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Abstract 

DMXAA is a small molecule tumour vascular disrupting agent that induces tumour hypoxia, cytokine 

induction and subsequent tumour regression in mice. In clinical trials DMXAA increased tumour vascular 

hyperpermeability and decreased tumour blood flow, suggesting a selective effect on human tumour 

vascular endothelium. The aim of this thesis was to investigate the molecular and cellular effects of 

DMXAA on cultured human umbilical vein endothelial cells (HUVE-12) and to compare these effects 

with the cytokine VEGF, which also induces vascular hyperpermeability.  

 

HUVE-12 cells were grown on either gelatin to allow proliferation or Matrigel to allow differentiation. 

Cytoskeletal elements (actin and VE-cadherin) were observed by confocal fluorescence microscopy. Cell 

migration and network formation were observed using time lapse videomicroscopy. Cellular 

concentrations of sphingosine and ceramides were measured by liquid chromatography-mass 

spectrometry. Cellular AKT (protein kinase B) phosphorylation was detected by Western blotting.  

 

On gelatin, DMXAA induced arch shaped peri-membrane actin filament formation while VEGF induced 

thick transcellular stress fibres. VEGF but not DMXAA stimulated cell migration on gelatin. On Matrigel, 

DMXAA and VEGF showed similar effects; neither stimulated actin stress fibre formation but both 

accelerated capillary-like network formation and decreased cell-covered areas. The observation that both 

VEGF (a vital endothelial growth and survival factor) and DMXAA (an agent presumed to destabilize or 

disrupt endothelium) accelerate network formation, suggests the surprising conclusion that they share 

some commonality of target or action. It may thus be of significance that both VEGF and DMXAA were 

observed to dramatically decrease the level of ceramide C18 in HUVE-12 cells. However, neither agent 

reduced the abundance of C24 ceramide or stimulated the phosphorylation of AKT protein kinase (an 

important downstream effector of tyrosine kinases). 
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The results show that the growth substrate for endothelial cells has a critical influence on the effects of 

DMXAA and VEGF. The unexpected selective ability of both agents to reduce cellular C18 ceramide 

content suggests that this signalling pathway is important for the molecular action of DMXAA. 
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1 Chapter one 

Literature Review 

1. Tumour vasculature and neovascularization 

1.1 Formation of new vasculature in tumours 

1.1.1  Formation of new blood vessels 

Angiogenesis and vasculogenesis are the major mechanisms of new vessel formation. Angiogenesis 

refers to the formation of new blood vessels by sprouts of blood vessels budding from pre-existing 

vessels. The process of angiogenesis involves sprouting, bridging and intussusceptive growth from 

pre-existing vessels, navigation and guidance, as well as remodelling and pruning. Vasculogenesis 

refers to the formation of blood vessels derived from endothelial progenitor cells (EPCs), which are 

usually found in embryonic tissues or in adult bone marrow. These newly formed endothelial vessels 

are stabilised by mural cells such as pericytes and smooth muscle cells (SMCs). Arteriogenesis (Cai 

and Schaper 2008) refers to the connection of  arterial networks or the remodeling of occluded arteries 

by the development of collateral  vessels which form bridges to compensate for lost blood flow 

(Fischer, Schneider et al. 2006; Nikitenko and Boshoff 2006).  

 

In a normal adult, most vasculature is quiescent, with only 0.01% of endothelial cells (ECs) 

undergoing proliferation. However, excessive proliferation of EPCs or mature differentiated ECs 

contributes to a number of conditions including tumours (Nikitenko and Boshoff 2006).  

 

1.1.2 Neovascularization in tumours and vasculogenic mimicry 

The vascular system supplies oxygen and nutrients to tissues and removes metabolic wastes from 

tissues. Due to the requirement of oxygen and nutrients for their survival, mammalian cells are located 
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no more distant than 200 µm away from the nearest blood vessels (Carmeliet and Jain 2000). A 

functional blood supply is therefore crucial for the growth of solid tumours and without 

neovascularization, a tumour mass becomes dormant at the size of 2-3mm. However, tumour cells 

have the ability to stimulate the neighbouring quiescent capillary ECs to proliferate and form new 

vessels. With the assistance of neovascularization, a tumour mass can grow radially by 1mm per day. 

The closer the tumour mass is to the blood vessels the faster it grows (Folkman 1971).  

 

The extensive formation of new blood vessels in malignant tumours was demonstrated a century ago 

(Goldman 1908). In cancer, the expanded blood vessel network develops by angiogenesis or by co-

option of normal vasculature by tumour cells (Carmeliet and Jain 2000). Hypoxia often develops in 

tumours because of rapid growth of the tumour mass (Vaupel 2004). Hypoxia activates the expression 

of hypoxia-response genes such as vascular endothelial growth factor (VEGF) via the hypoxia-

inducible transcription factor 1 (HIF-1) pathway (Harris 2002). The mechanisms of tumour 

neovascularisation include angioblast recruitment, cooption, vasculogenic mimicry including mosaic 

vessel formation and the recruitment of circulating EPCs (Auguste, Lemiere et al. 2005). Some other 

cells such as mast cells can also promote angiogenesis in tumours (Acikalin, Öner et al. 2005). 

 

Tumour angiogenesis is switched on at certain stage of tumour development to match the needs of 

tumour cells. Besides VEGF (Cressey, Wattananupong et al. 2005), fibroblast growth factor (FGF) and 

platelet-derived growth factor (PDGF) participate in the induction of angiogenesis (Kano, Morishita et 

al. 2005). In the late stages of tumour growth, tumour-derived VEGF stimulates the release of  EPCs 

from bone marrow to the blood stream; these eventually migrate to tumour sites to form new blood 

vessels (Spring, Schüler et al. 2005). In some highly aggressive solid tumours such as aggressive 

human uveal and cutaneous melanomas, tumour cells replace ECs to form capillary-like structures, a 

process termed vasculogenic mimicry (Maniotis, Folberg et al. 1999).  
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1.2 The characteristics of tumour vasculature 

Tumour endothelium is distinct from normal endothelium at molecular, structural and functional 

levels. Expression of a broad range of genes has been found to be elevated in tumour-associated 

endothelium as compared to normal endothelium (Croix, Rago et al. 2000). The tumour vasculature 

was shown over 100 years ago to grow extensively with an irregular pattern, and to exhibit 

hyperpermeability. The hyperpermeability of the tumour blood vessels facilitates cancer cell 

penetration, an early step in haematogenous metastatic spread (Goldman 1908). Tumour vasculature is 

hyperpermeable because of pores (Hobbs, Monsky et al. 1998) and gaps in the endothelial barriers, 

multilayered ECs, loose connections between pericytes and endothelium, and the discontinuity of 

basement membranes (Carmeliet and Jain 2000; Morikawa, Baluk et al. 2002). The organization of 

nascent tumour blood vessels is highly chaotic. Tumour blood vessels are unevenly dilated and are 

characterised by excessive branching and shunts. Tumour blood vessels lose the histological 

characteristics that distinguish arterioles, capillaries, and venules (Carmeliet and Jain 2000; McDonald 

and Baluk 2002).  As a consequence, the blood flow in a tumour is uneven both spatially and 

temporally.  

 

Angiogenesis is an important characteristic of tumour development (Carmeliet and Jain 2000) and 

highly heterogeneous across the tumour. The maturity of the tumour vasculature varies because of 

different degrees of EPC recruitment (Eberhard, Kahlert et al. 2000) as well as by recruitment of 

tumour cells (vasculogenic mimicry) (Maniotis, Folberg et al. 1999) and tumour cells sometimes mix 

with ECs to form mosaic vessels (Carmeliet and Jain 2000). Increased angiogenesis is associated with 

highly aggressive tumours such as aggressive colorectal carcinomas and microvessel density, 

particularly in primary tumours may help to predict both the frequency of tumour recurrence and time 

to recurrence (Acikalin, Öner et al. 2005).    
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1.3 The role of VEGF in tumours  

VEGF was named as ’vascular permeability factor’ (VPF) for its effect of inducing vascular leakage in 

tumours when it was first identified in the 1980s (Senger, Galli et al. 1983; Ferrara, Hillan et al. 2004; 

Ferrara, Hillan et al. 2005). VEGF is secreted by many different tumours (Senger, Perruzzi et al. 1986) 

and is considered to be an angiogenic mitogen (Leung, Cachianes et al. 1989),  with expression 

increased during tumour development (Cressey, Wattananupong et al. 2005). In addition to increasing 

the vascular permeability, VEGF induces EC migration and division, reprogrammes gene expression, 

promotes EC survival (Fujio and Walsh 1999), prevents senescence, and induces angiogenesis and 

lymphangiogenesis (Dvorak 2002; Ferrara 2004). The level of circulating VEGF may help in 

estimating cancer prognosis. Furthermore, VEGF and its receptors are potential targets for therapy 

(Dvorak 2002).  

 

There are two VEGF receptors, VEGFR-1 (also known as fms-like tyrosine kinase, Flt-1) and 

VEGFR-2 (also known as KDR or foetal liver kinase, Flk-1) (Fujio and Walsh 1999; Ferrara, Hillan et 

al. 2005). VEGFR-2 acts as the major mediator of the mitogenic, angiogenic, and permeability-

enhancing effects of VEGF (Ferrara, Hillan et al. 2005). VEGFR-1 and VEGFR-2 are tyrosine kinases 

and not only induce self phosphorylation but also phosphorylate tyrosine in EC cell-cell junction 

components such as VE-cadherin, thus facilitating EC migration and increasing paracellular 

permeability (Esser, Lampugnani et al. 1998). Tyrosine phosphorylation  of VEGFR-2 is inhibited by 

VE-cadherin-mediated contact inhibition (Rahimi and Kazlauskas 1999). VEGF also inhibits EC 

apoptosis by binding to VEGFR-2 and activating the downstream PI3-kinase/Akt signalling pathway, 

which protect cells from apoptosis (Gerber, McMurtrey et al. 1998). VEGFR-1 and VEGFR-2 

activation increase cell migration via activation of P38/HSP27 (Rousseau, Houle et al. 2000) and AKT 

(Morales-Ruiz, Fulton et al. 2000) and the resulting actin reorganization. VEGFR-1 activation also 

induces matrix metallopeptidase-9 (MMP-9), which is involved in metastasis (Hiratsuka, Nakamura et 

al. 2002). 
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Due to its role in tumour development and metastasis, VEGF and its receptors are targets of cancer 

treatment. Avastin (bevacizumab) is a humanized anti-VEGF-A monoclonal antibody and has been 

approved by the FDA as a first-line treatment for metastatic colorectal cancer in combination with 

chemotherapy (Ferrara, Hillan et al. 2004; Ferrara, Hillan et al. 2005).  

 

2. Tumour vascular disrupting therapies 

Due to the critical importance of a blood supply for the growth of solid tumours, the possibility of 

targeting tumour vasculature as a form of therapy was recognised at least 40 years ago (Folkman 

1971). Vascular targeting therapies include both anti-angiogenic therapy and anti-vascular therapy (Los 

and Voest 2001); anti-vascular therapy decreases the blood flow in the existing vasculature in tumours, 

leading to tumour cell death due to ischemia-induced haemorrhagic necrosis (Zwi, Baguley et al. 

1989),  while anti-angiogenic therapy inhibits the formation of new blood vessels in tumours. Both 

therapies stop the proliferation of tumour cells and prevent metastasis by depriving tumours of 

nutritional supplements and oxygen (Taraboletti and Margosio 2001; Siemann, Bibby et al. 2005). A 

number of vascular disrupting agents (VDAs) such as 5,6-dimethylxanthenone-4-acetic acid (DMXAA) 

and combretastatin-4-P (CA4P) have shown positive effects in preclinical tumour models (Siemann, 

Chaplin et al. 2004).  

 

There are several reasons to focus on vascular targeting therapies as a novel anti-cancer strategy. 

Firstly, ECs comprise the inner lining of the blood vessels and thus are readily accessible to the VDAs 

circulating in the blood. Secondly, ECs are genetically stable and so should not acquire resistance to 

drugs (Boehm, Folkman et al. 1997). Thirdly, vascular targeting therapy may increase the sensitivity of 

tumours to chemotherapy and radiotherapy (Mauceri, Hanna et al. 1998; Eichhorn, Strieth et al. 2004). 

Fourthly, the differences between normal and tumour vasculature allow selective targeting of tumour 

vasculature with minimal impact on normal vasculature in the same organ and elsewhere in the body. 

For instance, the VDA combretastatin-A4P (CA4P) induces  EC apoptosis preferentially in 
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proliferating ECs, providing a high level of tumour-selectivity (Iyer, Chaplin et al. 1998). Mature 

blood vessels in normal tissues are protected by SMCs as well as by slow proliferation (Vincent, 

Kermani et al. 2005).(Tozer, Prise et al. 1999) For instance, CA4P impairs capillary tube formation of 

human umbilical vein endothelial cells (HUVECs) but has no effect on HUVECs cocultured with 

smooth muscle cells (SMCs) or SMC-stabilized tubes (Vincent, Kermani et al. 2005). VDAs can act 

without initiating a coagulation cascade or EC death (Gaya and Rustin 2005) and by inducing ischemia 

regardless of whether they are cycling, or hypoxic (Zwi, Baguley et al. 1989).  

 

There are two types of VDAs: ligand-directed VDAs such as antibodies and growth factors, and small 

molecule VDAs such as CA4P and DMXAA (Baguley 2003; Thorpe 2004; Gaya and Rustin 2005; 

Kelland 2005; Tozer, Kanthou et al. 2005). ECs are not the only cells targeted by VDAs, as other cells 

participating in angiogenesis such as pericytes and stromal cells are also targets of VDAs (Carmeliet 

2005).. 

 

Besides the anti-vascular agents, there are molecules inhibiting angiogenesis such as Avastin (Johnson, 

Fehrenbacher et al. 2004). Anti-angiogenic and anti-vascular therapies have overlapping effects and 

may possibly synergize in tumour vascular disruption. For instance, some of the microtubule targeting 

anti-vascular agents inhibit angiogenesis by inhibiting HIF-1α , which leads to the subsequent 

reduction of VEGF expression (Mabjeesh, Escuin et al. 2003). Some VDAs such as CA4P have both 

anti-vascular and anti-angiogenic effects (Iyer, Chaplin et al. 1998). Anti-vascular agents are 

administered intermittently while anti-angiogenic agents are administered continually over months or 

years, and the difference in the schedules with which these two vascular targeting therapies are given 

suggests the possibility that the combination of both in cancer treatment might provide benefits 

additional to those of either agent used individually (Siemann, Bibby et al. 2005).   
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Despite their positive anti-cancer effects, anti-vascular and anti-angiogenic agents are not generally 

effective. VDAs lead to stronger anti-cancer effects in the central areas of tumours than in the rim that 

adjoins normal tissue, and tumour cells that stay alive on this rim can lead to tumour regeneration 

(Tozer, Prise et al. 1999). Tumour endothelium can develop resistance to VEGF signalling targeting 

agents by adapting to VEGF-independent growth via hypoxia-mediated induction of other pro-

angiogenic factors such as FGFs (Casanovas, Hicklin et al. 2005). Vascular remodelling under hypoxia 

has allowed tumour regrowth during long-term vascular disrupting therapy (Glade Bender, Cooney et 

al. ; Huang, Soffer et al. 2004). Unlike the genetically stable ECs, tumour cells have chance to develop 

genetic variants to resist the therapies. For instance, loss of the TP53 tumour suppressor gene may 

decrease the response of tumour cells to hypoxia (Yu, Rak et al. 2002). Although ECs are considered to 

be genetically stable, tumour-associated ECs have been found to contain aneuploid populations and 

cells with abnormal multiple centrosomes (Hida, Hida et al. 2004), perhaps comprising tumour cells 

exhibiting vasculogenic mimicry. Tumour-associated macrophages react to hypoxia and consequently 

promote angiogenesis, immune evasion, and metastasis and eventually reduce the efficacy of VDAs 

(Lewis and Murdoch 2005). Therefore, the combination of tumour vascular targeting therapies with 

conventional cancer therapies such as antibody-directed enzyme prodrug therapy (Pedley, Sharma et al. 

1999) radiotherapy and chemotherapy may be necessary for effective therapy (Siemann, Chaplin et al. 

2004).  

 

3. DMXAA 

3.1 The development of DMXAA 

Three decades ago, flavone acetic acid (FAA) was found to rapidly decrease tumour blood flow and 

induce selective haemorrhagic necrosis in mouse colon tumour xenografts, but leave normal organs 

and tissues necrosis-free (Smith, Calveley et al. 1987; Zwi, Baguley et al. 1989). However, no 

significant anti-tumour activity was shown in clinical evaluation in a range of different cancers and 
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different hospitals (Kerr, Maughan et al. 1989; Kaye, Clavel et al. 1990). In humans compared to mice, 

plasma clearance of FAA was more rapid, and plasma protein binding was higher, resulting in the 

delivery of less FAA to tumour tissue. Such differences may explain the failure of FAA in humans 

despite the promising effects in mice (Kerr and Kaye 1989). To overcome the limitations of FAA, a 

number of analogues were synthesized in the Auckland Cancer Society Research Centre (New 

Zealand). 5,6-dimethylxanthenone-4-acetic acid (DMXAA, also known as ASA404) was shown to be 

the most effective among these analogues to reduce the size of tumours in pre-clinical models 

(Rewcastle, Atwell et al. 1991).  

 

3.2 The mechanisms of tumour vascular disruption induced by 

DMXAA  

In tumor bearing mice, FAA has shown indirect anti-tumour effects by increasing vascular 

permeability in tumours and livers, and by rapidly reducing blood flow in tumours. These effects are 

followed by haemorrhagic tumour necrosis. While it is weakly toxic to HUVECs in vitro in tumour 

conditioned or non-tumour conditioned media (Watts, Clifford Murray et al. 1992), FAA increases the 

permeability of HUVEC monolayers persistently in tumor conditioned growth medium at non-

cytotoxic concentration (Watts and Woodcock 1992). This FAA-induced increase of permeability is 

accompanied by alterations of actin assembly from a fine network of actin filaments extending across 

the cells with a denser peripheral band around the cell in the control condition, to a densely staining 

contracted cytoskeleton 15 min after FAA treatment (Watts and Woodcock 1992). As an analogue of 

FAA, DMXAA is also weakly cytotoxic at high pharmacological concentrations and increases the 

procoagulant activity induced by TNF-α on HUVECs cultured in hypoxic condition but does not 

increase the permeability of HUVEC monolayers at low concentration (Watts, Arnold et al. 1996). 
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DMXAA induces tumour vascular shutdown by increasing tumour vascular permeability (Zhao, Ching 

et al. 2005), inducing selective apoptosis of tumour-associated ECs (Ching, Cao et al. 2002; Ching, 

Zwain et al. 2004) and producing a cascade of vasoactive molecules such as serotonin (Zhao, Kestell et 

al. 2001), nitric oxide (NO) (Thomson, Ching et al. 1991) and tumour necrosis factor-α (Philpott, 

Joseph et al. 1997; Zhao, Kestell et al. 2001). DMXAA also induces anti-angiogenic cytokines such as 

interferon-inducible protein 10 (IP-10) (Cao, Baguley et al. 2001). The DMXAA-induced blood flow 

shut-down appears to be tumour-selective because it does not cause similar effects in normal tissues 

(Baguley and Ching 2002; Ching, Cao et al. 2002; Ching, Zwain et al. 2004).  

 

The principal effect of DMXAA on the EC cytoskeleton has been proposed to involve partial 

dissolution of actin filaments (Tozer, Kanthou et al. 2005). The alteration of the actin cytoskeleton may 

lead to EC tension generation and reduce the efficacy of EC paracellular barrier (Dudek and Garcia 

2001), suppress cytokinesis (Pollard and Earnshaw 2002), and reduce the movement of membrane 

proteins and cell mobility (Ross, Kaye et al. 2003). Due to the connections between actin to other 

cytoskeletal components, cell junctional components and cell signalling pathways, the alteration of 

actin filaments induced by DMXAA may lead to a series of changes in EC shape, survival, barrier 

function, motility, proliferation, and angiogenesis. The early EC apoptosis induced by DMXAA 

(Ching, Cao et al. 2002; Ching, Zwain et al. 2004) and the EC shape change may initiate tumour 

endothelial barrier disruption and result in exposure of the underlying basement membrane to platelets 

in the circulating blood. Collagen in the basement membrane  activate platelets to release serotonin 

(also known as 5-hydroxytryptamine, 5-HT) and other products (Baguley 2003). Serotonin is a 

vasoactive amine which at high concentrations also has an antivascular effect (Baguley, Cole et al. 

1993). The DMXAA-induced loss of endothelial barrier function also allows extravasation of 

erythrocytes  and the consequent tumour blood flow shut-down induces hypoxia and subsequent 

tumour necrosis (Baguley 2003). The hyperpermeability of the endothelium allows extravasation of 

macromolecules, which leads to oedema and high interstitial fluid pressure and thus contribute to 
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vascular collapse. Fluid loss from the endothelium causes an increase in the haematocrit and 

consequent resistance to blood flow (Tozer, Kanthou et al. 2005).  

 

3.3 Vascular disrupting effect of DMXAA 

DMXAA has been shown to reduce tumour blood flow rapidly in murine Colon 38 carcinomas (Zwi, 

Baguley et al. 1989; Zwi, Baguley et al. 1994) and prevents tumour growth by inducing widespread 

tumour necrosis. DMXAA inhibits tumour growth in combination with chemotherapeutic drugs such 

as paclitaxel, although the latter does not enhance the vascular-disrupting effect of DMXAA (Siim, 

Lee et al. 2003).  A therapeutic dose of DMXAA (25 mg kg−1, i.p.) has also been shown to improve the 

tumour inhibitory effect and tumour selectivity of photodynamic therapy (PDT) (Seshadri and Bellnier 

2009). DMXAA inhibits the growth of a variety of murine tumours and also of human tumour 

xenografts such as HT29 colon carcinoma (McPhail, Chung et al. 2005). The vascular disrupting effect 

of DMXAA is proved to be tumour-selective (Seshadri, Bellnier et al. 2008).   

 

DMXAA was advanced to clinical trial and was generally well tolerated with rapidly reversible 

toxicities (Kelland 2005). DMXAA passed phase І clinical trials in New Zealand and UK with 

evidence of reduced tumour blood flow at well-tolerated doses (Jameson, Thompson et al. 2003; 

Rustin, Bradley et al. 2003; McKeage, Fong et al. 2006) in 2006. In phase ІІ clinical trials, addition of 

DMXAA to standard-dose docetaxel was well tolerated and enhanced antitumor effects of docetaxel in 

hormone-refractory metastatic prostate cancer (Pili, Rosenthal et al. 2007). The clinical safety of 

DMXAA has been confirmed in Phase ІІ clinical trials (McKeage, Von Pawel et al. 2008; McKeage, 

Reck et al. 2009). DMXAA at a dose of 1800 mg/m2 was advanced to Phase III trials in NSCLC 

according to the data from the phase ІІ clinical trials (McKeage, Reck et al. 2009) but the results have 

recently been reported as being negative (Lara, Douillard et al. 2011). 
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4. Endothelial cell function, biology and signalling 

pathways 

4.1 Endothelial cell function and biology 
 
4.1.1 General function of normal endothelium 
 

Endothelial cells (ECs) form a layer with a cobblestone morphology (St. Croix, Rago et al. 2000) on 

the luminal  lining of lymphatic and blood vessels. The endothelium is formed by an endothelial cell 

monolayer oriented in the long axis of the blood vessels because of the fluid shear stress (Risau and 

Rubanyi 2000). There are up to 6 × 1013 ECs in an adult human circulatory system, with a combined 

weight of about 1 kg (Risau and Rubanyi 2000; Sumpio, Timothy Riley et al. 2002; Pries and Kuebler 

2006). Blood vessels distribute everywhere in the human body except cornea and cartilage (Fischer, 

Schneider et al. 2006). The survival and function of all cells relies on a functional blood circulation 

supplying oxygen and nutrients and removing waste products. The vascular endothelium forms a 

selectively permeable barrier that allows lymph to move to tissues while retaining blood cells, 

including platelets, in the vascular compartment. The vascular endothelium participates in a series of 

vital physiological events such as regulation of blood perfusion, anti-coagulation, vascular tone, and 

presentation of histocompatibility antigens and extravasation of neutrophils during inflammation. The 

vascular endothelium also influences the systemic homeostasis of the entire body by paracrine, 

endocrine and autocrine regulation of release of vasoactive substances, cytokines, adhesion molecules, 

endothelins, etc. It also takes part in the control of smooth muscle cell proliferation, vasculogenesis 

and angiogenesis (Pries and Kuebler 2006; Simionescu and Antohe 2006).  

 

4.1.2 Phenotypic heterogeneity of ECs 

ECs are heterogeneous in different organs and even in different regions of the same organ (Risau and 

Rubanyi 2000; Pries and Kuebler 2006; Simionescu and Antohe 2006). For instance, a continuous 
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vascular endothelium with tight junctions between the cells forms the blood-brain barrier in the central 

nervous system, the fenestrated vascular endothelium in the endocrine glands and gastrointestinal tract 

for secretion and absorption, and the discontinuous vascular endothelium with pores between cells in 

the liver and spleen which acts as a blood cell filter (Pries and Kuebler 2006).  

 

The ECs derived from the periphery of human cornea proliferate and form monolayers while the ECs 

derived from the central cornea proliferate much less frequent (Bednarz, Anna Rodokanaki-Von et al. 

1998). The mature arterial, venous or lymphatic ECs are differentiated from the same ancestral 

population, called endothelial progenitor cells (EPCs), during neovascularisation (Nikitenko and 

Boshoff 2006). The patterns of gene expression are different from venous to arterial and from big 

blood vessels to capillaries. There is evidence that ECs in vitro might keep the characteristics of gene 

expression of the original ECs (Chi, Chang et al. 2003). Furthermore, EC gene expression differs 

between physiological and pathological conditions. For instance, tumour ECs express a similar gene 

set as the ECs participating in angiogenesis of corpus luteum formation and wound healing, but normal 

ECs in the same organ express a partly different set. The gene expression profile of primary ECs in 

culture is also different from both normal and tumour-associated ECs in vivo (Croix, Rago et al. 2000). 

 

4.1.3 Polarity of ECs 

ECs are polarized cells. The apical (also called luminal front) plasma membrane of ECs carries 

specific receptors for plasma molecules such as vasoactive agents, hormones, etc. to communicate with 

the components of the blood stream while the abluminal front is bathed in the interstitial fluid (Risau 

and Rubanyi 2000; Pries and Kuebler 2006). 

 

4.1.4 Structure of ECs 
 
The structure and function of vascular ECs are interrelated. For instance, cell motility and adhesion 

depends on the adhesion molecules on the plasma membrane and the relevant cytoskeletal molecules, 
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especially actins (Fischer, Schneider et al. 2006). The major structures of ECs including plasma 

membrane, cytoskeleton and adherent junctions will be introduced in the following sections.  

 

4.1.4.1 Plasma membrane 

The cell’s plasma membrane, as well as the membranes of intracellular organelles, has been recognized 

as “two-dimensional solutions of oriented globular proteins and lipids” since the 1970s. Despite the 

differences in lipid distribution and composition among different species (Dopico and Tigyi 2007), the 

generalized structure of cell membranes is described as a fluid and dynamic viscous mosaic structure 

of proteins and amphiphilic lipid bilayer (Singer and Nicolson 1972; Dopico and Tigyi 2007). 

Phospholipids, sphingolipids, cholesterol and glycolipids have been found in the cell membrane and of 

these, phospholipids are the most abundant (Alberts, Johnson et al. 2002). The cell membrane can form 

intracellular compartments like lipid structures or “rafts” and lipid and protein formed “caveolae” 

which are vital for nucleation and integration of important cell signalling molecules including growth 

factor receptors, G-protein coupled receptors and kinases. The cell membrane also contains “signalling 

lipids” such as sphingosine-1-phosphate (Sph-1-p) (Dopico and Tigyi 2007).  

 

Electron microscopic studies of the structure of erythrocyte membranes have suggested that the plasma 

membrane is supported and stabilised by a hexagonal lattice-like skeleton formed by spectrin filaments, 

actin filaments and junctional complexes (Luna and Hitt 1992; Yawata 2004; Doherty and McMahon 

2008). The connection and interaction between the cell membrane and cytoskeleton participates in cell 

mobility, cell-cell adhesion, determination of cell morphology and cell surface protrusions  (Luna and 

Hitt 1992). Figure 1.1 shows a schematic illustration of the main structures of membrane-cytoskeleton 

interactions (Doherty and McMahon 2008). 
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Figure 1.1 Schematic illustration of the main membrane-cytoskeleton interactions in mammalian cells. 

Reproduced from a review article (Doherty and McMahon 2008).  

 

4.1.4.2 Cytoskeletons 

The term ‘cytoskeleton’ refers to the continuously dynamic cytoplasmic filament complexes composed 

of actin filaments, intermediate filaments, and microtubules and their associated elements. These 

filaments are detergent-insoluble and can be visualized by electron microscopy (Small 1988; Svitkina 

2009). Intermediate filaments (IFs) crosslink with actin filaments, contribute to the elasticity of the 

cells and have the highest resistance to breakage under tensile stress among the three main components 

of the cytoskeleton. IFs tolerate deformation and recover from deformation much more readily than do 

actin filaments and microtubules (Wagner, Rammensee et al. 2007).   



15 
 

The changes in arrangement of the cytoskeleton in ECs lead to alterations in vascular barrier 

permeability. Disruption of actin filaments was demonstrated to cause hyper-permeability of 

endothelial monolayers in the early 1980s (Shasby, Shasby et al. 1982).  

 

a. Actin 

Actin, molecular weight of 42 kD, has been known to be one of the most abundant components of 

most types of eukaryotic cells for more than four decades, comprising 5-10% of total protein in non-

muscle cells. These contractile cytoskeletal proteins participate in many cell functions including 

motility, shape determination, and mitosis. Actins in different species and types of cells are very 

similar but not the same indicating they are products of different genes (Clarke and Spudich 1977). In 

mammals, there are three main groups of actin isoforms: alpha, beta and gamma actins (Gunning, 

Ponte et al. 1983). 

 

Actin has a basic structure that is highly conserved in different species and occurs in two 

conformations, G (globular) and F (filamentous). Crystal structures are available for only the G-actins. 

The G-actin monomer consists of two sub-domains and binds one molecule of ATP, which is 

hydrolyzed to ADP during polymerization (Figure 1.2) (Holmes, Schroder et al. 2004). Monomeric G-

actins self-polymerize into F-actin with a double helical morphology (Figure 2) at physiological ionic 

strength (Clarke and Spudich 1977). Actin filaments in ECs had a diameter of 5 to 7nm under 

physiological conditions (Clarke and Spudich 1977; Wallow and Burnside 1980). Since they are the 

thinnest of the cytoskeletal filaments, actin filaments are also called microfilaments (Ross and Pawlina 

2006).  
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Figure 1.2 A: The structure of G-actin monomer (adapted from (Holmes 2010)). B: Actin polymerization 

(adapted from (Clarke and Spudich 1977)).  

The polymerization process includes the following steps: K+- or Mg2+-related monomer activation 

(Pollard and Craig 1982), Mg2+- related nucleation, elongation, fragmentation and annealing (Pollard 

1990). The barbed free ends of actin filaments near to the cytoplasmic membrane grow very fast and 

either elongate into branches when binding with the Arp2/3 complex or elongate linearly with 

assistance of formins (Figure 1.3) (Pollard 2007). G-actins do not alter during polymerization but 

rotate about 20° to form an F-actin helix, thus every six turns contain thirteen subunits (Holmes, Popp 

et al. 1990; Oda, Iwasa et al. 2009; Holmes 2010). A long F-actin filament can contain thousands of G-

actin monomers (Vavylonis, Yang et al. 2005). The Arp2/3 complex is the only complex known to 

assist branched elongation of F-actin (Weeds and Sharon 2001). F-actin elongation ceases when the 

free end is covered by a capping protein. Binding of F-actin free ends with formin can protect this F-

actin from being capped (Pollard 2007). Binding to tropomyosin may inhibit elongation as well as 

fragmentation of filaments (Hitchcock-DeGregori, Sampath et al. 1988).  

 

The three compartments of the actin cytoskeleton are the actin cross-linking meshwork beneath the 

cytoplasmic membrane, the cortical actin rim, and actomyosin-based stress fibres (Prasain and Stevens 

2009). Both branched and cross-linked filaments take part in formation of the meshwork beneath the 

cell membrane, supporting the cell mobility (Weeds and Sharon 2001). The F-actin branches show 0o-

180o angles to the jointed filaments. Under the cell cortex, the F-actins are arranged into regions of 

parallel bundles of actin filaments. The lateral filaments are bound with bridges (Medalia, Weber et al. 

2002). Stress fibres, which are bundles of actomyosin, are formed when F-actins are bound by α-



17 
 

catenin and myosin-II in non-muscle cells (Pellegrin and Mellor 2007). Myosin light-chain (MLC) 

kinase phosphorylation of myosin light chains will lead to actomyosin-based EC contraction 

(Wysolmerski and Lagunoff 1990). Stress fibres are categorized into three main types including 

transverse arcs, ventral stress fibres and dorsal stress fibres according to their locations in the cells. 

Among them, ventral stress fibres have contacts with focal adhesions on opposite ends of the fibre. 

Dorsal stress fibres have one end contact to the focal adhesion and the other end attach to a transverse 

arc. Transverse arcs lie inside the cells with no end touching focal adhesions (Hotulainen and 

Lappalainen 2006). In ECs in vivo and in long-confluent cultures, the concentration of actin filaments 

along the cell-cell junctions is enriched, and this structure is also called the dense peripheral band. 

Compared to stress fibres, the cortical actin filaments are much less stable but vital for the 

maintenance of endothelial barrier function (Schnittler, Schneider et al. 2001). While F-actins 

dominate at the cell periphery and in the stress fibres, G-actins distribute all over the cell. The intensity 

of the immunofluorescence staining of stress fibres is more dominant in confluent ECs in culture than 

in the post-confluent cultured ECs and the ECs in situ (Dubose and Haugland 1993). 
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Figure 1.3 Overviews of actin polymerization and depolymerization and the functions of the Arp2/3 

complex and formins.  Reproduced from a review (Pollard 2007). 

The rearrangement of F-actins takes place when responding to different stimuli. For instance, during 

wound healing, the vascular ECs on the wound edges are stressed and thus produce free radicals. The 

later activate the actins to form filaments which enable the cells to migrate into, and to fill the gap 

caused by the wound. Free radicals also play a vital role in the actin reorganization under the stress 

conditions caused by reoxygenation after hypoxia (Moldovan, Moldovan et al. 2000). The stimuli 

activate signalling cascades such as activation of P38 kinases and then HSP27, and eventually 

disassemble actin stress fibres and focal adhesions between ECs and extracellular membrane (Bix, Fu 

et al. 2004). Sph-1-P activates G protein–coupled receptors on the plasma membrane ECs to regulate 

actin assembly and cell-cell conjunctions (Lee, Thangada et al. 1999). VEGF induces stress fibre 

formation in ECs via the AKT signalling pathway (Morales-Ruiz, Fulton et al. 2000). Tumour necrosis 

factor (TNF)-alpha induces depolymerization of actin filaments and thus causes hyperpermeability 

(Goldblum, Ding et al. 1993).  
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In vascular ECs, the organization of actin filaments may be unique due to the anatomical and 

biological functions of blood vessels, e.g. the exposure of ECs in vivo in shear stress (Wong, Pollard et 

al. 1983). The integrity of endothelium depends on the structure of endothelial cell-cell junctions, 

especially adherens junctions and tight junctions. The cell-cell junctions between ECs have special 

structures that are different to the junctions between other cells. The vascular endothelial (VE)-

cadherin/β-catenin/α-catenin complexes in EC junctions can attach to the ends of stress fibres instead 

of to cortical F-actin. This highly dynamic and TNF-α sensitive cell-cell junction has been named the 

‘discontinuous adherens junction’ by Millan and colleagues, and VE-cadherin is required in the 

linkage of stress fibres to cell-cell junctions (Millan, Cain et al. 2010). The juxtamembrane domain of 

VE-cadherin binds to p120 while the distal catenin binding domain binds to β-catenin and plakoglobin. 

This complex binds to actin via α-catenin (Vincent, Xiao et al. 2004) and thus interacts with the actin 

cytoskeleton during the rearrangements associated with the variety of cell functions.  

 

The dynamic nature of actin reorganization in ECs is integral to the process of angiogenesis (Linz-

McGillem, Moitra et al. 2004) as well as in the maintenance of vascular permeability under shear 

stress (Schnittler, Schneider et al. 2001). Actin has been found to condense beneath the cytoplasmic 

face of the plasma membrane in the beginning of angiogenesis and then to form transcellular stress 

fibres when ECs elongate to form cell-cell connections in networks (Linz-McGillem, Moitra et al. 

2004). Since the capping of the free end of F-actin terminates the process of actin polymerization, the 

capping of actin filaments will inhibit angiogenesis (Durham and Herman 2009). Some anti-

angiogenic agents such as endostatin inhibit angiogenesis by modulating cytoskeletal arrangement 

(Keezer, Ivie et al. 2003).   

 

The rearrangement of actin filaments influences cell viability by determining the cell shape, the 

strength of cell-cell junctions and the nature of cell-substrate junctions. The cells which are rounder, 

less flattened or less attached to the substrates than their counterparts, are more likely to experience 
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apoptosis (Chen, Mrksich et al. 1998). Apoptosis of ECs caused by stress has been proved to be related 

to actin rearrangement (DeMeester, Cobb et al. 1998). Actin polymerization has also proved to 

participate in SMC differentiation (Mack, Somlyo et al. 2001). Therefore, actin reorganization 

influences integrity and permeability of endothelium via regulation of EC death and function of mural 

cells as well.  Dynamic actin organization also has a role in cell migration and in EC wound healing 

assays, the cortical F-actin bundles are found to break down when ECs migrate to fill the gap (Wong 

and Gotlieb 1988).  

 

b. Microtubules 

Microtubules are non-branching and rigid hollow tubes formed by α- and β- tubulin polypeptide 

monomers (molecular weight 55 KD). Microtubules grow from the γ-tubulin ring complex (γ-TuRC) 

(Schiebel 2000) containing an area called the microtubule organizing centre (MTOC) close to the 

nucleus, from where they radiate out to the cell cortex (Schuyler and Pellman 2001; Ross and Pawlina 

2006; Amos and Keiko 2007). The nucleated centre of microtubule organization is usually in the 

centrosome (Schuyler and Pellman 2001). During wound healing, ECs firstly spread in the first hour 

and then migrate to fill the gap. The centrosome stays in the same location during cell spreading but 

moves to the front of the cell during migration. The centrosome is important in the determination of 

cell polarity as well as the direction of cell movement, and the relocation of the centrosome requires 

intact microtubules and appropriate microtubule-microfilaments interactions  (Wong and Gotlieb 

1988).  

