptosis in samples and was used as 

a positive control in the experiments. 

The main section of the study aimed to confirm the participation of Src1 in TF-

mediated cellular apoptosis. The activation of PAR2 in cells expressing the 

mutant form of TF (TFAla253-tGFP) significantly increased cellular apoptosis 

compared to untreated (control) cells. These data are also in agreement with 

observations reporting that the incubation of cells with high levels of TF can 

induce cellular apoptosis (Frentzou et al, 2010; Pradier & Ettelaie, 2008). In 

addition, pre-incubation of the cells expressing TFAla253-tGFP with the Src1 

inhibitor (pp60c-srcpeptide; 500 μM) prior to PAR2 activation, significantly reduced 

the rate of apoptosis (Figure 4.15). In contrast, the level of apoptosis remained 

unaltered in cells which were pre-incubated with the pseudo-inhibitor. In parallel 

to the observations in section 3.3.5, the highest level of Src1 phosphorylation 

occurred following PAR2 activation in cells expressing the mutant form of TF 

(TFAla253-tGFP). Taken together, these results define an important role for Src in 
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cellular apoptosis triggered by TF. This also agrees with a previous study, which 

showed that the inhibition of Src reduced cellular apoptosis (Hofmeister et al, 

2000). Furthermore, although the high levels of apoptosis arose from the 

accumulation of TF in HDBEC, PAR2 activation was essential in triggering this 

signal. 

Since peptide inhibitors can block the function of a number of proteins within the 

Src family, in the next part of the experiment the expression of Src1 specifically 

was suppressed using siRNA knock-down. Following the reduction of Src1 

expression, the levels of apoptosis were significantly decreased following the 

PAR2 activation, in HDBEC expressing TFAla253-tGFP. This suggests that cellular 

apoptosis is triggered by TF as well as requiring the induction of PAR2 and is 

specifically dependent on Src1 signalling protein (Figure 4.18). 

The study in this chapter focused on clarifying the role of Src1 as a signalling 

mediator connecting TF and p38 MAPK proteins. The role of Src1 protein in 

activating p38 MAPK is well-established (Kim et al, 2008; Tan et al, 2016). In 

support of this, the inhibition of Src1 resulted in a significant reduction in p38 

MAPK phosphorylation. A similar result was obtained by Limami et al (2012) who 

reported that the phosphorylation of Src1 increased the activity of p38 MAPK and 

also induced cellular apoptosis. Finally, the complete suppression of cellular 

apoptosis, following the inhibition of Src1 appears to indicate that TAK1 is not 

involved in TF-p38 MAPK signalling which can lead to cellular apoptosis.  

The activation of PAR2 in cells containing high levels of TF promotes apoptosis 

in endothelial cells. The study in this chapter confirms that Src1 mediates TF-

induction of p38 MAPK activation, promoting cellular apoptosis. And has 

identified a further step in the mechanism by which TF can induce cellular 
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apoptosis. Therefore, the possible roles of FAK and β1-integrin in regulating the 

Src1-signalling mechanisms were examined next. 

 

Src1 mediates TF-induced activation of p38 MAPK leading to subsequent cellular 

apoptosis. The inhibition of Src function, or the suppression of Src1 gene 

expression resulted in reduction of p38 MAPK activation and prevented cellular 

apoptosis.  

 

Figure 4.18 The role of Src1 in regulating p38 MAPK activation and TF-

induced cellular apoptosis 



 

130 
 

Chapter 5  

The influence of FAK and beta1 integrin proteins 

on the activity of Src1 protein 
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5.1 Introduction 

There have been a number of studies which suggest that TF is capable of 

affecting different cellular processes through binding to β1-integrin (Collier & 

Ettelaie, 2010; Collier et al, 2008; Versteeg et al, 2008). Also, many intracellular 

signalling pathways are known to be initiated by the interaction of integrins with 

other receptors on the cell membrane (Brizzi et al, 2012; Hynes, 1992; 2002; 

Shen et al, 2012). These signals are transduced into the cell by the recruitment 

of intracellular proteins by the cytoplasmic domain of integrins. One such 

cytoplasmic protein is the focal adhesion kinase (FAK). FAK is a non-receptor 

tyrosine kinase which is considered a key mediator in transmitting signals from 

integrins (Mitra & Schlaepfer, 2006; Parsons, 2003). FAK is auto-phosphorylated 

at Tyr397 which allows it to bind to the SH2 domain of Src1. This interaction 

results in the activation of Src1 (Harburger & Calderwood, 2009; Playford & 

Schaller, 2004) (Figure 5.1). In this section of the study, it was hypothesized that 

β1-integrin and FAK act as intermediates regulating Src1 activity within the pro-

apoptotic TF signalling pathway. 

 

5.1.1 Focal adhesion kinase 

Focal adhesion kinase (FAK) is also referred to as protein tyrosine kinase 2 

(PTK2), cell adhesion kinase β (CAKβ) or related adhesion focal tyrosine kinase 

(RAFTK) (Avraham et al, 1995; Lev et al, 1995; Sasaki et al, 1995). FAK is a 

nonreceptor protein tyrosine kinase with a molecular weight 125 kDa and a 

member of the focal adhesion kinase family (Schaller et al, 1992; Yu et al, 1996). 

It has been reported that FAK is expressed in the cells of some of the lower 

eukaryotes such as zebrafish and Drosophila as well as in mammals.(Fox et al, 
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1999; Henry et al, 2001; Zhang et al, 1995). FAK is expressed in many organs, 

including the liver, lungs, brain and bones (Batista et al, 2014; Burgaya & Girault, 

1996). Moreover, the expression of FAK is observed in endothelial cells (Weis et 

al, 2008) and cancer cells (Golubovskaya et al, 2009). 

FAK consists of three distinguishable domains: a large N-terminal (erythrocyte 

band four.1-ezrin-radixin-moesin; FERM) domain, a central kinase (catalytic) 

domain and a C-terminal non-catalytic domain (Figure 5.2). β1-integrin interacts 

with FAK through the N-terminal region (Salmela et al, 2017). This domain 

contains the FAK auto-phosphorylation site (Tyr397) which interacts with the SH2 

domain in Src1 (Schaller et al, 1994). The C-terminal domain includes a number 

of sites for interaction with other proteins such as Src1, Paxillin and Cas (Parsons, 

2003).  

Previous studies have shown that the interaction of β1-integrin with FAK causes 

FAK auto-phosphorylation at Tyr397 (Calalb et al, 1995; Schwartz et al, 1995). 

Evidence indicates that FAK phosphorylation at Tyr397 as well as the 

phosphorylation of Tyr576 and Tyr577 within the kinase domain are associated 

with an increase in the kinase activity of FAK (Calalb et al, 1995; Lipfert et al, 

1992; Owen et al, 1999). Maximal activation of FAK is achieved by the 

phosphorylation of Tyr397, Tyr576 and Tyr577 enhancing the subsequent 

downstream signalling (Calalb et al, 1996; Owen et al, 1999). The integrin-

promoted FAK auto-phosphorylation at Tyr397 generates a binding site with the 

SH2 domain of the Src1 protein (Calalb et al, 1995; Schaller et al, 1994). This 

Src1-FAK interaction can induce Src1-mediated signalling (Schlaepfer et al, 

2004). 
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FAK and Src1 proteins cooperate to transmit signals from integrin receptors, and 

to regulate different cellular processes. Src1 is auto-phosphorylated on tyrosine 

416 (Tyr416). FAK is activated by auto-phosphorylation on Tyr397. The auto-

phosphorylation provides a binding site with Src1 on the SH2 domain. SH3 

domain of Src1 enhances the phosphorylation of other tyrosine residues 

(576,577) of FAK. The Src1-FAK interaction is involved in the regulation of 

different cell processes. α subunit may refer to α2, α3, α4 or α5. 