 

Tubulins are globular molecules that appear as hetero-dimers formed by α- and β- tubulin. The 

tubulin dimers have a thickness of 5 nm and length of 8 nm (Figure 1.4) (Amos and Keiko 2007). 

Tubulins are products of multiple genes and thus exist as quite a few isotypes. The functional 

difference among tubulin isotypes is unclear. Tubulins also experience post-translational modification, 

e.g. cyclic tyrosination/detyrosination of the carboxyl terminus and lysine-ε-amino acetylation of α-



21 
 

tubulin. Tubulin modification contributes to the dynamics of the assembly of microtubules and cell 

morphology (Sullivan 1988).  

 

During polymerization, the α unit of one dimer binds to the β unit of the other to form a linear 

structure. The cross section of a microtubule is 20-25 nm in diameter, and is formed by 13 circularly 

arrayed tubulin dimers (Ross and Pawlina 2006; Amos and Keiko 2007). Tubulins bind to guanine 

nucleotides, with guanosine triphosphate (GTP) favouring polymerization and guanosine diphosphate 

(GDP) favouring depolymerization (Mahadevan and Mitchison 2005). Microtubules, like actin 

filaments, are polarised and a microtubule has “plus” and “minus” ends.  It polymerizes and elongates 

at the “plus” end, and this polarity acts importantly in cell motility (Mandelkow and Mandelkow 1990). 

Microtubules bind to the MTOC with their “minus” end and extend to the cell periphery with their 

“plus” end. The “plus” end experiences both shrinkage and growth. This alteration of growth and 

shrinkage is called “dynamic instability”. The “plus” end of microtubules often associates to the 

microtubule-associated-proteins regulating the dynamics of microtubules. The “plus” end eventually 

will find a target such as cell membrane protein or kinetochore as an anchor. These anchors participate 

in the regulation of the dynamics of microtubules (Schuyler and Pellman 2001).   

 

 
 
Figure 1.4 Schematic structure of microtubule (Amos and Keiko 2007). 
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4.1.4.3 EC cell-cell junctions and vascular endothelial (VE)-cadherin  

4.1.4.3.1 EC cell-cell junctions 

Due to the multiple functions of vascular ECs, the cell-cell junctions between ECs are different from 

those of many types of epithelial cells. The three main types of intercellular junctions between ECs are 

tight junctions, adherens junctions and gap junctions. Tight junctions (TJs or zonula occludens) 

provide the main control of permeability and can seal the paracellular spaces completely. TJs also act 

to maintain cell polarity. Adherens junctions (AJs or zonula adherens) are the main junctions between 

ECs. AJs are major players in the control of contact inhibition of EC growth and of paracellular 

permeability. In ECs the AJs and TJs are not spatially separated. Gap junctions allow the neighbouring 

ECs to communicate by the transfer of low molecular weight proteins. No desmosomes are present in 

EC junctions (Bazzoni and Dejiana 2004). TJs between ECs are formed by claudins, occludin, 

members of the junctional adhesion molecule family and EC selective adhesion molecules. AJs 

between ECs are complexes mediated by VE-cadherin (Dejana 2004). 

 

4.1.4.3.2  EC-extracellular matrix connections 

In the cell-matrix junctions (also called focal adhesion, FA) of ECs, matrix proteins are bound to EC 

membrane by transmembrane receptors (α- and β-integrins) (Lum and A.B. 1996; Vincent, Xiao et 

al. 2004; Lampugnani 2010). The intracellular side of integrins binds to vinculin via talin. Vinculin 

binds to α-catenin, which provides the cross-link protein between F-actins (Lum and A.B. 1996). 

Cell-cell contacts suppress the formation of FA between ECs and the extracellular matrix (ECM). This 

contact inhibition (Nelson and Chen 2003) is mediated by VE-cadherin.  

 

4.1.4.3.3 VE-cadherin 

VE-cadherin is a specific marker and adherens junction protein of ECs and was discovered in the early 

1990s (Lampugnani, Resnati et al. 1992). VE-cadherin, a calcium dependent (Sandoval, Malik et al. 

2001; Sandoval, Malik et al. 2001) homophilic intercellular adhesion molecule (Vincent, Xiao et al. 
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2004), is the main component of endothelial AJs (Lampugnani, Corada et al. 1997).  The extracellular 

domains of VE-cadherin contains five homologous EC1-EC5 (Dejana, Orsenigo et al. 2008). The 

cytoplasmic domain of VE-cadherin contains two functional sub-domains. The juxtamembrane domain 

binds to p120 catenin while the C-terminal domain binds to α-catenin or β-catenin (or plakoglobin). 

The binding to these components stabilizes the structure of VE-cadherin on the cell-cell junctions by 

inhibiting its internalization (Chiasson, Wittich et al. 2009) etc.VE-cadherin is intensively tyrosine 

phosphorylated at the early stages of confluency but undergoes a loss of phosphorylation as cell-cell 

junctions mature during protracted periods of confluency. α- and β-catenin bind to the C-terminal 

domain of VE-cadherin at the early stages of confluency, but they are also largely replaced by 

plakoglobin at the mature stages of confluency (Lampugnani, Corada et al. 1997; Dejana, Bazzoni et 

al. 1999). Free β-catenin may participate in the regulation of cell growth and differentiation by 

translocating to the nucleus and binding to transcription factors (Dejana, Bazzoni et al. 1999).  

 

F-actins bind to multiple membrane adhesive proteins such as cadherin, intercellular proteins of the 

zonula occludens and zonula adherens structures, and focal adhesion complex proteins (Dudek and 

Garcia 2001). Actin binds indirectly to the plasma membrane by linking proteins. In FAs, actin 

filaments are connected to integrin transmembrane proteins via focal adhesion complex containing 

vinculin, α-actinin, paxilin, talin and focal adhesion kinase (Dudek and Garcia 2001). The links 

between VE-cadherin to F-actins is mediated by β -catenin binding to cortical actin filaments 

(Vincent, Xiao et al. 2004; Lampugnani 2010).  

 

The initial engagement of VE-cadherin decreases cell spreading and adhesive function of FAs through 

a Rho-ROCK-actin signalling pathway. When cell spreading is controlled by growing cells in the 

spatially constrained, micrometer-sized wells, the engagement of VE-cadherin increases formation of 

FAs (Nelson, Pirone et al. 2004). VE-cadherin is necessary for cell-cell induced proliferation. VE-
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cadherin alone reproduces the stimulatory signal for EC proliferation. Meanwhile, the engagement of 

VE-cadherin decreases cell spreading which is required in EC proliferation. Therefore, VE-cadherin 

increases proliferation when spreading is controlled (Nelson and Chen 2003). 

 

The phenomena of actin reorganization, microtubule depolymerization and VE-cadherin redistribution 

are typically regulated by intracellular signalling involving Rho GTP kinases (Ridley and Hall 1992; 

Wójciak-Stothard, Entwistle et al. 1998; Fryer and Field 2005). The RhoA/Rho kinase pathway is not 

necessary for EC network formation on fibrin (van Nieuw Amerongen, Koolwijk et al. 2003). Rho, 

Rac, and Cdc42 are the main representatives of the Rho-like small GTPases (van Nieuw Amerongen 

and van Hinsbergh 2001). Among them, Rho activates the assembly of stress fibres and focal 

adhesions (Ridley and Hall 1992), Rac induces membrane ruffling and lamellipodia, and also 

participates the formation of stress fibres by a Rho dependent process (Ridley, Paterson et al. 1992). 

Cdc42 stimulates the assembly of focal complexes at the leading edge independently of Rho and also 

activates Rac followed by Rho in confluent cells, but induces filopodia in subconfluent cells (Nobes 

and Hall 1995). 

 

4.1.4.3.4 The relationship between EC cytoskeleton, VE-cadherin and cell-cell junctions  

Microtubule assembly, actin organization and VE-cadherin distribution are closely related to each 

other (Figure 1.5). During dissociation of the endothelial barrier, stress fibre formation is accompanied 

by dispersion of VE-cadherin (Wójciak-Stothard, Entwistle et al. 1998).  Microtubule disassembly 

initiates EC stress fibre formation, MLC phosphorylation, VE-cadherin redistribution and the 

subsequent endothelial barrier dysfunction (Verin, Birukova et al. 2001; Petrache, Birukova et al. 

2003). Apart from cell-cell junctions, the FAs between the actin cytoskeleton and the cell-matrix 

interface provides additional adhesive forces in barrier regulation (Dudek and Garcia 2001). The 

tension at FAs is developed by the actin system and locally controlled by the state of microtubule 

assembly (Bershadsky, Chausovsky et al. 1996), with microtubules modulating the mechanochemical 
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activity of myosin by regulating MLC phosphorylation and thus the physiological function of the actin 

cytoskeleton (Kolodney and Elson 1995).  

 

 

 

Figure 1.5 Schematic representation of EC cytoskeleton and VE-cadherin interaction (adapted from 

(Bershadsky, Chausovsky et al. 1996; Howard and Hyman 2003; Dejana, Orsenigo et al. 2008)). Left part 

of figure: VE-cadherin binds through its cytoplasmic domain to β-catenin, plakoglobin, and p120 catenin or 

other catenins. Plakoglobin and β-catenin link α-catenin which promotes the anchorage of the complex to actin 

cytoskeleton with direct links to F-actin (Dejana, Orsenigo et al. 2008). Bottom part of figure: FAs are 

specialized sites where actin filaments are associated with the ECM via integrins and linking proteins such as 

talin (T), vinculin (V) and α-actinin (α-Act). Among these FAs associated linking proteins are tyrosine protein 

kinases (FAK, Src family, Csk and Abl) and their potential substrates (paxillin (Pax), tensin (Ten) and p 130), 

serine/threonine kinase PKC and Pl3-K. The tension at FAs is developed by the actin system and locally 

controlled by the status of microtubule assembly (Bershadsky, Chausovsky et al. 1996). The structure of a 

microtubule lattice (Howard and Hyman 2003) is inserted in the right part of this graph. The β-subunit of 

tubulin is at the plus end.  

 

4.1.4.3.5 Endothelial permeability  

The vascular endothelial barrier is semi-permeable and facilitates the exchange of molecules between 

the blood and the interstitial fluid and to avoid leakage. This permeability is mediated by both 
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paracellular and transcellular endothelial pathways. The transcellular pathway refers to the caveolae-

mediated endocytosis transporting plasma macromolecules like albumin. This pathway is mediated by 

albumin-binding protein gp60 and Src-family kinases. The paracellular pathway is formed by the 

alternation of adherens and tight junctions between the neighbouring ECs. Under normal conditions, 

paracellular permeability is usually closed but increased during inflammation by second messenger 

signalling pathways (Minshall and Malik 2006).  

 

4.1.4.3.6 The regulation of endothelial cell-cell junctions and paracellular permeability 

Multiple factors influencing the EC cell-cell junctions regulate endothelial paracellular permeability. 

The depolymerization of junction-associated cortical actin filaments increases the solubility of α-

catenin, and consequently induces gaps between ECs (Schnittler, Schneider et al. 2001). The second 

messengers such as intracellular Ca2+ (Sandoval, Malik et al. 2001; Usatyuk, Fomin et al. 2003), 

protein kinase Cα (PKCα) (Sandoval, Malik et al. 2001), and Rho kinase (Vouret-Craviari, Boquet et al. 

1998) in ECs to stimulate MLC phosphorylation (Garcia, Davis et al. 1995), cytoskeleton remodeling 

(Amano, Chihara et al. 1997; Vouret-Craviari, Boquet et al. 1998; Usatyuk, Fomin et al. 2003), cell-

cell junction disassembly (Hall 1998) and eventually endothelial hyper-permeability (Garcia, Davis et 

al. 1995; Vouret-Craviari, Boquet et al. 1998; Tiruppathi, Minshall et al. 2002; Usatyuk, Fomin et al. 

2003). This cytosolic calcium accumulation is mediated by Rho A (Mehta, Ahmmed et al. 2003). Actin 

filaments translocate the focal adhesion kinase (FAK) to focal adhesion complexes in order to reverse 

endothelial barrier dysfunction caused by inflammatory mediators such as thrombin (Mehta, 

Tiruppathi et al. 2002). TNF-α has been proved to increase and prolong the Ca2+ influx and storage 

depletion, tyrosine phosphorylation of junctional proteins and actin stress fibre formation during the 

thrombin induced endothelial barrier dysfunction (Tiruppathi, Naqvi et al. 2001).  

 

The dynamics of expression and distribution of VE-cadherin dramatically impacts vascular 

permeability. The extracellular proteinases matrix metalloproteinase MMP (Navaratna, McGuire et al. 
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2007) and elastase (Lampugnani, Resnati et al. 1992) are also able to cleave VE-cadherin and increase 

endothelial permeability. Thrombin disassembles VE-cadherin by both influx and store depletion of 

Ca2+ (Sandoval, Malik et al. 2001) and activation of PKCα (Sandoval, Malik et al. 2001), thus leading 

to endothelial barrier dysfunction. TNF alpha activates phosphorylation of tyrosine residue of VE-

cadherin to separate the endothelial barrier (Nwariaku, Liu et al. 2004). Additionally, the release of 

proteolytic enzymes during inflammation might result in the breakdown of members of the cell 

junctional complexes, including VE-cadherin, and thus lead to further endothelial barrier dysfunction 

(Corada, Mariotti et al. 1999).  

 

Sph-1-P has been shown to protect endothelial barrier function in a dose-dependent manner and to 

reverse thrombin-induced barrier dysfunction in different types of ECs. This endothelial barrier 

protection by Sph-1-P was found to relate to specific endothelial differentiation gene (Edg) receptors 1 

and 3, Rho kinase and tyrosine kinase-dependent activation, and actin filament rearrangement (Garcia, 

Liu et al. 2001). Exposure to Shp-1-P or platelets have been found to reassemble the actin cytoskeleton 

into thickened cortical bands shortly after treatment, thus strengthening the integrity of endothelial 

barriers in vitro (Schaphorst, Chiang et al. 2003). This barrier protection by Sph-1-P has been found to 

be mediated by the following signalling pathway. Sph-1-P recruits the S1P1 receptor (also called Edg 1) 

to caveolin-enriched microdomains on the plasma membrane and thus promotes p110 α-regulated PI3 

kinase activity. PI3 kinase activates Tiam1/Rac1 and translocates α-actinin isoforms 1 and 4 to 

caveolin-enriched microdomains. The later signals promote actin condensation and thus strengthen the 

endothelial barriers (Singleton, Dudek et al. 2005). Sph-1-P not only increases the cortical actin ring 

formation, but VE-cadherin interaction with α-catenin and β-catenin and redistributes focal adhesion 

kinase to the cell periphery in ECs and eventually reduces endothelial permeability (Sun, Shikata et al. 

2009). The ceramide pathway appears to act in the opposite direction to that of the Sph-1-P pathway, 

and C6-ceramide has been shown to increase endothelial permeability in a dose-dependent manner 
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(Lindner, Uhlig et al. 2005). 

    

4.1.5 Some cell signalling pathways involved in the regulation of EC structure and function 

4.1.5.1 Sphingosine and ceramide pathway 

Sphingomyelin (SM) is an essential component of cell membranes but can participate in cellular 

signalling because of its sequential conversion to ceramide, sphingosine and  Sph-1-P (Spiegel and 

Merrill 1996; Reynolds, Maurer et al. 2004).  An intrinsic function of the SM pathway is to respond to 

stress signals and then convert them into intracellular biochemical messages. SM can be converted to 

ceramide, usually by acid sphingomyelinase, which is found within rafts. However, ceramide is 

formed not only by hydrolysis of SM by SMase but also by de novo synthesis. SMases have a 

phospholipase C activity which hydrolyzes the phosphodiester bond of SM. There are three types of 

SMase: neutral SMase, acid SMase and alkaline SMase. Neutral SMase and acid SMase are rapidly 

activated by stress stimuli and increase cellular ceramide levels while alkaline SMase has not been 

found to participate in signal transduction. De novo ceramide biosynthesis requires coordinate action 

of serine palmitoyl transferase and ceramide synthase to generate ceramide (Kolesnick 2002; Reynolds, 

Maurer et al. 2004). Sphingosine is produced from ceramide by ceramidase and in turn is 

phosphorylated to Sph-1-P by sphingosine kinase (Tani, Ito et al. 2007). Sphingosine basically 

converts to ceramide and further to sphingomyelin but only a small amount of Sph-1-P is produced 

transiently in human umbilical endothelial cells (HUVECs). Platelets contain abundant sphingosine 

kinase but not the degradative enzyme Sph-1-P lyase, and thus store and release much more Sph-1-P 

than do HUVECs. HUVECs require Sph-1-P as a survival factor released by activated platelets 

(Hisano, Yatomi et al. 1999). 

 

Sphingosine and ceramide have been found to induce apoptosis in HUVECs (Hisano, Yatomi et al. 

1999). The naturally occurring long chain ceramides (C16 and C18) are almost insoluble in aqueous 

solutions (Lindner, Uhlig et al. 2005), and the external SMase is not able to affect the ECs whereas the 
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short-chain permeant ceramides C2 and C6 can penetrate the cell membrane and induce apoptosis 

(Slowik, De Luca et al. 1996; Escargueil-Blanc, Andrieu-Abadie et al. 1998 ). Since apoptosis is 

linked to angiogenesis (Stupack and Cheresh 0000), the proapoptotic effect of ceramide might be 

coupled to its proangiogenic effect. Besides EC apoptosis, ceramide increases endothelial permeability 

by a nonapoptotic mechanism (Lindner, Uhlig et al. 2005). For instance, C2-ceramide has been shown 

to disorganize actin arrangement in other type of cells (Takeda, Ozaki et al. 1998), suggesting another 

mechanism of ceramide induced endothelial barrier dysfunction.  

 

Sph-1-P stimulates DNA synthesis and proliferation of HUVECs and suppresses apoptosis induced by 

deprivation of growth factors in HUVECs (Hisano, Yatomi et al. 1999). Sph-1-P inhibits actin 

nucleation and pseudopodium formation and cell motility in mouse melanoma cells (Yamamura, 

Sadahira et al. 1996). Sph-1-P promotes tube formation of HUVECs on commercial ECM preparations 

(Matrigel), and also promotes VEGF induced angiogenesis and maturation of neovessels in Matrigel 

plugs in vivo through G protein coupled receptors (Edg 1 and 3) on the plasma membrane. Sph-1-P 

leads to rapid activation of extracellular signal-regulated kinases (ERKs) and p38 mitogen-activated 

protein kinase (p38 kinase). Sph-1-P induces the mitogen-activated protein kinase mediated survival 

pathway and the small GTPase Rho- and Rac- related actin organization and adherens junction 

assembly (Lee, Thangada et al. 1999; Lee, Kim et al. 1999; Linz-McGillem, Moitra et al. 2004).  

 

4.1.5.2 p38 kinase signalling pathway 

The mitogen-activated protein kinase (MAPK) signalling pathway transfers extracellular information 

(from ligands such as VEGF) to intracellular responses (such as actin reorganization and consequent 

cell migration) (Rousseau, Houle et al. 1997). The MAPK family includes the extracellular-signal-

regulated-kinases (ERKs), c-Jun N-terminal kinase /stress-activated protein kinases (JNK/SAPKs) and 

p38 kinase subfamilies (Cano and Mahadevan 1995; Shen and DiCorleto 2008); the gene for p38 

kinase was cloned in (Han, Lee et al. 1994). As with other MAPKs, p38 kinase is activated by being 
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phosphorylated on both threonine and tyrosine residues. The activated p38 kinase phosphorylates 

serine and threonine residues that are close to proline residues in downstream proteins (Cano and 

Mahadevan 1995). p38 Kinase activates EC migration and is therefore a vital regulator of angiogenesis 

and wound healing (Milan, Charalambous et al. 2006; Shen and DiCorleto 2008). Activation of the 

phosphatidylinositol 3-kinase/AKT and p38 MAPK pathways suppresses Fas expression and caspase 3 

activity and consequently suppresses apoptosis (Zhang, Shan et al. 2005). p38 kinase activity is 

believed to mediate in part the ‘oncogene addiction’ of cancer cells for Src, BCR-ABL, and the EGF 

receptor (Sharma, Gajowniczek et al. 2006). p38 kinase promotes expression of hypoxia-inducible 

transcription factor 1 α (HIF1α) and VEGF but the increase of VEGF via p38 kinase is HIF1α 

independent (Duyndam, Hulscher et al. 2003). Meanwhile VEGF activates p38 kinase and leads to 

actin stress fibre formation and cell migration (Rousseau, Houle et al. 1997). The p38 kinase induces 

microtubule depolymerization in ECs followed by formation of massive stress fibres and paracellular 

gaps. These effects of p38 kinase on the cytoskeleton are cell type-specific (Birukova, Birukov et al. 

2005). The activation of the p38-MK2-HSP27 pathway induced by hypoxia reorganizes the actin 

cytoskeleton (Guay, Lambert et al. 1997; Kayyali, Pennella et al. 2002). These cytoskeletal alterations 

indicate the role of p38 kinase in the regulation of endothelial permeability.  

 

The autophosphorylation and the kinase activities of p38 kinase have been found to be inhibited by 

binding to β-actin in vitro (Yang, Jiang et al. 2003). Pyridinyl imidazole inhibitors of p38 kinase such 

as SB 203580 inhibit the activity of p38 kinase by binding to the ATP-binding site of p38 kinase and 

competing with ATP (Young, McLaughlin et al. 1997). SB2 03580 has been shown to inhibit the p38 

kinase-induced HIF-1 α  and VEGF expression (Duyndam, Hulscher et al. 2003), microtubule 

depolymerization (Birukova, Birukov et al. 2005), HSP27 phosphorylation and the downstream actin 

reorganization (Guay, Lambert et al. 1997). There are four members in p38 kinase group: p38α, p38β, 

p38γ and p38δ. SB203580 inhibits only p38α and p38β but not p38γ and p38δ activities (Thornton and 
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Rincon 2009). p38 kinase is activated by DMXAA treatment and leads to the inhibition of capillary-

like network formation of NZM7 melanoma cells cultured on Matrigel (Zhao, Marshall et al. 2007).  

 

4.1.5.3 AKT/PKB pathway 

The phosphatidylinositol-3 kinase (PI3K)/AKT pathway is activated by many growth factors and 

regulators (Hennessy, Smith et al. 2005). PI3Ks phosphorylate inositol phospholipids to 

phosphatidylinositol-3,4,5-trisphosphate (PI-3,4,5-P3) at the inner side of the plasma membrane. The 

PH domain in the N-terminal region of AKT interacts with these phospholipids, causing AKT 

translocation to the inner side of plasma membrane, where it is phosphorylated and activated. 

Threonine 308 in AKT is phosphorylated by constitutively active phosphoinositide-dependent kinase 

(PDK) 1 at the activation loop to stabilize it. Serine 473 in AKT is phosphorylated by PDK2 at the 

hydrophobic C-terminal domain to ensure full activation. Activated AKT modulates the function of 

numerous substrates involved in the regulation of cell survival and proliferation (Fresno Vara, Casado 

et al. 2004; Hennessy, Smith et al. 2005). AKT is the human homologue of the viral oncogene v-akt. It 

is related to protein kinases A (PKA) and C (PKC) in humans therefore it is also known as protein 

kinase B (PKB). The three known AKT isoforms are derived from distinct genes (AKT1/PKBα, 

AKT2/PKBβ and AKT3/PKBγ) (Hennessy, Smith et al. 2005). The components and activation of 

PI3K/AKT pathway often change in cancer, e.g. AKT gene amplification and PI3K/AKT pathway 

stimulation by over-expression of ErbB2, to facilitate the growth of cancer (Fresno Vara, Casado et al. 

2004; Hennessy, Smith et al. 2005). Over-expression of AKT2/PKB in some cancers increases 

expression of integrins to promote invasion and metastasis (Arboleda, Lyons et al. 2003).  Therefore, 

the PI3K/AKT signalling pathway is a potential target of cancer therapy. 

 

AKT is a survival signal of ECs (Fujio and Walsh 1999); AKT per se has anti-apoptotic effects on ECs 

and also mediates VEGF-induced cell survival. The PI3K/AKT signalling pathway is crucial for 

VEGF-induced EC survival; VEGF binds to the Flk-1 receptor and then rapidly phosphorylates AKT 
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at the activation loop of threonine 308 and the carboxyl terminus of serine 473 in a dose-dependent 

manner (Gerber, McMurtrey et al. 1998). In HUVECs cultured as adherent monolayers, VEGF does 

not increase the level of total AKT protein, but activates AKT by phosphorylation at serine residue 

473. This phosphorylation of AKT is anchorage-dependent for it does not take place in HUVEC cells 

cultured in suspension  (Fujio and Walsh 1999). AKT also has a role in angiopoietin-1-induced EC 

survival by inducing survivin expression (Papapetropoulos, Fulton et al. 2000). AKT also increases EC 

survival by suppressing Fas-mediated apoptosis (Suhara, Mano et al. 2001). AKT suppresses 

sphingosine-induced cell apoptosis by inhibiting cytochrome C and caspase3 activation (Chang, Tsai 

et al. 2001) while Sph-1-P stimulates the AKT Pathway to suppress the apoptosis of ECs in small 

intestines induced by radiation (Bonnaud, Niaudet et al. 2010 ). 

 

VE-cadherin is a further upstream factor, in addition to VEGF, that regulates AKT activity. CA4P has 

been shown to sequentially disengage VE-cadherin, redistribute β-catenin and thus destabilize the 

VE-cadherin/catenin complex, inhibit phosphorylation of the downstream AKT and finally induce anti-

vascular effects on the growth factor-stimulated ECs (Vincent, Kermani et al. 2005). The status of 

AKT may also influence FAs because FAK is a downstream effector of AKT during cell migration 

(Turečková, Vojtěchová et al. 2009). The phosphorylation of AKT in turn leads to activation of 

endothelial nitric oxide synthase, increasing intracellular levels of ntric oxide and thus stimulating 

VEGF-induced EC migration (Chavakis, Dernbach et al. 2001). β-actin has been proven to be another 

downstream effector of AKT, since AKT stimulates actin polymerization and the consequent induction 

of cell migration (Ho, Kuo et al. 2011).  

 

4.1.5.4  The relationships between these signalling pathways 

The sphingosine/ceramide, p38 kinase and PI3K/AKT signalling pathways are interdependent cell 

signalling pathways which work in parallel or interact with each other. Ceramide C2 blocks nuclear 

translocation of Akt1 and causes down-regulation of the AKT pathway by dephosphorylation of Akt1 
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at residues T308 and S473 by ceramide-activated protein phosphatase (Salinas, López-Valdaliso et al. 

2000). Sph-1-P promotes PI3K activity (Singleton, Dudek et al. 2005) and p38 kinase activity (Lee, 

Kim et al. 1999). Some stimuli activate more than one of these signalling pathways simultaneously, e.g. 

lipopolysaccharide (LPS) induces phosphorylation of p38 kinase and PI3K in ECs (Wu, Liao et al. 

2008). Finally, as described in the previous sections, these three signalling pathways have overlapping 

downstream targets, of which the actin cytoskeleton is of special interest. All together, these signalling 

pathways participate in the regulation of endothelial permeability and angiogenesis hence are 

important in cancer development and targets of cancer treatment. 

    

5. Summary of the Review of the Literature 
 

Due to the dependence of tumour growth and metastasis on the blood supply, tumour vascular 

disrupting therapy has become an important strategy of cancer treatment. Vascular disrupting therapy 

is able to selectively act on the tumour-associated blood vessels by exploiting the differences between 

tumour and normal vascular endothelium. DMXAA, a small molecule VDAs, has been shown in 

experimental systems to induce early onset EC apoptosis; endothelial hyperpermeability and tumour 

blood flow shut-down, and thus inhibit tumour growth (Baguley and Ching 2002; Ching, Cao et al. 

2002; Baguley 2003; Ching, Zwain et al. 2004; Zhao, Ching et al. 2005). The cellular and molecular 

mechanisms of the vascular disrupting effects of DMXAA are not yet completely clear. These effects 

have been suggested to relate to changes in the EC cytoskeleton, EC-EC junctions and EC-matrix 

junctions. In ECs, actin filaments link directly or indirectly with microtubules, components of cell-cell 

junction complexes such as VE-cadherin, focal adhesions, and a series of important and interactive 

signalling pathways including the p38/HSP27, PI3K/AKT and ceramide/sphingosine pathways. Any 

alterations in these signalling pathways may lead to changes in actin polymerization, tubulin 

polymerization, and VE-cadherin phosphorylation, and may eventually change endothelial 

permeability or suppress neovascularisation. Further research into the effects of DMXAA on the 
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endothelial cell cytoskeleton, adherent junctions and the main relevant signalling pathways will offer 

further understanding of the characteristics of tumour-associated ECs and the cellular and molecular 

mechanisms of the vascular disrupting effects of DMXAA.  

 

 

Figure 1.6 A scheme of proposed cell signalling in the action of DMXAA and VEGF. The red lines 

represent positive effects while the blue lines represent the negative effects.  

 

6. Objectives of this Project 
 

The major objectives of this project are to investigate cellular and molecular effects of DMXAA in 

HUVE-12 cells and to compare the effects of DMXAA on HUVE-12 cells with those of VEGF. A 

secondary objective is to compare the effects of DMXAA and VEGF on HUVE-12 cells and NZM7 

melanoma cells. HUVE-12 cells are cultured on an extracellular matrix extracted from a mouse 

sarcoma (Matrigel) in order to mimic tumour-associated ECs. NZM7 melanoma cells growing on 

Matrigel also provide a model of vasculogenic mimicry. The detailed objectives of this thesis may be 
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described as the following, 

1. To observe the effects of DMXAA and VEGF on the cytoskeleton and adherens junctions of 

HUVE-12 cells growing on Matrigel- or gelatin-coated substrates by confocal microscopy.    

2. To quantify the alterations observed in objective 1 by using specific software to analyze the 

images taken by the confocal microscopes. 

3. To investigate the effects of DMXAA and VEGF on the formation of capillary-like networks 

formed by HUVE-12 cells and NZM7 melanoma cells on Matrigel, as recorded by time-lapse 

microcinematography. 

4. To investigate the effects of DMXAA and VEGF on gap closure after injuring monolayer of 

HUVE-12 cells growing on gelatine.  

5. To quantify the effects observed in objectives 3 and 4 by using image analysis software to 

analyze the fixed and time-lapse images taken by phase contrast microscopy.   

6. To investigate molecular changes induced by DMXAA and VEGF in HUVE-12 cells growing 

on Matrigel or gelatin substrates. Changes include those of ceramide/sphingosine (using mass 

spectrometry), p38 kinase (together with its inhibitor SB 203580) and AKT/PKB (by Western 

Blotting). 

7. To investigate the effect of DMXAA and VEGF on the cell cycle of HUVE-12 cells growing on 

Matrigel or gelatin by flow cytometry.    
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2 Chapter Two 

Materials and Methods 

2.1 Materials 

2.1.1 Chemical and Reagent Sources 

2-propanol MERCK KGαA, Darmstadt, Germany 

Ammonium formate BDH Prolabo, Leicestershire, England 

Anti-AKT antibody, rabbit Cell signalling Technology, Massachusetts, 

U.S.A. 

Alexa Fluor® 488 F(ab)’2 fragment of goat 

anti-mouse IgG(H+L) 

Invitrogen Molecular Probes. Inc. Oregon, 

U.S.A. 

Alexa Fluor® 488 F(ab)’2 fragment of goat 

anti-rabbit IgG(H+L) 

Invitrogen Molecular Probes. Inc., Oregon, 

U.S.A. 

Alexa Fluor® 568 F(ab)’2 fragment of goat 

anti-mouse IgG(H+L) 

Invitrogen Molecular Probes. Inc. Oregon, 

U.S.A. 

Alexa Fluor® 633 Phalloidin Invitrogen Molecular Probes. Inc. Oregon, 

U.S.A. 

Amersham ECL™ Advance Western Blotting 

Detection Kit 

GE HealthCare UK Ltd., Buckinghamshire, 

United Kingdom 

Anti-actin antibody, clone C4 (mouse, 

monoclonal) 

Millipore, Bedford, Massachusetts, U.S.A. 

Anti-GAPDH antibody, rabbit polyclonal Abcam, Massachusetts, U.S.A. 
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Anti-Mouse IgG-HRP antibody (human 

adsorbed), goat 

Santa Cruz Biotechnology Inc., Heidelberg, 

Germany 

Anti-p-AKT (S473) antibody, rabbit  Cell signalling Technology, Massachusetts, 

U.S.A. 

Anti-Rabbit IgG-HRP antibody 

(mouse/human adsorbed), goat 

Santa Cruz Biotechnology Inc., Heidelberg, 

Germany 

Anti-VE-Cadherin (CD144) antibody, rabbit  Sigma-Aldrich Inc., Missouri, U.S.A. 

Anti-α-tubulin (bovine) antibody, mouse IgG, 

monoclonal 236-10501 

Invitrogen Molecular Probes. Inc. Eugene, 

U.S.A. 

Anti-α-tubulin (bovine) antibody, rabbit IgG, 

polyclonal PA-1-20988 

Affinity BioReagents, Colorado, U.S.A. 

Bicinchoninic Acid (BCA)  Sigma Chemical Company, Missouri, U.S.A. 

Bovine serum albumin (BSA) low endotoxin 

freeze dried powder 

Immuno Chemical Products Ltd. Auckland, NZ 

Bromophenol blue Sigma-Aldrich Inc., Missouri, U.S.A. 

Cholesterol  Sigma-Aldrich Inc., Missouri, U.S.A. 

Cholesterol D16 Sigma-Aldrich Inc., Missouri, U.S.A. 

Collagenase/Dispase ІІ (neutral protease, 

grade ІІ) 

Roche Diagnostics, Indiana, U.S.A. 

DBL Heparin sodium injection BP (porcine 

mucous) 

Mayne Pharma (or Hospira Australia) Pty. Ltd. 

Mulgrave, Australia 

Dimethyl sulphoxide (DMSO) Dade Behring, Delaware, USA 

Disodium hydrogen orthophosphate 

(Na2HPO4) (anhydrous) 

Merck, Darmstadt, Germany 

Dispase  BD Biosciences, Massachusetts, U.S.A. 
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DNase I, Amplification grade Invitrogen, California, U.S.A. 

Endothelial cell growth supplement (ECGS) 

from bovine pituitary 

Sigma Chemical Company, Missouri, U.S.A.  

Ethanol (EtOH) Merck, Darmstadt, Germany 

Ethyl acetate Ajax Finechem Pty. Ltd., Auckland, New 

Zealand 

Ethylene glycol tetraacetic acid (EGTA) Sigma-Aldrich Inc., Missouri, U.S.A. 

Ethylenediaminetetraacetic acid (EDTA)-tetra 

sodium salt 

Scientific Supplies Ltd., Auckland, New 

Zealand 

FITC-conjugated anti-VE-cadherin antibody 

ALX-210-232F-T100  

Alexis Biochemicals, Lausen, Switzerland 

Foetal Calf Serum (FCS) Morgate Biotech, Hamilton, New Zealand 

Gelatin from porcine skin, Type A Sigma-Aldrich Inc., Missouri, U.S.A. 

Glycine AppliChem GmbH, Darmstadt, Germany 

Hoechst 33342 Sigma Chemical Co., Missouri, U.S.A 

Hyaluronidase Sigma-Aldrich Inc., Missouri, U.S.A. 

Hydrochloric acid (HCl) Ajax Chemicals, New South Wales, Australia 

Immobilon-P transfer membrane Millipore, Bedford, Massachusetts, U.S.A. 

In situ cell death detection kit (fluorescein) Roche Diagnostics GmbH, Mannheim, 

Germany 

Insulin-transferrin-selenium supplement (ITS) Roche Applied Sciences, Mannheim, Germany  

Librase (Dispase low, DL) Research Grade  Roche Diagnostics, Indiana, U.S.A. 

MatrigelTM Basement Membrane Matrix 

(phenol red containing or phenol red free) 

BD Biosciences, Massachusetts, U.S.A. 

Methanol (MeOH) Merck, Darmstadt, Germany 
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Minimum essential medium, Alpha-modified 

powder with L-glutamine, without 

ribonucleosides and deoxyribonucleosides, 

without sodium bicarbonate (α-MEM) 

Gibco, Invitrogen Corporation, California, 

U.S.A. 

Minitransblot filter paper Bio-Rad, California, U.S.A. 

Nonidet P40 (NP40) Roche Diagnostics, Mannheim, Germany  

NuPage MES SDS running buffer (20×) Invitrogen, California, U.S.A. 

NuPAGE Novex Tris-Acetate Mini Gels Invitrogen, California, U.S.A. 

Paraformaldehyde (PFA) Merck, Darmstadt, Germany 

Paraformaldehyde (PFA) Sigma Chemical Co., Missouri, U.S.A 

Penicillin G (benzyl penicillin) sodium salt Sigma Chemical Co., Missouri, U.S.A 

Phenol red free α-MEM Gibco, Invitrogen Co., California, U.S.A. 

Ponceau S solution Sigma-Aldrich Inc., Missouri, U.S.A. 

Potassium chloride (KCl) Merck, Darmstadt, Germany 

Potassium dihydrogen phosphate (KH2PO4) Ajax Chemicals, New South Wales, Australia 

Precision Plus Protein Kaleidoscope 

Standards 

Bio-Rad, California, U.S.A. 

Prolong® Gold antifade mounting reagent 

P36930 

Invitrogen Molecular Probes,  Oregon, U.S.A 

Propidium iodide Sigma Chemical Co., Missouri, U.S.A 

Protease inhibitor cocktail Sigma Chemical Company, , MO, USA 

anti-Cadherin-5 antibody (for Western 

Blotting), purified mouse 

BD Biosciences, USA 

Restore Western Blot Stripping Buffer Thermo Scientific, Rockford, U.S.A. 
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RNase from bovine pancreas Roche Diagnostis GmbH, Penzburg, Germany 

RPMI-1640 medium with L-glutamine and 

sodium bicarbonate 

Sigma-Aldrich Inc., Missouri, U.S.A. 

Sodium azide Riedel-de-Haen, Seelze Hannover, Germany 

Sodium chloride (NaCl) Ajax Chemicals, NSW, Australia 

Sodium dihydrogen phosphate (NaH2PO4) Merck, Darmstadt, Germany 

Sodium dodecyl sulphate (SDS) Invitrogen, Carlsbad, California, U.S.A. 

Sodium hydroxide (NaOH) Scharlau, Barcelona, Spain 

Sphingosine and ceramides Avanti polar lipids, Alabama, U.S.A. 

Streptomycin sulphate salt Sigma Chemical Co., Missouri, U.S.A 

SuperSignal West Pico Chemiluminescent 

Substrate 

Thermo Scientific, Rockford, U.S.A. 

Tris(hydroxymethyl)aminomethane (Tris) 

ultra pure 

Sigma Aldrich, Missouri, U.S.A 

Triton-X-100 Sigma Chemical Co., Missouri, U.S.A 

Trypan blue stain 0.4%  Gibco, Invitrogen, New York, U.S.A. 

Trypan blue stain 0.4% (for use with 

Countess automated cell counter) 

Invitrogen Molecular Probes. Inc., Oregon, 

U.S.A. 

Trypsin-EDTA, 0.5% Gibco, Invitrogen Corporation, New York, 

U.S.A. 

Tween-20 Serva Electrophoresis GmbH, Heidelberg, 

Germany 
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2.1.2  Tissue culture glassware and plastic ware 

 
96-well plates NUNC delta surface, Denmark 

BD Falcon Cell scraper (25cm handle, 1.8 cm 

blade) 

Becton Dickinson Labware, New Jersey, U.S.A 

BD Falcon culture dishes, 100 mm  Becton Dickinson Labware, New Jersey, U.S.A 

BD Falcon culture flasks, 25, 75, 175 cm2 Becton Dickinson Labware, New Jersey, U.S.A 

BD Falcon multi-well plates 6 and 24 wells Becton Dickinson Labware, New Jersey, U.S.A 

BD Falcon plastic pipette tips, 1 to 25 ml Becton Dickinson Labware, New Jersey, U.S.A 

BD Falcon plastic tubes, 5 and 10 ml Becton Dickinson Labware, New Jersey, U.S.A 

BD Falcon polypropylene tubes, 15 and 45 ml Becton Dickinson Labware, New Jersey, U.S.A 

BD Precision Glide sterile 18 Gauge needle Becton-Dickinson, Singapore 

Cover slips, ESCO 22×22 mm, 22×40 mm, 

22×70 mm  

BDH Laboratory Supplies, New Zealand  

Cryovials NUNC Cryotube Vials, Denmark 

CytoSelect 24-well Wound Healing Assay (24 

assays) 

Jomar Bioscience Pty. Ltd., Stepney, Australia 

Disposable culture tubes borosilicate glass Kimble Chase Inc., New Jersey, U.S.A. 

Disposable haemocytometers Global Science, New Zealand 

Ep T.I.P.S. pipette tips 0.5 µl-5ml  Eppendorf AG, Hamburg, Germany 

Glass Duran bottles, 10 ml to 2 L capacity Biolab Scientific Ltd. New Zealand 

Microcentrifuge tubes, 1.5 ml Eppendorf AG, Hamburg, Germany 

Microscope slides, 75×75×1.0 mm, BDH 

super frost plus preclean clear glass 

Biolab Scientific. New Zealand & Australia 

Samco transfer pipettes Samco Scientific Co., California, U.S.A. 
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2.1.3 Culture medium and buffers 

Alpha-modified minimal essential medium (α-MEM) was prepared by dissolving powdered medium 

(ribonucleoside-, deoxyribonucleoside- and sodium bicarbonate-free) with L-glutamine in Milli-Q 

water and adding 2.2 g/L sodium bicarbonate. The pH of the medium was adjusted to 7.2 with 1 M 

HCl or 1 M NaOH. The medium was filter-sterilised by pump-assisted filtration through 0.2 µm pore 

filters and then transferred to Duran bottles. Fungal or bacterial contamination was tested by 

incubating 100 ml samples for 48 hours at 37 ºC and examining for turbidity. The medium was stored 

at 4 ºC and used within 3 months. 

 

FCS was heat inactivated at 56 ºC for 30 min to denature complement, and was stored frozen in 100 ml 

volumes at -20 ºC.  

 

1× Phosphate buffered saline (PBS) was prepared by dissolving 8 g NaCl, 0.2 g KCl, 0.2 g KH2PO4 

and 1.15 g Na2HPO4 in 1 L Milli-Q water. The PBS buffer was autoclaved at 101 kpa and 120 ºC for 

20 min and cooled to room temperature before use.  

 

The insulin-transferrin-selenium supplement (ITS) was prepared as a 1000× stock solution by 

dissolving 50 mg of lyophilisate containing 25 mg insulin, 25 mg transferrin and 25 µg sodium selenite 

in 5 ml of sterile water and then storing at -20 ºC. 

 

Penicillin/Streptomycin (Pen/Strep) was prepared by dissolving 3 g penicillin G sodium salt and 5 g 

streptomycin sulphate in sterilised PBS to a total volume of 500 ml. Once prepared, Pen/Strep was 

filter sterilised and stored in 4 ml aliquots at -20 ºC. 

 

Normal saline (0.9% w/v sodium chloride) was prepared by dissolving 90 g sodium chloride in Milli-Q 

water to a total volume of 10 L. Once prepared, saline was autoclaved and stored at room temperature. 



43 
 

1× Trypsin-EDTA (0.5% w/v) working solution was prepared from the purchased 10× stock solution 

with 1× PBS, and stored at 4 ºC. 

 

2.1.4 Drugs and proteins 

Avastin (bevacizumab) F. Hoffmann-La Roche Ltd, Basel, 

Switzerland 

N-Acetyl-D-sphingosine (C2 ceramide) Sigma-Aldrich Inc., Missouri, U.S.A. 

DMXAA (5,6-Dimethylxanthenone-4-acetic 

acid) (ASA404) 

Auckland Cancer Society Research Centre, 

University of Auckland, Auckland, New 

Zealand 

Endotoxin standard Sigma-Aldrich Inc., Missouri, U.S.A. 

PD 169316 Cayman Chemical, supplied by Sapphire 

Bioscience Pty. Ltd., Redfern NSW, Australia 

SB 203580 Sigma-Aldrich Inc., Missouri, U.S.A. 

Tumor necrosis factor-alpha (TNF-α), human 

recombinant 

Sigma-Aldrich Inc., Missouri, U.S.A. 

Vascular endothelial growth factor (VEGF), 

human recombinant 

BD Bioscience, Massachusetts, U.S.A. 

 

DMXAA, synthesized in this laboratory by Dr. G. W. Rewcastle (Rewcastle et al., 1991), was obtained 

from Dr. Swarna Gamage and prepared freshly for each experiment. It was dissolved in culture 

medium to a concentration of 1 mg/ml, with vigorous mixing (vortex mixer, 5 second, room 

temperature) to assist dissolution. Since DMXAA is light sensitive, solutions were protected from light 

by wrapping the containers with tin foil.  

 

Lyophilized VEGF was reconstituted in 1× PBS to produce a 10 µg/ml stock solution, dispensed in 
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aliquots of 20 µl/cryovial, and stored at -20 oC.  

 

Solid SB 203580 was reconstituted in DMSO to produce a 5 mg/ml stock solution and mixed 

vigorously to dissolve completely. The stock solution was dispensed in aliquots of 15 µl/cryovial and 

stored at -20 oC. The working solution was freshly made by diluting the stock solution with culture 

medium to 1/100 (i.e. 50 µg/ml) concentration. This dilution minimizes the concentration of DMSO to 

1% v/v in cell cultures. DMSO has no overt effects on endothelial cells at 1% concentration 

[http://circres.ahajournals.org/cgi/data/CIRCRESAHA.107.158147/DC1/1 online supplement of 

(Sergey, V. et al. 2008)]. 1% DMSO does not cause significant morphological changes in endothelial 

monolayers (Koizumi, Tsutsumi et al. 2003).   

 

PD 169316 powder was dissolved in DMSO to 2 mM concentration. Sonication at room temperature 

was required to help the powder to dissolve completely. The working solution was made freshly for 

each experiment by diluting the stock solution to 20 µM with culture medium. The final concentration 

of DMSO in cell culture was 1‰ v/v.   

 

TNF-α was provided as a solution in PBS (1 ml, 10 µg/ml). The original solution was dispensed as 

aliquots to 20 µl/cryovial and stored at -20 oC.  

 

Avastin was provided as a 4 mg/ml solution for clinical use and was stored at 4oC. 

 

Endotoxin powder was dissolved in endotoxin-free water to 4000 EU/ml concentration and stored at 

4 oC. A specific activity of 10 EU/ng was used for calculation of concentration.   

 

2.1.5 Cell lines 

The human umbilical vein endothelial cell (HUVEC) line, HUVE-12, was cultivated in the Wistar 

http://circres.ahajournals.org/cgi/data/CIRCRESAHA.107.158147/DC1/1


45 
 

Institute, U.S.A. and purchased from ATCC or Corriel Institute U.S.A. The cells were provided as 

passage number 1 and were used to passage 15.  

 

The NZM7 cell line was cultivated from New Zealand melanoma patient’s sample in our laboratory. 

The cultures of NZM7 cells used in this project were provided at passage 11 by Wayne Joseph, and 

were used to passage 35.  

 

2.1.6  Equipments 

ATE magnetic stirrer  VELP Scientifica, Milan, Italy 

Agilent 1100 series LC/MSD trap HPLC Agilent Technologies, Pennsylvania, U.S.A. 

Anaerobic indicator Oxoid Ltd., Hampshire, United Kingdom 

Bactron anaerobic/environmental chamber Sheldon Manufacturing Inc., Oregon, U.S.A. 

BD LSR II flow cytometry scanning 

system  

BD Biosciences, California, U.S.A. 

Biological safety cabinet, class 2 AES Environmental Pty. Ltd., New South Wales, 

Australia 

Bio-Rad PowerPac Basic power supply BioRad, California, U.S.A. 

CentriVap® Centrifugal Concentrators 

and Cold Traps 

Labconco Corporation, Missouri, U.S.A. 

Chiltern MT9 Auto Vortex Mixer Chiltern Scientific Thermo electron LED GmbH, 

Osterode, Germany,  

Countess automated cell counter Invitrogen, Carlsbad, California., U.S.A. 

Countess Cell Counting Slides Invitrogen, Carlsbad, California., U.S.A. 



46 
 

EC250-90 Dual Mode Electrophoresis 

Power Supply 

E-C Apparatus Corporation, Massachusetts, 

U.S.A. Supplied by BioScientific Ltd., New 

Zealand 

ELx808 Absorbance microplate reader Bio-Tek instruments Inc., U.S.A. 

Eppendorf centrifuge 5418 Eppendorf, Hamburg, Germany 

Eppendorf Easypet pipettes (1-25ml) Eppendorf, Hamburg, Germany 

Eppendorf research pipettes (0.1µl-5ml) Eppendorf, Hamburg, Germany 

Eppendorf Thermomixer comfort Eppendorf, Hamburg, Germany 

Forma -86C ULT freezer Thermo Electron Corporation, Ohio, U.S.A. 

Formal Series 2, water jacketed CO2 

(normal or low oxygen) incubator 

Thermo Electron Corporation, Ohio, U.S.A., 

supplied by  Total Lab Systems Ltd., Auckland, 

New Zealand 

Fridge/freezer Fisher and Paykel, Auckland, New Zealand 

Fujifilm Luminescent Image Analyzer 

LAS-3000 (or 4000) 

Fuji Photo Film Co. Ltd., Tokyo, Japan 

Fume hood Thermo Plastic Engineering Ltd., Wellington, 

New Zealand 

Heidolph MR Hei-Standard magnetic hot 

plate stirrer 

Heidolph Instruments GmbH & Co. 

KGSchwabach, Germany. Supplied by  

John Morris Scientific, New South Wales, 

Australia 
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Heraeus Biofuge 13 centrifuge Thermo Scientific, Massachusetts, U.S.A. 

Heraeus Labofuge 400 R centrifuge Kendro Laboratory Products, Newtown, U.S.A. 

Heraeus Multifuge IS centrifuge Kendro Laboratory Products, Newtown, U.S.A. 

Ikamag EOA 9 electronic water bath Laborgerateborse GmbH, Burladingen, Germany 

Jouan CR312 centrifuge Thermo Scientific, Massachusetts, U.S.A. 

Leica TCS SP2 confocal microscope Leica Microsystems GmbH, Wetzlar, Germany 

Locator Cryobiological storage system Thermo Scientific, Massachusetts, U.S.A. 

Micromax cooled CCD camera Princeton Instruments, U.S.A. 

Milli-Q purification system Millipore, Bedford, Massachusetts, U.S.A. 

Minilab model IQ120 pH meter with 

silicon chip sensor 

IQ Scientific Instruments, Inc., California, USA 

Nalgene cryo 1 °C freezing container Thermo Scientific, Massachusetts, U.S.A. 

Nikon TE-2000E inverted microscope Nikon Corporation, Tokyo, Japan 

Novex Mini-cell and X cell Sure Lock  

(Western blotting gel running chamber) 

Invitrogen, Carlsbad, California, U.S.A. 

Olympus Camedia C-5050 Zoom 

Professional Digital Compact Camera 

Olympus Optical Co. Ltd., Tokyo, Japan 

Olympus CKX4 culture microscope Olympus Corporation, Tokyo, Japan 

Olympus FluoView1000 confocal Olympus Corporation, Tokyo, Japan 
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microscope 

Olympus FV1000 live cell imaging 

confocal microscope 

Olympus Corporation, Tokyo, Japan 

Oxygen/hydrogen analyser Coy Laboratory Products Inc., Michigan, U.S.A 

pH meter Schott Instruments GmbH, Mainz, Germany 

Plastic haemocytometers # 211710 Vetri Plast, Piove de Sacco, Italy 

S 40H Elmasonic sonicator Total Lab Systems Ltd., Auckland, New Zealand 

Sartorius electronic analytical balance Sartorius AG, Goettingen, Germany 

Sartorius Basic electronic balance Sartorius AG, Goettingen, Germany 

Techne water bath Bibby Scientific Ltd., Staffordshire, United 

Kingdom 

Thermo Finnigan TSQ quantum ultra 

accurate mass triple quandrupole mass 

spectrometer 

Thermo Scientific, Massachusetts, U.S.A. 

Trans-Blot Protein Transfer System BioRad, California, U.S.A. 

VSR-50 variable speed rocking platform PRO Scientific, Oxford, U.S.A. 

 
 

2.1.7 Software 

 
BD FACSDiva software BD Biosciences, California, U.S.A. 

Fujifilm Image Reader LAS-3000 Fuji Photo Film Co., Ltd., Tokyo, Japan 
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Image J National Institutes of Health, Maryland, U.S.A. 

Image-Pro Plus version 6.2 and 3DS 5.1 

scientific image processing and analysis 

software 

MediaCybernetics, Maryland, U.S.A. 

KC4 microplate data analysis software Biotek Instruments, Vermont, U.S.A. 

Leica confocal software Leica Microsystems GmbH, Wetzlar, Germany 

Metamorph software Molecular Devices, Pennsylvania, U.S.A. 

Microsoft Excel Microsoft Corporation, U.S.A. 

Nikon EclipseNet imaging software Nikon Corporation, Tokyo, Japan 

Olympus imaging software Olympus Corporation, Tokyo, Japan 

Sigmaplot/Sigmastat Systat software, California, U.S.A. 

Aligent LC-MSD trap software Bruker Daltomics, Fahrenheistr, Bremen, 

Germany 

MSD trap control software Bruker Daltomics, Fahrenheistr, Bremen, 

Germany 

 
 

2.2 Methods 

2.2.1 General Cell culture 

2.2.1.1 Cryopreservation and recovery of cells from liquid nitrogen storage 

Both cell lines were stored in a freezing mixture in cryovials at a density of 1×106 HUVE-12 cells or 

5×106 NZM7 cells per cryovial at -196 °C in liquid nitrogen. The freezing mixture was made up of 2 
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parts dimethyl sulphoxide (DMSO), 3 parts FCS and 5 parts serum free medium (v/v/v), and the 

mixture cooled to 4 °C. Equal parts of freezing mixture were mixed with cell suspensions, before being 

dispensed into cryotubes. The final concentration of DMSO in the mixture of the freezing mixture and 

cell suspension is 10% v/v. Cryotubes were placed in Nalgene cryo 1 ºC freezing containers, and 

cooled slowly in a Forma -86 ºC ULT freezer (Thermo Electron Corporation, U.S.A.) for several days 

before transfer into liquid nitrogen. When needed, cryovials were thawed rapidly in a 37 °C water bath 

until there was small residue of remaining frozen material. Cells were transferred into culture flasks 

immediately after the mixture had thawed. Flasks were coated with gelatin before seeding of HUVE-

12 cells to optimize the growth of HUVE-12 cells. To coat the flasks, 15 ml autoclaved 0.1% porcine 

gelatin was added into each 175 cm2 flask (7.5 ml for a 75 cm2 flask) and incubated for at least 10 min 

before being gently aspirated. The culture medium was changed the next day to remove DMSO.  

 

2.2.1.2. Culture of HUVE-12 cells and NZM7 melanoma cells 

HUVE-12 cells were cultured on 0.1% porcine gelatin coated surfaces (as described above). Each 100 

ml volume of HUVE-12 cell culture medium was made up of serum free medium (α-MEM or RPMI-

1640) (87.5 ml), 0.03 mg/ml endothelial cell growth supplement (ECGS) (3 mg, 1 ml), 15 U/ml 

heparin (1500 U, 1.5 ml) and 10% FCS (10 ml). The supplemented culture medium was changed every 

2-3 days. HUVE-12 cells were used from passage 4 to 15 to minimise changes in cellular 

characteristics that might confound experimental results. 

 

NZM7 melanoma cells were used between passages 11 to 35. These cells do not require gelatin for 

stimulating their growth, and thus were seeded in uncoated culture flasks. Every volume of 400 ml 

NZM7 culture medium contained α-MEM (375.6ml), ITS (1,000-fold concentrate, 0.4 ml), 1% 

penicillin/streptomycin (4 ml) and 5% FCS (20 ml). The supplemented culture medium was changed 

every seven days. Passage 11 to 35 of NZM7 melanoma cells were used to minimise changes in 

cellular characteristics that might confound experimental results. 
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40 ml cell growth medium was added into each 175 cm2 flask, and 12 ml growth medium was added 

into each 75 cm2 flask. 

 

2.2.1.3. Cell passaging  

HUVE-12 and NZM7 cells were recovered by treatment with 0.05% Trypsin-0.02% EDTA in PBS (37 

°C, 5-10 min) when they reached 80-90% confluence. Culture medium was added to the trypsinised 

flasks to recover the cells. The cell suspensions were transferred into 50 ml polypropylene conical 

tubes and centrifuged. The HUVE-12 cell suspensions were centrifuged at 1000 rpm for 7 min, while 

the NZM7 suspensions were centrifuged at 2000 rpm for 5 min. Cells were resuspended in their 

respective growth media after centrifugation. After the cell densities were determined by cell counting, 

the required volume of cell suspension was added into new flasks for maintenance of the line.  

 

2.2.1.4. Cell counting 

Cell numbers were counted using an Olympus CK×41 wide field microscope and a haemocytometer. 

The cell number was determined from the following formula:  

Cell density = (total cells counted/number of the counted squares) ×104 

Total cell number = (total cells counted/number of the counted squares) ×104×total volume 

 

2.2.1.5. Cell incubation 

HUVE-12 cultures were maintained in a humidified atmosphere containing 5% CO2 in air at 37 °C. 

NZM7 melanoma cell cultures were maintained in a humidified atmosphere containing 5% CO2, 5% 

O2 in nitrogen and at 37 °C. 

 

2.2.2  Network formation of HUVE-12 cells and NZM7 melanoma cells on Matrigel 

Matrigel remains liquid at a temperature of 4 ºC but gels at temperatures slightly higher than 4 ºC. It 

was stored at -20 ºC and thawed overnight at 4 ºC before use. Matrigel may gel at the slightly elevated 
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temperature of the refrigerator, and was therefore placed on ice. Every step involving Matrigel was 

carried out on ice. Matrigel gels rapidly at 22 ºC to 35 ºC, and may be used for culture after 30 min 

incubation at 37 ºC.  

 

Matrigel may be used at the concentration provided by the supplier (Kinsella, Grant et al. 1992; 

Arnaoutova and Kleinman 2010) or at dilutions of not more than 1:3 (as recommended, instruction 

sheet, BD Bioscience, U.S.A.). The concentration of Matrigel used in this project was 62.5% in serum 

free medium (v/v). Each well of a 24-well plate was coated with 40 µl of 62.5% Matrigel containing 

15 µl serum free medium and 25 µl Matrigel. Each well of a 6-well plate was coated with 200 µl of 

62.5% Matrigel. Each 22×22 mm glass coverslip was coated with 150 µl 62.5% Matrigel. Each of the 

22×22 mm glass coverslips was placed in one well of a 6-well plate. The diluted Matrigel was evenly 

spread on the surface of each well or coverslip. When spreading on the coverslip, a very narrow space 

between the Matrigel and the edge of the coverslip was left to prevent the still liquid Matrigel from 

spreading out of the coverslip. When spreading Matrigel, the plates were kept level to ensure the 

surface for cell growth was as flat as possible. All of these steps needed to be done on ice until the 

Matrigel was evenly spread. The Matrigel coated plates were kept flat at 37 ºC for 30 min to enable gel 

formation before cell seeding. Cells were seeded immediately after the plates were taken out from the 

incubator. Single cell suspensions of 1×105 HUVE-12 cells or 4×105 NZM7 melanoma cells (1 ml) 

were seeded in each well of 24-well plates. Suspensions of 5×105 HUVE-12 cells or 2×106 NZM7 

melanoma cells (2 ml per well) were seeded in 6-well plates or coverslip-containing 6-well plates.  

 

2.2.3  Culture of the NZM7 melanoma cells and HUVE-12 cells for immunofluorescence 

staining 

22×22 mm glass coverslips were autoclaved for sterilisation before they were placed into the 6-well 

plates.  

 

For non-Matrigel experiments, single cell suspensions of 1×105, 3×105, or 5×105 HUVE-12 cells (2 
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ml) were seeded into the wells of 6-well plates containing 0.1% gelatin coated glass coverslips. 

Suspensions of 1×105 NZM7 melanoma cells (2 ml) were seeded similarly. Cells were allowed to 

attach to the coverslips for 24 hours before drug treatment and were fixed and stained after the 

required duration of exposure. Before the HUVE-12 cells were seeded, 0.1% porcine gelatin (1 ml) 

was placed on the glass coverslips for 10 min and then aspirated. NZM7 melanoma cells were seeded 

directly onto the coverslips.  

 

For immunofluorescence staining of network-forming cells on Matrigel, the Matrigel was diluted in 

phenol red free medium and then 150 µl of 62.5% Matrigel was spread on each 22×22 mm glass 

coverslip to form a thin layer. The steps from Matrigel spreading to cell seeding have been described in 

the previous paragraph, except that the culture medium was also phenol red free. Cells were incubated 

on the Matrigel until harvest and staining.  

 

2.2.4 Immunofluorescence staining of HUVE-12 and NZM7 melanoma cells 

Preparation of PFA/PBS (4%) 

Cells were fixed by 4% paraformaldehyde (PFA)/PBS which needed to be prepared before staining. 

PFA powder (4 g) was dissolved in 1×PBS in a Duran bottle on the magnetic hot plate stirrer. A few 

drops of 1 M NaOH were added to help dissolution when stirring. The temperature of the hot plate was 

kept below 60 oC to avoid polymerization and loss of PFA activity. The dissolved PFA solution was 

removed from the hot plate to cool down. The pH of the solution was measured by a pH meter and 

adjusted to 7.2 ± 0.2 by 1 M HCl. The PFA solution was then used immediately or dispensed in 

aliquots to 50 ml BD Falcon tubes. If stored at 4 °C, this PFA/PBS solution was used for no longer 

than three weeks. If stored at -20oC, this solution were used for about 3 months. Since PFA is 

hazardous, all steps (weighing, heating, stirring, aliquoting) were done in a fume hood. The 4% PFA 

solution needed to be pre-warmed in a water bath (37 °C) for at least half an hour until clear before 

being used.  
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Fixation of cells 

After drug exposure, cells were observed by light microscopy for gross alterations before fixation and 

staining. After observation, cells were gently washed twice with pre-warmed 1× PBS (37 °C) using 

Samco transfer pipettes. Washed cells were fixed using pre-warmed 4% PFA/PBS (1 ml; pH 7.2; 37 

°C) for 15 min at room temperature.   

 

Nuclear staining and permeabilisation 

After 15 min fixation, the 4% PFA/PBS was gently removed and the cells washed twice with 1 x PBS 

using Samco Transfer pipettes. Hoechst 33342 working solution was added to each well for 10 min. 

Due to the light sensitivity of Hoechst 33342, the staining steps after the Hoechst 33342 addition were 

all carried out in a biological safety cabinet with the light switched off.  After aspiration, Triton X-

100/PBS (0.2%) was added to each well for 10 min to permeabilise cell membranes.  

 

Non-specific antibody blocking and antibodies application 

Permeabilised cells were washed three times using a few drops per well of 1% BSA/PBS (v/v). The 

non-specific antibody binding was blocked by adding BSA/PBS (10% v/v; 2-5 drops/cover slip) for 10 

min.  

 

Cell staining 

The concentration of antibodies and staining agents are described in Table 2.1. 

Table 2.1 The staining agents and antibodies used in immunofluorescence staining. NS: Normal Saline.   

Staining agents 
and antibodies 

Stock 
solution Store 

condition 
Working 
solution 

Volume applied 
to each 

coverslip 
Incubation 
time 

Anti-α-tubulin 
primary antibody, 
mouse 

200 µg/ml  -20 oC 

0.2 µg/ml in 
1% 
BSA/PBS 
(1:1000) 

100 µl for 
monolayer, 250 
µl for networks 

1 hour 

Alexa Fluor® 488 
F(ab’)2 fragment 

2 mg/ml in 
PBS  -20 oC 2 µg/ml in 

1% 
100 µl for 
monolayer, 250 ½ to 1 hour 
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of goat anti-
mouse IgG (H+L) 
secondary 
antibody  

BSA/PBS 
(1:1000) 

µl for networks 

Alexa Fluor® 568 
F(ab’)2 fragment 
of goat anti-
mouse IgG (H+L) 
secondary 
antibody  

2 mg/ml in 
PBS 4 oC 

2 µg/ml in 
1% 
BSA/PBS 
(1:1000) 

100 µl for 
monolayer, 250 
µl for networks 

½ to 1 hour 

Alexa Fluor® 633 
phalloidin  

200 
units/ml in 
methanol 

 -20 oC 

1 unit/100µl 
in 1% 
BSA/PBS 
(5:100) 

100 µl for 
monolayer, 250 
µl for networks 

½ to 1 hour 
with secondary 
antibodies, 2-3 
hours with 
FITC-
conjugated 
VE-cadherin 
Ab 

Anti-VE-cadherin 
primary antibody, 
rabbit  

1 mg/ml in 
PBS  -20 oC 

1 µg/ml in 
1% 
BSA/PBS 
(1:1000) 

100 µl for 
monolayer, 250 
µl for networks 

30 min 

FITC-conjugated 
anti-VE-cadherin 
antibody  

I mg/ml 4 oC 

1 µg/ml in 
1% 
BSA/PBS 
(1:1000) 

100 µl for 
monolayer, 250 
µl for networks 

2-3 hours 

Hoechst 33342 50 µg/ml 
in NS 4 oC 10 µg/ml in 

NS, fresh 

100 µl for 
monolayer, 250 
µl for networks 

10 min 

 
 

Anti-α-tubulin or anti-VE-cadherin primary antibodies were freshly diluted from the stock solutions 

and added to cells after the 10% BSA/PBS was aspirated. The cells were incubated in room 

temperature with the primary antibody for at least one hour. Cells were washed 4 times with 1% 

BSA/PBS.  

 

The secondary antibody and Alexa Fluor 633 conjugated phalloidin with or without FITC-conjugated 

anti-VE-cadherin antibody were freshly made as a mixture stored in brown glass vials or covered by 

tin foil. The mixture was added after the cells were washed 4 times with 1% BSA/PBS. The cells were 

incubated in room temperature in the dark for 1 to 3 hours after the mixture was added.  
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Mounting and sealing 

The coverslips were washed 4 times with 1x PBS after staining. The samples were drained and then 

mounted with Prolong Gold Antifade mounting reagent on 22×76 mm slides, and sealed by nail 

varnish. For the coverslips coated by Matrigel, the bottom side of the Matrigel coated side of a 22×22 

mm coverslip was attached to a 22×76 mm slide with a minimal amount of nail varnish at the corners 

and then mounted to a 22×76 mm slide glass coverslip on the top of the cells with Prolong Gold 

Antifade mounting reagent to facilitate observation by the high magnification confocal microscopes 

lens. This method shortened the distance between the cells and the oil immersion lens. In all cases, two 

coverslips were mounted on each slide. The upper coverslips were sealed with the bottom slides by 

nail varnish at the corners after drying in room temperature overnight in the dark.  

 

The actions of adding and aspirating reagents, mounting and sealing slides were performed very 

gently, especially when investigating network formation, since cell shape might be changed or 

networks might be damaged by careless manipulations. 

 

2.2.5  TdT-mediated dUTP biotin nick end labelling (TUNEL) staining of HUVE-12 cells 

growing on Matrigel 

HUVE-12 cells (2 ml containing 5×105 cells) were seeded on to Matrigel coated 22×22 mm glass 

coverslips. Drugs were added at the same time as cell seeding, and the cultures incubated for 17 hours. 

Supernatants were aspirated and the samples were air dried for at least 24 hours before staining. 

PFA/PBS (4% w/v, pH 7.4; 100 µl) was placed on each coverslip for 1 hour at room temperature. After 

rinsing the coverslips with 1×PBS, Triton X-100 (0.1% in 0.1% sodium citrate; 100 µl) was added onto 

each coverslip for 2 min on ice or in a refrigerator to permeabilise cell membranes. Following two 

washes with PBS, DNase working solution was added to the positive control cover slips and incubated 

at room temperature for 10 min. DNase working solution was prepared by adding 3 U/ml recombinant 

DNase I in 50 mM Tris-HCl, pH 7.5 in 1 mg/ml BSA. During incubation, the TUNEL reaction mixture 

In Situ Cell Death Detection kit (fluorescein) was prepared freshly. TdT enzyme (50 µl) was mixed 
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with labelling reagent (450 µl; 1:10 dilution), and stored on ice until required. 50µl TUNEL reaction 

mixture was needed for each coverslip. After two rinses with PBS, excess liquid was removed by 

applying tissue paper around the edges. For negative controls, 50 µl TUNEL reaction mixture or 

labelling solution was placed on each coverslip and incubated in a dark humidified chamber (60 min, 

37 ºC), followed by three rinses with 1× PBS. Cells were incubated with Hoechst 33342 working 

solution in the dark (room temperature, 10 min) and then rinsed 3 times with PBS. Coverslips were 

mounted and sealed as described in the previous paragraph.    

 

2.2.6  Microscopy and image analysis 

Cell morphology and network formation were observed and photographs taken using an Olympus 

CK×4 wide field microscope with ×10 phase contrast lens, 0.25 NA or ×4 planC lens, 0.1 NA and a 

Olympus Camedia C-5050 Zoom Professional Digital Compact Camera.  

 

Time lapse images of network formation and scratch assays were taken using a Nikon TE-2000E 

inverted microscope with ×10 phase contrast dry lens, 0.3 NA. The culture vessel was placed on the 

stage of the microscope in a transparent incubator with controlled temperature and atmosphere. Image 

Pro Plus 6.2 imaging acquisition software was used to control the movement of the stage and acquire 

the images. EclipseNet imaging processing software was used in AVI movie making.  

 

Image Pro Plus 3DS 5.1 software was used to quantify the cell-occupied area in network formation 

investigations, and to determine gap distances and areas in scratch assays. Image J was used for 

counting cavities (cell-free areas enclosed by linearly aligned cell aggregates) and joints (points of 

intersection of the cell aggregates) for network formation investigations. 

 

Cells prepared for immunofluorescence were observed and imaged by a Leica SP2 confocal 

microscope with ×20 oil immersion lens, 0.7 NA, ×40 oil immersion lens, 1.25 NA and ×63 oil 
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immersion lens, 1.32 NA. Basically, 4 images were taken for each slide. Image J was used to quantify 

the fluorescence intensities and areas occupied by actin immunofluorescence. During a short period 

required for the technical maintenance of the Leica TCS SP2 confocal microscope, an Olympus 

FluoView1000 confocal microscope was used for immunofluorescence. This microscope was not 

connected to a UV laser, so the nuclei could not be visualized.   

 

An Olympus FV1000 live cell imaging confocal microscope was used for tubulin tracking preliminary 

experiments.  

 

2.2.6.1 Time lapse imaging of network formation and scratch assay 

2.2.6.1.1 Incubator and heater 

The temperature of the incubator around the Nikon NE2000E inverted microscope stage needed time 

to increase from room temperature to 37 oC and stabilise for about 1-2 hours. Therefore, the heater of 

the incubator was turned on about 2 hours before imaging started. Cells were moved into the incubator 

only after fluctuations in temperature had stabilised. 

 

2.2.6.1.2 CO2 set up  

The pH in the cell cultures was maintained by the presence of CO2 in the atmosphere. A cylinder of 5% 

v/v CO2 in air was connected to the culture vessel by a neoprene tube that enabled the gas to be 

bubbled through a water bottle located in the same heated incubator as the cells. The CO2 was filtered 

before entering both the bottle and the culture vessels. The end of the tube was connected to a bent 18 

gauge hypodermic needle that penetrated the lid of the 24-well plate culture vessel. The hole on the lid 

of the culture plate was made by an 18 gauge needle, heated by a spirit burner. For the even 

distribution of the CO2 and the movements of the stage of the microscope, the hole in the lid of 24-well 

plate was made between rows 3-4 and columns 3-4. The concentration of CO2 in the wells was 

monitored by the colour of the medium and a mini pH meter; and controlled by the bubble rate in the 

water bottle, usually maintained at about 200-300 bubbles/min.  
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2.2.6.1.3 Microscope set up 

Koehler illumination was set up before imaging. A diamond light area was seen when the aperture was 

closed via the condenser A function with the minimal light field. This diamond light area needed to be 

moved to the middle of the field. The condenser was moved up and down until the edge of the 

diamond area was most sharply defined.  

 

When the Koehler illumination was set, aperture was moved to maximum. The Phase contrast 1 (Phase 

1) condenser and ×10 dry objective lens, 0.3 NA were used for imaging.  

 

2.2.6.1.4 Operation of image analysis software Image Pro Plus    

The “licensed” version of IPP6.2 was used for imaging. The “escape” button was pressed to move the 

objectives to avoid damage at the beginning of the IPP operation when the stage was moved by the 

Proscan 2.  

 

The best scope setting was about 4.5 Volt light. The best exposure was calculated for each experiment 

with the preview function to identify the appropriate camera settings. The “bright field” channel, right 

scope setting, ×10 dry plan objective, right camera setting were used in image acquisition. The best 

exposure time was calculated again before image acquisition. The images were taken using 5 minute 

time intervals between frames. The duration of the imaging ranged from 8 to 42 hours depending on 

the experiment.   

 

The sites for imaging were chosen with the assistance of the preview function and the eye piece of the 

microscope. The chosen sites were all in the middle of each well to avoid the influence of the subtle 

difference of cell morphology from the edge to the centre in each well of a 24-well plate. These central 

sites usually provided the optimal viewing of cells using both the eye piece and camera. The middle of 
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the well is best observed for cell morphology because of the absence of meniscus effects. This central 

imaging strategy was used to obtain maximal quality and consistency of observation from well to well.  

At the end of the camera setting up phase, the image size was checked and set to high resolution 

1280×960 pixels for data capture. All settings of the microscope and camera, and the saving of the 

settings and images to the desired folder of the on-line computer were checked before image 

acquisition started. Movies were made by EclipseNet software when imaging had been completed. 

Data files were very large and were transferred to an external hard drive for later analysis.   

 

2.2.7  Western blotting 

2.2.7.1 Protein extraction and concentration determination 

For preparation of protein extracts from cells growing on gelatin or Matrigel coated culture vessels, 

HUVE-12 cells (5×105 cells in 2 ml) were seeded in each well of a 6-well plate. Cells were allowed to 

attach overnight before drug treatment.  

 

Following drug treatment, medium was gently aspirated from the wells. Cells were gently washed 

twice with ice-cold 1× PBS (1-2 ml per dish) and incubated in cell lysis buffer containing a freshly 

added protease inhibitor cocktail (1:100 v/v) on ice (150 µl per well for gelatin coated wells, 250 µl 

per well for Matrigel coated wells) for 30 min. The extract was irrigated through a pipette to facilitate 

lysis. Cellular material was dislodged completely using a cell scraper and then transferred to 1.8 ml 

microcentrifuge tubes. The supernatants containing whole cell protein extracts were collected after 

centrifugation (15 min, 13,000 rpm, 4 ºC) and used immediately, or stored at -80 ºC prior to 

subsequent steps. The rinsing of networks formed on Matrigel needed to be very gentle to avoid any 

alterations caused by external forces.  

 

Protein concentrations were determined by the bicinchoninic acid (BCA) assay. NaOH (1 M, 150 

µl/tube) was added to each of eight microcentrfuge tubes. BSA (4 mg/ml, 150 µl/well) was added to 
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the first tube and serially diluted 1:2 through six tubes. Nothing was added to the last tube. This forms 

the following dilution series: 0, 31.25, 62.5, 125, 250, 500, 1000, 2000 µg/ml. A constant volume (50 

µl) from each tube comprising the dilution series was transferred to each well of a 96-well plate, in 

duplicate. To match the setting of the plate reading software, protein concentrations were ordered from 

0 µg/ml protein at the top of the plate (row A) to 2000 µg/ml at the bottom of the plate (row H). 

Protein samples were added in duplicate in the next columns using 1:5 (40 µl NaOH + 10 µl sample) 

or 1:10 (45 µl NaOH + 5µl sample) dilutions. Freshly made BCA reagent (100 µl) was added to each 

well, mixed, and the assays incubated at 37 oC for 30 min. The absorbance was read using an ELx 808 

96-well microplate reader at a wavelength of 550 nm, and compared to the absorbance of the protein 

standards to determine protein concentration. The test optical density value was defined as the 

absorbance of each individual well minus the blank value. Mean values, curves and statistical analysis 

was calculated automatically by KC4 Microplate Data Analysis Software and exported to Microsoft 

Excel.  

 

2.2.7.2 Western blotting 

The calculated amount of protein was added into each microcentrifuge tube and mixed with 6× 

concentrated loading dye (total volume/6). This mixture was heated at 95 oC for 4 min using an 

Eppendorf Thermomixer. These tubes were centrifuged for a few seconds to sediment the condensation 

caused by heating, and were left at room temperature to cool down until loading.  

 

The pre-cast NuPAGE Mini Gels (1.0 mm thickness; 10 or 15 wells) were removed from their 

packages. The combs and the tapes were removed and then the gels were washed briefly in Milli-Q 

water. The gels were placed in a Novex mini cell chamber with the short plate facing inwards. When 

running one gel, a dam was used to separate the two halves of the chamber. The gel tank was filled 

with running buffer to a level above the short plate but below the top plate. The apparatus was checked 

for leakage between two gels. Then the outside of the tank was filled with running buffer to the same 
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level as between the gels. The samples were placed in each well in the gels, the Novex mini cell was 

covered by the matching X cell Sure Lock connected to a EC250-90 Dual Mode Electrophoresis 

Power Supply, and electrophoresis performed at 150 V for 1 hour. 