 

Figure 5.1 The interaction between Src1 and FAK proteins and the subsequent 

cellular outcomes 
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Evidence suggests that FAK is mediating the signalling initiated by integrins and 

other cell membrane receptors, such as the epidermal growth factor receptor 

(EGFR) (Lu et al, 2001; Maa et al, 1995). FAK is also involved in signalling cancer 

and cardiovascular disease (Yoon et al, 2015; Zhang et al, 2017a). Consequently, 

FAK has been suggested to be a promising therapeutic target for diseases 

associated with apoptosis, especially in cancer and cardiovascular disease 

(Cheng et al, 2012; Infusino & Jacobson, 2012).  

 

5.1.2 β integrins 

Integrins are transmembrane adhesion proteins which form heterodimers which 

are comprised of an α and a β subunit. The receptors are formed from 18 α-

subunits and 8 β-subunits (Nakayamada et al., 2007). The α and β-subunits of 

integrins consist of a large extracellular domain, a transmembrane domain and a 

small cytoplasmic domain. Integrins act as a receptor for binding to the 

extracellular matrix and link to the cytoskeleton. The cytoplasmic domain recruits 

to adaptor proteins, which in turn interact with the cell cytoskeleton (Barczyk et 

al, 2010; Brakebusch & Fassler, 2005). This connection transduces a signals 

from the extracellular ligand into the cells and results in the activation of pathways 

such as p38 MAPK (Aikawa et al, 2002). In addition, integrins have the ability to 

transmit intracellular signals by mechanisms called inside-out signalling. This 

mechanisms can change the binding affinity of integrins for the extracellular 

matrix. The activation of inside-out signalling regulates different cellular 

processes including migration and adhesion (Brakebusch & Fassler, 2005; 

Geiger et al, 2009). It has been shown that the extracellular domain of integrins 

can interact with different components of the extracellular matrix such as 
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vitronectin (Bergmann et al, 2009), laminin (Takizawa et al, 2017) and fibronectin 

(Missirlis et al, 2016). 

A number of studies have reported the ability of TF to induce cellular signalling 

through binding to different complexes of α and β1 subunits of integrin such as 

α4β1 (Rothmeier et al, 2017) and α3β1 (Dorfleutner et al, 2004), although other 

complexes including α2β1 and α5β1 cannot be ruled out. In addition, it has been 

shown that the interaction of TF with β1-integrin requires the formation of a 

complex with factor VIIa which can then activate PAR2, leading to subsequent 

pro-angiogenic and pro-migratory signals (Rothmeier et al, 2018). Moreover, 

activation of p38 MAPK by TF is thought to involve integrins (Kocaturk & 

Versteeg, 2013). Integrins have been shown to promote apoptosis through the 

activation of Src1 (Sirvent et al, 2012). The inhibition of β1-integrin results in 

reduction in Src1 activation (Arias-Salgado et al, 2005; Huveneers et al, 2007). 

The interaction between FAK and Src1 is known to be capable of transmitting 

cellular signals initiated by β1-integrin (Oktay et al, 1999; Schlaepfer & Hunter, 

1996). Therefore, it is possible that the interaction between TF and β1-integrin 

may induce Src1 activation. 
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FAK protein is composed of three domains: FAT (focal adhesion targeting), 

kinase and FERM domains. FERM domain is the binding site with β1-integrin and 

epidermal growth factor receptor. FAK-β1-integrin binding induces Tyr397 

phosphorylation (auto-phosphorylation site). The phosphorylation of Tyr397 

creates a binding site with Src1 protein. Kinase (catalytic) domain include Tyr 567 

and Tyr577. Phosphorylation of these residues provides the maximal 

phosphorylation of FAK. The FAT (focal adhesion targeting) domain contains the 

Tyr925 binding site for the Paxillin protein. 

 

 

 

 

Figure 5.2 Structural domains of FAK protein 
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5.1.3 Aims 

The results in chapter 3 and 4 have demonstrated that the accumulation of TF 

within endothelial cells results in cellular apoptosis through a mechanism 

involving the over-activation of Src1 protein. Furthermore, the level of cellular 

apoptosis is reduced following the inhibition of Src1 protein. However, the specific 

mechanisms by which Src1 activity regulates apoptosis have not been studied. 

Hypothesis- FAK protein and β1-integrin act as regulators in the signalling 

mechanisms that allow Src1 to mediate cellular apoptosis following the activation 

of TF. 

The objectives of the study aimed to: 

 Examine the influence of FAK protein inhibition on the activation of Src1 in 

cells expressing TF. 

 Examine the influence of β1-integrin inhibition on the activation of Src1 in 

cells expressing TF. 

 

5.2 Methods 

5.2.1 Src1 tyrosine kinase activity assay 

The ProFluor® Src-family kinase assay was used to quantify the Src1 enzymatic 

activity in cells. The kit measured the tyrosine kinase activity of Src1 by its ability 

to catalyse the phosphorylation of a commercial substrate molecule (Src-Family 

Kinase rhodamine 110; R110 Substrate provided with the kit). The amount of the 

released fluorescence substrate depends on the amount of the protein activity. 
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HDBEC (105/well) were seeded in 12-well plates and incubated overnight. Sets 

of cells were transfected to express a mutant form of TF (TFAla253-tGFP), wild-

type TF or tGFP, as a control (pCMV6-AC-tGFP). The cells were incubated for 

48 h to express the proteins. Sets of untransfected cells were used as control in 

every experiment. All the cells were adapted to low-serum medium MV containing 

2 % (v/v) FCS for 60 min. The cells were then activated using PAR2-AP (20 μM) 

for a further 90 min before being lysed using PhosphoSafe™ Extraction Reagent 

(PhosphoSafe buffer). Finally, the Src1 activity of the cell lysate for each sample 

was analysed using the activity assay, as follows.  

The solutions for the reaction were prepared as described in Table 5.1 prior to 

perform the assay. 

1- Each sample (cell lysate; 5 μl) was placed in separate well in opaque-walled 

96-well plates. 

2- Kinase peptide substrate solution (20 μl) was added to the wells  

3- ATP solution (25 μl) was added to start the reaction and incubated with 

shaking for exactly 60 min at room temperature. 

4- Protease solution (25 μl) was added and incubated for 60 min at 22-25°C. 

5- Stabiliser solution (25 μl) was added to stop the reaction. 