 

The transfer buffer was prepared at least 1 hour before use and stored at -20 °C. If prepared a day 

before use, the transfer buffer was stored at 6 °C overnight. Following electrophoresis, the gel plates 

were removed from the Novex mini cell and opened by a special knife. To make the “transfer 

sandwich”, the black side of the transfer cassette was placed face down in a container of transfer 

buffer. A filter mat and 2 sheets of filter paper (each pre-soaked in transfer buffer) were placed on the 

black side of the transfer cassette.  The gels were carefully removed from the plates, stacking and 

extraneous portions of the gel were trimmed and the gels placed gently on the filter paper. Immobilon-

P transfer membranes were soaked in methanol for 30 seconds and then placed on the gels. Two more 

sheets of pre-soaked filter paper and another pre-soaked filter mat were laid on the transfer membrane. 

Care was taken to avoid bubbles between any of the layers. A 15ml BD falcon tube was rolled gently 

on the top of the sandwich to drive out any bubbles. The closed “sandwich” was placed in a transfer 

tank with the black side of the cassette facing the black side of the tank. An ice coolant block was 

placed in the tank to prevent overheating, the tank was filled with cold transfer buffer, and connected 

to a Bio-Rad PowerPac Basic power supply for transfer (100 V, 1 h).  

 

2.2.7.3 Visualization of protein bands 

The transfer membranes were removed from the transfer sandwich and incubated in blocking buffer 

(3% BSA in TBS-T) for 30-60 min on a variable speed rocking platform at room temperature. The 

blocking buffer was removed and the membranes stored at -20 °C until use. The primary antibodies 

were diluted in blocking buffer. The anti-AKT, anti-phosphorylated-AKT and anti-VE-cadherin 

primary antibodies were diluted 1:1000, (1 µl antibody solution into 1 ml blocking buffer). The anti-

actin and anti-GAPDH primary antibodies were diluted 1:5000 (1 µl antibody solution into 5 ml 
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blocking buffer).  

 

Primary antibody-containing working solutions (5 ml) were added to membranes and incubated 

overnight in sealed containers (4 oC on a shaker platform). The primary antibodies were removed from 

the membrane and kept for reuse (4 times). The membranes were washed in TBS-T three times (5 min 

each time, using a variable speed rocking platform). The secondary antibodies were diluted in blocking 

buffer. The anti-mouse IgG-HRP secondary antibody for the anti-actin primary antibody and the anti-

rabbit IgG-HRP secondary antibody for the anti-GAPDH primary antibody were diluted 1:10000 (1 µl 

antibody solution into 10 ml blocking buffer). Other secondary antibodies were diluted 1:5000 (2 µl 

antibody solution into 10ml blocking buffer). Secondary antibody-containing solutions (5 ml) were 

added to the membranes. After incubation at room temperature (1 hour, rocking platform), this solution 

was discarded. Membranes were then washed in TBS-T three times (5 min each time, with rocking).  

 

SuperSignal West Pico Chemiluminescent Substrate (1ml of each of the two reagents, freshly mixed) 

was added to each membrane. After 5 min of incubation (with rocking), the membranes were picked 

up using forceps, drained and placed between overhead transparency sheets. The sheets were wiped 

with tissue paper to drive out air bubbles, and images of the protein bands were developed using a 

Fujifilm Luminescent Image Analyzer LAS-3000 (or 4000). The intensity of the scanning and the time 

length of the scanning were determined for each membrane. In the case of extremely low 

concentrations of the proteins of interest, an Amersham ECL™ Advance Western Blotting Detection 

Kit was added immediately before scanning to increase the signal.  

 

Membranes could be used to probe for multiple proteins. Membranes were incubated at room 

temperature in Restore Western blot stripping buffer (5 ml, 15 min, with rocking) and washed with 

TBS-T for twice, each time 5 min. They were stored at 4ºC between paper towels for future use. Each 

membrane could be used for four separate determinations.  
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The image analysis software Image J was used to quantify the intensity of each band obtained by LAS 

Image Analyzers.  

 

2.2.7.4 Main solutions used in Western Blotting 

10× PBS 

KCl 2g 
KH2PO4 2g 
Na2HPO4 (anhydrous) 11.5g 
NaCl 80g 

The above chemicals were dissolved in Milli-Q water to a total volume of 1 litre. After preparation, 

10× PBS was stored on the shelf at room temperature. 

10× TBS 

NaCl 80 g 
Tris 24.2 g 

The above chemicals were dissolved in Milli-Q water to the total volume of 1 litre and the pH was 

adjusted to 7.5 with HCl. After preparation, 10× TBS was stored on the shelf at room temperature. 

TBS-Tween 0.1% (TBS-T) 

10x TBS 100 ml 
Milli-Q water 900 ml 
Tween-20 1 ml 

10x TBS and Milli-Q water were mixed first and the pH of the mixture was brought to 7.6, and then 

1ml Tween-20 was added into the mixture. After preparation, TBS-T was stored on the shelf at room 

temperature.  

Stock solutions for lysis buffer: 
 
Ingredient Molecular weight Concentration  Storage  
Tris HCL (pH8.0) 121.14  1 M 2-8 oC 
Sodium Chloride 58.44  5 M Room temperature 
β-glycerophosphate 216.04  200 mM Room temperature 
EDTA (pH8.0) 372.3  500 mM Room temperature 
Sodium orthovanadate 183.9 100 mM -20 oC 
 
Phosphoprotein lysis buffer: 
 
Ingredients Stock concentration Amount to add 
Tris HCL (pH8.0) 1 M 5 ml 
NaCl 5 M 2.4 ml 
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β-glycerophosphate 200 mM 10 ml 
EDTA (pH8.0) 500 mM 200 µl 
Na3VO3 100 mM 250 µl 

NaF Solid 83.98 g 

EGTA  Solid 228.24 

Dithiothreitol (DTT) Solid   15.43 mg 

NP40  1 ml 

Milli-Q water  81.15 ml 
The above chemicals were dissolved in Milli-Q water to the total volume of 100 ml. After preparation, 

the lysis buffer was stored on the shelf at room temperature. 

1 M NaOH:  

NaOH 40 g was dissolved in 1 litre of H2O. The solution was stored at room temperature.  
 
Bovine Serum Albumin (BSA; 4mg/ml) in 1M NaOH (10ml):  

BSA (4 mg) was added to 10 ml of 1 M NaOH in glass Duran bottle and left in a 37 °C water bath with 

stirring for 2-3 hours until fully dissolved. The solution was dispensed as 1 mL aliquots in 

microcentrifuge tubes and stored at 4 oC for one month or -80 oC indefinitly. 

Bicinchoninic acid (BCA) reagent: 

This solution was freshly made every time by mixing 100 µl CuSO4 (4% w/v) with 4.9 ml of BCA 

reagent.  

1× MES-SDS running buffer 

Running buffer was prepared by adding 50 ml of the 20× stock solution to 950 ml Milli-Q water.  

Transfer buffer 

Glycine 14.4 g 

Tris Base 3 g 

Methanol 200 ml 

About 200 ml of methanol was added to the solution after the glycine and Tris base were dissolved in 

Milli-Q water to give a total volume of 800 ml. Transfer buffer was made freshly before use and placed 

in freezer for fast cooling or made the day before use and stored at 4 °C. 
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Blocking solution (3% w/v BSA in TBS-T) 

BSA (3 g) was dissolved in 100 ml TBS-T and stored at 4 oC.  

6× Sample loading buffer (10 ml) 

2 M Tris (pH 6.8) 2.04 ml (0.375 M) 
30% Glycerol 5 ml 
6% SDS 0.6 g 
Bromophenol Blue enough for colour 

Milli-Q water 2.96 ml 

 
 
2.2.8  Mass spectrometry for detection of sphingosine and ceramides in HUVE-12 cells 

HUVE-12 cells (5×105) were either seeded on 0.1% gelatine coated or 62.5% Matrigel coated 6-well 

plates. The cells on gelatine were allowed to attach for 24 hours before drugs were added. The cells on 

Matrigel were added at the same time as drug. Different drug exposure durations were employed in 

different experiments. Cells were gently and quickly washed with ice-cold 1× PBS twice on ice after 

drug exposure. The washed cells were fixed by ice cold methanol (2 ml) and then scraped off 

completely by cell scraper and transferred to 10×75mm disposable glass tubes (Kimble Chase Inc., 

U.S.A.) on ice. The samples were freshly extracted and processed immediately or stored at -86 °C for 

no more than two weeks.  

 

2.2.8.1 Cell extraction for mass spectrometry 

Cellular material in the glass tubes was dried in CentriVap® Centrifugal Concentrators and Cold Traps 

for 1-2 hours at 32 ºC. The dried material in each tube was reconstituted in 400 µl Milli-Q water and 

vortexed. The diluted samples from each tube (100 µl) was mixed with internal standard (IS) solution 

(20 µl), and freshly made ethyl acetate/iso-propanol/water (60/30/10, v/v/v; 2 ml). These mixtures 

were vortexed and sonicated twice periodically for 30 seconds, and centrifuged for 10 min at 4000 

rpm. The supernatants were transferred to new glass tubes. For maximal extraction, the pellets left in 

the glass tubes were re-extracted by repeating the steps above. The supernatants from the extracts were 

combined to give about 4 ml in total. The extracts were evaporated in the same instrument for 3-5 
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hours until dried, and were used freshly, or stored at -80 °C for no more than 2 weeks. 

 

2.2.8.2 Mass spectrometry 

The detection of sphingosine and ceramides was done by Thermo Finnigan TSQ quantum ultra 

accurate mass triple quandrupole mass spectrometer operated in the Liggins Institute, University of 

Auckland.  

For calibration and detection of sphingosine and ceramides by mass spectrometry, the cell extracts 

were reconstituted in 200 µl of 1 mM ammonium formate, 0.2% formic acid in methanol, mixed 

thoroughly using a vortex mixture and centrifuged for 10 min at 4000 rpm.  

 

The total number of the tubes used in the mass spectrometric analysis were IS-free blank (10 µl of 

methanol + 90 µl of BSA solution, 1.11 mg/ml + 20 µl of methanol) in duplicate, blank with IS (10 µl 

of methanol + 90 µl of BSA solution + 20 µl of IS solution) in duplicate, 7 standards in duplicate, 2 or 

3 quality controls (QCs) in triplicate depending on the total number of samples, and the cell samples in 

duplicate.   

 

2.2.8.3 Solutions used in Mass Spectrometry  

BSA, 1.11 mg/ml 

BSA (5.55 mg) was dissolved in 5 ml distilled water. This solution was made freshly for each 

experiment.  

Internal standards (IS) 

IS solution contained sphingosine C20 (4 µM), ceramide C16 D31 (1 µM), ceramide C17 (0.4 µM) 

and cholesterol D6 (10 µM) in methanol. IS solution was made by adding 20 µl of Sphingosine C20 1 

mM in methanol, 5 µl of Ceramide C16 D31 1 mM, 2 µl of Ceramide C17 1mM in methanol and 50 µl 

of Cholesterol D6 1mM in methanol stock solutions in 4923 µl of methanol. IS solution was stored in 

glass vials at -20 ºC. This could be used up to 6 months. 
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Standards 

Table 2.2 The concentration of the stock solution of the standards. Std: standard. 

 
Sphingosine C18 

nM 
Ceramides C16, C18, C20 and C24 

nM 
Cholesterol 

 µM 
Std 1 stock 50 50 10 
Std 2 stock 125 125 25 
Std 3 stock 250 250 50 
Std 4 stock 500 500 100 
Std 5 stock 1250 1250 250 
Std 6 stock 2500 2500 500 
Std 7 stock 5000 5000 1000 

 
The Std 7 stock was made by adding 25 µl of Sphingosine C18 1mM in methanol, 25 µl of Ceramide 

C16 1mM in methanol, 25 µl of Ceramide C18 1 mM in methanol, 25 µl of Ceramide C20 1 mM in 

methanol, 50 µl of Ceramide C24 500 µM in methanol and 500 µl of Cholesterol 10 mM in methanol 

in 4350 µl of methanol. The rest of the standard stocks were diluted from Std 7 stock by methanol. 

Aliquots of each standard stock (standards 1 to 7, 10 µl) were added to of BSA solution (1.11 mg/ml; 

90 µl) and mixed thoroughly using a vortex mixer. IS solution (20 µl) was added to each tube and 

mixed. The standards were extracted in the same way as the cell samples using ethyl 

acetate/isopropanol/water (60/30/10; v/v/v; 2 ml; twice) and reconstituted in 200 µl of 1 mM 

ammonium formate, 0.2% formic acid in methanol. 

Quality Controls (QC) 

Table 2.3 The concentration of the stock solution of the quantity controls. 

  
Sphingosine C18  

nM  
Ceramides C16, C18, C20 and C24 

nM 
Cholesterol 

µM 
QC low stock 175 175 40 
QC medium stock 875 875 200 
QC high stock 3500 3500 800 

 
QC stock (QC low, medium and high; 10 µl) was added to BSA solution (1.11 mg/ml; 90 µl) and 

mixed. Internal standard solution (20 µl) was added and mixed. The standards were extracted in the 

same way as the cell samples using ethyl acetate/isopropanol/water (60/30/10; v/v/v; 2 ml; twice) and 
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reconstituted in 200 µl of 1 mM ammonium formate, 0.2% formic acid in methanol. 

1 mM Ammonium formate, 0.2% formic acid in methanol 

This solution was stored at 4 ºC, and was used within one month.  

 

2.2.9  Flow Cytometry  

HUVE-12 cells (5×105, 2 ml) were seeded in each well of a 6-well plate coated with either 0.1% 

gelatin or 62.5% Matrigel. Cells on gelatin were allowed to attach to the bottom of the plates for 24 

hours before drug addition. The cells on Matrigel were added at the same time as drug. Cells growing 

on either substrate were incubated for 24 hours. The cells growing on gelatin were detached using 

0.05% trypsin–0.02% EDTA after the 24 hour drug exposure. Supplemented growth medium was 

added to inhibit trypsin activity. The cell suspensions were transferred into 15 ml BD Falcon tubes and 

then centrifuged at 1000 rpm, 7 min. The cells recovered from Matrigel were incubated with Dispase 

(5000 caseinolytic units/100 ml; 2 ml/well) in a 37 ºC incubator for 2 hours to digest the Matrigel, 

detach and disaggregate the cells. When single cell suspensions were ready, the cells were transferred 

to 15 ml BD Falcon tubes and centrifuged at 1000 rpm, 7 min. 

 

Cells were resuspended and transferred into 5 ml polystyrene round-bottom tubes. Cells were collected 

by centrifugation, washed in PBS (2 ml) and resuspended in PBS containing 1% FCS (2 ml). 

Subsequently, cells were centrifuged and resuspended in cold PBS containing 1% FCS (200 µl). 

Distilled methanol (-20 ºC; 2 ml) was added dropwise into each cell suspension with vigorous mixing. 

The fixed cells were left at least overnight before being stained and scanned. The fixed cell 

suspensions could be stored for about one month at -20 °C before use.  

 

The fixed cells were washed three times with PBS containing 3% FCS (1 ml) and collected by 

centrifugation for 5 min at 1000 rpm. The fixed cells were finally resuspended in PBS containing 3% 

FCS (1 ml), and 100 µg/ml ribonuclease (RNase) (20 µl of 5 mg/ml stock solution) and 20 µg/ml 
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propidium iodide (20 µl of 1 mg/ml stock solution) were added to each tube. Since many dyes bind to 

both DNA and double-stranded RNA, RNase was added to digest RNA (Ormerod 2000 ). Propidium 

iodide was added as a DNA binding dye (Ormerod 2000 ), for flow cytometric detection. After 

incubation in the dark for 10 min, the cells were analysed using a BD LSR II flow cytometry scanning 

system with FACSDiva software. The data obtained were further modelled by the FACSDiva software 

to create cell cycle profiles.  

 

2.2.9.1 Main solutions used in flow cytometry 

FCS/PBS (1%) 

 FCS (1 ml) was added to PBS (99 ml) and stored at 4 ºC. 

Propidium iodide solution (1 mg/ml) 

Propidium iodide (1 mg) was dissolved in distilled methanol (0.5 ml) and mixed with Milli-Q water 

(0.5 ml). The prepared solution was covered by tin foil and stored at 4 ºC. 

5 mg/ml RNase 

RNase (5 mg) was dissolved in PBS. The prepared solution was stored at 4 ºC. 

 

2.2.10    Operation of the anaerobic chamber 

Anoxia was created and maintained in the Batron anaerobic chamber using a H2/Pd system, by which 

oxygen was removed by Pd-catalysed reduction by hydrogen from pre-mixed gas (90% nitrogen, 5% 

hydrogen and 5% carbon dioxide). Trace levels of oxygen were checked by foil wrapped anaerobic 

indicator strips and monitored by an oxygen/hydrogen analyser while experiments were being 

performed. Culture vessels and media were stored in the chamber overnight before experiments.  
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3 Chapter Three 

Alterations induced by DMXAA of the actin 
cytoskeleton, adherens junctions, locomotion 
and proliferation of HUVE-12 cells growing 
on gelatin  
 
3.1 Introduction 

Dynamic rearrangements of the cytoskeleton and alterations to cell adhesion are fundamental to a 

range of cellular processes and it is widely accepted that the actin cytoskeleton forms the basis for cell 

morphogenesis, motility (Nobes and Hall 1995; Lauffenburger and Horwitz 1996; Mitchison and 

Cramer 1996; Nobes and Hall 1999; Kjøller 2002; Casanovas, Hicklin et al. 2005) and angiogenesis 

(Keezer, Ivie et al. 2003). The dynamic reorganization of cytoskeletal proteins, especially actin 

filaments and myosin, is also essential in cytokinesis (Fishkind and Wang 1995). Focal adhesions 

between the cells and matrix are important for the regulation of endothelial barrier function (Mehta, 

Tiruppathi et al. 2002), cell motility and DNA synthesis and cell cycle progression in adherent cells 

(Gilmore and Romer 1996). Cell spreading on the substrate and cell migration both rely on the 

reorganization of the cytoskeleton. The F-actin-dependent cellular protrusions filopodia and 

lamellipodia are as essential as stress fibres for cell spreading and migration. Stress fibres produce 

forces during migration that retract and release the trailing edge of cell while extending the leading 

edge (Lamalice, Le Boeuf et al. 2007; Mattila and Lappalainen 2008). Membrane ruffling refers to the 

formation of ‘a motile cell surface that contains a meshwork of newly polymerized actin filaments’ 

which are required for cell mobility (Ridley, Paterson et al. 1992). Membrane ruffling can be 

stimulated by Sph-1-P (Endo, Nagashima et al. 2002) and protein kinase C (Myat, Anderson et al. 

1997). Distinct from other cells, the dynamic reorganization of the EC cytoskeleton and focal 
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complexes are influenced by shear stress (Galbraith, Skalak et al. 1998; McCue, Noria et al. 2004). 

Because of their importance in the morphogenesis, mobility, and proliferation of ECs and the integrity 

of EC cell-cell junctions, dynamic rearrangement of the cytoskeleton and focal adhesions are crucial to 

the maintenance of endothelial permeability, blood flow stability, tumour cell extravasation and 

metastasis and angiogenesis in cancers. 

 

The anti-cancer agent DMXAA has shown vascular disrupting effects in animal tumor models 

(Rewcastle, Atwell et al. 1991; Ching, Cao et al. 2002; Ching, Zwain et al. 2004; Zhao, Ching et al. 

2005) and in humans (Jameson, Thompson et al. 2003; Rustin, Bradley et al. 2003; McKeage, Fong et 

al. 2006). The cellular and molecular mechanisms of the vascular disrupting effects of DMXAA are 

not yet known but it is clear from studies in both mice and humans that it increases tumour vascular 

permeability (Zhao, Ching et al. 2005; McKeage, Fong et al. 2006; Baguley 2010). VEGF, as 

described in Chapter One, induces vascular hyperpermeability via the reorganization of the EC 

cytoskeleton and the induction of other cellular responses and is also known as vascular permeability 

factor. This chapter compares the effects of DMXAA and VEGF on HUVE-12 cells growing on gelatin 

and cultured in either α-MEM or RPMI-1640 basal media containing endothelial cell growth 

supplements. p38 MAPK is essential to the control of VEGF-induced vascular hyperpermeability, the 

negative regulation of VEGF-induced angiogenesis and in sustaining EC survival. VEGF is proposed 

to activate p38 kinase, which mediates its downstream effects and the p38 kinase inhibitor SB203580 

is able to block the effects of p38 kinase in the VEGF pathway (Issubrucker, Marti et al. 2003). p38 

kinase also positively regulates synthesis of VEGF (Tokuda, Hatakeyama et al. 2003) and induces 

VEGF in a HIF-1 independent manner (Duyndam, Hulscher et al. 2003). The effects of the p38 kinase 

inhibitor SB203580 were therefore investigated in the comparison of the effects of DMXAA and 

VEGF.  

 

It is hypothesized in this chapter that cytoskeletal alterations caused by DMXAA and VEGF would 
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help to explain the changes of cell behavior, as described in the later chapters, and in vivo. Four 

components of the cytoskeleton have been studied by immunofluorescence staining: actin filaments 

have been visualized by Alexa Fluor 633-conjugated phalloidin staining, α-tubulin by a primary 

antibody and Alexa Fluor 568 or 488 conjugated secondary antibody staining, VE-cadherin by FITC-

conjugated antibody staining, and nuclei by Hoechst 33342 staining. Actin is the most abundant 

cytoskeletal protein and staining by phalloidin is more stable that that achieved by antibodies. 

Responses to DMXAA were quantified in terms of the staining properties of F-actins; to determine 

whether the gelatin substrate and the drugs inhibit the proliferation of HUVE-12 cells, flow cytometry 

was carried out to detect the population of each stage in cell cycle. Immunofluorescence staining of 

microtubules and nuclei can also visualize the cell division. 

 

The effects of ascorbic acid-free RPMI-1640 medium were measured to test the hypothesis that 

reactive oxygen species (ROS) was involved in DMXAA signalling. Ascorbate inhibits ROS 

generation (Peng, Kwok et al. 2005; Kim, Jin et al. 2008) and thus DMXAA in RPMI might 

demonstrate larger effects. The RPMI-1640 medium used in this project contained similar components 

as α-MEM but did not contain ascorbic acid. The basis for this hypothesis is that ascorbic acid is able 

to reverse the drug resistance to several types of chemotherapy in some tumour cells (Osmak, Kovacek 

et al. 1997) and also improves the antineoplastic activity of a number of chemotherapeutic agents 

(Kurbacher, Wagner et al. 1996). 

 

3.1.1 Aims: 

• To visualize actin fibres, VE-cadherin, microtubules and nuclei of HUVE-12 cells growing on 

gelatin using immunofluorescence staining. 

• To determine whether DMXAA, VEGF and other agents induce alterations in assembly and 

distribution of cytoskeletal and adhesion molecules in HUVE-12 cells growing on gelatin.   
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• To describe the alterations that DMXAA and VEGF induce in the actin cytoskeleton and to 

quantify these alterations.  

• To compare the alterations in the cytoskeleton and in cell-cell junctions induced by DMXAA 

and VEGF in different culture media α-MEM (contains ascorbic acid) and RPMI-1640 

(ascorbic acid free).    

• To visualize the locomotion of HUVE-12 cells seeded on gelatin by time lapse microscopy. 

• To detect the proliferation of HUVE-12 cells growing on gelatin and the influence of DMXAA 

on proliferation of these cells using flow cytometry, time lapse microscopy and 

immunofluorescence staining.  

 
3.1.2 Methods of actin quantification 

The appearance of F-actin, VE-cadherin and microtubules was assessed by immunofluorescence 

staining. Images were obtained using a Leica TCS SP2 confocal microscope with ×63 oil immersion 

lens, 1.32 NA. 

To describe the alterations of actin organization or expression induced by the drugs, the F-actin 

covered area, the cell covered area and the intensity of the F-actin immunofluorescence signal were 

quantified by MacBiophotonic Image J. The intensity of the F-actin immunofluorescence signal in 

each imaging field was determined using the same software. The proportion of the F-actin covered 

area in the cell covered area, the intensity of the immunofluorescence signal of F-actin staining in the 

cell-covered area, and the intensity of the immunofluorescence signal of F-actin in the F-actin covered 

area, were calculated using Microsoft Excel 2007. T-test and P values were calculated using SigmaPlot 

11.0. This image analysis software delineates the boundaries of the non-cell covered cavities by its 

‘wand tool’ (Figure 3.1A). Once the cavities were identified and added to the list of ‘area of interest’, 

the programme calculated the area of each cavity and the area of the total image field automatically. 

The results were transferred to Microsoft Excel to calculate the cell covered area using the formula 
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‘cell covered area = whole image area- summary of non-cell covered areas’. In addition, the F-actin 

covered area was defined by ‘binary tool’. The F-actin covered area was calculated using 

‘measurement’ and ‘limit of threshold’ functions (Figure 3.1B). The mean intensity in each image was 

calculated automatically by the software. The intensities of F-actin staining in cell covered areas or in 

the F-actin covered areas were calculated as (the mean intensity)×(area of whole image)/(cell covered 

area or F-actin covered area). The images used in actin quantification were the projected image of the 

whole Z stack of each field. The proportion of F-actin covered area in the cell covered area was used to 

represent the abundance of actin filaments in cells. Histograms were plotted by SigmaPlot 11.0. P 

values of t-test were calculated by SigmaPlot 11.0 as well. 

 

 
 

A 
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Figure 3.1 Illustration of the method of quantification of the F-actin covered area compared to the cell 

covered area in HUVE-12 cells. A: Quantification of cell covered area. The non-cell covered areas were 

automatically defined by the ‘wand tool’ of MacBiophotonic Image J. The total area and the non-cell covered 

areas were calculated by the same image analysis programme. The data were transported to Microsoft Excel to 

calculate the total cell covered area (=total image area - summary of non-cell covered areas). B: Quantification 

of the F-actin covered area. The F-actin covered area was defined by ‘binary tool’. 

 

3.1.3 Methods of time lapse imaging of live cells 

In order to investigate the time dependent dynamics of cells growing on different matrices in vitro, 

time lapse videomicroscopy was carried out by a Nikon TE2000E inverted microscope. There was a 

transparent cell culture incubator around the stage of the microscope (Figure 3.2 E). A small foam 

sample box with the matching lid (Figure 3.2 A) was used as the container for the transportation of the 

24-well cell culture plates from the laboratory to the microscope room. The role of this container was 

to keep the temperature and the air condition for cell culture for the short time period for transportation. 

The incubator attached to the microscope required external CO2 supplement via a pipe from a CO2 

cylinder.  A hole was punched in the middle of the lower 2 rows of wells in 24-welll plates by a spirit 

B 
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burner heated 18 Gauge stainless needle. Another same sized needle was bent by a pair of forceps 

slowly and gently to form an about 90o angle at the position between the front 1/3 length to 1/2 length 

when it was heated by the spirit burner. To reduce the variation caused by the difference of the inner 

diameters of the bent point of different needles, the needles needed to be heated to red heat when being 

bent. The cannula of the needle should also not be compressed when being bent. Usually the ventral 

side of the bevel was kept on the outer side when bending. A syringe was used to test whether the bent 

needle was letting the air flow through smoothly before the needle was inserted into the apparatus 

(Figure 3.2 B). To maintain consistency of the CO2 flow from experiment to experiment, the bent 

needle was reused as many times as possible.  

 

When the cell preparation was ready (Figure 3.2 C), the plate was transferred into a 37oC, humidified 

incubator (Figure 3.2 D) containing 5% CO2 and 21% normal air for about 10-15 minutes to increase 

the temperature and CO2 level in the plate to the level as close as possible to the inside environment of 

the incubator. The temperature of the incubator attached to the microscope needed to be turned on 

about 2 hours before the plate was put in. The images were acquired by Image Pro Plus 6.2 software 

connected to the microscope. The time interval of the images of the same imaging field was once per 5 

minutes.  
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Figure 3.2 Illustration of preparation of time lapse live cell imaging. The incontinence sheet acted as a 

cushion during transportation.  
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3.2 Results  

3.2.1 The distribution of VE-cadherin in HUVE-12 cells growing on gelatin is cell-cell 

distance dependent 

VE-cadherin appeared only at cell-cell junctions and was not present at the cell-contact-free edges, 

regardless of the drug treatment (Figures 3.5 and 3.7). Three major patterns of VE-cadherin 

distributions were identified: meshwork-like VE-cadherin, saw-like VE cadherin and linear VE-

cadherin (Figure 3.3).  The presence of these various patterns reflected the distance between cells and 

the extent to which the HUVE-12 cells cultured on gelatin approached confluence. When cells grew to 

a density that was close to confluence or just post-confluence, or when the cell-cell distance was close 

enough, VE-cadherin showed a more mesh-like pattern with some overlapping areas between 

neighbouring cells (Figure 3.3 A). When cells were grown to confluence or the cell-cell distance was 

reduced to a minimum and VE-cadherin appeared to be distributed linearly along the cell-cell 

boundary indicating the extensive close apposition of the junctions (Figure 3.3 B). When the cells were 

markedly sub-confluent or strongly post-confluent, or when the cell-cell distance was too great to form 

cell-cell junctions, the distribution of VE-cadherin staining appeared to be more saw-like (of Figure 

3.3 C). The VE-cadherin staining in the neighbouring HUVE-12 cells sometimes showed overlaps, 

especially in highly confluent cultures, for instance, when 5×105 HUVE-12 cells had grown on gelatin 

for 48 hours (white arrow in Figure 3.7). The structures of VE-cadherin in HUVE-12 cells growing in 

α-MEM or RPMI-1640 medium were similar.  
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Figure 3.3 Representative images of mesh-like, saw-like and linear VE-cadherin distribution in HUVE-12 

cells growing on gelatin. 1×105 HUVE-12 cells were seeded on 0.1% gelatin-coated 22×22 mm glass 

coverslips in ECGS supplemented RPMI-1640 medium. Cells were fixed and stained 28 hours after seeding 

with no drug treatment. Green: VE-cadherin, cyan: F-actin, red: tubulin, blue: nuclei. Images were obtained 

using a Leica TCS SP2 confocal microscope with ×63 oil immersion lens, 1.32 NA, 4× zoom when scanning. 

The same laser conditions were maintained in all of the images. Scale bar: 10 µm. 

 

3.2.2 The structure of actin filaments in HUVE-12 cells growing on gelatin is time and 

confluence dependent 

The actin arrangement in ECs appeared to be constantly remodelled, since the appearance of the actin 

filaments depended on the cell status at the time when cells were fixed and stained. Actin filaments in 

untreated HUVE-12 cells growing on gelatin were concentrated along the cell margin, with some fine 

F-actin filaments traversing the cells and also a few short stress fibres in some cells (Figure 3.4). The 

concentrated F-actin on the cell margin is also called dense peripheral band (DPB) (Lee and Gotlieb 

2002). 
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The generation of F-actin filaments was time-dependent. Two hours after plating, the majority 

appeared to be present in cortical ruffles (green arrows, Figure 3.4 A), lamellipodia (white arrow, 

Figure 3.4 A) and filopodia (yellow arrow, Figure 3.4 A) and the abundance of long actin filaments in 

the cytoplasm was relatively low. HUVEC-12 cells spread rapidly after plating and were maximally 

flattened and attached to the gelatin-coated glass coverslips after overnight incubation (Figure 3.4 B, 

25 hours after cell seeding). Compared to the 2 hour culture, cells in the 25 hour culture were more 

extended with a higher concentration of F-actin traversing the cells. F-actin condensation at the cell 

borders was present to a greater extent in linear fibrils rather than ruffles. Figures 3.4 C and 3.4 D 

showed the decrease of stress fibres in confluent and post-confluent cultures as compared to the pre-

confluent cultures. The amount of actin filaments was reduced after HUVE-12 cells grew to 

confluence and was minimal in the post-confluent cultures. In confluent HUVE-12 cultures, filopodia 

from neighbouring cells connected with each other and co-localised with VE-cadherin staining. This 

indicated  adhesion zippering, which refers to the filopodia protruding from opposing cells and 

connecting with each other in a cadherin- and calcium-dependent manner (Vasioukhin, Bauer et al. 

2000). This is indicated by the white rectangle in Figures 3.4 C and 3.5 and is thought to have a role in 

endothelial barrier function. These experiments demonstrate that actin filaments remodel with time in 

culture and the degree of confluence. They are initially associated with protrusions and ruffles, 

forming long stress fibres at confluence. The abundance of stress fibres declines post-confluence.  
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Figure 3.4 Time and confluence related dynamic nature of F-actin organization in HUVE-12 cells growing 

on gelatin. A, C, D: 5×105 HUVE-12 cells seeded on 0.1% gelatin coated 22×22mm glass coverslips in ECGS 

supplemented α-MEM medium. Cells were fixed and stained 2, 28 and 48 hours after seeding. B: 2.5×105 

HUVE-12 cells seeded on 0.1% gelatin coated 22×22mm glass cover slips in ECGS supplemented α-MEM 

medium. Cells were fixed and stained 25 hours after seeding. Actin was stained red by Alexa Fluor 633 

conjugated phalloidin. Arrows point to filopodia (yellow), membrane ruffle (green), lamellipodia (white). White 

rectangle frame: filopodia protrusion in adhesion zippering. Scale bar: 40 µm. 
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3.2.3 Alterations in the assembly of F-actin, VE-cadherin and microtubules induced by 

4 hours drug exposure in HUVE-12 cell monolayer cultured in α-MEM on gelatin 

The effects of DMXAA or VEGF, with or without addition of the p38 kinase inhibitor SB203580, on 

F-actin, VE-cadherin and microtubules were assessed by immunofluorescence staining (Figure 3.5).  

HUVE-12 cells were allowed to attach and grow for 24 hours to confluence on gelatin coated glass 

coverslips before exposure. Actin filaments in untreated HUVE-12 cells displayed three major 

conformations: thin cortical condensed bundles adjacent to VE-cadherin staining, fine filaments 

traversing the cells and a few short to medium sized stress fibres in some cells. DMXAA did not 

increase the formation of stress fibres but did induce redistribution of F-actin. Cells treated with 100-

300 µM DMXAA for 4 hours showed bundles of arch-to-ring-shaped actin filaments around the sub-

membrane areas appeared as thickened DPB (green arrows, DMXAA 100 and 300 µM, Figure 3.5). 

Condensation of actin occurred at some places along the filaments. The F-actin content in the central 

area of the cells appeared to be reduced (gray arrows, DMXAA 100 and 300 µM, Figure 3.5) as 

compared to the untreated cells. The cell-contact-free edges in the cells treated with DMXAA showed 

more actin ruffles (pink arrows, control, DMXAA 100 and 300 µM, Figure 3.5) than the untreated cells 

and the cells treated with VEGF or SB 203580. The cell-contact-free edges in the untreated cells and 

the cells treated with VEGF or SB 203580 appeared to be rigid sharper and smoother in outline (red 

arrows, Control, VEGF or SB 203580, Figure 3.5) than in the DMXAA (100 and 300 µM) treated cells 

with occasional lamellipodia (navy blue arrows, 10 µM SB 203580, Figure 3.5). The cell covered area 

following 4 hours of DMXAA treatment (300 µM) appeared reduced but the level of this reduction 

was not as remarkable as in the 24 hours treatment.  

 

HUVE-12 cells exposed to VEGF (25 or 50 ng/ml) showed abundant long, thick and mostly parallel 

stress fibres traversing each cell. The area covered by stress fibres was markedly increased by VEGF 

treatment. VEGF reduced the number of cell-cell gaps and the gap distance to make the monolayer 

look fully confluent. Most of the VEGF treated cells appeared to be more extended and more flattened 
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than the untreated and DMXAA treated cells. VEGF (50 ng/ml) induced thicker but not longer stress 

fibres compared to 25 ng/ml VEGF treatment. The cells appeared to be more extended after treated by 

VEGF.  

 

F-actin is assembled at least partially in response to the p38 kinase pathway (Huot, Houle et al. 1997; 

Rousseau, Houle et al. 1997; Huot, Houle et al. 1998). In order to investigate whether DMXAA or 

VEGF effects are mediated by this kinase pathway, the p38 inhibitor SB20580 was used in 

combination with DMXAA and VEGF. The p38 kinase inhibitor SB 203580 alone induced thin and 

long actin filaments across the cells. Different from the VEGF treatment, some of the cells treated by 

SB203580 (especially 10 µM) showed F-actin bundles lying in the periphery of the cytoplasm. 

SB203580 did not increase the number of cell-cell gaps or increase the cell-cell distance. SB 203580 

(10 µM) in combination with DMXAA reversed the ruffles induced by DMXAA (300 µM) and 

increased F-actin content in the middle of the cells (compare the image of DMXAA (300 µM) 

treatment alone and the image of DMXAA (300 µM) combined with SB 203580 (10 µM), (Figure 3.5). 

The combination of SB203580 and VEGF did not markedly influence stress fibre formation induced 

by VEGF.  

 

The ratio of actin covered area in cells was reduced by 4 hours VEGF treatment indicating that VEGF 

activated actin polymerization into stress fibres but tended to decrease the entire actin polymerization 

in the early hours of treatment. This reduction of actin content in cells was close to statistically 

significant (Table 3.1).      

 

The three major types of VE-cadherin were present at the cell-cell junctions (white, blue and yellow 

arrows in control image, Figure 3.5) in the untreated HUVE-12 cells. VE-cadherin was not seen at the 

cell-contact free edges. DMXAA induced some discontinuities of VE-cadherin distribution along some 

of the cell-cell junctions (oval frames, DMXAA at 30, 100 and 300 µM, Figure 3.5). VEGF treatment 
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reduced the cell-cell distances, which were characterised by linear or close to linear VE-cadherin 

staining patterns.  

 

Microtubules were non-branching tubes growing from the microtubule-organizing centre located near 

the nuclei and extending towards the cell periphery. No significant changes of microtubule 

organization were observed in response to these treatments (Figure 3.7).  

 

 

 

Control  30 µM DMXAA 

100 µM DMXAA 300 µM DMXAA 
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25ng/ml VEGF 50ng/ml VEGF 

5 µM SB 203580 5 µM SB 203580 + 100 µM DMXAA 

* 
* 

* 

* 
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Figure 3.5 Rearrangement of F-actin in HUVE-12 cells: divergent effects of DMXAA and VEGF (4 hours 

exposure) on gelatin. 5×105 HUVE-12 cells were seeded on 0.1% gelatin coated 22×22mm glass coverslips in 

ECGS supplemented α-MEM. Cells were allowed to attach for 24 hours before treatment, and were fixed and 

stained after 4 hours of drug exposure. Green: VE-cadherin, red: actin, blue: nuclei. The laser conditions were 

the same for all images. All of the images of F-actin and VE-cadherin were taken with a 0.5 µm gap distance 

between the z series frames. A few of the nuclear images were view of the best plane. The experiment was 

performed 2 times. The displayed images were from the same experiment. Images of 300 µM DMXAA, 25 and 

50 ng/ml VEGF, and combinations of VEGF and SB 203580 were adjusted for optimal brightness and contrast 

by Image Pro Plus 3DS 5.1. White arrow: linear VE-cadherin; yellow arrow: meshwork-like VE-cadherin; blue 

arrow: saw-like VE-cadherin; white rectangle: adhesion zippering; white oval: discontinuities of VE-cadherin 

distribution induced by DMXAA; pink arrows: representative cell-contact free edges; gray arrows: lack of actin 

10 µM SB 203580+ 300 µM DMXAA 10 µM SB 203580+ 50 ng/ml VEGF 

5 µM SB 203580 + 25 ng/ml VEGF 10 µM SB 203580 
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filaments in the middle of the cells induced by DMXAA; green arrows: condensation of actin filaments in the sub-

membrane area induced by DMXAA. Scale bar: 40 µm. The white asterisks in images 25 and 50 ng/ml VEGF 

were representatives of possible paracellular hole formation induced by VEGF, which will be discussed in 

discussion section.  

 

Figure 3.6 F-actin content of HUVE-12 cells on gelatin: differential effects of 4 hours exposure of DMXAA 

and VEGF. The maximum free projection of Z- series images of each imaging field was gained by the Leica SP2 

simulator programme. At least four images were taken for each coverslip. 4 image fields each treatment. The 

results were from one experiment therefore these data are for reference only. The F-actin covered area in cells 

was presented by the value of F-actin covered area/cell covered area. Data are presented by mean ± SE. There 

is no significant increase or decrease as compared to control cultures. Data also shown in Table 3.1. 
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Table 3.1 Quantification of F-actin area as a fraction of total cell area in HUVE-12 cells growing on 

gelatin after 4 hours drug exposure. T-tests were carried out for the comparisons to the control group. N: 

number of images. 
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Figure 3.7 Arrangement of microtubules in HUVE-12 cells was not affected by 4 hours exposure of 

10 µM SB 203580+ 50 ng/ml VEGF 10 µM SB 203580+ 300 µM DMXAA 

10 µM SB 203580 50ng/ml VEGF 

300 µM DMXAA Control  
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DMXAA and VEGF on gelatin. 5×105 HUVE-12 cells seeded on 0.1% gelatin coated 22×22mm glass cover 

slips in ECGS supplemented α-MEM medium. Cells were allowed to attach for 24 hours before treatments. Cells 

were fixed and stained after 4 hours drug exposure. Tubulin was stained by Alexa Fluor568 conjugated 

secondary antibody (red). The laser conditions were the same in all images. All of the images were taken with a 

0.5 µm gap distance between the z series frames. All of the images were from the same experiment. Scale bar 

40 µm.  

 

3.2.4 Alterations in the assembly of F-actin,  VE-cadherin and microtubules induced by 

24 hours exposure to DMXAA and VEGF in HUVE-12 cell monolayer cultured in α-

MEM on gelatin 

After 48 hours incubation (24 hours attachment + 24 hours drug exposure), untreated HUVE-12 cells 

become highly confluent with extensive overlap between neighbouring cells and some space appearing 

among the cells. The F-actin assembly was similar to those seen in the 28 hour (24 hours attachment + 

4 hours drug exposure) cultures. F-actin showed three conformations as in 28 hour culture: thin cell 

cortical condensation, fine filaments across the cells and a few short to medium sized stress fibres 

(Figure 3.8).  

 

The total cell covered area in each imaging frame was significantly reduced by 24 hours of DMXAA 

(300 µM) treatment (P<0.05, Table 3.2 B). However, it is likely that this reduction is related to the 

decrease in cell number on the slides (Table 3.2 C) rather than to the reduction of the area of each cell 

(Table 3.2 A). The loss of cell numbers on the stained slide might be caused by reductions in cell 

attachment to the slides induced by DMXAA which related to the alterations of the F-actin and the 

FAs. 

  

The membrane ruffling after 24 hours of DMXAA treatment was clearer than in the 4 hour treatments. 

The areas of membrane ruffles appeared to be most marked after 24 hours 300 µM DMXAA treatment 
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(pink arrows, Figure 3.8). Furthermore, the areas behind the ruffles lacked F-actin (areas A and B in 

Figure 3.8).  

 

VEGF maintained actin stress fibre formation, but the stress fibres appeared shorter than in the 4 hour 

treatments. Some short but thicker stress fibres (cell C, Figure 3.8) appeared in some cells suggesting 

that protracted exposure of high concentration of VEGF might fragment the long stress fibres.  

 

SB 203580 alone induced long actin filaments across the cell. The existence of SB 203580 in the 

combination with DMXAA reversed the formation of membrane ruffles and the cell-cell distance 

induced by DMXAA especially when comparing the image of DMXAA (300 µM) and the image of its 

combination with SB 203580 (10 µM) (Figure 3.8). SB203580 did not clearly change the stress fibre 

formation induced by VEGF.  

 

Gaps increased between cells in 48 hour culture as compared to the 28 hour culture. The linear VE-

cadherin distribution decreased in untreated cells but the saw-like and meshwork like VE-cadherin 

patterns increased. The cell-cell gaps were increased by DMXAA treatment, and became maximal at 

300 µM but were not altered by VEGF or SB 203580 treatment.  

 

In order to present the changes in actin remodelling induced by the drugs, the actin covered area; total 

actin intensity and the cell covered area in each image were quantified by the method described in 

section 3.1.2. The F-actin covered area per cell covered area was used to indicate changes in F-actin 

content in cells induced by the different agents. The cell sections were thin (5 µm± thickness) and the 

images used in quantification were projections of Z-series. Thus, the procedure was able to provide 

accurate information on the state of F-actin in these cells.  The results are shown in Figure 3.9 and 
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Table 3.3. 

 

The mean proportions of F-actin covered areas in untreated cells after 48 hours were 0.190 and 0.205 

in two independently replicated experiments (each experiment contained at least four imaging fields 

from one 22×22 mm glass coverslip), which were carried out at different times. DMXAA (100-300 

µM) significantly reduced the ratio of F-actin covered area/cell covered area after 24 hours exposure. 

VEGF increased the F-actin area significantly at a concentration of 25 ng/ml but not at at of 50 ng/ml 

after 24 hours exposure. 

 

SB 203580 alone significantly decreased the F-actin area in cells and caused further suppression of F-

actin area in combination with DMXAA. Combinations of SB 203580 and VEGF (5 µM and 25 ng/ml 

respectively, or at 10 µM and 50 ng/ml respectively) resulted in each case in an F-actin area that was 

intermediate between those seen with either agent alone, and that was not significantly different to that 

of untreated cells (Table 3.4).  

 

Microtubule organization was also assessed following the above treatments. However, no significant 

changes were found (Figure 3.10).  
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Control  30µM DMXAA 

100µM DMXAA 300µM DMXAA 

A 

B 
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25 ng/ml VEGF 50 ng/ml VEGF 

5µM SB203580 5µM SB 203580 + 100 µM DMXAA 

C 
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Figure 3.8 Concentration dependent effects of DMXAA (24 hours exposure) on actin cytoskeleton on 

gelatin: cell retraction with loss of F-actin. 5×105 HUVE-12 cells were seeded on 0.1% gelatin coated 22×22 

mm glass cover slips in ECGS supplemented α-MEM medium. Cells were allowed to attach for 24 hours before 

drug exposure. Cells were fixed and stained after 24 hours drug exposure. Green: VE-cadherin; red: actin; blue: 

nuclei. The laser conditions were the same for all images. All of the images were taken with a 0.5 µm gap 

distance between the z series frames. The contrast and brightness of some of the images were adjusted for 

optimal display. All of the images were from the same experiment. Each image section was stored separately as 

a 1024 × 1024 tiff file for subsequent evaluation. The experiment was performed twice. Scale bar: 40 µm.  

 

5µM SB 203580 + 25 ng/ml VEGF 10 µM SB203580 

10 µM SB 203580 +50ng/ml 
VEGF 
 

10 µM SB 203580 + 300 µM DMXAA 
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Table 3.2 Cell covered area reduction induced by DMXAA might be realated to the loss of the cells on 

the slide. * Significant reduction of cell covered area, P<0.05. 

 

 

Figure 3.9 F-actin content of HUVE-12 cells on gelatin: differential effects of 24 hours exposure of 

DMXAA and VEGF. The maximum free projection of Z- series images of each imaging field was gained by the 

Leica SP2 simulator programme. At least four images were taken for each coverslip. The entire experiment was 

performed twice. The F-actin covered area in cells was presented by the value of F-actin covered area/cell 

covered area. Data were presented by mean ± SE. *: significant decrease as compared to control cultures, 

P<0.05. **: significant increase as compared to control cultures, P<0.05. 
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Table 3.3 Quantification of F-actin area as a fraction of total cell area in HUVE-12 cells growing on 

gelatin after 24 hours drug exposure. T-tests were carried out for the comparisons to the control group. *: 

significant  decrease, P<0.05.  **: significant increase, P<0.05.  

 

 

Table 3.4 Comparison of the effect of combination treatment with that of single treatments. *: significant 

changes, P<0.05. 
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30 µM DMXAA Control  

100 µM DMXAA 300 µM DMXAA 

25 ng/ml VEGF 50 ng/ml VEGF 
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Figure 3.10 Effect of 24 hours exposure of DMXAA or VEGF on microtubule organization on gelatin. 

5×105 HUVE-12 cells seeded on 0.1% gelatin coated 22×22 mm glass cover slips in ECGS supplemented α-

MEM medium. Cells were fixed and stained 48 hours after seeding (24 hours attachment+24 hours drug 

exposure). Tubulin was stained by Alexa Fluor 568 conjugated secondary antibody thus appeared red here. The 

laser conditions maintained the same in all of the images. All of the images were taken by 0.5 µm gap distance 

between the z series frames. The images of the combination of SB203580 and VEGF were not displayed here 

due to crossover of the strong actin staining. All of the images were from the same experiment. Scale bar: 40 

µm.  

 

 

5 µM SB 203580 5 µM SB 203580 +100µM DMXAA 

10 µM SB 203580 10 µM SB 203580 +300 µM DMXAA 
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3.2.4.1 Summary of results of actin filaments 

The above results are summarised in Table 3.5. 

Table 3.5 The effects of DMXAA, VEGF and SB 203580 on actin filament organization in HUVE-

12 cells growing on gelatin. 

 

 

3.2.5 HUVE-12 cells move and proliferate on gelatin, and DMXAA and VEGF increase 

the proliferation rate 

HUVE-12 cells 5×104/1 ml/well were seeded in gelatin-coated 24-well plates and time lapse images 

were taken every 5 minutes. When cultured on gelatin, HUVE-12 cells showed attachment, spreading, 

movement, proliferation and deaths (avi. Movie controls in ‘HUVE-12 cells free cells on gelatin’ 

folder, Appendix 1 and Figure 3.11). HUVE-12 cells maintained a round shape in single cell 

suspension and by 1 hour after seeding on gelatin, some of the cells had attached to the bottom of the 

wells while others were still round (control hour 1, Figure 3.11). HUVE-12 cells did not form 

networks on gelatin, with or without treatment but moved continuously (see avi. Movie ‘controls’ in 

folder ‘HUVE-12 cells free cells on gelatin’ Appendix 1 and Figure 3.11). The direction and pattern of 

this locomotion was not simple and tracking was analyzed by Metamorph imaging analysis software in 

a preliminary trial showing random direction and variable speed of cell movement. Yih Lee et al have 

interpreted the pattern of EC locomotion with a Marcov chain model (Lee, Markenscoff et al. 1995) 
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but this was not attempted in the present study.  The cell tracking by Metamorph was not pursued due 

to the limitation of time.    

 

Time lapse microscopy (Figure 3.11) and immunofluorescence staining of cell nuclei (Figure 3.12) 

showed evidence of cell proliferation in cells growing on gelatin, indicating that gelatin did not 

suppress cell proliferation. The red rectangle frame in Figure 3.11 shows the process of cell attachment 

and proliferation. This cell was round at the end of the first hour and then started attaching and 

spreading, becoming flat at the end of the third hour. After a few hours remodelling with a flat 

morphology, this cell rounded up at the end of the sixth hour and then started dividing into two cells. 

These two cells spread quickly after division was accomplished within 30 minutes with the rounded up 

cell has becoming two adjacent flat cells. These two cells grew separately and eventually became too 

distant to be recognized as the offspring of one cell. The rate of cell division and death observed in 

time lapse videos requires further quantification, an apparent increase of cell proliferation was 

apparent in HUVE-12 cells treated by 30-100 µM DMXAA, with no change in cell death rate(‘HUVE 

free cells on gelatin’ avi. movies in folder  Appendix 1 ). Some of the cells never attached and 

eventually started blebbing and dying (yellow circle in Figure 3.11). Other cells attached initially but 

died later (blue diamond in Figure 3.11).  

 

To investigate the effect of DMXAA in HUVE-12 cell proliferation on gelatin further, cellular DNA 

was stained by propidium iodide and the cells were analysed by flow cytometry. The results (Figure 

3.13) showed that the proliferating cell proportion (S-phase) was increased by 24 hours DMXAA (30-

300 µM) treatment. DMXAA (300 µM) also increased cell proliferation of HUVE-12 cells growing on 

gelatin although the increase was not as great as in the lower concentrations. These results were 

consistent with the findings from time lapse microscopy. VEGF (25 and 50 ng/ml) has been found to 

stimulate HUVEC proliferation (Murphy and Fitgerrald 2001; Wang, Li et al. 2008) although no flow 

cytometry study of the effect of VEGF on HUVE-12 cells was done here.   
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Control hour 1 Control hour 3 

Control hour 6 Control hour 6.25 

Control hour 6.5 Control hour 7 

Control hour 11 Control hour 11.5 
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Figure 3.11 Representative images of attachment, spreading, proliferation and movements of HUVE-12 

cells on gelatin. HUVE-12 cells (5×104/ml/well) was seeded in gelatin coated 24-well plate and cultured in 

ECGS supplemented α-MEM. Drugs were added at the same time as cell seeding. The images were taken by 

Nikon TE2000E inverted microscope with phase contrast condenser and ×10 dry lens. Imaging was started 1 

hour after cell seeding and finished at the end of 20 hours. Cell proliferation: The cell in the rectangle has 

experienced attachment, spreading, detachment and proliferation. The duration of division has taken about half 

an hour since the cell was rounded up. Cell death: Yellow circle: a cell had never got a chance to attach 

eventually blebbed and died. Blue diamond: shows a cell that attached early but died later. The experiment was 

performed twice. 

 

 
 
Figure 3.12 Cells proliferating on gelatin. 5×105 HUVE-12 cells were seeded on 0.1% gelatin coated 

22×22 mm glass coverslips in ECGS supplemented α-MEM medium. Red: F-actin; blue: nuclei. Images 

were using a Leica TCS SP2 confocal microscope with ×63 oil immersion lens, 1.32 NA. All of the images were 

with a 0.5 µm gap distance between the z series frames. Dividing cells are highlighted by white windows.  

10 µM SB203580 (24 attachment 
+ 24hours drug exposure) 

Control 48 hours 50 ng/ml VEGF (24 attachment 
+ 24hours drug exposure) 

Control hour 15 Control hour 15.5 
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Diploid: 100.00 %
Dip G1: 82.96 %
Dip G2: 6.21 % 
Dip S: 10.82 %  

Diploid: 100.00 %
Dip G1: 67.77 % 
Dip G2: 12.20 % 
Dip S: 20.03 %   

Control 10 µM DMXAA

Diploid: 100.00 %
Dip G1: 60.47 %
Dip G2: 15.31 %
Dip S: 24.22 % 

30 µM DMXAA

100 µM DMXAA

Diploid: 100.00 %
Dip G1: 62.87 %
Dip G2: 12.52 %
Dip S: 24.61 % 

300 µM DMXAA

Diploid: 100.00 %
Dip G1: 71.84 % 
Dip G2: 4.08 %
Dip S: 24.09 % 

Diploid: 100.00 %
Dip G1: 82.96 %
Dip G2: 6.21 % 
Dip S: 10.82 %  

Diploid: 100.00 %
Dip G1: 67.77 % 
Dip G2: 12.20 % 
Dip S: 20.03 %   

Control 10 µM DMXAA

Diploid: 100.00 %
Dip G1: 60.47 %
Dip G2: 15.31 %
Dip S: 24.22 % 

30 µM DMXAA

100 µM DMXAA

Diploid: 100.00 %
Dip G1: 62.87 %
Dip G2: 12.52 %
Dip S: 24.61 % 

300 µM DMXAA

Diploid: 100.00 %
Dip G1: 71.84 % 
Dip G2: 4.08 %
Dip S: 24.09 % 

 
 

Figure 3.13 Flow cytometry showed DMXAA increased the proliferation of HUVE-12 cells growing on 

gelatin. 5×105 HUVE-12 cells were seeded on gelatin coated 6-well plates cultured in ECGS supplemented α-

MEM. Cells were allowed to attach for 24 hours before treatments. Cells were fixed after 24 hours drug 

treatments. Cells were stained by propidium iodide and detected by flow cytometry (BBD LSR II flow cytometry 

scanning system and the attached analysis programme BD FACSDiva software). The experiment was 

performed twice. The first one was a preliminary experiment and showed that the S-phase area increased from 

9% to 16% at 100 nM. The second experiment was performed with additional concentrations. 

 

3.3 Discussion 

3.3.1 Motility and proliferation of HUVE-12 cells growing on gelatin 

HUVE-12 cells dynamically move on gelatine after seeding. The speed of the motions of the cells 

differs between individual cells. The direction of the cell movement appears to be random. HUVE-12 

cells proliferate on gelatin while DMXAA and VEGF increased the rate of proliferation.  
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3.3.2 Technical issues in this chapter 

The intensity of fluorescence staining might vary from slide to slide, independent of the treatment, but 

due to the duration of storing time. When applying the same laser conditions to match the requirements 

of quantification of optical intensity, the duration of storage caused the decay of signals, and thus 

caused differences in the intensity of the signals after staining. When a series of slides were made at 

the same time, slides imaged first might show brighter fluorescence intensity than slides imaged a few 

days later. The signal of FITC-conjugated VE-cadherin staining was the most light sensitive among the 

4 fluorochromes. The method of using a primary antibody to VE-cadherin with a relevant secondary 

Alexa Fluor 488 conjugated antibody had been used initially. However, this primary antibody showed 

a lack of specificity for VE-cadherin. Therefore, the more specific FITC-conjugated VE-cadherin 

antibody was used subsequently although it is subject to fading.    

 

The morphology and immunofluorescent staining of each cell in the same treatment group may vary 

according to the stage of the cell cycle, cell-cell contact and other properties. While most cells react to 

a treatment in a certain pattern, cellular heterogeneity, as in cell cycle phase, may lead them to stain 

differently. Cells at low density might react more strongly to DMXAA treatment while the cells 

possessing intimate contact with many others may react less. Conversely, sometimes the cells 

subjected to different treatments may appear to be similar, as with apoptotic cells arising in different 

contexts. Therefore, the descriptions of morphological and cytoskeletal alterations induced by drugs 

reflect general tendencies of the whole cell population. 

 

3.3.3 The actin reorganization induced by DMXAA and VEGF and its in vitro roles 

F-actin in HUVE-12 cells cultured on gelatin was present in three major conformations: cortical 

concentration, fine filaments in the cytoplasm and stress fibres. These findings are consistent with the 

findings of previous researchers that F-actin in quiescent HUVECs has been found to concentrate 

along the cell margin and in fine F-actin filaments traversing the cells (Wójciak-Stothard, Entwistle et 
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al. 1998).  

 

VEGF is well known to induce stress fibre formation in ECs (Morales-Ruiz, Fulton et al. 2000). In this 

chapter, VEGF induced thick and parallel patterned actin stress fibres mainly traversing the HUVE-12 

cells growing on gelatin (25-50 ng/ml, Figure 3.5 and 3.8), with an increased proportion of actin 

covered area in HUVE-12 cells growing on gelatin (25 ng/ml, Figure 3.9 and Table 3.3). According to 

the previous findings, the function of stress fibres in migrating cells is to create contractile force 

(Lamalice, Le Boeuf et al. 2007; Mattila and Lappalainen 2008). However, the elongation, thickness 

and abundance of stress fibres induced by VEGF were accompanied by a stretched cell morphology 

and a high degree of cell-cell contact (Figure 3.5 and 3.8). At least over a culture duration of 4 to 24 

hours, VEGF did not induce cell retraction, or reduce cell-cell connections, as might be expected from 

its in vivo role of increasing endothelial permeability. The increase of endothelial permeability might 

occur over more brief or prolonged exposures to VEGF, or with higher concentration of VEGF. This 

could be investigated in the future. Alternatively, VEGF induces endothelial barrier dysfunction 

without increasing the cell-cell distance or cell retraction but via forming fine paracellular pores (white 

asterisks in Figure 3.5) (Cohen, Carbajal et al. 1999) or transcellular gaps (Bates 2010). The VE-

cadherin around the pores appeared to be discontinuous, indicating that VEGF disrupts adherens 

junctions between HUVE-12 cells (Figure 3.5). This finding is consistent with the finding of VEGF 

reorganizes β-catenin in adherens junctions (Cohen, Carbajal et al. 1999) and VEGF induces VE-

cadherin phosphorylation and the consequent disassembly of VE-cadherin at cell-cell junctions (Esser, 

Lampugnani et al. 1998).  

 

The different cell densities did not obviously alter the stress fibre induction seen with 25-50 ng/ml 

VEGF (comparison of Figure Appendix 2.2 and 2.3). The elongated exposure of VEGF (50 ng/ml, 24 

hours exposure) in the confluent monolayers showed partial fragmentation of stress fibres indicating 
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possible negative feedbacks to VEGF dampening down the later response to VEGF. Deprivation of 

ascorbic acid in the culture medium did not influence the stress fibre formation induced by VEGF 

(Figure Appendix 2.2).  

 

In contrast to VEGF, DMXAA decreased the F-actin covered area in cells (Figure 3.9 and Table 3.3) 

and induced the formation of short to medium long, straight to arch shaped actin filaments in the sub-

membrane area at early times. Gradual membrane ruffle formation and the actin dissolution behind the 

ruffles in HUVE-12 cells growing on gelatin were also observed (Figure 3.5 and 3.8). The ruffle 

formation induced by DMXAA appeared as early as one hour after exposure (Figure Appendix 2.1) 

and became the clearest when the exposure time increased to 24 hour (Figure 3.8 and Figure Appendix 

2.3). This ruffle formation appeared to be thicker with ascorbic acid deprivation in the culture medium 

(Figure Appendix 2.4). The cytoplasmic areas behind the ruffles tended to show a deficiency of F-actin 

staining (Figure 3.8).  

 

The long and thick, parallel patterned stress fibres induced by VEGF appeared to lead to cell 

stretching, while the arch shaped bundles of sub-membrane actin filaments induced by DMXAA lead 

to cell retraction. Since the HUVEC-matrix attachment regulates apoptosis (Aoudjit and Vuori 2001), 

the reduction of HUVE-12 cell-gelatin attachment induced by DMXAA might lead to an apoptotic 

mechanism known as anoikis (anchorage dependent cell death). It may be hypothesised that the shape 

change and potential apoptosis induction are two of the mechanisms by which DMXAA induces 

endothelial hyperpermeability.  

 

The membrane ruffles were also seen in the untreated cells in the cells shortly after seeding (Figure 3.4 

A), sparse cultures (Appendix Figure 2.3) or on the front edges of the wound (Figure 4.11, Chapter 4) 

also the cells behind the front row in scratch assay. The presence and nature of the membrane ruffles in 
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moving, freshly seeded and sparse untreated cells indicates that the membrane ruffles appeared as 

membrane protrusions involved in cell spreading and migration. The possible role of membrane actin 

ruffles in cell spreading and migration suggests that DMXAA treatment may have the potential to 

activate the mobility of these cells, a hypothesis that will be investigated in the next two chapters. The 

ruffles may also be the sign of detachment of the local parts of the cells from the substrate. This 

partially detachment will eventually detach the whole cell and induce apoptosis. Therefore, these 

ruffles may have a role in DMXAA-induced cell death as well. Meanwhile, the presence and nature of 

the membrane ruffles in freshly seeded and sparse untreated cells made it difficult to assess the effect 

of DMXAA in ruffle formation in those conditions. However, in untreated confluent HUVE-12 cells, 

there was little sign of membrane ruffles. Therefore, the observation of membrane ruffles induction by 

DMXAA in confluent HUVE-12 cells is feasible.  

 

The F-actin-deficient area behind the ruffles in DMXAA treated cells may relate to the finding that 

DMXAA partly dissolves actin filaments (Tozer, Kanthou et al. 2005). The F-actin-deficient area 

might be formed by the depletion of the materials forming F-actin due to the formation of ruffles. Or, 

the neighbouring actin filaments may break down to provide materials for the formation of the ruffles. 

Additionally the ruffles induced by DMXAA look similar to those induced by thrombin (Ehringer, 

Yamany et al. 1999; Garcia, Liu et al. 2001) indicating they might share some of the pathways such as 

P38 kinase pathway (Borbiev, Birukova et al. 2004). 

 

The morphology of HUVE-12 cells, actin stress fibres induced by VEGF and membrane ruffling 

induced by DMXAA appeared similarly in both ascorbic acid cointaing and ascorbic acid free media 

inplying the ROS was not one of the key factor for the effects of these two agents.  

 

DMXAA induces cell retraction and thus increases the cell-cell distance between HUVE-12 cells 

growing on gelatin. This might be one of the reasons for the increased cell proliferation induced by 
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DMXAA. Contact inhibition of cell proliferation refers to the cell-cell contact induced growth arrest of 

cells in culture (Noda, Honma et al. 2011). When the cell-cell distance increased and cell-cell contact 

reduced by DMXAA, the cell proliferation is increased.    

 
3.3.4 Microtubules are not main target of DMXAA and VEGF 

The microtubules did not show obvious changes while the actin filaments were remodelled by 

DMXAA and VEGF in HUVE-12 cells (Figure 3.7 and 3.10). Microtubules may not be essential for 

cell movements e.g. lamellae containing cell fragments without microtubules showed persistent 

movements (Euteneuer and Schliwa 1984). DMXAA, VEGF or p38 kinase inhibitor did not appear to 

alter the organization of microtubules in HUVE-12 cells (Figure 3.7 and 3.10). This does not mean that 

cell mobility and angiogenesis are not influenced by these agents, since they might be altered by 

tubulin independent pathways such as those regulating F-actin and VE-cadherin function. Since there 

are direct or indirect connections between microtubules and actin filaments as described in Chapter 

One, the microtubules will eventually change at a certain stage after the actin filaments are changed.  

 

3.3.5 VE-cadherin distribution is confluence related 

VE-cadherin is responsible for calcium-dependent  adhesion between ECs (Navaratna, McGuire et al. 

2007). The visualization of VE-cadherin in HUVE-12 cells requires the establishment of intercellular 

contacts because VE-cadherin was detected only at cell-cell junctions but not along the cell-contact-

free edges. VE-cadherin re-distribution at cell-cell junctions may be regulated by direct digestion of 

pre-existing VE-cadherin, or by de novo membrane expression of VE-cadherin, by disassembly and 

relocation of VE-cadherin within the cell membrane (Lampugnani, Resnati et al. 1992; Navaratna, 

McGuire et al. 2007) and by phosphorylation (Esser, Lampugnani et al. 1998). Work described in this 

chapter has indicated that abundance of different patterns of VE-cadherin varies with stage of culture. 

The linear VE-cadherin is found in tightly confluent cultures, the meshwork VE-cadherin in recently 

confluent cells and the saw-like VE-cadherin in sub-confluent cells. Lampugnani et al have found that 
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tyrosine phosphorylation of VE-cadherin, β-catenin and p120, occurred in looser adherent junctions, 

i.e. in recently confluent cells, and was notably reduced in tightly confluent cultures (Lampugnani, 

Corada et al. 1997). Therefore, the confluence related distribution of VE-cadherin we have found 

might be the result of the status of phosphorylation of VE-cadherin as well.  

 

There are overlapping areas of VE-cadherin staining in neighbouring HUVE-12 cells cultured on 

gelatin, especially in highly-confluent cultures (white arrow in Figure 3.8), which is consistent with the 

finding of overlapping areas of the neighbouring ECs in vivo (Dejana 2004). The netlike VE-cadherin 

structures appearing in highly confluent cultures were described a decade ago and considered as 

extended VE-cadherin clusters which considerably increased inter-endothelial adhesion properties 

(Geyer, Geyer et al. 1999). Areas of expanded meshwork-like VE-cadherin arrays might be caused by 

the more extensive overlapping areas seen after 48 hour incubation compared to 28 hour incubation.  

 

3.3.6 The effects of DMXAA and VEGF on EC junctions and their roles in tumour 

treatment 

DMXAA appeared to increase the discontinuity of VE-cadherin at cell-cell junctions (Oval frames, 

Figure 3.5 and the big cell-cell gaps in Figure 3.8) and VEGF did not increase VE-cadherin expression 

but induces fine pores on the VE-cadherin at cell-cell junctions (white asterisks in Figure 3.5, and 

Figure Appendix 2.5). The VEGF induces VE-cadherin phosphorylation might be one of the reasons of 

VEGF induced disassembly of VE-cadherin at cell-cell junctions  (Esser, Lampugnani et al. 1998). The 

disruption of VE-cadherin interactions leads to endothelial barrier dysfunction and increased vascular 

permeability, one of the major causes of tumour necrosis (Navaratna, McGuire et al. 2007). 

Endothelial barrier dysfunction induced by either F-actin reorganization or VE-cadherin disruption 

may lead to tumour regression. Therefore, both DMXAA and VEGF have the potential to increase 

endothelial permeability in vivo by perturbing F-actin organization, VE-cadherin distribution and 

detachment-related apoptosis. Additionally, VEGF is able to internalise VE-cadherin and thus increase 
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endothelial permeability by disrupting adherens junctions (Gavard and Gutkind 2006). The existence 

of diffused VE-cadherin staining in cytosol seemed to be increased by DMXAA (300 µM, 4 hours, 

Figure 3.5; 30-100 µM, 24 hours, Figure 3.8 and Figure Appendix 2.3). The disappearance of diffused 

VE-cadherin staining in the high concentration of DMXAA in later hours might be caused by the 

depletion of VE-cadherin. These findings might explain the result of endothelial barrier dysfunction 

induced by protracted treatment of DMXAA. However, the increase of diffused VE-cadherin staining 

in cytosol of the cells treated by VEGF was not obvious particularly at the concentration of 50 ng/ml. 

Therefore, due to the instability of FITC staining, accurate assessment of the changes of VE-cadherin 

distribution at cell-cell junctions requires experimental replication.  

 

3.3.7 P38 kinase has a role in natural actin depolymerization and ruffle formation 

It is known that  p38 kinase induces F-actin dissolution in stretched smooth muscle cells (Goldman, 

Zhong et al. 2003) and human neutrophils (Kutsuna, Suzuki et al. 2004) and that 10 µM SB 203580 is 

able to significantly rescue the actin filaments (Goldman, Zhong et al. 2003). The p38 kinase inhibitor 

SB 203580 was found to induce long F-actin filaments that traversed cells (Figure 3.5 and 3.8). This 

could be a result of inhibition of the F-actin dissolution by p38 kinase. p38 kinase has been found to 

activate actin remodelling in both freshly cultured and unstimulated adherent HUVECs. The activation 

of actin remodelling in unstimulated cells is modest compared to that in stimulated cells, but also 

showed enhancement in terms of the formation of membrane ruffles (McMullen, Bryant et al. 2005). 

The combination with SB 203580 reversed the formation of the marginal ruffles induced by DMXAA 

in HUVE-12 cells growing on gelatin (Figure 3.5 and 3.8) indicating that DMXAA might have 

employed p38 kinase to interfere F-actin remodelling to form ruffles and the partial dissolution of actin 

filaments behind the ruffles. Figure 3.9 showed that SB 203580 tended to decrease the F-actin content 

in cells although this decrease was not significant indicating that p38 kinase has the tendency to 

stimulate actin expression in HUVE-12 cells growing on gelatin. The presence of SB 203580 in the 

combination with VEGF did not alter the formation of stress fibres induced by VEGF alone. This 
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observation is consistent with previous studies showing that the induction of stress fibres by VEGF 

was not significantly affected by p38 kinase activation in HUVECs (McMullen, Bryant et al. 2005).  

 

3.4 Conclusion  

Both DMXAA and VEGF generate cytoskeletal remodelling, and changes in cell-cell connections that 

may reflect physiological changes influencing endothelial barrier function. We hypothesise that such 

changes might underlie blood flow changes that lead to anti-cancer effects. 

DMXAA might induce endothelial barrier dysfunction through (1) arch-shaped actin filaments in the 

sub-membrane area and thus lead to cell retraction in the early hours which may enlarge the cell-cell 

distance and lead to apoptosis later on; (2) membrane ruffles which increase cell mobility and 

detachment from the matrix with apoptosis later on; (3) discontinuity of VE-cadherin adhesive 

interactions at the cell-cell junctions. 

The long, thick and parallel stress fibre formation induced by VEGF might not be related to cell 

retraction but may relate to cell extension and spreading. The fine pore formation at cell-cell junctions 

might be the more important reason of endothelial dysfunction induced by VEGF.     

 

 

 

 

 

 

 



114 
 

4 Chapter Four 
 
Effects of DMXAA and VEGF on HUVE-12 
cell migration in monolayers  
 
4.1 Introduction 
Endothelial cell (EC) migration is an essential part of angiogenesis (Beardsley, Fang et al. 2005) and 

the study of EC migration is one of the keys to understanding the mechanisms of angiogenesis (Kerbel 

2000). The so-called scratch assay, or in vitro wound healing assay, is the simplest assay system with 

which to investigate boundary movement (Fischer, Stingl et al. 1990; Liang, Park et al. 2007). In this 

assay, a portion of a confluent cell monolayer is scraped away from the substrate and cells are allowed 

to grow in to fill the resulting gap. The gap distance can be measured at different times and the 

velocity of boundary movement calculated (Fischer, Stingl et al. 1990).   

 

Vascular endothelial growth factor (VEGF) is a hypoxia-inducible cytokine that drives angiogenesis in 

physiological and pathological conditions including tumour development (Hoang, Whelan et al. 2004). 

VEGF induces EC proliferation (Li, Bork et al. 2005) and migration via the signalling activities of 

PKC, PKD and histone deacetylase 7 (Wang, Li et al. 2008). During vasculogenesis, VEGF stimulates 

fusion of small blood vessels to form larger vessels (Drake and Little 1999). VEGF encourages tumour 

angiogenesis, growth and metastasis and thus is a promising target of anti-angiogenic therapy (Terman 

and Stoletov 2001). VEGF also increases endothelial permeability and was originally called vascular 

endothelial permeability factor (Dvorak 2002; Dvorak 2006). 

 

DMXAA reduces blood flow in tumours by inducing EC apoptosis (Ching, Cao et al. 2002; Ching, 

Zwain et al. 2004) and, like VEGF, increasing endothelial permeability (Zhao, Ching et al. 2005). This 

chapter compares the effects of DMXAA and VEGF on the migration of HUVE-12 cells growing on 
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gelatin, with the aim of developing a better understanding of the mechanisms by which DMXAA 

affects EC function.  

 

The enzyme p38 MAP kinase is stimulated by VEGF and plays a role in angiogenesis (Gee, 

Milkiewicz et al. 2010). It has also been reported to play an important signal transduction role in the 

action of DMXAA  on network formation by NZM7 melanoma cells on Matrigel (Zhao, Marshall et al. 

2007). The p38 MAP kinase inhibitor SB 203580 is used here to investigate the role of p38 kinase in 

the migration of HUVE-12 cells on gelatin. TNF-α has a dual and dose-dependent opposing effects on 

angiogenesis (Fajardo, Kwan et al. 1992) and has been found to inhibit angiogenesis in some tumours 

(Chun, Jung et al. 2005 ; van Horssen, ten Hagen et al. 2006). The effect of TNF-α on HUVE-12 cell 

migration at wound boundaries was also investigated in this chapter.  

 

4.1.1 Aims 

1. To validate the scratch assay method using HUVE-12 cells growing on gelatin by quantifying 

the influence of distance between the cells and the CO2 supply, the pH difference caused by the 

distance between the cell culture wells and the CO2 supply, and the effect of the initial gap 

distance on the velocity of  gap closure.  

2. To visualize the process of the gap closure in scratch assays and the effects of DMXAA and 

VEGF. 

3. To determine the net velocity of boundary movement and the effects of DMXAA and VEGF on 

this process. 

4. To compare HUVE-12 boundary movement and the response to DMXAA and VEGF in RPMI-

1640 medium and α-MEM medium. This will investigate the role of the antioxidant ascorbic 

acid in boundary movement. 

5. To understand the mechanisms by which morphological changes are induced in the migrating 

cells by visualizing the arrangement of actin filaments and microtubules. 
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4.1.2 Quantification of gap size in scratch assays  

HUVE-12 cells were cultured on gelatin coated 24-well plates and allowed to grow to complete 

monolayers in ECGS and heparin supplemented α-MEM. To investigate a possible effect of reactive 

oxygen species on the response to drugs, the α-MEM was replaced by ascorbic acid free RPMI-1640 

medium in some experiments. A small scratch was gently made using a plastic pipette tip in the middle 

of each well. Drugs were added immediately after the scratches were made. Time lapse 

videomicroscopy was taken to investigate the process of gap closure, and alterations to cell 

morphology. Methods used for time lapse imaging were the same as described in Chapter 3. The 

images were taken using a Nikon TE2000E inverted microscope with ×10 dry lens. The time interval 

between succeeding images was 5 minutes. The phase contrast images were obtained at a resolution of 

1280×960 pixels in tiff format by Image Pro Plus 6.2. Image Pro Plus 3DS 5.1 was used in measuring 

and calculating the gap distance and gap area for scratch assays. The edges of the scratches were 

defined by clicking 20 dots on each side of the cell-depleted zone (Figure 4.1). Some of the images 

required adjustment of contrast and/or brightness to visualize the edges of the cells clearly. The centre-

to-centre distance of these two edges and the area between were calculated and exported to Microsoft 

Office Excel 2007. Images were calibrated by Image Pro Plus 3DS 5.1, using a scale bar based on an 

image of the stage micrometre, before quantification. The slope of each plot of the gap distance versus 

time was calculated by Microsoft Excel 2007. The velocity of the boundary movement was calculated 

by the formula ‘velocity of boundary movement in each well = slope of each plot of gap distance vs. 

time/2 sides /60 minutes (µm/min)’ to represent the speed of gap closure. The mean of the velocity of 

boundary movement of each treatment in each experiment was transformed to relative velocity through 

division by the mean of the controls in the same experiment. T-tests were carried out using SigmaPlot 

11.0.  
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Figure 4.1 An example of boundary analysis. The margin of each side of the scratch was defined by clicking 

20 dots on each margin by Image Pro Plus 3DS 5.1. The distance and area between these two lines were 

measured and calculated by the same image analysis programme.  