6- The fluorescence intensity was measured as follows:   

i.     Ex  485 nm         Em  530 nm        Rhodamine 

ii .   Ex  355 nm         Em  460 nm         AMC 
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Table 5.1 Preparation of the reagents used in Src1 activity assay  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Kinase Solution 96-well 

5X Reaction Buffer A  

Control AMC Substrate   

Src-Family Kinase R110 Substrate  

MnCl2, 300 mM  

Sodium Vanadate, 100mM  

NANOpure® water to a volume of  

600 μl 

3 μl 

3 μl 

20μl 

6 μl 

3 ml 

ATP Solution  

5X Reaction Buffer A  

ATP 10mM 

NANOpure® water to a volume of  

400 μl  

20 μl 

2 ml 

Protease Solution  

5X Termination Buffer A  

Protease Reagent  

NANOpure® water to a volume of  

600 μl 

120 μl  

3 ml 

Stabilizer Solution  

5X Termination Buffer A  

Stabilizer Reagent  

NANOpure® water to a volume of  

600μl 

3 μl 

3 ml 
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5.2.1.1 Estimation of Src1 activity  

In order to quantify the Src1 activity in the cell lysate, a standard curve was 

prepared using serial dilutions of the kinase solution (Table 5.1) covering average 

of concentration (0-4 μM) in kinase diluent solution (5X reaction buffer A (200 μl), 

control AMC substrate (1 μl), MnCl2, 300 mM (6.7μl), sodium vanadate, 100 mM 

(2 μl), and made up to a volume of 1 ml with pure water). PhosphoSafe buffer (5 

μl) was added to each well and the fluorescence intensity of the standards was 

measured (Ex 485 nm, Em 530 nm for rhodamine and Ex 355 nm, Em 460 nm 

for AMC) as described in 5.2.1. The Src1 protein concentrations of the samples 

were determined using the following equation derived from the standard curve 

(Figure 5.3): 

Protein concentration (μM) = y/194.68 

 

5.2.2 Estimation of the dilution of cell lysate for measuring Src1 kinase 

activity 

In order to establish the optimum dilution of the cell lysate for the determination 

of kinase activity, HDBEC (105/well) were seeded out in 12-well plates and 

incubated overnight. The cells were lysed in PhosphoSafe buffer and the lysate 

collected. PhosphoSafe buffer was used in a separate well as control. The cell 

lysates from each sample were diluted 0-5 times and the Src1 activity analysed 

by as described in 5.2.1. 
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A range of kinase standards was prepared by serially diluting the kinase peptide 

substrate (0-4 μM) in kinase diluent. PhosphoSafe buffer (5 μl/well) was placed 

in a 96-well plates and mixed with 20 μl of each standard sample. Protease 

solution (25 μl/well) was then added and the plate incubated at 22-25°C for 60 

min. Finally, 25 μl of the stabiliser solution was added and the fluorescence was 

measured (Ex 485 nm, Em 530 nm for rhodamine and Ex 355 nm, Em 460 nm 

for AMC). Data represent the mean value of the three separate experiments. 

 

 

 

 

Figure 5.3 Standard curve for the activity assay 
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5.2.3 Optimisation of FAK inhibitor incubation time 

Tyr397 is the unique site of auto-phosphorylation in FAK protein (Xing et al, 1994) 

and is needed for the activation of Src1 through binding with the SH2 domain 

(Schaller et al, 1994). FAK inhibitor-14 (1,2,4,5-benzenetetraamine 

tetrahydrochloride) acts by blocking the phosphorylation of FAK at Tyr397. In 

order to determine the optimal incubation time for maximal inhibition of FAK, 

HDBEC (105/well) were seeded out in 12-well plates and incubated overnight. 

The cells were treated with the FAK inhibitor (100 μM) for up to 6 h. The cells 

were then lysed using PhosphoSafe buffer. The protein samples were separated 

by SDS-PAGE and analysed using western blot as described in section 2.2.8 

using specific antibodies as in Table 2.1. Quantitative analysis of the western 

blots was carried out using ImageJ program and the amount of phospho FAK was 

normalised against total FAK protein. Also, the amount of phospho Src1 was 

normalised against total Src1 protein at each interval.  

 

5.2.4 Evaluation of the outcome of FAK inhibition on Src1 phosphorylation 

in HDBEC expressing TF  

In order to assess the effect of FAK inhibition on the phosphorylation of Src1, 

HDBEC (105/well) were seeded out in 12-well plates and incubated overnight. 

Sets of cells were transfected to express a mutant form of TF (TFAla253-tGFP), 

wild-type TF, or a tGFP. The cells were incubated for 48 h to allow protein 

expression. In addition, a set of untransfected cells was used as a control. All the 

sets were adapted to low-serum medium MV containing 2 % (v/v) FCS and 

treated with the FAK inhibitor (100 μM) for 90 min or used untreated. Additionally, 

a parallal set of cells was incubated with the FAK inhibitor for 24 h, since it has 
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been reported that total inhibition of the FAK requires 24 h incubation (Hochwald 

et al, 2009). The cells were then activated using PAR2-AP (20 μM) for a further 

90 min after which, the cells were lysed using a PhosphoSafe buffer, collected 

and boiled for 10 min. The protein samples were separated by SDS-PAGE and 

analysed using western blot as described in section 2.2.8 using specific antibody 

for FAK and Src1 proteins (Table 2.1). Quantitative analysis of the western blots 

was carried out using ImageJ program and the amount of phospho Src1 was 

normalised against total Src1 protein. Also, the amount of phospho FAK was 

normalised against total FAK protein at each interval.  

 

5.2.5 Evaluation of the outcome of FAK inhibition on Src1 kinase activity 

in HDBEC expressing TF 

In order to examine the influence of the inhibition of FAK on Src1 kinase activity 

during the accumulation of TF within the cell, HDBEC were prepared in the 

presence and absence of FAK inhibitor as described in the previous section 

(5.2.4). Src1 tyrosine kinase activity was then measured before and after PAR2 

activation using the ProFluor® Src-family kinase assay, as described in 5.2.1. 

 

5.2.6 Evaluation of the outcome of blocking of β1-integrin on Src1 protein 

phosphorylation in HDBEC expressing TF 

In order to assess the level of Src1 phosphorylation following the inhibition of β1-

integrin, HDBEC (105/well) were seeded out in 12-well plates and incubated 

overnight. A set of cells was transfected to express a mutant form of TF (TFAla253-

tGFP), wild-type TF, or a tGFP. The cells were incubated for 48 h to allow the 
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expression of the proteins. In addition, a set of untransfected cells was used as 

a control. All sets were adapted to low-serum medium MV containing 2 % (v/v) 

FCS. Selected sets were treated with a blocking anti-β1-integrin antibody, (AIIB2; 

10 μg/ml) for 60 min. The concentration of the blocking antibody was previously 

optimised (Maya-Mendoza et al, 2016; Tohidpour et al, 2017; Verma et al, 2016). 

The cells were activated using PAR2-AP (20 μM) for a further 90 min, and then 

lysed using a PhosphoSafe buffer. The lysate was boiled for 10 min and the 

protein samples were separated by SDS-PAGE. The membranes were then 

analysed by western blot as described in section 2.2.8 using specific antibody for 

Src1 and FAK proteins (Table 2.1). Quantitative analysis of the western blots was 

carried out using ImageJ program and the amount of phospho Src1 was 

normalised against total Src1 protein Also, the amount of phospho FAK was 

normalised against total FAK protein at each interval. 

 

5.2.7 Evaluation of the outcome of blocking of β1-integrin on Src1 kinase 

activity in HDBEC expressing TF 

In order to examine the influence of the inhibition of β1-integrin on Src1 kinase 

activity during the accumulation of TF within the cell, HDBEC were prepared in 

the presence and absence of β1-integrin inhibitor as described in the previous 

section (5.2.6). Src1 tyrosine kinase activity was then measured before and after 

PAR2 activation using the ProFluor® Src-family kinase assay, as described 

in 5.2.1. 
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5.3 Results 

5.3.1 Optimisation of the dilution of the cell lysates for the determination 

of Src1 kinase activity 

In order to determine the optimal dilution of the cell lysates, three dilution of the 

samples were examined using the ProFluor® Src-family kinase assay. The 

undiluted and two times diluted samples were found to produce comparable 

measurements (Figure 5.4). However, duo to high level of auto-fluorescence, the 

undiluted samples lysate produced spurious results which often saturated and 

exceeded the limit of the instrument. Therefore, the two times dilution was 

adopted as part of the procedure. 

 

5.3.2 Establishment of the optimal incubation time for the inhibition of FAK 

activity 

In order to determine the optimal incubation time for inhibiting FAK activity, cells 

were treated with the FAK inhibitor (100 μM) for up to 6 h. The phosphorylation 

of FAK was then assessed by western blot. Analyses of the protein bands showed 

that a maximal reduction in the FAK phosphorylation was obtained following 3 h 

incubation with the inhibitor (Figure 5.5). However, examination of Src1 showed 

that the maximal inhibition in Src1 phosphorylation was obtained after 2 h 

incubation with the FAK inhibitor (Figure 5.6). 
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HDBEC (105/well) were seeded out in 12-well plates and incubated overnight. 

The samples were then diluted 5x, 2x or used undiluted. Src1 activity was then 

analysed using ProFluor® Src-family kinase assay (The data is the average of 

three independent experiments and expressed as the mean ± SEM). 

 

 

 

 

 

Figure 5.4 Analyses of Src1 kinase activity using different dilutions of the cell 

lysate 
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HDBEC (105/well) were seeded out in 12-well plates and incubated overnight. 

The cells were treated with the FAK inhibitor (100 μM) for up to 6 h. The cells 

were then lysed, collected and analysed by western blot using a rabbit anti-

human phospho-FAK antibody and a rabbit anti-human total FAK antibody. 

Quantitative analysis was carried out using ImageJ program to determine the 

phospho-FAK (P/FAK)/Total FAK (T/FAK) ratio at each time interval (The data is 

the average of three independent experiments and expressed as the mean ± 

SEM). 
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Figure 5.5 Determnation of the optimal incubation time for the maximal FAK 

inhibition 
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HDBEC (105/well) were seeded out in 12-well plates and incubated overnight. 

The cells were treated with the FAK inhibitor (100 μM) for up to 6 h. The cells 

were then lysed, collected and analysed by western blot using a rabbit anti-

human phospho-Src family antibody and a rabbit anti-human total Src antibody. 

Quantitative analysis was carried out using ImageJ program to determine the 

phospho-Src1 (P/Src1)/total Src1 (T/Src1) ratio at each time interval (The data is 

the average of three independent experiments and expressed as the mean ± 

SEM). 
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Figure 5.6 Examination of Src1 phosphorylation following incubation of cells with 

FAK inhibitor 
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5.3.3 Examination of the role of FAK on TF-mediated Src1 phosphorylation 

In order to evaluate the role of FAK as a signalling mediator connecting TF and 

Src1, the outcome of FAK inhibition on Src1 phosphorylation was examined. 

HDBEC (105/well) expressing a mutant form of TF (TFAla253-tGFP), wild-type TF, 

tGFP or untransfected were treated with the FAK inhibitor (100 μM) for 24 h. 

Another set of cells was as above but incubated with FAK inhibitor for 90 min. 

The cells were then activated using PAR2-AP (20 μM) for a further 90 min, lysed 

in PhosphoSafe buffer and Src1 phosphorylation assessed by western blot. 

Before measuring the effect of FAK inhibition on Src1 phosphorylation, Src1 

phosphorylation following PAR2 activation was measured. Western blot analyses 

of Src1 seemed to show a marginal increase in the phosphorylation status 

following PAR2 activation in transfected cells compared to non-transfected cells. 

This apparent increase in phosphorylation is particularly evident in the samples 

expressing the mutant form of TF (Figure 5.7). In contrast to the relatively small 

difference in Src1 phosphorylation, there was a significant reduction in FAK 

phosphorylation in all sets of cells following incubation with the inhibitor for 90 

min (Figure 5.8). However, Analyses of the protein bands showed that incubation 

of the cells with the FAK inhibitor for 24 h resulted in a reduction in cell numbers 

as indicated by lower amount of GAPDH in addition to a reduction in the 

expression of Src1 protein (Figure 5.9). Moreover, incubation of the cells with the 

inhibitor for 90 min resulted in significant reduction in Src1 phosphorylation 

(Figure 5.10) compared with the untransfected cells. However, activation of PAR2 

in transfected HDBEC did not result in alteration in the level of FAK 

phosphorylation (Figure 5.11). 
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5.3.4 Examination of the role of FAK inhibition in Src1 kinase activity in 

endothelial cells 

In order to examine any outcome of FAK inhibition on Src1 kinase activity, 

HDBEC were prepared as previously described in 5.2.4 and assessed using the 

ProFluor® Src-family kinase assay as described in 5.2.1. Activation of PAR2 in 

HDBEC expressing the mutant form of TF resulted in increased Src1 activity. 

Furthermore, the pre-incubation of cells with the FAK inhibitor only marginally 

seemed to reduce the Src1 activity (Figure 5.12). 
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HDBEC (105/well) were cultured in 12-well plates and transfected to express 

TFAla253-tGFP, wild-type TF, tGFP or were used untransfected and incubated for 

48 h to express the proteins. The cells were treated with or without with PAR2-

AP (20 µM) for 90 min. The samples were lysed in PhosphoSafe buffer and 

analysed by western blot using a rabbit anti-human phospho-Src family antibody 

and a rabbit anti-human total Src antibody. Quantitative analysis was carried out 

using ImageJ program to determine the phospho-Src1 (P/Src1)/total Src1 

(T/Src1) ratio (The data is the average of three independent experiments and 

expressed as the mean ± SEM). 

 

 

                             

 

 

       

 

 

 

 

 

 

 

 

Figure 5.7 Assessment of Src1 phosphorylation following activation of PAR2 in 

HDBEC 
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HDBEC (105/well) were cultured in 12-well plates and transfected to express 

TFAla253-tGFP, wild-type TF, tGFP or were used untransfected and incubated for 

48 h to express the proteins. The cells were pre-incubated with the FAK inhibitor 

(100 µM) for 90 min prior to activation with PAR2-AP (20 µM) for a further 90 min. 

The samples were lysed in PhosphoSafe buffer and analysed by western blot 

using a rabbit anti-human phospho-FAK antibody and a rabbit anti-human total 

FAK antibody. Quantitative analysis was carried out using ImageJ program to 

determine the phospho-FAK (P/FAK)/total FAK (T/FAK) ratio (The data is the 

average of three independent experiments and expressed as the mean ± SEM; * 

= P<0.01 vs respective sample without inhibitor). 

 

 

                             

 

 

 

 

 

 

 

 

 

 

 

 

 

L
a

d
d

e
r 

C
o
n
tr

o
l 

C
o
n
tr

o
l 

T
F

A
la

2
5
3
 

T
F

W
t 

tG
F

P
 

T
F

A
la

2
5
3
 

T
F

W
t 

tG
F

P
 

L
a

d
d

e
r 

C
o
n
tr

o
l 

C
o
n
tr

o
l 

T
F

A
la

2
5
3
 

T
F

W
t 

tG
F

P
 

T
F

A
la

2
5
3
 

T
F

W
t 

tG
F

P
 

L
a

d
d

e
r 

C
o
n
tr

o
l 

C
o
n
tr

o
l 

T
F

A
la

2
5
3
 

T
F

W
t 

tG
F

P
 

T
F

A
la

2
5
3
 

T
F

W
t 

tG
F

P
 

Inhibitor 

 

No inhibitor 

 

 

Inhibitor 

 

Inhibitor 

 

No inhibitor 

 

 

No inhibitor 

 

 

Figure 5.8 Confirmation of inhibition of FAK phosphorylation by FAK inhibitor  
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HDBEC (105/well) were cultured in 12-well plates and transfected to express 

TFAla253-tGFP, wild-type TF, tGFP or were used untransfected and incubated for 

48 h to express the proteins. The cells were pre-incubated with FAK inhibitor (100 

µM) for 24 h prior to activation with PAR2-AP (20 µM) for a further 90 min. The 

samples were lysed in PhosphoSafe buffer and analysed by western blot using a 

rabbit anti-human phospho-Src family antibody and a rabbit anti-human Src 

antibody. Quantitative analysis was carried out using ImageJ program to 

determine the phospho-Src1 (P/Src1)/total Src1 (T/Src1) ratio (The data is the 

average of three independent experiments). 