 
4.2 Results 

 
4.2.1 Effect of distance from the CO2 supply and pH on HUVE-12 cell migration  

The Nikon TE2000E inverted microscope used for live cell imaging has a computer drivable stage and 

thus can take images of multiple wells in the same time lapse imaging procedure. This system allows 

repeated imaging of multiple wells in close and regular succession, providing the velocity of boundary 

movement in different wells, and maintains consistency of conditions through the course of an 

experiment. The pH in the wells was maintained by a CO2 supply that was delivered by an 18 gauge 

needle, inserted into the 24-well plate mid-way between the lowest two rows of wells. The pH value in 

the initial stage of the experiment might vary between the wells, depending on the distance between 

the well to the needle. However, the CO2 level and pH value in the wells would become evenly 

distributed soon after this short period. In order to validate the assay, it was necessary to show whether 

the distance from the cells to the CO2 supply had an effect on the velocity of boundary movement. To 
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achieve this, the relationships between the velocity of boundary movement and the distance from the 

middle of each well to the needle (Figure 4.2), and the effects of any pH difference induced by the 

possible CO2 gradient in the beginning of incubation (Figure 4.2), were investigated. The results 

showed that distance to the CO2 supply did not have a statistically significant influence on the velocity 

of boundary migration (P=0.28, Figures 4.3 A and 4.3 B). Both Spearman Rank Order Correlation and 

Pearson Product Moment Correlation tests by SigmaPlot showed that the Correlation Coefficient is 

about 0.5 indicating there is no significant relationship between the distance from the well to the 

needle and the velocity of boundary migration (P > 0.05). 

 

After incubation for 30 minutes, the range of pH values among the middle 8 wells, which were 

routinely used for imaging, was only 0.05. The pH difference was not determined by the distance 

between the well to the needle but by the distance of the column of the wells to the needle. 

Furthermore, this range of pH value did not induce differences in the velocity of boundary movement 

(Figures 4.3 C and 4.3 D). Additionally, the pH in all of the wells in the same plate should reach 

equilibrium quite rapidly after the initiation of the incubation period. Therefore, the use of the multiple 

field imaging was applicable. 

 

CO2 was supplied through a long coiled tube situated in the incubator (yellow arrow in Figure 3.2 E), 

and there was no temperature difference among the wells in the 24-well plate from the start to the end 

of the imaging procedure. Therefore, the subtle pH differences at the initial stages, reflecting the 

distance between the needle and the wells, was not temperature-related.    



119 
 

 

Figure 4.2 Plate layout used for testing the effect of the distance between the cells to the CO2 supply 

needle on the velocity of boundary movement. This is a schematic figure of a 24-well plate. The black dot in 

the middle of the lower two rows represents the position of the CO2 supply needle. The pH value of the medium 

in each well was measured by Minilab model IQ120 pH meter.  
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Figure 4.3 Relationship between the distance between the cells and the CO2 supply, the difference in pH 

values, and the velocity of boundary movement. The symbols in A: the same series of symbols were 

repeatedly used for each distance group thus the same symbol appeared more than once although there is no 

relationship between the same symbols.   

 

4.2.2 Effect of initial gap distance on boundary movement 

Since scratches were drawn manually using plastic pipette tips, the width of the scratches varied, and 

the influence of the initial gap distance on migration was measured. Both Spearman Rank Order 

Correlation and Pearson Product Moment Correlation tests by SigmaPlot showed that the Correlation 

Coefficient is about -0.26 and thus there are no significant relationships between the initial gap 

distance (represented by the gap distance at the end of the first hour after cell seeding) and the velocity 

of boundary migration (P > 0.05, Figure 4.4). The initial gap distance did not change the velocity of 

boundary movement but only changed the time required to close the gap.  
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Figure 4.4  Effect of the initial gap distance on the velocity of boundary movement. Acquisition of images 

was started from 0-1 hours after the scratches were made. Most of the images were obtained from the end of 

the first hour after the scratches were made. Therefore the gap distance of the end of the first hour was used 

here to represent for the initial gap distance. The data were derived from all of the control wells in α-MEM 

(n=33).  

 

4.2.3 Effects of DMXAA and VEGF on the velocity of HUVE-12 boundary movement in α-

MEM medium   

Time-lapse videomicroscopy recordings of HUVE-12 responses to monolayer damage were 

successfully performed 11 times and velocities of boundary movement were determined from analyses 

of all of these. Representative video files may be viewed in Appendix 1 (folder named ‘HUVE-12 cells 

scratch assay in α-MEM’). The representative images selected in Figure 4.5 show the same fields at six 

intervals (1, 2, 4, 8, 12, and 18 h) after the monolayers were scratched. The images showed that the 

cells on the edges of scratches extended cytoplasmic processes and underwent major changes in cell 

morphology, transforming from cobblestone to elongated forms reminiscent of mesenchymal 

morphology, as they moved towards the opposite sides to fill the gap. The cells behind the front lines 

also followed the front cells to move towards the gap to occupy empty space. The gaps became 
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increasingly smaller and were eventually closed by cells after approximately 7-15 hours or more. 

 

A series of experiments was carried out to investigate the effects of DMXAA and VEGF on the mean 

velocity of boundary movement. We speculated that reactive oxygen species may be involved in 

responses to at least some of these agents. Experiments were therefore carried out in both α-MEM and 

RPMI-1640 media to investigate the effect of an antioxidant (ascorbic acid).  

 

The results are shown in Figure 4.6 and 4.7 and Table 4.2. VEGF (50 ng/ml) significantly increased 

boundary movement velocity of HUVE-12 cultures. The lower concentration of VEGF (25 ng/ml) 

showed greater relative velocity of boundary movement but the data were from one experiment with 

two duplicate cultures. DMXAA tended to slow down the speed of boundary movement of HUVE-12 

cells at low concentrations (10 and100 µM) but exerted no influence on the velocity of boundary 

movement when the concentration was increased to 300 µM. Some experiments also included 

treatment with the p38 MAP kinase inhibitor SB 203580, TNF-α (5ng/ml), anti-VE-cadherin antibody 

and with combinations of DMXAA and VEGF. These latter data were from one experiment with 

duplicated cultures, and thus require further repetition to ascertain reproducibility. The results showed 

that SB 203580 (5 µM) did not influence the velocity of boundary movement, the combination of 100 

µM DMXAA and 25 ng/ml VEGF showed an effect that was intermediate between those seen with the 

sole treatments, and the VE-cadherin antibody did not decrease the velocity of boundary movement. 

TNF-α (5ng/ml) induced a dramatic decrease in the velocity of boundary movement (also see in Figure 

Appendix 3.1). The combination of SB 203580 (5 µM) and DMXAA (100 µM) decreased the velocity 

of boundary movement more than the DMXAA (100 µM) sole treatment indicating a synergetic effect 

between p38 kinase and DMXAA.   
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Figure 4.5 Representative images of boundary movement of HUVE-12 cells growing on gelatin. Full 

details are shown in avi. movies in Appendix 1. The images of 100 µM DMXAA in α-MEM and 25 ng/ml VEGF 

treatment and the combination treatments in both media were not included in this figure but the quantification of 

data is included in Figure 4.6, 4.7, 4.8, and 4.9 and Table 4.1 and 4.2. Scale bar: 100 µm. 

 

 
 

Figure 4.6 Change of gap distance in α-MEM. HUVE-12 cells 5×104/ml/well in 24-well plates were allowed to 

grow to monolayer on gelatin for about one day before the assay. Drugs were added immediately after 

scratches made. Imaging was started within 30 minutes to one hour. Data were combined from all experiments 

(mean ± SE). The data for controls come from 21 replicates (11 individual experiments), 10 µM DMXAA were 

from 2 replicates (2 individual experiments), 30 µM DMXAA were from 12 replicates (6 individual experiments), 

100 µM DMXAA were from 6 replicates (4 individual experiments), 300 µM DMXAA were from 21 replicates (9 

individual experiments), 50 ng/ml VEGF were from 17 replicates (7 experiments). 25 ng/ml VEGF, 5 µM SB 

203580 and the combination treatments were from 2 replicates (one experiment). Data are shown in Table 4.1. 
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Table 4.1 Decrease of gap distance with time (data from Figure 4.7). Data are presented as mean ± SE. n: 

number of replicates. The blanks were caused by the blurred images which were not suitable for image analysis.  
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Figure 4.7 Effects of DMXAA and VEGF on the velocity of boundary movement in HUVE-12 cells in α-

MEM. The velocities following each drug treatment have been normalised relative to the mean of the controls in 

the same experiment. The data in this table represent the relative velocities of all of the experiments. The effects 

of 25 ng/ml VEGF, SB 203580 and combination treatments were measured only in one experiment and thus did 

not show error bars. The control does not show error bars because all of the controls acted as the reference of 

each group and were equally calculated as 100% of relative velocity. Data are presented as mean ± SE. Data 

are shown in Table 4.2. *: significant increase, P<0.05. *: significant decrease, P<0.05. 
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Table 4.2 Summary of effects of DMXAA and VEGF on the velocity of boundary movement of HUVE-12 

cells in α-MEM. N: number of experiments. *: significant increase, P<0.05. *: significant decrease, P<0.05. 

 

 

4.2.4 Effects of DMXAA and VEGF on the velocity of HUVE-12 boundary movement in 

RPMI-1640 medium 

The images of boundary movements in ascorbic acid free RPMI-1640 medium are presented in Figure 

4.5. The quantification of the velocity of the gap closure is demonstrated in Figure 4.8. VEGF (25 

ng/ml) increased the relative boundary movement velocity significantly but DMXAA (300 µM) and 

VEGF (50 ng/ml) did not (Figure 4.9 and Table 4.4). The p38 MAP kinase inhibitor SB 203580 tended 

to decrease the velocity of boundary movement in HUVE-12 cells but insufficient experiments were 

carried out for statistical analysis (Figure Appendix 3.2). Combinations of SB 203580 with DMXAA 

or VEGF did not alter the velocity of boundary movement as compared to single DMXAA or VEGF 

treatments.  
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Figure 4.8 Change of gap distance in RPMI-1640 medium. HUVE-12 cells 5×104/ml/well in 24-well plates 

were allowed to grow to monolayers on gelatin for one day before the assay. Drugs were added immediately 

after scratches were made. Imaging was started within one hour after scratches made. Data are presented as 

mean ± SE. The data for controls come from 5 replicates (3 individual experiments), 100 µM DMXAA were from 

4 replicates (2 individual experiments), 300 µM DMXAA were from 5 replicates (3 individual experiments), 25 

ng/ml VEGF were from 4 replicates (2 experiments), 50 ng/ml VEGF were from 5 replicates (3 experiments). 5 

µM SB 203580 and the combination treatments were from 2 replicates (one experiment). Data are shown in 

Table 4.3. The discontinuities of the lines were caused by blurred images which were inadequate for image 

analysis.  
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Table 4.3 Decrease in gap distance with time in RPMI-1640 medium (data from Figure 4.9). Data are 

presented as mean ± SE. n: number of replicates. The blanks were caused by blurred images which were 

inadequate for image analysis.  

 
 

 
 
 

Figure 4.9 Summary of effects of VEGF (25 ng/ml) on the boundary movement of HUVE-12 cells in RPMI-
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1640 medium.  Results are normalised to the controls for each experiment. The data of SB 203580 and the 

combination treatments were from the duplicates of one experiment (mean ± SE). *: significant increase 

(P<0.05). The control did not show error bars because all of the controls acted as the reference of each group 

and were equally calculated as 100% of relative velocity. Data are shown in Table 4.4. 

 
 Table 4.4 VEGF (25 ng/ml) increased boundary movement in HUVE-12 monolayers in RPMI-1640 

medium. The mean and SE represent the relative velocity of boundary movement compared to the controls in 

each experiment from three independent experiments. N: number of experiments. *: significant increase, 

P<0.05.  

 
 

4.2.5 The use of medium lacking ascorbic acid did not significantly affect the velocity 

of HUVE-12 boundary movement  

Figure 4.10 shows that there is no significant difference between the effects of α-MEM and RPMI-

1640 on the velocity of boundary movement. This suggests that the presence of high concentrations of 

the anti-oxidant ascorbic acid did not change the velocity of HUVE-12 boundary movement.  



136 
 

 

Figure 4.10 Comparison of HUVE-12 cell migration velocity in the media with or without ascorbic acid. 

The data were collected from all of the control wells in multiple experiments (n=33 for α-MEM, n=5 for RPMI-

1640). Data are presented as mean ± SE. The P value is 0.278. n: number of replicates. α-MEM contains 

ascorbic acid while RPMI-1640 is ascorbic acid free.  

 
4.2.6 F-actin remodelling in HUVE-12 cells growing on gelatin in a wound healing 

assay 

Methods in Chapter 3 were used to investigate actin remodelling in HUVE-12 cells growing on 

gelatin. The HUVE-12 cells at the edge of a scratch showed polarised character 4 hours after the 

scratch was made, with the leading edge showing ruffles, protrusions such as lamellipodia. After 4 

hours exposure to 50 ng/ml VEGF, HUVE-12 cells on the leading edge appeared to cover a larger area, 

with more cell-cell attachments, and with markedly thicker, elongated and more organized and nearly 

parallel stress fibres (as indicated by the green arrow, Figure 4.11) as compared to the untreated ones, 

although there was heterogeneity in the size of the cells. Despite the treatment, Figure 4.11 showed 

that F-actin appeared to envelop the microtubules on the edge of the moving cells, indicating that F-

actin fibres moved ahead earlier than microtubules during boundary movement. This also suggested 

that the microtubules connected to the cell membrane via actin filaments (Figure 1.5, Chapter One).  
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DMXAA at a concentration of 300 μM reduced the formation of stress fibres traversing the cells but 

induced some arch-shaped F-actins parallel to the cell membrane in the outer half of the cells. The 

formation of arch-to-ring-shaped bundles of F-actin might explain the cell contraction and the 

consequent increase of the cell-cell distance. SB 203580 treatment (10 µM) was associated with long, 

fine F-actin fibres in the front row cells, parallel to the plasma membrane. The presence of SB 203580 

did not markedly change the effects of 300 µM DMXAA or 50 ng/ml VEGF.  

 

There were no apparent changes in the microtubule arrangement or VE-cadherin distribution following 

the various treatments. As in the other HUVE-12 monolayers, VE-cadherin expression was not found 

at the leading edge of the cells where there were no cell-cell junctions.  
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Figure 4.11 Rearrangement of F-actin in cells adjacent to a scratch: divergent effects of DMXAA and 

VEGF. 5×105 HUVE-12 cells were seeded on 0.1% gelatin coated 22×22mm glass cover slips in ECGS 

supplemented α-MEM medium. Cells were allowed to attach for 24 hours before the scratches were made. 

Drugs and cytokines were added immediately afterwards. Cells were fixed and stained 4 hours after the 

scratches were made. The scratch is to the top (upper two images) or right of the images. Green: VE-cadherin; 

cyan: actin; red: tubulin; blue: nuclei. The laser conditions were the same for all images. All of the images were 

taken with 0.5 µm gap distance between z series frames. Scale bar 40 µm.  

 

 

4.3 Discussion  

This chapter has investigated the migration and morphology of HUVE-12 cells around a scratch 

applied to an endothelial cell monolayer. Image analysis methodology has been used to measure the 

effects of DMXAA and VEGF. Scratching of HUVE-12 monolayers removes contact inhibition and 

activates signalling pathways such as Notch (Noseda, Chang et al. 2004) to stimulate cell movement.  

 

4.3.1 Quantification of the velocity of boundary movement 

One common quantification method in the scratch assay is to count the number of cells moving into 

the scratch zone (Chen, Zhou et al. 2003). This method can provide large sample sizes that are easily 

quantified statistically (Liang, Park et al. 2007). However, cell repopulation of the scratch zone 

involves multiple phenomena including cell extension, migration and proliferation. Additionally, when 

using the number of the cells moving into the gap, the count of cells straddling the border of the initial 

and subsequent lines (as seen in Figure 4.1) will lead to uncertainty and inaccurate enumeration of 

cells. Therefore, counting the number of cells moving into the gap was not adopted. Another common 

approach to quantification of scratch assays is to measure gap distance (Fu, Flamini et al. 2008) and 

we have applied this to calculate the velocity of boundary movement. Apart from the complexity of the 

process of gap closure, involving cell extension, migration and proliferation, some of the drugs might 

cause cell retraction (such as DMXAA) or extension (such as VEGF) to influence the gap distance. 
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Measurement of the distance of the edges of the scratched zone takes into account all processes 

contributing to gap closure and thus more adequately represents the complexity of the total response to 

monolayer damage. During vasculogenesis, cell migration cooperates with cell extension and 

proliferation (Drake and Little 1999). Therefore, the velocity of the boundary movement provides a 

reasonable indication of one aspect of angiogenesis.  

 

4.3.2 Effect of VEGF on the velocity of boundary movement 

VEGF (25-50 ng/ml) in α-MEM (Figure 4.7 and Table 4.2) and VEGF (25 ng/ml) in RPMI-1640 

medium (Figure 4.9 and Table 4.4) significantly increased the velocity of boundary movement. Higher 

concentrations of VEGF (50 ng/ml) showed a smaller effect than a lower concentration (25 ng/ml) on 

the velocity of boundary movement in both media (Figure 4.7 and 4.9 and Appendix 3.3).  

 

VEGF has been shown to increase the migration of a murine glomerular ECs in a modified Boyden 

Chamber assay at a dose dependent manner which increases from 1-10 ng/ml but drops at the 

concentration of 20 ng/ml (Li, Bork et al. 2005). The effect of HUVE-12 boundary movement in 

scratch assay might decrease as well when the concentration exceeds 20 ng/ml. This might be 

explained by the a built-in negative-feedback loop in VEGFR system (Bruns, Bao et al. 2009). This 

might also explain why the higher concentration of VEGF was less effective than a lower 

concentration. Most of the VEGF treatments in the scratch assays described in this chapter used a 

VEGF concentration of 50 ng/ml. The conclusion is that, VEGF increases the velocity of boundary 

movement, but the effect is concentration-dependent.  

   

4.3.3 DMXAA and the other agents did not change the velocity of boundary movement  

DMXAA reduces the velocity of boundary movement at low concentration (10 and 100 µM) but has 

no influence at higher concentration (300 µM) (Figure 4.7 and Table 4.2) in α-MEM. In RPMI-1640 

medium, a trend was observed it was not significant at the P = 0.05 level (Figure 4.9 and Table 4.4). It 
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appears that under these conditions, of which the provision of a collagen substrate might be important, 

VEGF and DMXAA exert opposing effects on cell migration.  

 

TNF-α (5 ng/ml) showed a tendency to reduce the velocity of boundary movement (Figure 4.7 and 

Appendix 3.1). TNF-α (5 ng/ml) has also been reported to inhibit boundary movement in scratch 

assays by down-regulation of cell surface integrins such as ανβ3 (Defilippi, Truffa et al. 1991). Integrin 

ανβ3 binds to angiogenic growth factor pleiotrophin, which may mediate migration of endothelial cells 

(Mikelis, Sfaelou et al. 2009).  

 

p38 MAP kinase activates angiogenesis in inflammatory conditions (Rajashekhar, Kamocka et al. 

2011) and in embryos (Mudgett, Ding et al. 2000). The tendency of SB 203580 (10 µM) to inhibit 

boundary movement in RPMI-1640 medium (Figure 4.9 and Table 4.4) indicates p38 kinase might 

stimulate EC migration in the scratch assay and angiogenesis too. A lower concentration of SB 203580 

(5 µM) did not show obvious changes in either of the media.  

 

The data for TNF-α and SB 203580 were from a small sample number and would require more repeats 

to confirm the results. However it is of interest that under these conditions DMXAA and TNF-α appear 

to exert parallel effects that have been associated with anti-vascular functions. DMXAA induces TNF-

α synthesis in tumour bearing TNF knockout mice (Ching, Goldsmith et al. 1999). TNF-α induction 

was  selective in tumour sites in some cancers such as colon 38 tumour (Joseph, Cao et al. 1999).    

 

Ascorbic acid did not change the velocity of boundary movement.  This suggests that the generation of 

reactive oxygen species is not a major component of the action of any of these agents, even though 

such species have been implicated by others (Brauer, Wang et al. 2010), and the generate of such 

reactive molecules could unleash processes that compromise endothelial function.  
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4.3.4 The polarization of cells at the boundary 

Both time lapse microscopy and immunofluorescent staining of actin filaments showed that the cells at 

the front edges of the scratch boundary were polarized. These results are consistent with previous 

findings describing the leading edge of the front row cells showed polarized morphology, with 

lamellipodia, filopodia and membrane ruffling and actin stress fibres in wound healing assays (Nobes 

and Hall 1999). This polarization and the orientation of the boundary movement are related to 

caveolin-1, the integral membrane protein of caveolae, which is important in signal transduction 

(Beardsley, Fang et al. 2005).  

 

4.3.5 Technical challenges  

A prerequisite of scratch assays is to prepare confluent monolayers. Despite having the same initial cell 

density, cells grew to different extents of confluence in different wells, thus leading to variation in the 

starting conditions under which boundary movement could be observed. To reduce this variation to a 

minimum, only the plates containing confluent monolayers were used.   

 

The scratches were made manually by plastic pipette tips and thus had the risk of generating different 

original gap distances and scratch positions. The initial gap distance did not significantly influence the 

velocity of boundary movement (Figure 4.3). The positions of the scratches will influence the optical 

results by varying the position with respect to the field viewed by the microscope, and consequently 

will impact the quantification of the gap distance. To reduce data bias, it is essential to keep the 

scratches in the middle of the wells, and this can be achieved with practice. There are several methods, 

such as the use of inserts or mechanical ‘wounders’ to produce uniform scratches (Yue, Leung et al. 

2010). The CytoSelect™ 24-Well Wound Healing Assay inserts (Cell Biolabs, U.S.A.) were tried but 

the resulting approximately 900 µm gap was too long for efficient monitoring. Following use of these 

inserts, the edges of the ‘scratches’ were still not smooth. The mechanical ‘wounder’ is able to guide 

the scratches in the middle of the wells and produce close initial gap distances between the wells. 
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However, besides the price of purchase, these ‘wounders’ are usually designed for 96-well-plates and 

are not suitable for the time lapse imaging system used in this project. Therefore, the manual 

performance of scratches has been retained in this chapter.   

 

The method of making the scratches using a plastic pipette tip might be accompanied by the risk of 

removing the ECM. . The velocity of boundary movement with ECM is faster than without ECM, 

especially from hour 2 to hour 8 (Grasso, Hernández et al. 2007). Immunofluorescence staining 

showed that the actins formed lamellipodia in the leading edge that might assist migration into the 

gaps. This mechanism is consistent with one of the mechanisms described by Grasso et al. (Grasso, 

Hernández et al. 2007) who describe three main mechanisms of cell migration in the front edge of 

scratches: lamellipodia-dependent crawling, whole sheet displacement via actin cable formation, and a 

mixed mechanism. 

 

Finally, the in vitro wounding assay takes a relatively long time to perform. In this chapter, the cell 

monolayer needed about 24 hours to form and the scratches were finally closed by at least 7-15 hours 

of cell migration, extension and proliferation. These time durations are consistent with previous 

findings that one to two days are needed for the formation of cell monolayer and then 8–18 h for cell 

migration to close the scratch (Liang, Park et al. 2007). The scratch assay of HUVE-12 monolayers on 

gelatin cannot completely represent all the processes involved in angiogenesis in vivo where ECM, 

pericytes, cytokines and chemokines can also be altered.   

 

4.4 Conclusion 

The in vitro wounding assay provides a method of quantifying EC migration on a gelatin monolayer 

and potentially extends the data that were obtained in developing monolayers in Chapter 3. DMXAA 

reduced the velocity of boundary movement at lower concentrations (10 and 100 µM) but no influence 
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was observed at the higher concentration (300 µM). In contrast, VEGF increased the velocity of 

boundary movement but the higher concentration (50 ng/ml) showed less effect than the lower 

concentration (25 ng/ml), which might relate to the dose related changes of actin filaments showed in 

Chapter 3.   
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5 Chapter Five 

Effects of DMXAA and VEGF on network 
formation of HUVE-12 cells  

 
5.1 Introduction 

The formation of capillary-like networks has been considered as one of the simplest model systems for 

the study of angiogenesis in vitro since 1980s. ECs form capillary-like networks under appropriate 

soluble (growth factors and inhibitors) and insoluble (extracellular matrices, ECM) conditions. ECM 

molecules determine the movement, proliferation and differentiation in response to chemotactic factors. 

The insolubility of ECM enables it to resist mechanical tension and thus be able to modulate 

morphogenesis of the cells. Collagen, laminin and Matrigel are the frequently used ECM in laboratory 

for EC network formation (Ingber and Folkman 1989). Matrigel, a solubilized basement membrane 

preparation extracted from EHS mouse sarcoma, contains mainly laminin (~60%), collagen IV (~30%), 

entactin (~8%), heparan sulfate proteoglycan, growth factors (e.g. PDGF, EGF, and TGF-α) and matrix 

metalloproteinases (http://www.bdbiosciences.com/documents/webinar_2009_01_cyp450_activity.pdf). The 2D tube 

formation of ECs on Matrigel is similar to the early steps of de novo morphogenesis of endothelial 

tubes (Figure 5.1 A, B and C) (Drake and Little 1999). 

http://www.bdbiosciences.com/documents/webinar_2009_01_cyp450_activity.pdf
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Figure 5.1 Steps in the de novo morphogenesis of endothelial tubes. A: Primordial ECs are initially 

observed as small clusters separated by relatively uniform intervals. B: The ECs extend and protrude, 

eventually forming cord-like assemblies of spindle-shaped cells that connect clusters. C: By means of poorly 

understood mechanisms, lumens form within the cords. This process results in primary vascular polygons. D to 

F: To increase the size of lumens to form big blood vessels such as the aortae, the small blood vessels in C 

undergo vascular fusion. This results in previously separate microvessels forming a common lumen. Cell 

protrusions (arrow) bridge between individual lumens in the beginning of fusion (Drake and Little 1999). 

 

ECs communicate with ECM by transmembrane proteins such as connectin, a cell surface receptor of 

laminin specifically binds to actin at high affinity (Brown, Malinoff et al. 1983). The other cells do not 

have the ability to bind to the ECM e.g. fibroblasts cannot bind to collagen 1, which initiates actin 

polymerization of ECs and the following spindle-shaped morphology and cord-like assemblies 

(Whelan and Senger 2003). ECs do not form networks on laminin 1 and the basement membrane 

laminin-binding integrins such as α6ß1
 and α3ß1 may be more important for network stabilization than 

the initiation of network formation. VEGF activates lumen formation by activating basement 

membrane protein degradation, EC morphogenesis and proliferation (Davis and Senger 2005). 

DMXAA has been proved to reduce the blood flow (Rewcastle, Atwell et al. 1991) and increase 

vascular permeability in tumours (Zhao, Ching et al. 2005) in vivo but the cellular and molecular 

mechanisms are not clear except the possibility of inducing apoptosis (Ching, Cao et al. 2002). The 

aim of this chapter was to investigate the morphological changes induced by DMXAA in the HUVE-
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12 cells growing on Matrigel and to compare these effects to the changes induced by VEGF. Matrigel 

(BD Bioscience) was used as the substrate of capillary-like network formation. HUVE-12 cells were 

used to represent ECs.   

 

Vasculogenic mimicry (VM), a novel form of angiogenic switch (Bissell 1999), refers to a process that 

highly aggressive tumour cells replace endothelial cells in capillary-like structures. This term was 

raised by Maniotis et al in 1999 (Maniotis, Folberg et al. 1999). A range of tumours are able to commit 

VM such as melanoma (Maniotis, Folberg et al. 1999; Hess, Seftor et al. 2001), breast cancer 

(Clemente, Pérez-Alenza et al. 2010), colorectal cancer (Baeten, Hillen et al. 2009), and hepatocellular 

carcinoma (Guzman, Cotler et al. 2007) etc. The existence of VM indicates the bigger possibility of 

recurrence of the cancer and the poor survival (Guzman, Cotler et al. 2007; Baeten, Hillen et al. 2009). 

NZM7 cells, a melanoma cell line developed in the Auckland Cancer Society Research Centre, has 

been found to form networks on Matrigel (Zhao, Marshall et al. 2007). Therefore, NZM7 cells were 

used to study vasculogenic mimicry.   

 

To investigate the process of spatial alignment of ECs, the cell culture on Matrigel was imaged mainly 

using the Nikon inverted TE-2000E microscope with ×10 phase contrast dry lens. The images were 

then analysed by Image Pro Plus 3DS 5.1 image analysis software to calculate the cell covered area. 

The data were transferred to Microsoft Excel and Sigma Plot to create graphs. Each treatment was 

repeated more than 3 times to give mean and standard deviation (SD) or standard error (SE).   

 

 
5.1.1 Aims 

6. To visualize the process of the HUVE-12 cells attaching, extending, forming networks and 

proliferating on Matrigel in α-MEM or RPMI-1640 using both time-fixed images and time-

lapse microscopic videos. 

7. To investigate the effects of DMXAA, VEGF and SB 203580 in the process of network 
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formation using the experimental systems described in Aim 1. 

8. To compare the effect of RPMI-1640 medium and α-MEM medium on HUVE-12 cell network 

formation and the effects of the drugs. 

9. To find a parameter to quantify the effects of the drug treatments in HUVE-12 cell network 

formation using the time-lapse images. 

10. To visualize the process of the capillary-like network formation of NZM7 melanoma cells 

using both time-fixed images and time-lapse microscopic videos.  

  

5.1.2 Quantification of the time lapse images of network formation ― quantification of 

the cell covered area during network formation 

The images were taken as phase contrast 1280×960 pixels tiff format. Image Pro Plus 3DS 5.1 was 

used in measuring and calculating the cell covered area (the cell-Matrigel attached area) for the first 

hour of network formation, the total image area and the non-cell covered area in the later hours (>1 

hour) of network formation. Once it was opened by Image Pro Plus 3DS 5.1, the interested image was 

firstly calibrated with the scale bar made by a same sized and conditioned image of stage micrometre. 

For the first hour images of network formation, the image was firstly converted to Gray Scale 8. The 

‘count/size’ tool was activated and the range of intensity was selected by ‘Histogram Based’ alterations 

while the highest limit was fixed as 225. Images might require ‘Flatten background’ before the 

selection of the range of the intensity. The area of each cell mass was calculated by the ‘Count’ tool. 

The margins of the cell masses would appear after counted (Figure 5.2 A). It was necessary to check 

whether the definition of the margins matched the real image at this stage. If not, the range of the 

intensity needed to be reset. This step was repeated at least three times to gain the best match. The data 

were then transferred to Microsoft Excel 2007 to get the sum of the total cell covered area.   

 

In order to analyse network formation, the ‘wand tool’ was used to define the edges of the cell masses 

after the image was converted to Gray Scale 8. The definition of the margins of each cell mass was 

repeated at least three times to gain the best fit. Each of the non-cell covered area was calculated by the 
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‘Count’ tool. The margins of the non-cell covered area would appear after counted (Figure 5.2 B). The 

total area of the whole image was defined by a rectangular ‘area of interest’ tool and calculated by the 

same ‘Count’ tool. The data were transferred to Microsoft Excel 2007 to calculate the cell covered 

area. The cell covered area is equal to the total image area minus the sum of the non-cell covered areas.  

The data were transferred to SigmaPlot 11.0 to plot graphs and calculate the P values of t-tests.   
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Figure 5.2 Examples of the quantification of network formation.     

 

5.1.3 Effect of distance from the CO2 supply on HUVE-12 network formation 

In the scratch assay, the 8 wells in the middle of the 24-well plates were used for imaging, so that the 

cell-covered area was not significantly affected by the distance from the cells to the CO2 supply. Two 

experiments were performed in which all 8 wells were untreated and the formation of cell forming 

networks was investigated. The data indicated that the distance from the cells to the CO2 supply was 

associated with a tendency to increase the size of the cell covered area (Figure 5.3 A and B), although 

most of the increases were not significant. However, the difference in the mean values between wells 

located at different distances from the CO2 needle was not great enough to exclude the possibility that 

the difference reflects random sampling variability after allowing for the effects of differences in time 

after cell seeding. There was not a statistically significant difference (P = 0.725) according to the 

repeated measures two-way ANOVA test. Therefore, the distance to CO2 supply did not impact the 

cell covered area in the wells. Most imaging experiments used up to 8 wells per plate (Figure 4.2) with 

four duplicated treatments. In experiments with more than 8 wells, the duplicates were randomised to 

B 



151 
 

further avoid the impact of CO2 differences. Additionally, CO2 levels in the plate should equilibrate 

evenly in the wells shortly after the plate was filled by the CO2 containing air. Altogether, it was 

possible to use all of the 8 wells in the middle of the 24-well plate simultaneously. 

 
 

 
Figure 5.3 The distance to the CO2 supply did not affect the size of the cell covered area significantly. 

Usually the wells 1 and 8, 2 and 7, 3 and 6, 4 and 5 are duplicates. There are four groups of wells characterised 

by distance in each plate: 1.36 cm, 3.04 cm, 3.48 cm and 4.08 cm, 8 wells in each group (Figure 4.2). Each 

distance was duplicated in each experiment. The P values are from the comparison of these two groups. The 

experiment was performed twice. SE: standard error. 
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5.2 Results 

5.2.1 HUVE-12 cells and NZM7 melanoma cells formed capillary-like networks on 

Matrigel but not on gelatine or glass coverslips 

Firstly the network formation ability of HUVE-12 cells was tested on gelatin and glass coverslips, but 

No network formed regardless of the initial cell density and incubation duration (Figure 5.4). Different 

concentrations of Matrigel were then tested, and 62.5% Matrigel was found to show stable network 

formation (Figure 5.4). Cell density dependence trials showed that 5×104 HUVE-12 cells/well were 

sufficient for network formation in 24-well plates, 1-1.5×105  HUVE-12 cells/well in 24-well plates 

and 5×105 HUVE-12 cells/well in 6-well plates showed stable network formation and thus have been 

used throughout this project. The Matrigel volume dependence trials showed that 40 μl of 62.5% 

Matrigel was the minimal volume supporting acceptable stability of network formation in 24-well 

plates. A volume of 200 μl 62.5% Matrigel was required in 6-well plates.  

 

 

Figure 5.4 HUVE-12 cells formed networks on Matrigel but not on gelatin. HUVE-12 cells (1×105) were 

seeded on 0.1% gelatin coated or 62.5% Matrigel in 24-well plate, 1 ml cell suspension per well. HUVE-12 cells 

formed networks 4 hours after seeded on Matrigel but did not form networks on gelatin (24 hours attachment + 4 

hours extra incubation). HUVE-12 cells (5×105) did not form networks on glass coverslips contained in 6-well 

plate, 2 ml cell suspension per well (24hours attachment + 4 hours extra incubation). 
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5.2.2 DMXAA and VEGF decreased the cell covered area on Matrigel and increased the 

rate of HUVE-12 cell network formation and of eventual breakdown in α-MEM 

medium   

Images of the cells were initially taken at once per 2-4 hours base by a phase contrast microscope. The 

frequency of image capture could not be increased to once per hour because the microscope was not in 

an incubator and the cells would not behave normally if being taken out from the incubator and 

exposed to the room temperature and air conditions so often. The limitation of imaging frequency led 

to loss of information between the time points. Additionally, the cells would behave differently 

depending on how long and how often they were exposed in the room condition for imaging. Therefore, 

the time lapse videomicroscopy was adopted to avoid the above issues. Time lapse videomicroscopy 

showed the HUVE-12 cells undergoing capillary formation on Matrigel displayed sequential 

morphological characteristics (see control well of Figure 5.5) including cell attachment and extension 

in the first a few hours (up to 5-6 hours), migration and shape change to form networks in the next a 

few hours (3-8 hours), network remodelling and eventually shrinkage of networks (about 12 hours 

onwards). The time course of each period slightly differed from experiment to experiment due to the 

condition of the cells and Matrigel and the variability of cell numbers. The HUVE-12 cells gradually 

lost their cobble-stone appearance and appeared as spindle shaped tubes with some rounded cell 

clusters on the joints of the networks.  

 

To investigate the effect of DMXAA on angiogenesis, HUVE-12 cells were treated by 30 and 300 µM 

DMXAA at the same time as cell seeding. VEGF (50 ng/ml) was also added in the beginning of cell 

seeding to act as a comparison to DMXAA. Time lapse microscopy was carried out from no later than 

the first hour after cell seeding. The time interval between the neighbouring images was 5 minutes, 

which was short enough to produce a smooth AVI movie.  

 

The time lapse images showed that DMXAA- and VEGF-treated HUVE-12 cells formed networks 
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more rapidly than untreated ones. It was difficult to find optimal parameters to quantify this difference, 

but the cell covered area on Matrigel was eventually chosen as a quantitative parameter. Untreated 

HUVE-12 cells tended to flatten on the Matrigel more than the DMXAA and VEGF treated ones. The 

HUVE-12 cell-covered area in each image field increased dramatically in the first a few hours, then 

reached a peak and decreased thereafter. The peak of cell covered area differed in different treatments. 

To describe the changes of the cell covered area induced by drug treatments and incubation time, the 

cell covered area of each treatment at each hour were quantified from the first hour after cell seeding to 

the end of 12 hours. After 300 µM DMXAA treatment the peak of HUVE-12 cell covered area on 

Matrigel was significantly smaller than in the untreated wells from first hour to 7-8 hours after cell 

seeding (Figure 5.5 and 5.6, Table 5.1). The 50 ng/ml VEGF treatment induced the similar reduction of 

cell covered area in all of the quantified 12 hours (Figure 5.5 and 5.6, Table 5.1). These results indicate 

that DMXAA reduced the contact area between HUVE-12 cells and the matrices and facilitated 

network formation of HUVE-12 cells in the first 7-8 hours. The effect of cell covered area reduction 

and of network formation induced by DMXAA was similar to the effect of VEGF.  

 

Apart from the information on cell covered area, the images themselves showed extra features. When 

the DMXAA or VEGF treated HUVE-12 cells formed networks, the untreated cells were still 

flattening. When the untreated HUVE-12 cells formed networks, the DMXAA or VEGF treated cells 

already started shrinking. The DMXAA or VEGF treated HUVE-12 cells showed thinner strings in the 

connections on the networks and these thin strings broke earlier (yellow squares and circles in Figure 

5.7) than the thicker strings between the untreated HUVE-12 cells. Counting of the number of the 

intact cavities in the images and the broken joints in the images was carried out initially but 

discontinued because of difficulties with the accuracy of the data, as discussed later in this chapter. 