 

 

 

 

 

 

                       

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9 Examination of the effect of FAK inhibitor on Src1 phosphorylation at  

24 h 
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HDBEC (105/well) were cultured in 12-well plates and transfected to express 

TFAla253-tGFP, wild-type TF, tGFP or were used untransfected and incubated 

for 48 h to express the proteins. The cells were pre-incubated with FAK inhibitor 

(100 µM) for 90 min prior to activation with PAR2-AP (20 µM) for a further 90 min. 

The samples were lysed in PhosphoSafe buffer and analysed by western blot 

using a rabbit anti-human phospho-Src family antibody and a rabbit anti-human 

total Src antibody. Quantitative analysis was carried out using ImageJ program 

to determine the phospho-Src1 (P/Src1)/total Src1 (T/Src1) ratio (The data is the 

average of three independent experiments and expressed as the mean ± SEM; * 

= P<0.01 vs respective sample without inhibitor). 

 

 

                           

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

L
a

d
d

e
r 

C
o
n
tr

o
l 

C
o
n
tr

o
l 

T
F

A
la

2
5
3
 

T
F

W
t 

tG
F

P
 

T
F

A
la

2
5
3
 

T
F

W
t 

tG
F

P
 

 3
 

 4
 

 6
 

 

Inhibitor 

 

No inhibitor 

 

L
a

d
d

e
r 

C
o
n
tr

o
l 

C
o
n
tr

o
l 

T
F

A
la

2
5
3
 

T
F

W
t 

tG
F

P
 

T
F

A
la

2
5
3
 

T
F

W
t 

tG
F

P
 

 3
 

 4
 

 6
 

 

L
a

d
d

e
r 

C
o
n
tr

o
l 

C
o
n
tr

o
l 

T
F

A
la

2
5
3
 

T
F

W
t 

tG
F

P
 

T
F

A
la

2
5
3
 

T
F

W
t 

tG
F

P
 

 3
 

 4
 

 6
 

 

Inhibitor 

 

Inhibitor 

 

No inhibitor 

 

No inhibitor 

 

Figure 5.10 Examination of the effect of FAK inhibitor on Src1 phosphorylation 

at 90 min 
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HDBEC (105/well) were cultured in 12-well plates and transfected to express 

TFAla253-tGFP, wild-type TF, tGFP or were used untransfected and incubated for 

48 h to express the proteins. The cells were treated with or without PAR2-AP (20 

µM) for 90 min. The samples were lysed in PhosphoSafe buffer and analysed by 

western blot using a rabbit anti-human phospho-FAK antibody and a rabbit anti-

human total FAK antibody. Quantitative analysis was carried out using ImageJ 

program to determine the phospho-FAK (P/FAK)/total FAK (T/FAK) ratio (The 

data is the average of three independent experiments and expressed as the 

mean ± SEM).  

 

 

                             

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11 Assessment of FAK phosphorylation following activation of PAR2 in 

HDBEC 
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HDBEC (105/well) were seeded in 12-well plates and transfected to express 

TFAla253-tGFP, wild-type TF, tGFP or used untransfected and incubated for 48 h 

to express the proteins. The cells were pre-incubated with the FAK inhibitor (100 

µM) for 90 min prior to activation with PAR2-AP (20 µM) for a further 90 min. The 

samples were lysed in PhosphoSafe buffer and Src1 activity was measured using 

a Src-kinase activity assay kit (The data is the average of four independent 

experiments and expressed as the mean ± SEM; * = P<0.05 vs the 

untransfected/untreated). 

 

 

 

 

Figure 5.12 The influence of FAK inhibition on Src1 kinase activity in HDBEC 
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5.3.5 Examination of the influence of blocking of β1-integrin on TF-

mediated Src1 phosphorylation 

In this section the role of β1-integrin in the activation of Src1, in cells 

overexpressing TF was evaluated. HDBEC (105/well) expressing the mutant form 

of TF (TFAla253-tGFP), wild-type TF, a control plasmid (tGFP) plus an 

untransfected sample were blocked with anti-β1-integrin antibody, AIIB2 (10 

μg/ml) for 60 min. The cells were then activated using PAR2-AP (20 µM) for a 

further 90 min, lysed in PhosphoSafe buffer and the phosphorylation of Src1 and 

FAK assessed by western blot. Analyses of the protein bands showed that the 

blocking of β1-integrin using antibody, only marginally seemed to reduce the level 

of Src1 phosphorylation in cells expressing TFAla253-tGFP (Figure 5.13). However, 

FAK phosphorylation remained unaltered in these cells (Figure 5.14). 

 

5.3.6 Examination of the role of β1-integrin on Src1 kinase activity in 

endothelial cells 

Cells were prepared as described in 5.2.6 and Src1 kinase activity measured 

using ProFluor® Src-family kinase assay in samples where β1-integrin was 

blocked as described above in section 5.3.5. Analyses of Src1 tyrosine kinase 

activity showed a significant increase in Src1 activity following the activation of 

PAR2 in transfected HDBEC than the untransfected control cells. Furthermore, 

inhibition of β1-integrin in HDBEC resulted in the reduction in Src1 kinase activity 

following PAR2 activation in all cells but was significant in cells expressing the 

mutant TF (Figure 5.15).  
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HDBEC (105/well) were cultured in 12-well plates and transfected to express 

TFAla253-tGFP, wild-type TF, tGFP or were used untransfected. All cells were 

incubated for 48 h to express the proteins. The cells were then pre-incubated with 

an inhibitory anti-β1-integrin antibody (AIIB2; 10 µg/ml) for 60 min, prior to 

activation with PAR2-AP (20 µM) for a further 90 min. The samples were lysed in 

PhosphoSafe buffer and analysed by western blot using a rabbit anti-human 

phospho-Src family antibody and a rabbit anti-human total Src antibody. 

Quantitative analysis was carried out using ImageJ program to determine the 

phospho-Src1 (P/Src1)/total FAK (T/Src1) ratio (The data is the average of three 

independent experiments and expressed as the mean ± SEM).  
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Figure 5.13 Assessment of Src1 phosphorylation following incubation of cells with 

the anti-β1-integrin inhibitor (AIIB2) 
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HDBEC (105/well) were cultured in 12-well plates and transfected to express 

TFAla253-tGFP, wild-type TF, tGFP or were used untransfected. All cells were 

incubated for 48 h to express the proteins. The cells were then pre-incubated with 

an inhibitory anti-β1-integrin antibody (AIIB2; 10 µg/ml) for 60 min, prior to 

activation with PAR2-AP (20 µM) for a further 90 min. The samples were lysed in 

PhosphoSafe buffer and analysed by western using a rabbit anti-human 

phospho-FAK antibody and a rabbit anti-human total FAK antibody. Quantitative 

analysis was carried out using ImageJ program to determine the phospho-FAK 

(P/FAK)/total FAK (T/FAK) ratio (The data is the average of four independent 

experiments and expressed as the mean ± SEM). 