 

The peak of cell covered area on Matrigel was the least and the speed of the decrease of the cell 

covered area after the peak was the fastest with the DMXAA (300 µM) treatment. The DMXAA or 
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VEGF treated HUVE-12 cells formed networks by elongating and stretching to each other. At early 

times this process occurred later for untreated cells than for the DMXAA or VEGF treated cultures 

(Figure 5.5 and folder ‘HUVE-12 cells network formation in alph-MEM on Matrigel’ in Appendix 1).  

As shown in Figure 5.9, p38 kinase inhibitor SB 203580 (5 µM) significantly increased the cell 

covered area on Matrigel in the first 2 hours but this increase disappeared soon after the third hour. The 

combination of SB 203580 (5 µM) with DMXAA (100 µM or 300 µM) did not show significant 

difference compared to untreated cells. To further address the role of VEGF in network formation, 

Avastin (bevacizumab), a humanised monoclonal antibody to VEGF-A was added to the culture. 

Avastin (50 µg/ml) did not increased the cell covered area significantly when compared to the 

untreated cells (Figure 5.9 B, Table 5.1). The data of Avastin treatment has been performed for 4 times 

in 2 repeats. Therefore further investigation is required for a definite conclusion.  

 

At 10-12 hours after cell seeding, the rates of change of the cell covered area reduced to close to zero 

in both treated and untreated wells. Eventually, the networks formed in both treated and untreated cells 

and showed similar cell covered area. Both were composed by thin strings formed by cells and clusters 

of rounded cells in the joints of the networks. In the prolonged cultures, the networks began to break 

and cells began to die after 24 hours culture despite the treatments (Figure 5.5). The images taken at 42 

hours showed the networks broke down despite the treatment although the untreated networks 

appeared to be more intact than the DMXAA or VEGF treated ones (Figure 5.8).  
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Figure 5.5 Time lapse imaging of HUVE-12 cells forming networks on Matrigel in α-MEM medium or 
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RPMI-1640 medium. Images were taken by Nikon TE2000E Inverted microscope with phase contrast ×10 

objective lens. 1×105 HUVE-12 cells were seeded in each well in 24-well-plates with 40 µl 62.5% Matrigel 

coating on the bottom of each well. Results of α-MEM were confirmed by 14 repeats of experiments, each in 

duplicate. Results of RPMI-1640 medium were confirmed by 3 repeats of experiments, each in duplicate.  

 

 
 

Figure 5.6 The effects of DMXAA and VEGF on the cell covered area of DMXAA and VEGF in α-MEM at 1-

12 hours. The cell covered area of each image at each intact hour from 1 to 12  hours after cell seeding were 

defined and calculated by Image Pro Plu 3DS 5.1. The control was performed 30 times in 14 individual 

experiments, the 30 µM DMXAA treatment was performed 12 times in 6 individual experiments, the 100 µM 

DMXAA treatment was performed 7 times in 3 individual experiments the 300 µM DMXAA treatment was 

performed 20 times in 10 individual experiments, the 50 ng/ml VEGF treatment was performed 14 times in 7 

individual experiments. Data were presented as mean ± SE. Data were shown in Table 5.1. 
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Table 5.1 DMXAA and VEGF significantly reduced the cell-Matrigel attached area during network 

formation in α-MEM. Data are the same as in Figure 5.6. *: significant decrease, P<0.05. n: number of 

replicates. P values were from the comparisons to the controls, therefore, there were no P values in the control 

groups.   

 

 
(Legend see next page) 
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Figure 5.7 Examples of the breaking procedure of the connections on the networks induced by DMXAA 

(yellow circles) or VEGF (yellow squares). The images belong to the same experiment as α-MEM part of 

Figure 5.5.   

 
 

Figure 5.8 Representative images of the prolonged culture of HUVE-12 cells growing on Matrigel. The 

images belong to the same experiment as α-MEM part of Figure 5.5.   
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Figure 5.9 The effects of Avastin, SB 203580 and their combination with DMXAA and VEGF on the cell 

covered area of DMXAA and VEGF in α-MEM at 1-12 hours. The cell covered area of each image at each 

intact hour from 1-12 hours after cell seeding were defined and calculated by Image Pro Plu 3DS 5.1. The 

control, 30 µM DMXAA, 100 µM DMXAA, 300 µM DMXAA and 50 ng/ml VEGF treatment were the same as in 

Figure 5.6. The treatment of 50 µg/ml Avastin was performed 4 times in 2 independent experiments, the 

treatment of 5 µM SB 203580 was performed 5 times in 3 independent experiments, the combination of 5 µM 

SB 203580 and 300 µM DMXAA was performed 6 times in 3 independent experiments, the combination of 5 µM 

SB 203580 and 100 µM DMXAA was performed 3 times in 2 independent experiments, the treatment of 25 

ng/ml VEGF and its combination with SB 203580 and the combination of DMXAA and VEGF treatments were 
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performed in one experiment with duplicate samples. Data are presented as mean ± SE. P=0.063 for the first 

hour control vs. 5 µM SB 203580; P=0.021 for the second hour control vs. 5µM SB 203580. Due to the low 

sample number of the combinations of 5 µM SB 203580 and 300 µM DMXAA, of 5 µM SB 203580 and 100 µM 

DMXAA, of 25 ng/ml VEGF and SB 203580, and of DMXAA and VEGF,  comparisons with the single drug 

treatments could not be assessed statistically. Further investigations are required to confirm the trends found in 

this thesis. The data are shown in Table 5.2 
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Table 5.2 The effects of Avastin, SB 203580 and their combinations with DMXAA and VEGF on the cell 

covered area of DMXAA and VEGF in α-MEM at 1-12 hours. Table A, B, C and D are for Figure 5.9 A, B, C 

and D respectively. 
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5.2.3 Effect of ascorbic acid on the cell covered area on Matrigel and sensitivity of 

HUVE-12 cells to DMXAA and VEGF  

Since low concentrations of DMXAA did not significantly inhibit network formation at early times in 

a series of experiments, the effect of ascorbic acid was tested. RPMI-1640 medium which contained 

similar components as α-MEM but lacked ascorbic acid was used to replace the α-MEM for Matrigel 

dilution and cell culture. HUVE-12 cells showed morphological differences when cultured in ascorbic 

acid-free medium.  HUVE-12 cells growing in RPMI-1640 medium did flatten on Matrigel but not as 

much as in α-MEM. The cell covered area of HUVE-12 cells growing in RPMI-1640 medium was 

significantly less than the ones growing in α-MEM from 2-6 hours (Figure 5.5 and 5.10 and Table 5.3). 

These results indicated that ascorbic acid encouraged the cell spreading of HUVE-12 cells on Matrigel. 

Cells in 1640-RPMI medium tended to be rounder and to extend less than those in α-MEM (Figure 

5.5).   

 

The time lapse videomicroscopic results showed HUVE-12 cells were more sensitive to DMXAA and 

VEGF in RPMI-1640 medium than in α-MEM medium. DMXAA (300 µM) lead to further cell 

shrinkage and immature network formation 3-7 hours after cell seeding in ascorbic acid free RPMI-

1640 medium while the control cells formed proper networks despite the smaller cell-covered area 

compared to the cells in α-MEM. Immature and early breaking networks appeared to contain cells that 

never formed proper connections with others (white circles in Figure 5.5) and some that formed 

connections that were broken later (white square in Figure 5.5). In the prolonged cultures (24 hours, 

RPMI-1640, Figure 5.5), the DMXAA and VEGF treated networks showed numbers of broken pieces 

while the control cell maintained the shape of the networks. These results have been confirmed by the 

time-fixed images (Figure Appendix 4.1). Both time lapse images and time-fixed images indicate that 

the interference of DMXAA and VEGF in network formation and stabilization of HUVE-12 cells on 

Matrigel appeared earlier and stronger in RPMI-1640. However, DMXAA but not VEGF remained the 

effect of reducing the cell covered area on Matrigel in RPMI-1640 (Figure 5.11 and Table 5.4).  
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Figure 5.10 Ascorbic acid encouraged cell extension on Matrigel. Comparison of the cell covered areas of 

HUVE-12 cells growing in α-MEM and RPMI-1640. The P value of paired t-test of each hour after cell seeding 

was calculated by Sigma Plot and presented in the table below the graph. Data were presented as mean ± SE. 

 

Table 5.3 Ascorbic acid increased the cell-Matrigel attached area from 2-6 hours after cell seeding. The 

attached area between HUVE-12 cells and Matrigel in α-MEM was significantly greater than the one in RPMI-

1640. *: significant changes, P<0.05.  
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Figure 5.11 DMXAA reduced cell covered area of HUVE-12 cells on Matrigel in ascorbic acid free RPMI-

1640 medium. Cell covered area on Matrigel 1-12 hours after cell seeding in RPMI-1640. The cell covered 

areas of each image at each intact hour were calculated by Image Pro Plus 3DS 5.1. The experiment was 

performed three times with each experiment duplicated. Data were presented as mean ± SE. 
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Table 5.4 Cell covered areas of HUVE-12 cells on Matrigel in RPMI-1640 medium. The data were from 

Figure 5.11. *: significant decreases, P<0.05. P values are from the t-tests of the comparisons of the treatments 

to control.  n: number of replicates. N: number of experiments. 

 
 

5.2.4 The  cytoskeletal organization in HUVE-12 cells growing on Matrigel, and the 

effects of DMXAA and VEGF 

5.2.4.1 The difference between Matrigel and gelatin 

HUVE-12 cells in suspension are spherical. On both the gelatin and 62.5% Matrigel substrates, cells 

adhere and spread, but they appear to spread faster and over a wider area on gelatin than on Matrigel at 

early times after seeding (Figure 5.12). Cells are characterized by a flattened morphology leading to 

confluent monolayers on gelatin, but eventually form strings and clusters in networks on Matrigel 

(Figure 5.5). On Matrigel, HUVE-12 cells rapidly adhere and undergo partial extension, but show no 

phase in which they fully spread. Cells appeared to retract laterally and stretch longitudinally to form 

elongated spindle shape. Within a few hours, these cells form connections to each other and establish 

networks with large areas of unoccupied substrate between the cells appearing as ‘cavities’.  

 

Experiments were performed to compare the effects of the substrate on the actin cytoskeleton. The 

cells growing on gelatin for 2 hours showed delicate actin fibrils with cortical localisation and fine 
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filaments across cells. On Matrigel, the F-actin concentrated on the cell borders to form a thick 

peripheral actin bands with less F-actin formed in the cytosol as compared to cells growing on gelatin 

(Figure 5.12). 

 

Cell extension was found to be related to the rigidity and composition of substrates. HUVE-12 cells 

might spread more easily on gelatin than on Matrigel because it is smoother. Alternatively, outside-in 

signalling from ECM components in Matrigel may activate signalling pathways that promote 

differentiation of ECs and consequent altered behaviour. The difference of cell extension between 

different substrates might be mediated by differences in actin remodelling and focal adhesion 

formation induced by substrate rigidity.  

 

 
 

Figure 5.12  Effect of culture substrate on cell shape and cytoskeleton. 5×105 HUVE-12 cells were seeded 

on 0.1% gelatin-coated (left) or 62.5% Matrigel-coated (right) 22×22 mm glass cover slips in ECGS 

supplemented α-MEM. Cells were fixed and stained 2 hours after seeding. Green: VE-cadherin; red: actin; blue: 

nuclei. The cells on Matrigel were stained for actin and DNA. Images were obtained using a Leica TCS SP2 

confocal microscope with ×63 oil immersion lens, 1.32 NA. The images were from a same experiment. Scale 

bar: 40 µm.  

 

Gelatin 2 hours Matrigel 2 hours 



173 
 

5.2.4.2 The effects of DMXAA and VEGF on cytoskeletal remodelling in HUVE-12 cells growing 

on Matrigel 

HUVE-12 cells were cultured on Matrigel and treated with DMXAA and VEGF in order to assess the 

effects of these agents on the morphology of networks. Untreated HUVE-12 cells growing on Matrigel 

appeared to be more flattened than DMXAA treated ones after 4 hours drug exposure (Figure 5.13). 

This may relate to altered kinetics of network formation shown in Figure 5.3 and 5.4. Some cell treated 

by DMXAA (100 and 300 µM) showed areas of short fragmented actin filaments (white arrows, 

Figure 5.13). Different from the cells growing on gelatin (Figure 3.5 and 3.7 Chapter 3), the VEGF 

treatment did not induce long, thick and parallel actin stress fibres across the cells. SB 203580 induced 

long fine actin filaments crossing the cells and increased F-actin accumulation at the cell borders 

relative to the untreated cells (Figure 5.13).  

 

Quantification of the F-actin covered area in cells further describes the alterations of actin organization 

induced by the drugs. Immunofluorescence staining of F-actin and VE-cadherin in HUVE-12 cells 

growing on Matrigel were performed four times. Two of the experiments acquired 512×512 pixel 

images without the combination treatments. The other two experiments included combination 

treatments and acquired 1024×1024 pixel images, and were used to quantify the F-actin covered area 

in cells. The projected image of each Z-series images was used in cell area and F-actin covered area 

quantification. The proportion of actin covered area in cell covered area was chosen to represent the 

degree of F-actin contents in each image. The data (Figure 5.13 and Table 5.5) showed DMXAA (100 

µM), VEGF (50 ng/ml), SB 203580 (10 µM) and the combination of 5 µM SB 203580 and 100 µM 

DMXAA increased F-actin contents in HUVE-12 cells forming networks on Matrigel. DMXAA (300 

µM) and SB 203580 (5 µM) also tended to increase the F-actin covered area, although the increases 

were not significant. The combination of SB 203580 (10 µM) and VEGF (50 ng/ml) reduced the 

increase of F-actin content in cells induced by SB 203580 (10 µM) and VEGF (50 ng/ml) treatment 

alone to control level (Figure 5.14 and Table 5.6) indicating the combination of these two drugs at 
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higher concentration might induce some cytotoxicity or at least some negative feedbacks in actin 

polymerization.  

 

VE-cadherin staining in the networks was weak, obscured by the other fluorophores. The condensation 

at the at the cell-cell junctions was maintained but not clearly shown in the overlay images in Figure 

13 because the strong actin staining has covered the weak staining of VE-cadherin. Some of the VE-

cadherin staining was found in the cytosol. However, striking intracellular punctate staining of VE-

cadherin was apparent in cultures treated with DMXAA (especially at the lowest concentration of 30 

µM), VEGF (25-50 ng/ml), SB 203580 (10 µM), the combination of 10 µM SB 203580 and 50 ng/ml 

VEGF, and the combination of 10 µM SB 203580 and 300 µM DMXAA. This might imply the 

internalisation of VE-cadherin and the weakening of adherens junctions, a phenomenon reported to be 

associated with the induction of vascular permeability in vivo (Dejana, Orsenigo et al. 2008).   

 

Control  

100 µM 
DMXAA 

30 µM DMXAA 

300 µM DMXAA 
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25 ng/ml VEGF 

5 µM SB203580 5 µM SB203580+100µM DMXAA 

50 ng/ml VEGF 

100 µM DMXAA 300 µM DMXAA 
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Figure 5.13 Morphology of HUVE-12 cells cultured on Matrigel:  novel actin arrangements. 5×105 HUVE-

12 cells were seeded on 62.5% Matrigel-coated 22×22 mm glass coverslips in ECGS supplemented α-MEM. 

Cells were fixed and stained 4 hours after seeding. Red: F-actin; blue: nuclei. Images were taken by Leica TCS 

SP2 confocal microscope with ×63 oil immersion lens, 1.32 NA. The conditions were the same for all images, 

which were taken by 0.5 µm gap distance between the z series frames. Controls and VEGF (50 ng/ml) 

treatments were performed four times, DMXAA (300 µM) and VEGF (25 ng/ml) three times, DMXAA (100 µM) 

and SB 203580 (5 µM) twice and other treatments once. Scale bar: 40 µm.  

5 µM SB203580+25ng/ml VEGF 

10 µM SB203580+300µM DMXAA 10µM SB203580+50ng/ml VEGF 

10 µM SB203580 
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Figure 5.14  F-actin content of HUVE-12 cells cultured on Matrigel. The maximum free projection of Z- 

series images of each imaging field was acquired by the Leica SP2 simulator programme and saved as 

1024×1024 pixels TIFF files for quantification. The data are from two individual independent experiments. The 

F-actin covered area in cells was presented as the value of F-actin covered area/cell covered area. Data are 

presented by mean ± SE.  *: significant increase, P<0.05. 

 

Table 5.5 Quantitation of F-actin covered area compared to cell covered area in HUVE-12 cells growing 

on Matrigel for 4 hours. *: significant changes 
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Table 5.6 The comparison of actin covered area in combination treatments and their sole treatments in 

HUVE-12 cell networks on Matrigel (4 hours after cell seeding). *: significant changes, P<0.05 

 
 

5.2.5 Proliferation of HUVE-12 cells on Matrigel 

Experiments involving immunostaining of actin filaments and nuclei suggested that cells might 

proliferate on Matrigel within the first four hours after cell seeding (Figure 5.15). To further investigate 

the proliferation of HUVE-12 cell growing on Matrigel, flow cytometry was carried out. The results 

(Figure 5.16) suggested that proliferation of HUVE-12 cells on Matrigel occurred but that the rate of 

proliferation was much lower than that for cells growing on gelatin (Figure 3.12, Chapter 3). The effect 

of DMXAA and VEGF on cell proliferation on Matrigel was not clear because the number of 

identified proliferating cells was too small for statistical analysis.  
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Figure 5.15 Examples of HUVE-12 cells proliferating on Matrigel. 5×105 HUVE-12 cells were seeded on 

62.5% Matrigel coated 22×22mm glass coverslips in ECGS supplemented α-MEM medium. Red: F-actin; blue: 

nuclei. Images were using a Leica TCS SP2 confocal microscope with ×63 oil immersion lens, 1.32 NA. Both 

images were taken with a 0.5 µm gap distance between the z series frames. The nuclei of the dividing cells 

were highlighted by white windows for optimal display.   

 

Diploid: 100.00 %
Dip G1: 94.98 % 
Dip G2: 4.10 % 
Dip S: 0.92 % 

Control 30 µM DMXAA

Diploid: 100.00 %
Dip G1: 93.73 % 
Dip G2: 5.15 % 
Dip S: 1.12 % 

100 µM DMXAA

Diploid: 100.00 %
Dip G1: 93.96 %
Dip G2: 5.28 %
Dip S: 0.76 % 

300 µM DMXAA

Diploid: 100.00 %
Dip G1: 89.17 %
Dip G2: 6.93 %
Dip S: 3.91 % 

25 ng/ml VEGF

Diploid: 100.00 %
Dip G1: 93.74 % 
Dip G2: 4.55 % 
Dip S: 1.71 % 

Diploid: 100.00 %
Dip G1: 93.53 %
Dip G2: 4.86 % 
Dip S: 1.60 % 

50 ng/ml VEGF

Diploid: 100.00 %
Dip G1: 94.98 % 
Dip G2: 4.10 % 
Dip S: 0.92 % 

Control 30 µM DMXAA

Diploid: 100.00 %
Dip G1: 93.73 % 
Dip G2: 5.15 % 
Dip S: 1.12 % 

100 µM DMXAA

Diploid: 100.00 %
Dip G1: 93.96 %
Dip G2: 5.28 %
Dip S: 0.76 % 

300 µM DMXAA

Diploid: 100.00 %
Dip G1: 89.17 %
Dip G2: 6.93 %
Dip S: 3.91 % 

25 ng/ml VEGF

Diploid: 100.00 %
Dip G1: 93.74 % 
Dip G2: 4.55 % 
Dip S: 1.71 % 

Diploid: 100.00 %
Dip G1: 93.53 %
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5 µM SB 203580

Diploid: 100.00 %
Dip G1: 94.90 %
Dip G2: 5.10 %
Dip S: 0.00 %

Diploid: 100.00 %
Dip G1: 94.67 %
Dip G2: 5.33 % at
Dip S: 0.00 %  

5 µM SB 203580 +
100 µM DMXAA

10 µM SB 203580

Diploid: 100.00 %
Dip G1: 94.69 %
Dip G2: 3.94 %
Dip S: 1.37 %

Diploid: 100.00 %
Dip G1: 93.44 %
Dip G2: 3.34 %
Dip S: 3.21 %

10 µM SB 203580 +
300 µM DMXAA

10 µM SB 203580 +
50 µM VEGF

Diploid: 100.00 %
Dip G1: 93.24 %
Dip G2: 6.13 %
Dip S: 0.63 % 

 

Figure 5.16 Flow cytometry of HUVE-12 cells growing on Matrigel. 5×105 HUVE-12 cells were seeded on 

Matrigel coated 6-well plates cultured in ECGS supplemented α-MEM. Drugs were added at the same time as 

cell seeding. Cells were fixed after 24 hours of drug treatment. Cells were stained by propidium iodide and 

detected by flow cytometry (BBD LSR II flow cytometry scanning system and the attached analysis programme 

BD FACSDiva software. The experiment was performed twice.  

 

5.2.6 NZM7 melanoma cells formed capillary-like networks on Matrigel 

NZM7 melanoma cells also formed networks on Matrigel. 4×105 cells per well in 24-well plates or 

2×106 NZM7 cells/well in 6-well plates were sufficient to form networks for NZM7 cells. Like HUVE-

12 cells, NZM7 melanoma cells also did not form networks on gelatine or glass coverslips (Figure 

5.17). The networks formed by NZM7 melanoma cells indicated that NZM7 cells have the potential of 

vasculogenic mimicry in vivo. DMXAA (30-300 µM) inhibits the network formation of NZM7 

melanoma cells on Matrigel by retracting the cells and reducing the cell-cell connections (Figure 5.18 

and folder ‘The effects of DMXAA on NZM7 network formation’ in Appendix 1). 
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Figure 5.17 NZM7 cells formed networks on Matrigel but not on gelatin. NZM7 cells (4×105) were seeded 

on 0.1% gelatin coated or 62.5% Matrigel in 24-well plate, 1ml cell suspension per well. NZM7 cells formed 

networks 4 hours after seeded on Matrigel but did not form networks on gelatin (24 hours attachment + 4 hours 

extra incubation). NZM7 cells (2×106) did not form networks on glass cover slip contained in 6-well plate, 2 ml 

cell suspension per well (24hours attachment + 4 hours extra incubation). 

 

 
 

Figure 5.18 DMXAA inhibit network formation of NZM7 melanoma cells on Matrigel. NZM7 melanoma cells 

(2×106) were seeded on 62.5% Matrigel in 6-well plate, 2ml cell suspension per well. NZM7 melanoma cells 

formed networks 4 hours after seeded on Matrigel. DMXAA retracted the cells and reduced the cell-cell 

connections on the networks. Experiment was performed twice. The top row images were taken under ×4 phase 

contrast lens with a 500 µm scale bar while the bottom row images were taken under ×10 phase contrast lens. 

Each of the bottom row image was combination of four neighbouring images in the middle of the well.  
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5.3 Discussion 

5.3.1 The effect of DMXAA and VEGF on network formation and angiogenesis 

DMXAA and VEGF reduced the cell covered area of HUVE-12 cells on Matrigel, accelerated the 

morphological changes of cells into spindle shape and accelerated network formation at early times. At 

the later times, DMXAA and VEGF accelerated the breaking down of the networks, indicating that 

these two agents have the potential to disrupt network maturity in vitro and the angiogenesis in vivo. 

DMXAA also inhibits network formation of NZM7 melanoma cells, implying that it has the potential 

to disrupt vasculogenic mimicry displayed by highly aggressive tumours. The p38 kinase inhibitor SB 

203580 alone increased the cell covered area on Matrigel but was not able to reverse the changes 

induced by DMXAA or VEGF significantly, suggesting that the MAP kinase signalling pathway is not 

essential for the effects of DMXAA and VEGF on cells growing on Matrigel. The anti-VEGF antibody 

Avastin was also not able to slow down the network formation, possibly implying that VEGF was 

absent in Matrigel.   

   

5.3.2 The role of actin remodelling in HUVE-12 cell network formation 

Immunofluorescent staining of actin filaments showed that F-actin in HUVE-12 cells cultured on 

either gelatin or Matrigel comprised three major conformations: cortical concentration, fine filaments 

in the cytoplasm and stress fibres. The actin distribution in HUVE-12 cells growing on Matrigel 

remarkably differs from that in cells growing on gelatin characterised in the condensation of actin 

peripheral bands at the cell-Matrigel contact borders and decrease of the F-actin contents in cytosol. 

These indicate that actin rearrangement is required at least in the early stages of network formation, in 

agreement with previous findings (Linz-McGillem, Moitra et al. 2004). Furthermore, VEGF-induced 

stress fibres and the different actin reorganization induced by DMXAA or VEGF on gelatin 

disappeared on Matrigel. This thick membrane ring may retract the cytoplasm and enable the cells to 

generate areas where the substrate is unoccupied by cells (‘cavities’) during the process of network 
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formation. Actin rearrangement appears to be necessary for HUVE-12 cell morphological changes, 

mobility and possibly angiogenesis as well. DMXAA- and VEGF-induced increases in F-actin content 

in HUVE-12 cells growing on Matrigel may contribute to the acceleration of network formation. 

However, the increase of F-actin content may be accompanied by altered actin rearrangement induced 

by these agents, e.g. the further thickening of the peripheral actin bands which might shrink cells 

laterally, causing partial dissolution of F-actins in cytosol and immature network formation. The effect 

of DMXAA and VEGF on of network formation on Matrigel might be influenced by multiple 

pathways besides the actin remodelling.   

 

5.3.3 The role of Matrigel in network formation 

Neither HUVE-12 cells nor NZM7 melanoma cells form networks on glass, plastic culture vessels or 

on gelatin coatings, indicating that the components of Matrigel were important for the network 

formation of these cells. Matrigel mainly contains laminin (~60%), collagen IV (~30%), and some 

growth factors. HUVECs attach to laminin by its integrin α2β1 (Languino, Gehlsen et al. 1989). 

Collagen IV has been proved to support HUVEC network formation and laminin is also required in 

HUVEC network formation (Kubota, Kleinman et al. 1988).  

 

The morphologies of HUVE-12 cells and NZM7 melanoma cells growing on gelatin in monolayers is 

different. HUVE-12 cells on Matrigel lose their cobblestone-like appearance but acquire two distinct 

morphologies. Some of the cells become spindle-shaped and connect to form tubes while the others 

round up at the junctions of tubes. NZM7 cells appeared to be slimmer-shaped on gelatin compared to 

HUVE-12 cells but also showed similar morphological changes to HUVE-12 cells on Matrigel (Figure 

5.19). The effect of Matrigel on the alterations of cell morphology might be essential for network 

formation. The inhibition of HUVE-12 cell proliferation is probably another important part of the 

network formation on Matrigel. When the differentiation increases the proliferation may decrease. 
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Cells appeared to extend faster and more widely on gelatin than on 62.5% Matrigel (Figure 5.12). This 

phenomenon is consistent with reports that cells spread more easily on rigid substrates than on soft 

substrates (Lo, Wang et al. 2000; Schlunck, Han et al. 2008). Substrate rigidity and the relative 

rigidities of cell and substrate participate in determining the activity of adherent cells (Ni and Chiang 

2007). Substrate rigidity affects the dynamic reorganization of actin filaments and focal adhesion 

formation, with a more rigid substrate leading to more actin stress fibre formation, less 

phosphorylation of focal adhesion kinase, more elongated vinculin-containing focal adhesion foci, and 

altered tubulin expression (Schlunck, Han et al. 2008). Since growth factor activation of mitogen-

activated protein kinase pathway (ERK2) is focal adhesion-dependent (Renshaw, Price et al. 1999), the 

rigidity of the substrate also increases the phosphorylation of ERK (Schlunck, Han et al. 2008). 

Substrate rigidity also regulates the RhoA/ROCK pathway and thus regulates Ca2+ transportation 

(Kim, Seong et al. 2009). Due to the importance of the RhoA/ROCK pathway in actin reorganization 

(Woods, Wang et al. 2005; Lamalice, Le Boeuf et al. 2007), substrate rigidity may affect actin 

reorganization by this pathway.   

 

The quality of Matrigel is vital for the success of network formation. Long term storage leads to 

degradation and formation of crystal structures at -20°C. Therefore the Matrigel from the original vial 

was aliquoted into cryovials, 0.5-1 ml per vial. These vials were tightly screwed and stored in -20 °C 

freezer. The Matrigel was discarded if it did not gel quickly in the 37 °C incubator. 

 

5.3.4 The role of cell apoptosis in network formation 

HUVEC apoptosis was reported by Segura et al. 8-12 hours during network formation (8-12 hours). 

Apoptosis required caspase and mitochondrial released cytochrome C and inhibition of apoptosis 

altered EC alignment (Segura, Serrano et al. 2002). Apoptosis is evident especially at later stages of 

tube formation (Linz-McGillem, Moitra et al. 2004) and some ECs may die to provide space for lumen 

formation in mature networks (Meyer, Matthias et al. 1997; Linz-McGillem, Moitra et al. 2004). Some 
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dying cells may cause digestion of the neighbouring matrix in 3D models (Meyer, Matthias et al. 

1997).   

 

In this project, TUNEL staining was also tried to detect the apoptosis of HUVE-12 cells in networks on 

Matrigel after 17 hours incubation but did not show any evidence of apoptotic nuclei. It is possible that 

apototic cells had been digested or detached and rinsed away during the procdure of slide pereparation.  

 

Because of the relationship between the cell-substrate connection and apoptosis, the decrease of cell-

ECM contact area induced by DMXAA and VEGF may increase the rate of apoptosis of HUVE-12 

cells growing on Matrigel. Apoptosis may speed up the network formation but lead to discontinuity of 

the endothelium in vivo and the following endothelial hyperpermeability. The earlier onset of 

breakdown of the networks induced by DMXAA and VEGF may also relate to increases in endothelial 

permeability.  

 

5.3.5 The selection of the parameters for quantification of the networks 

Measurement of the total length of the tubes in each image using special software (Malinda, Sidhu et al. 

1998) or the map scale calculator (Michaud-Levesque, Rolland et al. 2005) and counting of the 

number of the joints or number of cavities are popular methods of quantification of the network 

formation assays (Zhao, Marshall et al. 2007). Therefore, counting of cavities, joints and broken joints 

in the networks in the cultures including 17 hours and 24 hours was tried but did not show clear 

changes. This might be because the images of taken under ×10 lens showed only a small fraction of the 

network in each image, leading to missing of broken joints and inaccuracy in the counting of cavities. 

However, the time lapse videomicroscopy results showed that the networks are dynamically modified. 

The cavities could shrink to disappear (red circle, Figure 5.19), or break to form a bigger but intact 

cavity, or the fine cell-cell connections simply disappeared (red arrow, Figure 5.19) in a few hours. 

Additionally, there were always more than one of the cavities caught only a part in the image. It was 
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difficult to judge whether they were parts of the intact or broken cavities, thus leading to difficulties in 

counting. If only the intact cavities were counted the result were not really representing the whole 

image by losing information, especially when the image was at higher magnification such as taken by 

×10 lens. The tubes became thinner in the later hours; the images taken under ×4 lens might not be 

able to recognise them. Furthermore, the smaller magnification was not able to show the 

morphological changes of the cells.  

 

The cavity sizes were found to vary greatly with different images leading to large standard deviations 

in counting of cavities and broken joints. This can be seen in HUVE-12 cells growing on Matrigel in 

RPMI-1640 (Table 5.7).  

 

Differently, the cell covered area in each image at least truly represented the information of the whole 

image. Therefore the cell covered area was chosen as the parameter of describing the changes of the 

networks caused by time and drug treatments. The results showed that the inhibition of network 

stabilization induced by DMXAA and VEGF was related to the cell-covered area on Matrigel. The 

smaller cell covered area indicates the earlier network breaking down (Figure 5.5 and 5.6).  

 

Table 5.7 The number of broken joints in the HUVE-12 networks in RPMI-1640 media.   

 
 



187 
 

 

Figure 5.19 The inaccuracy of measurement of the length of the total network and the joints and cavity 

counting. The images were from the same field of a DMXAA (300 µM) treatment.  

  

 

Figure 5.20 One image of untreated HUVE-12 cells growing on Matrigel for 4 hours in 6-well plates taken 

under ×4 lens. The arrows in the following image look like broken joints due to the low magnification.  

 

5.3.6 Time lapse imaging system avoided the selectivity and improved the consistency 

of the images 

The imaging fields of each well were set up in the beginning before the network formed and even 

before the cells aligned to form networks and it was not possible to predict whether these fields would 

provide clear results not. For instance, in the same well of 300 µM DMXAA treated well, the cells 

behaved heterogeneously from field to field at least when judged according to the integrity of the 

networks (Figure 5.19). However, when taking the fixed time images, it was important to examine the 
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whole well first, to avoid the risk of taking photos selectively to match an expected result. When the 

imaging fields were set up before the networks were shaped, the fields were chosen randomly and the 

results showed more consistency. The imaging fields of the time lapse images were also chosen in the 

middle of each well, which also offered better consistency. The images showed different brightness 

due to the position of the imaging field in the 24-well plates and if a part of an image was taken at the 

edge of the well, it would show different brightness from the part in the middle of the well. In most 

cases, this difference of brightness induced by the position of the imaging field could be sorted out by 

transferring to ‘gray scale’ and sometimes with ‘flatten background’ with some imaging process 

programmes such as Image Pro Plus. Adjusting brightness and contrast by Photoshop and Image J 

could help to make the image look more even than original as well. However, the above strategies 

elicit exogenous information which were not included in the raw data and thus might lead to inaccurate 

conclusions. All together, the method of field choice and the quantification of network formation were 

relatively accurate in representing changes occurring during network formation and in drug-induced 

alterations.   

 

5.3.7 Technical issues in this chapter 

Preparation of the slides of cells growing on the soft and thick Matrigel layer was more involved and 

demanding than for the cells growing on gelatin. Extremely gentle treatments were required to avoid 

breakage of Matrigel and relocation of cells growing on Matrigel. The VE-cadherin staining of cells 

was not ideal due to high light sensitivity of FITC which leads to signal fading during the lengthy 

sample preparation in spite of working in a relatively dark area, and quantification of VE-cadherin 

staining was not carried out. There were also difficulties during the process of imaging. Initially, the 

best plane of HUVE-12 cells growing on Matrigel was imaged. However, it was noticed that a 0.5 µm 

gap distance between each Z series frame was necessary (Figure Appendix 4.2 B and D) to provide 

optimal HUVE-12 images. The images made from only the best plane would lead to loss of 

information regarding structure in the vertical dimension (Figure Appendix 4.2 A and C) especially 
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when quantification was applied. However, this 0.5 µm gap distance z series imaging may accumulate 

false reflections from Matrigel (Figure Appendix 4.2 D) when scanned by UV laser to detect the 

nuclei. The Matrigel sometimes reflected the UV laser even when the Matrigel was phenol red free. 

Phenol red, the pH indicator used in cell culture media, will be activated by 488 nm and emits over a 

wide spectrum to create background staining (http://www.cyto.purdue.edu/hmarchiv/1996/1839.htm). 

Matrigel was diluted in phenol and serum free culture media in this project to ensure the accuracy of 

the fluorescence detection. The non-specific reflection of Matrigel appeared intermittently and not in 

every imaging plane in the same field. Some of the focal planes in the same imaging field were UV 

reflection free (Figure Appendix 4.2 C). The short distanced Z series imaging increased the possibility 

of acquiring these reflections and also had the risk of accumulating more of the reflection if the 

reflection was present in more than one plane. This accumulation might influence the appearance of 

the images but not the actin quantification because the latter was done on actin staining only. 

 

It has been challenging to select appropriate parameters and methods for quantifying F-actin staining. 

On Matrigel, cells in the network joints and cells in the strings behaved slightly differently in the same 

slide. It seemed that there were more actin filaments inside the HUVE-12 cells in the strings (Figure 

Appendix 4.3 B) than in the network joints (Figure Appendix 4.3 A) but this was hard to judge because 

of cell aggregation and changes in cell morphology.  

 

The cell density seeded in each well might vary due to the sequence of pipetting. Usually, the aliquot 

from the bottom of the single cell suspension contain higher cell density than the same volume aliquot 

from the top of the same suspension due to the gravity. Therefore, the cell suspensions were shaken 

well before each pipetting. In the second half of this chapter, the position of the treatments differed in 

different experiments and the cell seeding sequences were altered from experiment to experiment 

avoid the influence of pipetting sequence.   
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5.4 Conclusion 

1. DMXAA and VEGF both increased the rate of HUVE-12 cell network formation on Matrigel 

with a decreased cell covered area on Matrigel. Both agents also induced earlier breakdown of 

the networks as compared to the untreated ones. 

2. The p38 kinase inhibitor SB 203580 did not reverse the reduction of cell covered area induced 

by DMXAA and VEGF.  

3. Matrigel reduced HUVE-12 cell proliferation. 

4. Actin remodelling occurred in the beginning of network formation.  
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6 Chapter Six 

Alterations of cell signalling pathways in 
HUVE-12 cells induced by DMXAA 

 
6.1 Introduction 

The work described so far in this thesis has compared the effects of DMXAA and VEGF on the 

cellular morphology and growth dynamics of HUVE-12 cells. Chapters Three and Four have described 

the changes induced in HUVE-12 cells growing on gelatin, while Chapter Five has described the 

changes induced on Matrigel. This chapter investigates some of cell signalling pathways that might 

underlie these changes. Three of the most important of these cell signalling pathways are: the ceramide 

signalling pathway, the AKT kinase signalling pathway and the p38 MAP kinase signalling pathway. 

An introduction to these pathways was presented in Chapter One. 

 

The ceramide pathway involves the hydrolysis of sphingomyelin, a component of the plasma 

membrane, to ceramide and the subsequent conversion of ceramide to sphingosine and sphingosine-1-

phosphate (Shp-1-P) (Spiegel and Merrill 1996; Reynolds, Maurer et al. 2004). Ceramides are key 

intracellular second messengers and are essential in the regulation of cell proliferation, differentiation, 

cell cycle arrest and apoptosis (Testi 1996). Ceramides can be distinguished by their carbon chain 

length, which is related to their action. For instance, C18 ceramide (Senkal, Ponnusamy et al. 2007; 

Babenko, Hassouneh et al. 2010), C16 and C24 ceramides (Seumois, Fillet et al. 2007) induce 

apoptosis in some cells while C2 ceramide alters the dynamics of F-actin formation (Takeda, Ozaki et 

al. 1998). Shp-1-P facilitates EC network formation at the initial stages (Linz-McGillem, Moitra et al. 