 

 

                             

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.14 Assessment of FAK phosphorylation following incubation of cells with 

the inhibitory anti-β1-integrin antibody 
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HDBEC (105/well) were cultured in 12-well plates and transfected to express 

TFAla253-tGFP, wild-type TF, tGFP or were used untransfected. The cells were 

incubated for 48 h to express the proteins. The cells were then pre-incubated with 

anti-β1-integrin inhibitory antibody (AIIB2; 10 µg/ml) for 60 min, prior to activation 

with PAR2-AP (20 µM) for a further 90 min. The samples were lysed using a 

PhosphoSafe buffer and Src1 activity was measured by a Src-kinase activity 

assay kit (n=6 independent experiments; * = P<0.05 vs the 

untransfected/untreated, ** = P<0.05 vs respective sample without the inhibition). 

 

 

 

Figure 5.15 Assessment of the influence of β1-integrin blocking on Src1 kinase 

activity in HDBEC 
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5.4 Discussion  

Previous studies have reported the ability of TF to induce cellular signalling 

through binding with the β1-integrin (Collier & Ettelaie, 2010; Kocaturk et al, 2013; 

Kocaturk & Versteeg, 2013). Furthermore, the interaction between FAK and Src1 

is known to be capable of transmitting cellular signals initiated by β1-integrin 

(Oktay et al, 1999; Schlaepfer & Hunter, 1996). The results presented in chapter 

4 indicated that Src1 is a mediator of p38 MAPK activation following the cellular 

accumulation of TF. The activation of p38 MAPK can promote cellular apoptosis 

in endothelial cells (ElKeeb et al, 2015). Therefore, the aim of this section of the 

study was to examine the ability of β1-integrin and FAK to mediate the over-

activation of Src1 following the accumulation of TF as observed in chapter 4. In 

order to prevent the release of TF, HDBEC was transfected to express a mutant 

form of TFAla253-tGFP which is not released by the cells. In addition, cells 

expressing wild-type TF, tGFP and untreated (untransfected) were used for 

comparison. 

First, this study attempted to determine the involvement of FAK in TF-induced 

Src1 activation in HDBEC. It has been reported that incubation of cells with the 

FAK inhibitor-14 for 24 h can achieve full inhibition of FAK at Tyr397 (Hochwald 

et al, 2009). However, the incubation of the cells with the FAK inhibitor resulted 

in reduction of number of cells and as indicated by the lower level of GAPDH 

(Figure 5.9).It is likely that incubation of the cells with the FAK inhibitor for 24 h 

caused cell detachment and/or anoikis. However, incubation of the cells with the 

FAK inhibitor for 3 h inhibited FAK phosphorylation without causing a reduction 

of cell number (Figure 5.5). However, 90 min incubation time of the FAK inhibitor 

produced sufficient inhibition of FAK phosphorylation in transfected cells 
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(Figure 5.8). In addition, a 2 h incubation with the FAK inhibitor produced the 

maximal reduction in Src1 phosphorylation (Figure 5.6).  

In agreement with our earlier observations in 3.3.5, highest level of Src1 

phosphorylation was observed following PAR2 activation of cells expressing 

TFAla253-tGFP (Figure 5.7). Following the inhibition of FAK, phosphorylation of 

Tyr416 in Src1 was shown to be reduced in PAR2-activated HDBEC 

(Figure 5.10). These results further support the hypothesis that inhibition of 

Tyr397 phosphorylation in FAK, prevents the formation of Src1-FAK complex, 

which is essential for the phosphorylation of Tyr416 in Src1. In agreement with 

these results, previous studies have reported that integrin-promoted FAK auto-

phosphorylation at Tyr397. The phosphorylation of Tyr397 generates a binding 

site with the SH2 domain of Src1 protein (Calalb et al, 1995; Schaller et al, 1994). 

As a result of this binding, the intramolecular interaction between the SH2 domain 

and the phospho Tyr527 in the C-terminal of Src1 is disrupted (Thomas & Brugge, 

1997). The removal of the negative regulatory C-terminal creates an active 

conformation resulting in increased catalytic activity of Src1 (Schlaepfer et al, 

1994). Subsequently, the activation loop is exposed which allows the 

phosphorylation of Src1 at Tyr416 (Guarino, 2010; Kleinschmidt & Schlaepfer, 

2017). Therefore, the interaction of Src1 and FAK can induce Src1-mediated 

signalling (Schlaepfer et al, 2004). 

In addition to Src1 phosphorylation, significant increases in Src1 activity was 

observed in all transfected cell samples following PAR2 activation compared to 

the untransfected cells. However, only a very marginal reduction in Src1 activity 

was detected (if at all) following the inhibition of FAK in cells expressing the 

mutant or wild-type of TF (Figure 5.12). Furthermore, the level of Src1 activity 

was found to be high even in the samples treated with the FAK inhibitor. These 
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findings are consistent with previous data which suggest that FAK inhibition is not 

sufficient to completely supress Src1 activity. Therefore, the lack of Tyr397 

phosphorylation in FAK alone, is not sufficient for preventing Src1 activation 

(Horton et al, 2016). It has been suggested that Src1 may become activated by 

mechanism that are independent of FAK (Horton et al, 2016). Alternatively, some 

Src1 activity may arise from the persistence of activated Src1, prior to the addition 

of the FAK inhibitor (Sen & Johnson, 2011). Several studies have reported that 

in inactive Src1, Tyr527 is phosphorylated and binds the SH2 domain, while 

Tyr416 remains unphosphorylated. This produces a closed configuration with no 

kinase activity (Brown & Cooper, 1996; Johnson et al, 1996; Xu et al, 1999). 

Following the binding of FAK to the SH2 domain in Src1, the displaced 

phosphorylated Tyr527 becomes dephosphorylated. The subsequent 

phosphorylation of Tyr416 creates an active Src1 protein (Figure 1.6) (Frame, 

2002; Mitra & Schlaepfer, 2006; Thomas & Brugge, 1997). However, in our study 

no significant decrease in Src1 activity was detected despite a reduction in 

Tyr416 phosphorylation, following the inhibition of FAK. Moreover, These results 

are in agreement with the findings of others, who reported that phosphorylation 

of Tyr416 is not needed for Src1 activity (Cary et al, 2002).in contrast, (Stover et 

al, 1994) reported that both Tyr416 and Tyr527 may be phosphorylated in the 

same Src1 molecule. The replacement of phospho Tyr527 at the C-terminal with 

a high affinity phospho-tyrosine from FAK results in the exposure of the SH3 

domain in Src1 which interacts with the FERM domain within FAK and leads to 

the stabilisation of the Src1-FAK complex (Brown & Cooper, 1996). 

Overall, our findings indicate that, although blocking of the Src1-FAK binding site 

prevents FAK-induced Src1 activation, the Src1 protein may become activated 

by mechanisms independent of FAK. In agreement with these results, previous 
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studies have reported that the α4β1-integrin is capable of activating Src1 

independently of FAK (Hsia et al, 2005) through mechanism involving other 

members of the focal adhesion complex such as Paxillin and vinculin, which were 

reported as binding proteins of Src1 at SH3 (Figure 5.16) (Weng et al, 1993). 

The second part of this study aimed to determine the possible role of β1-integrin 

in TF-induced Src1 activation in HDBEC. It has been reported that the influence 

of β1-integrin on Src1 is mediated through activation of FAK-Src1 complex. 

(Giancotti, 2000; Huveneers & Danen, 2009; Meves et al, 2011). The blocking of 

β1-integrin using an inhibitory antibody (AIIB2) has been shown to suppress FAK 

phosphorylation at Tyr397 (Eke et al, 2012). Since the phosphorylation of Tyr397 

on FAK is required for Src1 activation, the lack of phosphorylation of FAK should 

inhibit the activation of Src1 by β1-integrin. The highest level of Src1 

phosphorylation was observed in HDBEC expressing TFAla253-tGFP following 

PAR2 activation. However, the phosphorylation of Src1 was reduced following 

the blocking of β1-integrin with AIIB2 antibody (Figure 5.13). These results are in 

agreement with those reported by (Zhao et al, 1998), who suggested that 

prevention of FAK phosphorylation at Tyr397 prevents the binding of Src1 and is 

required to stop integrin-induced signalling. However, analysis of FAK 

phosphorylation using western blot, in cells pre-incubated with β1-integrin 

blocking antibody did not show a reduction in FAK phosphorylation (Figure 5.14). 

Therefore, It has been suggested that Src1 may become activated by mechanism 

that are independent of FAK (Horton et al, 2016). Alternatively, some Src1 activity 

may arise from the persistence of activated Src1, prior to the addition of the FAK 

inhibitor (Sen & Johnson, 2011). Therefore, the observed decrease in Src1 

phosphorylation, following the blocking of β1-integrin appears to involve reduced 

the recruitment of Src1 protein to the focal adhesion complex, possibly by 
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preventing the interaction of other protein components. In addition, a higher level 

of Src1 activity was detected in transfected HDBEC than the untransfected 

control cells. Inhibition of β1-integrin in HDBEC resulted in the reduction in Src1 

kinase activity following PAR2 activation in all cells but was highest in cells 

expressing the mutant TF protein (Figure 5.15). A direct binding site between the 

cytoplasmic tail of β3-integrin and the SH3 domain of Src1 has been identified 

(Arias-Salgado et al, 2005). Furthermore, the blocking antibody used in the study 

(AIIB2) prevents the clustering of integrin which is essential for the maximal 

activation of Src1 (Arias-Salgado et al, 2005; Huveneers et al, 2007). However, 

partial activation of Src1 by mechanisms involving the integrin cannot be ruled 

out (Kaminsky et al, 2012). For example, studies have reported that αvβ3-integrin 

is capable of inducing FAK phosphorylation in both tumour and normal cells which 

in turn activates Src1 (Kuphal et al, 2005).  

In conclusion, a high level of Src1 activation occurs as a result of accumulation 

of TF in cells and in response to activation of PAR2. β1-integrin mediates TF 

induced Src1 activation through clustering of integrin with the focal adhesion 

complex which is essential for activation of Src1 in PAR2 activated cells. In 

addition, the phosphorylation of Src1 is enhanced by FAK activity although the 

Src1 activity is not only dependent on FAK activity. Therefore, this study 

demonstrates a mechanism by which TF can induce cell apoptosis mediated 

through β1-integrin and Src1 signalling. 
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Different members of focal adhesion complex (FAK, Paxillin and Vinculin) were 

suggested to intermediate β1-integrin induced Src1-activation to regulate cell 

signalling. 

 

 

 

Figure 5.16 Proposed signalling mechanism connecting β1-integrin to Src1  
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Chapter 6  

Discussion  
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6.1 General discussion 

The aim of this study was to identify the signalling intermediaries that connect the 

signal initiated by TF to p38 MAPK activation, giving rise to subsequent 

endothelial cell apoptosis which occurs during inflammatory conditions such as 

cancer and vascular disease (Morel et al, 2005; Morel et al, 2006; Muller et al, 

2000). Following trauma or injury, endothelial cells can produce and release TF-

bearing microvesicles into the bloodstream (Aird, 2007; Yau et al, 2015). 

Moreover, endothelial cells have the ability to take up TF carried by circulating 

microvesicles from other sources (Collier et al, 2013; Osterud & Bjorklid, 2012) 

which can lead to cellular dysfunction (Widlansky et al, 2003). In addition to its 

function in coagulation, TF has the ability to regulate cellular processes including 

migration and proliferation through intracellular signalling pathways (Ettelaie et 

al, 2008; Pradier & Ettelaie, 2008; Pyo et al, 2004). Moreover, the role of TF as 

an initiator of cellular apoptosis has now been confirmed (Ettelaie et al, 2007; 

Frentzou et al, 2010). Recently, it was reported that the accumulation of TF within 

endothelial cells either through increased expression, or by acquiring TF from the 

bloodstream, can promote cellular apoptosis through mechanisms mediated by 

p38 MAPK (ElKeeb et al, 2015). TF-induced p38 MAPK activation was 

hypothesized to be mediated by one or more signalling molecules. It has also 

been suggested that one or more member of the Src kinase family can act as 

mediators in connecting TF and p38 MAPK (Versteeg et al, 2000). In addition, 

p38 MAPK activation by TF is thought to involve integrins (Kocaturk & Versteeg, 

2013). Therefore, this study aimed to elucidate the signalling intermediaries 

associating increased cellular levels of TF, with p38 MAPK activation and 
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subsequent apoptosis. Therefore, Src1, Rac1 and/or TAK1 were examined as 

candidates for the signals that lead to the activation of p38 MAPK following PAR2 

activation, in a mechanism that was also dependent on the level of TF. 

Previously, it was shown that the expression of Ala253-substituted TF in cells 

prevented the release of TF, following the activation of PAR2 (ElKeeb et al, 2015). 

In the first section of the study, expression of wild-type TF in HDBEC was shown 

to lengthen the duration of Src1 phosphorylation up to 100 min. In addition, the 

retention of TF in cells expressing the mutant form of TF (TFAla253-TGFP) resulted 

in Src1 over-activation, demonstrated by the increase in the rate and duration of 

Src1 phosphorylation (up to 100 min) and a greater magnitude. These findings 

indicate that the accumulation of TF within cells further augments the activation 

of Src1 following PAR2 signalling. Moreover, the induction of PAR2 in HDBEC 

was shown to cause Rac1 phosphorylation which peaked at 60 min regardless of 

the presence TF. Therefore, Rac1 does not appear to play a role in connecting 

TF accumulation to p38 MAPK activation. However, it has been reported that the 

interaction of TF/FVIIa leads to the activation of Rac1 which itself is mediated 

through Src1 (Versteeg et al, 2000). Furthermore, it is possible that Rac1 

phosphorylation could occur in response to the proteolytic activation of PAR2 by 

the TF/FVIIa complex (Hjortoe et al, 2004). Therefore, Src1 but not Rac1 appears 

to be the mediator of TF-induced activation of p38 MAPK, which subsequently 

leads to cellular apoptosis in endothelial cells. Finally, since TAK1 

phosphorylation could not be examined in HDBEC, it was not possible to continue 

the examination of the any contribution that this protein may have. 

Both inhibition of Src1 using pp60c-srcpeptide, and suppression of Src1 expression 

were used to confirm the role of Src1 as the intermediary between high levels of 

cellular TF, and induction of apoptosis. The activation of PAR2 following the 
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accumulation of TF in cells resulted in a significant increase in cellular apoptosis. 

This cellular apoptosis was dependent on the accumulation of TF, and also was 

induced following PAR2 activation. These data are in agreement with 

observations reporting that the incubation of cells with high levels of TF can 

induce cellular apoptosis (Frentzou et al, 2010; Pradier & Ettelaie, 2008). Pre-

incubation of cells expressing the mutant form of TF (TFAla253-tGFP) with the Src 

inhibitor (pp60c-srcpeptide; 500 μM) prior to PAR2 activation significantly 

decreased the level of apoptosis in a concentration-dependent manner. In 

addition, the inhibition of Src was used to confirm the participation of Src as a 

signalling mediator connecting TF and the p38 MAPK protein. The inhibition of 

Src was concurrent with a dose-dependent reduction in p38 MAPK 

phosphorylation. Therefore, these findings further confirm that Src is involved in 

TF-p38 MAPK signalling pathway. However, Src inhibitors may block the function 

of other members of the Src family. Therefore, Src1 knockdown was used to 

further assess the role of Src1 specifically. Suppression of the Src1 gene 

expression using Src1-siRNA in cells expressing the mutant form of TF (TFAla253-

tGFP) was shown to prevent apoptosis in HDBEC on PAR2 activation. Therefore, 

these results define an important role for Src1 in cellular apoptosis triggered by 

TF and also agree with a previous study, which showed that the inhibition of Src 

reduced cellular apoptosis (Hofmeister et al, 2000). 

The signalling mechanism connecting the accumulation of TF to the activation of 

Src1 was examined next. The role of TF in different cellular processes through 

interaction of TF/FVIIa complex with β1-integrin has been established (Collier & 

Ettelaie, 2010; Collier et al, 2008; Versteeg et al, 2008). Integrin has been shown 

to activate Src1, resulting in stimulation of intracellular signalling pathways that 

alter cellular functions such as apoptosis (Sirvent et al, 2012). A recent study has 
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shown that the interaction of TF with β1-integrin requires complex formation with 

factor VIIa and can promote PAR2 activation leading to subsequent pro-

angiogenic and pro-migratory signals (Rothmeier et al, 2018). In addition, it has 

been suggested that cellular migration is regulated by TF/FVIIa and involves Src1 

(Siegbahn et al, 2008). Therefore, it has been suggested that the TF-induced 

Src1 activation could be mediated through β1-integrin. The blocking of β1-integrin 

using an antibody (AIIB2) reduced the kinase activity of Src1 following PAR2 

activation in HDBEC expressing TFAla253-tGFP. In contrast, the release of TF from 

cells expressing wild-type TF following PAR2 activation did not show detectable 

alteration in the level of Src1 activity. In addition, blocking of β1-integrin reduced 

the phosphorylation of Src1 at Tyr416. Therefore, β1-integrin appears to mediate 

TF induced Src1 activation. These findings are consistent with previous data 

which suggest that the blocking of β1-integrin using the inhibitory antibody (AIIB2) 

prevents the clustering of integrin which is essential for the maximal activation of 

Src1 (Arias-Salgado et al, 2005; Huveneers et al, 2007). In summary, these 

findings suggest a mechanism by which TF accumulation and activation of PAR2 

can induce cellular apoptosis mediated through β1-integrin and Src1 signalling.  

Integrins are known to regulate different cellular signalling pathways mediated by 

different members of the focal adhesion complex (Li et al, 2018a; Mitra & 

Schlaepfer, 2006; Parsons, 2003). The interaction between FAK and Src1 is 

known to be capable of transmitting cellular signals initiated by β1-integrin (Oktay 

et al, 1999; Schlaepfer & Hunter, 1996) (Figure 6.1). Therefore, the study also 

examined the roles of FAK as a possible signalling intermediary between high 

levels of TF and Src1 over-activation, and the induction of apoptosis. Blocking of 

the Src1 binding site on FAK, at Tyr397 was carried out using FAK inhibitor-14 

and resulted in significant reduction in Src1 phosphorylation following the 
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activation of PAR2 in cells expressing mutant form of TF (TFAla253-tGFP). In 

contrast, no detectable reduction in Src1 activity was shown following the 

inhibition of FAK. These findings are in agreement with recent studies which 

suggest that FAK inhibition is not sufficient to completely supress Src1 activity. 

Therefore, the lack of Tyr397 phosphorylation in FAK alone, is not sufficient for 

preventing Src1 activation (Horton et al, 2016). It is therefore possible that Src1 

is activated by mechanisms independent of FAK (Horton et al, 2016) which may 

involve the participation of other members of the focal adhesion complex. 

The release of TF into the bloodstream during inflammatory conditions has been 

well-documented. High levels of circulating TF have been detected particularly 

during pathophysiological conditions including cancer and cardiovascular 

disease (Peshkova et al, 2017). Consequently, TF may accumulate within 

endothelial cells in the vasculature. In addition, cancer cells are capable of 

secreting trypsin-like proteases that induce the PAR2 activation (Nystedt et al, 

1995) which can activate the endothelial cells. Throughout this study HDBEC was 

transfected to express a mutant form of TFAla253-tGFP which is not released 

following the activation of the cells. This model was used as a reproducible mean 

of investigating the effect of TF accumulation in activated cells. The accumulation 

of TF and the activation of PAR2 in endothelium within the vasculature could 

suggest an explanation for the mechanism of TF-induced cellular apoptosis 

during cancer. This may also explain the erosion of endothelial cells that occurs 

during cardiovascular disease.  

This study has demonstrated that the presence of high levels of TF within the 

cells increases the activation of Src1 protein. This increase in Src1 activation 

results in an increase in the rate of cellular apoptosis. It is known that Src1 protein 

has the ability to activate p38 MAPK (Watanabe et al, 2009). Therefore, it was 
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suggested that Src1 plays an essential role in TF-induced p38 MAPK activation 

and subsequent apoptosis since p38 MAPK was reported to induce cellular 

apoptosis triggered by TF. Under normal physiological conditions, TF-bearing 

microvesicles are not detected within blood circulation (Nemerson, 1988; Steffel 

et al, 2006). However, microvesicles with a high level of procoagulant activity 

have been reported to be released from cancer cell lines, particularly pancreatic 

and breast cancers (Gerotziafas et al, 2012; Zhang et al, 2017b). The 

procoagulant activity of these microvesicles is dependent on the presence of TF 

on the membrane of microvesicles (Davila et al, 2008). Additionally, TF may be 

detected within the circulation during various pathophysiological conditions such 

as cancer and cardiovascular complications and following injury and trauma 

(Bach & Moldow, 1997; Giesen et al, 1999; Simak et al, 2006; Thaler et al, 2012). 

The high levels of microvesicle-associated TF within the bloodstream can 

promote blood coagulation (Kopec et al, 2018). It has been demonstrated that 

endothelial cells respond to the presence of TF-containing microvesicles by 

taking up the microvesicles (Collier et al, 2013; Osterud & Bjorklid, 2012). The 

accumulation of these microvesicles can results in endothelial impairment and 

damage. In addition, the incubation of the cells with high levels of TF can cause 

apoptosis. However, at lower levels, TF can induce cell proliferation (Ettelaie et 

al, 2007; Pradier & Ettelaie, 2008). Moreover, the release of TF in normal 

physiological conditions has been reported to participate in wound healing (Xu et 

al, 2010). Also, a previous study showed that the inhibition of Src1 can reduce 

cellular apoptosis (Hofmeister et al, 2000). In agreement with our findings, the 

release of TF following the activation of PAR2 in cells expressing wild-type TF 

did not induce over-activation of Src1 and subsequent apoptosis. Therefore, this 
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study defines an important role for Src1 activity in cellular apoptosis triggered by 

TF  

In conclusion, this study has identified a crucial role for Src1 in mediating TF 

signalling, resulting in the activation of p38 MAPK and subsequent apoptosis in 

HDBEC. In addition, β1-integrin was shown to act as signalling intermediary 

associating increased cellular levels of TF with the over-activation of Src1. 

Therefore, this study has identified a further step in the mechanism of TF-induced 

apoptosis which occurs during inflammatory conditions such as cancer and 

vascular disease.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

175 
 

 

The accumulation of TF within the cells and induction of PAR2 results in activation 

of p38 MAPK protein and subsequent cellular apoptosis through a mechanism 

which is mediated by β1-integrin. In addition, β1-integrin may be capable of 

inducing of activation of focal adhesion complex resulting in the over-activation 

of Src1. 

 

Figure 6.1 Proposed mechanism for the regulation of TF-p38 MAPK induced 

cellular apoptosis 
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