2004) and stimulates EC migration via cytoskeletal remodelling (Panetti, Nowlen et al. 2000). It also 

encourages wound healing (Lee, Goetzl et al. 2000), induces EC proliferation and angiogenesis (Yan, 
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Chen et al. 2008), induces MAPK phosphorylation (Lee, Goetzl et al. 2000), protects EC from 

ceramide induced apoptosis (Bonnaud, Niaudet et al. 2007), and maintains the integrity of endothelial 

barrier function (Lee, Thangada et al. 1999). To investigate whether the effects of DMXAA and VEGF 

on angiogenesis-related morphogenesis and mobility of HUVE-12 cells were modulated by the 

ceramide signalling pathway, the levels of sphingosine C18 and ceramide C16, 18, 20, and 24 in 

HUVE-12 cells growing on Matrigel were measured by mass spectrometry. Since the reduction of the 

cell-Matrigel attached areas induced by DMXAA and VEGF reached a maximum at about 4 hours 

after cell seeding and drug administration, samples for mass spectrometry were collected 4 hours after 

cell seeding.   

 

AKT (protein kinase B) is crucial for VEGF-induced EC survival in EC monolayers (Fujio and Walsh 

1999). AKT induces cell migration by stimulating actin polymerization (Ho, Kuo et al. 2011) as well 

as being involved in many other cellular processes. The AKT pathway is down-regulated by ceramides 

(Salinas, López-Valdaliso et al. 2000) but is up-regulated by Sph-1-P through its activation of PI3K 

(Singleton, Dudek et al. 2005) and p38 kinase activity (Lee, Kim et al. 1999). Activation of p38 kinase 

activates EC migration (Milan, Charalambous et al. 2006; Shen and DiCorleto 2008), suppresses 

apoptosis (Zhang, Shan et al. 2005), stimulates the expression of (HIF-1α) and VEGF (Duyndam, 

Hulscher et al. 2003), reorganizes the cytoskeleton (Guay, Lambert et al. 1997; Rousseau, Houle et al. 

1997; Kayyali, Pennella et al. 2002) and thus regulates angiogenesis. Due to the importance of the 

AKT signalling pathway in cell behaviour and the relationship between the AKT, ceramide and p38 

kinase signalling pathways, the level of AKT and phosphorylated AKT were investigated by Western 

blotting. The role of the p38 kinase signalling pathway was investigated by using its inhibitor SB 

203580. The blots were presented as images and the intensities of the bands were quantified by Image 

J. Intensities were normalized to the intensities of the β-actin (before glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) was available in the lab) or GAPDH bands, or, in the case of 

phosphoproteins, to the intensities of the respective ‘total protein’ bands. Results are presented as 
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ratios of the intensity of the bands of each protein divided by the intensity of the bands of either β-actin 

or GAPDH, or the ratio of the intensity of the bands of phosphorylated AKT (pAKT) divided by the 

intensity of the bands of total AKT. Since Chapter Three showed that DMXAA and VEGF induced 

actin remodelling in HUVE-12 cells, GAPDH was used in the later Western blotting experiments to 

exclude any possible influence arising from changes in the amount of actin induced by DMXAA or 

VEGF.   

 

6.1.1 Aims: 

1. To investigate the ceramide signalling pathway by high-performance liquid chromatography 

(HPLC) and mass spectrometry.  

2. To detect the expression level of the AKT kinase signalling pathway by Western Blotting.  

3. To investigate the changes of P38 MAP kinase induced by the drugs by adding its inhibitor SB 

203580.  

 

6.2 Results 

6.2.1 DMXAA and VEGF reduced the level of ceramide C18 in HUVE-12 cells growing on 

Matrigel 

A series of trials was necessary to develop new methods for measuring cellular levels of sphingosine 

and ceramides. An ion trap high-performance liquid chromatography (HPLC) method was tried first 

but did not provide consistent results. The standard curves were variable and the background was high. 

A mass spectrometry method was tried next and although presenting difficulties with compound 

retention on the column, standard curves reached consistency and the detection and separation of 

sphingosine and ceramides were achieved after a number of modifications to the method. To ensure the 

accuracy of the results, the columns were renewed frequently.    
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The levels of sphingosine C18 and ceramides C16, C18 and C24 in HUVE-12 cells growing on 

Matrigel were calculated and compared. Since ceramide C20 levels were low and were not detected in 

some of the experiments, they were not included in the analysis. Cholesterol was used as a standard 

lipid to correct for sample variation and the data are presented as ratios of the concentrations of 

ceramides or sphingosine (nM) to the concentration of cholesterol (µM). The results showed that 4 

hours of exposure to DMXAA (100 and 300 µM) or VEGF (25 and 50 ng/ml) significantly decreased 

the level of ceramide C18 in HUVE-12 cells growing on Matrigel (P≤0.001, Figure 6.1 and Table 6.1). 

Figure 6.1 also showed that 4 hours of exposure to DMXAA (300 µM) consistently increased the level 

of C24 ceramide in HUVE-12 cells growing on Matrigel in ECGS and heparin supplemented α-MEM 

in all four individual experiments, although the increase was not statistically significant (Table 6.1). 

Due to the slower cell proliferation in RPMI-1640, a similar experiment using RPMI-1640 medium 

was carried out only once but also showed that 4 hours of exposure to DMXAA (300 µM) increased 

the level of ceramide C24 in HUVE-12 cells growing on Matrigel (Figure Appendix 5.1). The level of 

sphingosine C18 and ceramides C16 were not altered by either DMXAA or VEGF (Figure 6.1 and 

Table 6.1). Drug treatments did not affect the profile of the ceramide subspecies in HUVE-12 cells 

growing on Matrigel, as the order remained consistent: ceramide C24 was the most abundant among 

the four detected long chain ceramides, C16 was second and C18 and C20 were the least abundant. In 

contrast to its effects on Matrigel, DMXAA (300 µM) increased the level of ceramide C18 and 

decreased the level of C24 in HUVE-12 cells growing on gelatin (Figure 6.2). In the same preliminary 

experiment, SB 203580 (5 µM) reduced the level of both ceramide C18 and C24. The combination of 

these two agents showed additive effects. The data were from one experiment with duplicate samples, 

and thus requires further repeats to confirm the result.    
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Figure 6.1 Effects of DMXAA and VEGF on the level of sphingosine and ceramides in the HUVE-12 cells 

growing on Matrigel. HUVE-12 cells 5×105 were cultured in ECGS- and heparin- supplemented α-MEM 

medium 2ml / well in 6-well plates. Drugs were added at the same time as cell seeding. The total incubation time 

was 4 hours. The data for control and DMXAA (300 µM) treatments were from five repeats from four individual 

experiments; for DMXAA (30 µM), VEGF (25 and 50 ng/ml) treatments were from four repeats from three 

individual experiments; for DMXAA (100 µM) treatment was from three repeats from two individual experiments. 

*: significant decrease, P<0.05. Data are presented as mean ± SE. 
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Table 6.1 Ratios of concentrations of sphingosine and ceramides in HUVE-12 cells after 4 hours drug 

exposure on Matrigel. The P values represent comparisons to the control groups calculated from the same 

data as Figure 6.1. Data are presented as means ± SE. *: Significant decrease, P<0.05. n: sample number. NA: 

not available. 

 

 

Figure 6.2 Effects of DMXAA and VEGF of the level of sphingosine and ceramides in the HUVE-12 cells 

growing on gelatin. HUVE-12 cells 5×105 were cultured in ECGS- and heparin- supplemented α-MEM medium 

2ml / well in 6-well gelatin-coated plates. Cells were allowed to grow for 24 hours before drug addition. The drug 

exposure time was 24 hours. Data were from one experiment with duplicated samples. The data are presented 

in Table Appendix 5.4. 
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6.2.2 The effects of DMXAA and VEGF on AKT activation in HUVE-12 cells growing on 

gelatin or Matrigel 

Detection of pAKT in HUVE-12 cells growing on Matrigel presented initial difficulties because no 

bands of pAKT were visible on Matrigel when SuperSignal West Pico Chemiluminescent Substrate 

(normal enhanced chemiluminescence, normal ECL) was used to visualize the bands (Figure 6.3). In 

most of the cases, the normal ECL was not able to visualize the bands of pAKT. However, Amersham 

ECL™ Advance Western Blotting Detection Kit (advanced ECL) detected bands of pAKT, which 

appeared to be bright in the images and sometimes brighter than the bands of AKT which were 

visualized by normal ECL.  

 

The predicted molecular weight of AKT and its phosphorylated forms pAKT473 and pAKT308 is 60 

kD (material data sheet, Cell Signalling). Therefore, the molecular size ladder was replicated as two 

segments with both sides showing the standard band of 75 kD to facilitate identification of AKT and 

pAKT. 

 

Neither 4 (Figure 6.6 and 6.7, Table 6.2 C) nor 24 hour (Figure 6.4 and 6.7, Table 6.2 A) exposure 

times of HUVE-12 cells to DMXAA and VEGF significantly changed the ratio of pAKT/AKT in 

HUVE-12 cells growing on gelatin. The results of 4 hours drug exposure were from two repeated 

experiments, and were therefore inadequate to draw statistical significance. To confirm the negative 

conclusion, further repeats would be required. However, there were tendencies of VEGF had the 

tendency to increase the pAKT/AKT ratio on gelatine and DMXAA to decrease the pAKT/AKT ratio 

on Matrigel (Figure 6.8). Twenty-four hours of exposure to 10 µM SB 203580 treatment decreased the 

ratio of pAKT/AKT to a close to significant level (P=0.07 and 0.06, Figure 6.4 and 6.7, Table 6.2 A). 

Twenty-four hours of exposure to the combination of 10 µM SB 203580 and 300 µM DMXAA or 50 

ng/ml VEGF decreased the ratio of pAKT/AKT significantly (P<0.05, Figure 3, Table 2A) compared 

to the controls. These decreases of AKT phosphorylation might reflect the cytotoxicity of the high 
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concentrations of SB 203580 and its combinations. The levels of AKT and pAKT in the HUVE-12 

cells growing on Matrigel were found to be dramatically lower than those on gelatin (Figure 6.5). 

During sample collection, Matrigel (200 µl/well) was harvested along with the cells growing on it. 

Matrigel-derived proteins would have been included in the calculation of the total sample protein 

concentration as determined by the bicinchoninic acid (BCA) assay. This would lead to a lower total 

protein content from the cells in the samples and thus decrease of the levels of the detected proteins. 

Optically, the intensities of the bands of samples from Matrigel were much lower than the samples on 

gelatin (Figure 6.5). However, since the levels of the proteins were corrected by the intensity of the 

bands of actin or GAPDH, this influence by the irrelevant proteins in Matrigel should not influence the 

final results. As compared to gelatin, Matrigel appeared to increase the ratios of pAKT/AKT in HUVE-

12 cells but the increases were statistically insignificant (Figure 6.8, Table 6.3).  

 

The total amount of VE-cadherin, the main component of cell-cell connections of ECs, was also 

investigated by Western blotting. VE-cadherin was not as abundant as actin or AKT and thus needed 

advanced ECL for visualization. No significant change of VE-cadherin expression was found between 

gelatin and Matrigel substrates or in the presence or absence of DMXAA or VEGF (Figure 6.5 and 6.9, 

Table 6.4).  

 

 

Figure 6.3 Difficulty to detect phosphorylated AKT on Matrigel in the preliminary experiment. HUVE-12 

cells (5×105) in ECGS and heparin supplemented α-MEM medium 2ml / well; 6-well plates. Drug was added at 

the same time of cell seeding. Samples were collected after 17 hours of incubation. Loading volume was 

determined by the BCA assay. Experiment was performed once with the help of Dr. Claire Chaussade using the 

normal ECL.  
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Figure 6.4 Representative image of Western blot of AKT, phosphorylated AKT and VE-cadherin of HUVE-

12 cells growing on gelatin after 24 hours drug exposure. HUVE-12 cells (5×105) in ECGS and heparin 

supplemented α-MEM medium 2ml / well; 6-well plates. Cells were allowed to attach to the gelatin coated 6-well 

plates for 24 hours before drug addition. Samples were collected after 24 hours of drug exposure. Loading 

volume was calculated according to the BCA assay. Experiment was performed five times. All of the bands in 

this picture were from the same experiment.  

 



200 
 

 

Figure 6.5 Representative image of Western blot of AKT, phosphorylated AKT and VE-cadherin of HUVE-

12 cells growing on Matrigel. HUVE-12 cells 5×105 in ECGS and heparin supplemented α-MEM medium 2 

ml/well. Drugs were added at the same time of cell seeding. The Matrigel samples were collected after 4 and 17 

hours of incubation. The gelatin samples were collected after 4 and 24 hours drug exposures. Cells were 

allowed to attch in the plates for 24 hours before drug addition. Western blotting loading volume was calculated 

according to the BCA assay. Experiment was performed two times. All of the bands in this picture were from the 

same experiment. The black panel: Bands of VE-cadherin. 
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Figure 6.6 Representative image of Western blot of AKT, phosphorylated AKT and VE-cadherin of HUVE-

12 cells growing on gelatin after 4 hours drug exposure. HUVE-12 cells 5×105 in ECGS and heparin 

supplemented α-MEM medium 2 ml/well. Cells were allowed to attach to the gelatin coated 6-well plates for 24 

hours before drug addition. Samples were collected after 4 hours of drug exposure. Experiment was performed 

two times. All of the bands in this picture were from the same experiment.  
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Figure 6.7 The effect of DMXAA and VEGF on the ratio of phosphorylated AKT/total AKT in HUVE-12 

cells growing on gelatin. The 24 hours drug exposure on gelatin was performed five times while the 4 hours 

drug exposure on gelatin was performed two times. Data are presented as means ± SE. 
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Table 6.2: The effects of DMXAA and VEGF on the ratio of pAKT/AKT in HUVE-12 cells.  P values were 

acquired from the t-test comparing the drug treated samples to the control samples. *: P<0.05.  
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Figure 6.8 The effect of Matrigel on the ratio of phosphorylated AKT/total AKT in HUVE-12 cells. The 24 

hours drug exposure on gelatin was performed five times while the others were performed two times. Data are 

presented as means ± SE. 

 
Table 6.3 The effect of Matrigel on the ratio of phosphorylated AKT/total AKT in HUVE-12 cells.  The 

mean and SE were presented in Table 6.2.    
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Figure 6.9 The effect of DMXAA and VEGF on the level of VE-cadherin in HUVE-12 cells. Both 4 hours on 

Matrigel and 24 hours drug exposure on gelatin was repeated two times. Data are presented as means ± SE. 

 

Table 6.4 The effect of of DMXAA and VEGF on the level of VE-cadherin in HUVE-12 cell.  P values were 

acquired from the t-test comparing the drug treated samples to the control samples.  
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6.3 Discussion  

6.3.1 Overview 

The effects of DMXAA and VEGF on ceramide metabolism and AKT phosphorylation have been 

compared for HUVE-12 cells growing on gelatin and Matrigel. This chapter provides the first 

description, to the author’s knowledge, of the relative proportions of ceramide subspecies in HUVE-12 

cells growing in vitro. The proportion of ceramide subspecies is cell type dependent (Gu, Kerwin et al. 

1997; Park, Haynes et al. 2010). Four ceramide subspecies have been detected and identified in 

HUVE-12 cells in this project. These long chain to very long chain ceramide subspecies showed a 

proportion profile: ceramide C24>C16>C18>C20. On Matrigel, ceramide C18 is decreased 

significantly by DMXAA and VEGF. Ceramide C24 appeared to be consistently increased by 

DMXAA (300 μM) although this increase was not found to be statistically significant. The preliminary 

single experiment on ceramide ratios with gelatin showed opposite changes of the concentrations of 

ceramide C18 and C24 induced by DMXAA (300 µM) as compared to those on Matrigel. The focus of 

this Chapter is the changes took place on Matrigel thus the ceramide detection of the cells growing on 

gelatin was only carried out once. The further repeated experiments are required for the statistical 

significance. These opposite changes of the concentrations of ceramide C18 and C24 on gelatin and 

Matrigel might indicate the different effects of DMXAA on cells growing on gelatin and Matrigel. 

VEGF did not change the C18 and C24 levels on gelatin while DMXAA increased the level of 

ceramide C18 and decreased the ceramide C24 on gelatin. This might explain the opposite effects of 

these two agents on the velocity of the gap closure on gelatin.       

 

The increase of the concentration of ceramides C18 (Senkal, Ponnusamy et al. 2007; Babenko, 

Hassouneh et al. 2010), C16 and C24 leads to apoptosis (Seumois, Fillet et al. 2007). The exposure of 

cells to VEGF (25-50 ng/ml) and DMXAA (100 µM) decreased the level of ceramide C18 and did not 

increase the level of ceramide C24, and thus may suppress the apoptosis of HUVE-12 cells growing on 
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Matrigel. Of course, these cells still have the chance to go through apoptosis because ceramide C18 is 

not the only factor that regulates apoptosis. DMXAA (300 µM) also decreased ceramide C18 as 

significantly but meanwhile increased the level of C24 which might stimulate apoptosis. The reduction 

of ceramide C18 correlates with lymphovascular invasion and nodal metastasis in human head and 

neck squamous cell carcinoma (Karahatay, Thomas et al. 2007) indicating that the reduction of 

ceramide C18 may disturb endothelial barrier function. The changes of the level of ceramides may also 

alter the cytoskeleton of HUVE-12 cells and lead to changes in cell morphology, mobility and 

angiogenesis. Ceramide is transferred from endoplasmic reticulum to Golgi apparatus by a cytosolic 

protein ceramide transport protein (CERT) in order that it may be converted to sphingomyelin. CERT 

transfers ceramide C14, C16, C18 and C20 at the similar efficiency but  C22 and C24 at much lower 

efficiency (Kumagai, Yasuda et al. 2005). The simultaneous decrease of ceramide C18 and increase of 

ceramide C24 induced by DMXAA may indicate the involvement of CERT in the mechanism of 

DMXAA induced EC behavior changes.  

 

VEGF does not increase the level of total AKT protein but activates AKT by phosphorylation at 

residue serine 473 in HUVEC monolayers (Fujio and Walsh 1999). These changes were confirmed in 

HUVE-12 cells growing on gelatin after 4 hours exposure of VEGF (Figures 6.5 and 6.6) though the 

increase was not significant (P>0.05). Cultures were harvested after 4 hours of VEGF exposure while 

the maximal AKT activation in HUVECs treated with VEGF appeared 15-30 minutes after exposure at 

threonine 308 and serine 473 in a dose dependent manner (Gerber, McMurtrey et al. 1998). Further 

studies will have to examine kinetics of pAKT induction over a wider range of times. 

 

The substrates and drugs did not alter the level of VE-cadherin significantly indicating the changes of 

VE-cadherin in HUVE-12 cell-cell connections induced by DMXAA might be mainly mediated by re-

distribution such as internalization as under the VEGF treatment (Gavard and Gutkind 2006) but not 

the amount of expression.  
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The cell doubling time of HUVE-12 cells using in this project was about 2-3 days. Due to high 

demand for cells in these experiments, ceramide detection and Western blotting analysis of the cells 

treated by SB 203580 of HUVE-12 cells growing on Matrigel were not carried out and Western 

blotting of 4 hours drug exposure on Matrigel and gelatin were performed only twice. Additionally, the 

VE-cadherin antibody for Western blotting was a gift from BD Biosciences at late stages of this 

project, and thus there was a lack of time to further replicate the experiments. The statistical 

significance of changes that appear to be consistent between experiments might be increased if sample 

number was increased.  

 

6.3.2 Conclusions 

1. This chapter has found a ceramide proportion profile of HUVE-12 cells growing on Matrigel: 

Ceramide C24> C16>C18>C20. 

2. DMXAA and VEGF decreased the expression of ceramide C18 in HUVE-12 cells growing on 

Matrigel. DMXAA had the tendency to increase the expression of ceramide C24.  

3. The results of the Western blotting experiments carried out in this project suggested that VEGF 

had the tendency to increase the pAKT/AKT ratio, but that this effect was selective to cells 

cultured on gelatin. These results came from limited numbers of repeats and thus require 

further investigations to determine the level of statistical significance.  

4. Similarly, there was a tendency for DMXAA to decrease the pAKT/AKT ratio, but this was 

seen only in cells cultured on Matrigel. Further investigations are also required to assess 

statistical significance due to the limited numbers of repeats. 

5. The observations suggest that VEGF and DMXAA effects are modulated by the extracellular 

matrix.  

6. The former result is compatible with VEGF signalling through its canonical pathway as a 

growth, survival and motility factor although it appears that this occurs only on gelatin. The 
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latter result implies that under the physiological conditions of a Matrigel substrate (but not 

under artificial conditions in which gelatin is substrate), DMXAA may limit pATK.   
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7 Chapter Seven 

Concluding Discussion 

7.1 Introduction 

A blood supply is essential for tumour survival and development. For this reason, the tumour 

vasculature has become an intensively studied target of cancer therapy (Folkman 1971). DMXAA is a 

vascular disrupting agent that has shown positive effects in animal models (Siemann, Chaplin et al. 

2004). Clinical trials of DMXAA started in 1996 (Tozer, Kanthou et al. 2008). Since then, it has been 

through Phase I (Jameson, Thompson et al. 2003; Rustin, Bradley et al. 2003; McKeage, Fong et al. 

2006) trials and also phase II and phase III trials in combination with standard chemotherapeutic 

agents (Pili, Rosenthal et al. 2007; McKeage, Von Pawel et al. 2008; Lara, Douillard et al. 2011). The 

phase I clinical trials showed that DMXAA is more easily tolerated than conventional chemotherapies 

as seen in the lack of drug-related neutropaenia, thrombocytopaenia or coagulopathy (Jameson, 

Thompson et al. 2003), especially at doses lower than 1800 mg/m2 (McKeage, Reck et al. 2009). The 

most common side effect of DMXAA was a transient, moderate increase in the heart rate corrected-

cardiac QT (QTc) interval, observed at relatively high dose (Pili, Rosenthal et al. 2010), and transient 

vision disturbance caused by effects on the retina (Jameson, Sharp et al. 2009). The toxicities were 

dose-dependent and resolved within minutes to a few hours (Head and Jameson 2010). These studies, 

with the assistance of magnetic resonance imaging, also showed that DMXAA had effects on tumour 

vasculature that were consistent with a vascular disrupting effect (Galbraith, Rustin et al. 2002). The 

phase II trials of DMXAA in combination with carboplatin and paclitaxel strongly suggested a 

therapeutic effect in non-small cell lung cancer (McKeage, Von Pawel et al. 2008). However, phase III 

clinical trials in larger cohorts of patients failed to show significant therapeutic efficacy (Lara, 

Douillard et al. 2011). Nevertheless, the results are consistent with the concept that DMXAA has a 
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tumour vascular disrupting effect but that this was insufficient to cause an increase in patient survival. 

The effect of DMXAA on the tumour vasculature remains incompletely understood and is an important 

goal for future research. An important finding from past research is that the effects of DMXAA in mice 

and in humans are different. In both species, DMXAA increases vascular permeability and plasma 

concentrations of the serotonin metabolite 5-hydroxyindoleacetic acid (5-HIAA) (Zhao, Kestell et al. 

2002; Li, Jameson et al. 2008). In mice, DMXAA stimulates the interferon (IFN) regulatory factor 3 

(IRF-3) signalling pathway in macrophages and thus increases expression of IFN-β and TNF-α in a 

p38 MAP kinase, toll like receptor and endotoxin independent manner (Roberts, Goutagny et al. 2007) 

and induces vascular damage leading to tumour necrosis (Baguley 2003; McPhail, McIntyre et al. 2006 

). However, no induction of TNF-α by DMXAA was detected in Phase I trials (Baguley 2010).  

 

The work described in this thesis has investigated the effects of DMXAA on a line (HUVE-12) of 

human umbilical vein endothelial cells. Most ECs in adults are quiescent with a turnover time of over 

1000 days (Böhle, Leuschner et al. 2000) but are switched to an angiogenic phenotype at certain stages 

of tumour development (Folkman 1995; Hanahan and Folkman 1996) so that the mean turnover time is 

reduced to approximately five days (Folkman 1995). HUVE-12 cells used in this project were cultured 

in α-MEM containing endothelial cell growth supplement, foetal bovine serum and heparin to 

stimulate proliferation, and had a 2-3 days doubling time. Because both DMXAA and VEGF increase 

vascular permeability, the actions of these two agents have been compared. HUVE-12 cells have been 

grown on both gelatin to allow proliferation and on Matrigel to simulate the basement membrane and 

to induce capillary-like network formation of cells on an extracellular matrix. The cell morphology, 

organization of the cytoskeleton including F-actins and microtubules, distribution of vascular 

endothelial cadherin (VE-cadherin) and some of the important cell signalling pathways such as 

ceramide, p38 MAP kinase, and AKT pathways have been investigated in HUVE-12 cells. This thesis 

thus attempts to generate further understanding of the basic mechanisms of the EC cytoskeleton, 

morphology, migration and cell-cell interactions, which could model endothelial permeability, 
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providing comparisons of the actions of DMXAA and VEGF.    

 

7.2 DMXAA and VEGF exert opposite effects on gap closure in 

scratch assays 

The scratch assay is a wound healing assay in which ECs repair a gap in a cell monolayer. DMXAA 

and VEGF exerted opposite effects on the migration and morphology of HUVE-12 cells growing on 

gelatin. DMXAA reduced the velocity of gap closure at low concentrations (10 and 100 µM) while 

VEGF increased the velocity of gap closure at concentrations of 25 and 50 ng/ml. There are various 

mechanisms by which DMXAA may reduce the velocity of gap closure of HUVE-12 cells on gelatin. 

1. DMXAA might inhibit EC migration by promoting the remodelling of actin filaments from stress 

fibres traversing the cells to arch-shaped pericellular membrane bundles (Chapters 3 and 4, 

immunofluorescence images). 2. DMXAA might cause retraction of membrane extensions, which 

inhibit cell locomotion (Chapters 3 and 4). The rounding of cells and the lack of functional protrusions 

associated with motility may contribute to the slower gap closure. 3. DMXAA may be inhibiting 

receptors for VEGF. In in vitro kinase screening assay using isolated enzyme systems, DMXAA has 

recently been found to inhibit a number of cellular kinases including VEGFR1,2 and 3, especially 

VEGFR2 at concentration lower than 300 µM (C Buchanan and PR. Shepherd, University of 

Auckland, personal communication).  

 

The mechanisms by which VEGF increases the velocity of gap closure of HUVE-12 cells growing on 

gelatin may include: 1. VEGF increases cell extension accompanied by the generation of long, thick 

and parallel stress fibres induced by VEGF (Chapter 3). 2. VEGF stimulates EC proliferation on 

gelatin (Soker, Gollamudi-Payne et al. 1997; Kim, Son et al. 2006). 3. VEGF induces actin stress fibre 

formation and migration of ECs via the RhoA/Rho kinase pathway (van Nieuw Amerongen, Koolwijk 
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et al. 2003).  

 

7.3 DMXAA and VEGF both accelerate network formation and 

subsequent breakdown on Matrigel  

Matrigel contains collagen IV, laminin and other factors that provide a more physiological substrate 

than gelatin for ECs. HUVE-12 cells behave differently on Matrigel as compared to gelatin, 

proliferating more slowly and undergoing morphological changes that culminate in the formation of 

capillary-like networks. To investigate the effects of DMXAA and VEGF on network formation by 

HUVE-12 cells, both fixed time and time lapse imaging systems were used. The time lapse microscopy 

allowed cells to survive under conditions that were close to physiological (37 oC, 21% O2 with 

humidified 5% CO2 supply) and enabled the recording of changes at frequent time intervals, providing 

the opportunity to study time dependent changes of cells as they formed networks. In spite of the 

difficulties of time lapse imaging, investigation of network formation has been successfully performed 

14 times in this project. The data show that DMXAA and VEGF both accelerate the assembly of the 

networks of HUVE-12 cells on Matrigel and the consequent breaking down at later times (Chapter 5). 

This similarity of effects of DMXAA and VEGF contrasts with the opposing effects observed on 

gelatin (Chapter 4). The components of Matrigel that promote network formation may explain the 

different results on gelatin and Matrigel. Cells growing on Matrigel interact with each other to form 

bridges while the cells growing on gelatin migrate independently to fill the empty space. The 

acceleration of network formation on Matrigel by DMXAA and VEGF, especially by DMXAA, is 

characterised by a significantly reduced proportion of cell-covered area. This in turn suggests that the 

cells display altered adhesive capability. The induced earlier detachment of cells from Matrigel and 

consequent breaking down of networks may reflect mechanisms similar to those governing the 

induction of vascular hyperpermeability by both agents in vivo.  
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As discussed in Chapters 3 and 5, the effects of DMXAA and VEGF cannot be explained by changes 

in proliferation. Both immunofluorescence staining and time lapse videomicroscopy indicate that at 

least some HUVE-12 cell proliferation occurs following treatment with DMXAA or VEGF on 

Matrigel. DNA profiles measured using flow cytometry suggest that DMXAA, at the concentrations 

used in this project, stimulates HUVE-12 cell proliferation on gelatin (Chapter 3). On Matrigel, cell 

proliferation is much lower than on gelatin but DMXAA and VEGF did not change the rate of cell 

proliferation (Chapter 5).  

 

7.4 Changes in cell signalling pathways induced by DMXAA 

and VEGF 

7.4.1 Both DMXAA and VEGF decreased expression of C18 ceramide 

Both DMXAA and VEGF were unexpectedly found to decrease expression of C18 ceramide in 

HUVE-12 cells growing on Matrigel but to cause no significant change in expression of longer chain 

ceramides (C20 and C24). A selective reduction of ceramide C18 has also been reported during 

lymphovascular invasion and nodal metastasis in human head and neck squamous cell carcinoma 

(Karahatay, Thomas et al. 2007), suggesting that ceramides of differing chain lengths are associated 

with differing physiological processes. Ceramides need to be transported from the endoplasmic 

reticulum to the Golgi apparatus prior to conversion to sphingomyelin. Ceramide transfer protein 

(CERT) provides one mechanism for this process but transfers ceramides C14, C16, C18, and C20 

much more efficiently than the longer chains ones such as ceramide C24 (Kumagai, Yasuda et al. 

2005). The marked decrease of C18 ceramide and the tendency to increase C24 ceramide following 

treatment with DMXAA or VEGF might thus relate to the function of CERT. Whether DMXAA and 

VEGF induce the cytoskeletal alterations, morphological changes and apoptosis by interacting with 

components of the CERT pathway requires future study.  
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7.4.2 p38 MAK kinase pathway 

Addition of SB 203580 appeared to induce the long actin filaments in HUVE-12 cells, indicating the 

role of p38 kinase in the induction of actin depolymerization. SB 203580 did not reverse the 

acceleration of migration of HUVE-12 cells in scratch assays on gelatin induced by DMXAA and 

VEGF implying that the p38 kinase pathway is not involved in the effects of either treatment (Chapter 

4). The scratch assay involving the combination treatments of DMXAA or VEGF with SB 203580 

were performed only once with samples duplicated in both media. The accuracy was limited and thus 

any conclusion arising from combination studies would require more experimental replication. The 

p38 kinase inhibitor SB 203580 alone increased the cell covered area on Matrigel in the first two 

hours, indicating that p38 kinase had a role in the reduction of the cell covered area in the beginning of 

network formation (Chapter 5). However, SB 203580 did not significantly reverse the reduction of the 

cell covered area induced by DMXAA and VEGF (Chapter 5), suggesting that it was not involved in 

these effects. The combination treatments have been performed only 1-3 times and would require more 

repeats for a definitive conclusion 

 

7.5 Conclusions of this project 

Both DMXAA and VEGF were found to have multiple effects on cultured endothelial cells but these 

were strongly dependent on the substrate used for their culture. On Matrigel, both DMXAA and VEGF 

increased the rate of HUVE-12 network formation, accompanied by the reduction of cell-Matrigel 

contact area and a decrease of the level of ceramide C18. On gelatin, DMXAA slowed down the 

velocity of gap closure of HUVE-12 cells in scratch assay while VEGF increased it. On gelatin, VEGF 

stimulated actin stress fibre formation while DMXAA induced arch shaped actin filaments bundles 

around the pericellular area. On Matrigel, the actin filaments condensed at the cell membrane and did 

not reveal the changes induced by DMXAA and VEGF on gelatin. p38 kinase activity and AKT 

phosphorylation did not appear to be important in the effects of DMXAA and VEGF on either gelatin 



216 
 

or Matrigel. Matrigel itself changed the morphology of HUVE-12 cells from a cobblestone-like 

flattened shape to a spindle-like shape to create cell-cell connections for network formation. Ascorbic 

acid reduced the cell-covered area on Matrigel.   

  

7.6 Future directions 
One of the most important findings of this project is the decrease of C18 ceramide induced by both 

DMXAA and VEGF. The mechanisms of the decrease of C18 ceramide, especially the role of CERT in 

the effects of DMXAA treatment require further investigation. VEGF stimulates protein kinase D 

(PKD) activation in ECs dose dependently (Wong and Jin 2005). PKD stimulates EC survival, 

migration, proliferation and angiogenesis by increasing expression of kinases such as ERK and the 

phosphorylation of substrates such as HSP27 (Watts, Arnold et al. 1996). PKD decreases ceramide 

transfer activity by reducing the affinity of CERT toward its lipid targets at Golgi membranes 

(Fugmann, Hausser et al. 2007). Whether DMXAA decreased the level of ceramide C18 via the 

stimulation of CERT directly or via the inhibition of PKD activation requires future study. The role of 

ceramide C18 in endothelial function, including actin remodelling, VE-cadherin redistribution, 

changes in focal adhesions, EC morphology, apoptosis, vascular permeability and angiogenesis, 

requires further study.  

 

An important finding in this project is the reduction of the HUVE-12 cell-covered area induced by 

DMXAA and VEGF on Matrigel. The molecular mechanisms of this alteration of cell-matrix adhesion 

including the changes of the binding between the integrins in ECs and the ligands in extracellular 

matrix such as laminin and collagen require further investigation. The adhesion between HUVECs and 

laminin via laminin receptors α2β1 and α6β1 integrins stimulates the Notch pathway (Estrach, 

Cailleteau et al. 2011) which promotes EC differentiation during angiogenesis (Thurston and 

Kitajewski 2008). Further investigation of the involvement of the Notch pathway might also help to 
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explain the selection of some of the cells stretching to form spindle shaped tubes in the networks while 

other cells round up and collect at the joints, a procedure similar to the ‘tip’ and ‘stalk’ cell selection by 

Notch signalling in angiogenesis (Roca and Adams 2007).   

 

The time fixed immunofluorescence staining of actin filaments reveals the changes at the chosen time 

points but not the dynamics of the actin polymerization and depolymerization. To demonstrate the 

changes of the dynamics of actin remodelling induced by the drugs, time lapse actin tracking is 

required. During this project, the tubulin tracking with an immunofluorescence conjugated antibody 

was tried but did not give optimal results, and actin tracking was not tried because of a lack of an 

appropriate technique. This could be carried out in the future when a suitable actin fluorescence 

staining method is available for live cells. VE-cadherin staining was not stable in the beginning of this 

project due to the limitation of skills and was not pursued in the middle of the project due to the 

maintenance of the microscope and thus requires further work. The quantification of the actin 

filaments in this project was carried out in two repeated experiments but the accuracy could be 

improved by increasing of the number of repeated experiments. 

 

The inhibition of cell spreading and extension caused by ascorbic acid deprivation suggests a role of 

reactive oxygen species (ROS) in EC morphology. The existence of ROS in tumour sites may create an 

environment that is more similar to that provided by ascorbic acid free media. The role of ROS in 

relevant signal transduction pathways requires further investigation. The presence of ascorbic acid in 

α-MEM medium is the major difference relative to the RPMI medium. However, there are several 

other minor differences between these two media that might influence cell behaviour. To further 

investigate the effect of ascorbic acid on cell behaviour, it would need to be added to ascorbic acid free 

RPMI-1640 medium, so as to investigate the effect of this one variable. ROS might have a role in the 

process of network formation and the changes in network formation induced by DMXAA and VEGF.  
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Vasculogenic mimicry (Maniotis, Folberg et al. 1999) may become a subject of therapeutic studies as 

well. This project has revealed that DMXAA inhibits network formation of NZM7 melanoma cells 

growing on Matrigel (Chapter 5). A co-culture of HUVE-12 cells and NZM7 cells, which has not been 

carried out due to limitations of time, might provide a valuable in vitro model for vasculogenic 

mimicry and the generation of mosaic blood vessels formed by ECs and tumour cells for future 

studies.  

 

Recent preliminary data indicate that DMXAA inhibits VEGF receptor tyrosine kinase activity, as 

mentioned previously. If substantiated, this finding would make further investigation of the effects of 

combinations of DMXAA and VEGF on cell behaviour necessary in the future.  

 

In conclusion, it is important to continue preclinical studies on the mechanism of action of DMXAA, 

in particular to identify the molecular target(s) of action. The negative results of the phase III clinical 

trial of DMXAA were surprising but emphasise the importance of further work on the action of 

DMXAA on tumour vasculature.  

 

 

 

 

 

 

 

 

  

 

 



219 
 

Appendix 

Appendix 1: Time Lapse video microscopy (See attached DVD). 

Appendix2 (Appendix of Chapter 3): 

The effects of different drug exposure times (1, 4, and 24 hours), cell densities (5×105, 3×105 and 

1×105/well in 6-well plates) and media (α-MEM and RPMI-1640) were investigated. DMXAA (100-

300 µM) induced membrane ruffles early at the end of 1 hour exposure when the initial cell density 

was 3×105/well (Figure Appendix 2.1). These ruffles became more obvious after 24 hours exposure of 

DMXAA (Figure Appendix 2.2). When the seeding cell density was reduced to 1×105/well, the 

untreated cells showed some membrane ruffles too (Figures Appendix 2.3 and 2.4) perhaps because the 

cells had plenty of space between each other to allow and encourage spreading and migration. The 

presence of the membrane ruffles in untreated cells at low initial cell density made it difficult to judge 

how much difference was caused by DMXAA. However, the cells in this sparse to sub-confluent 

monolayer treated for 24 hours with 300 µM DMXAA showed thicker membrane ruffles compared to 

the untreated cells growing in either α-MEM and RPMI-1640 (Figures Appendix 2.3 and 2.4). VEGF 

did not induce membrane ruffling (Figures Appendix 2.2 - 2.4).  
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Figure Appendix 2.1 F- actin organisation in HUVE-12 cell growing on gelatin after 1 hour drug 
exposure. HUVE-12 cells (3×105) seeded on 0.1% gelatin coated 22×22mm glass cover slips in ECGS 

supplemented α-MEM. Cells were allowed to attach for 24 hours before drug exposure. Cells were fixed and 

stained after 1 hour drug exposure.  Red: actin, blue: nuclei. Images were taken by Leica TCS SP2 confocal 

microscope with ×63 oil immersion lens, 1.32 NA. The laser conditions maintained the same in all of the images. 

All of the images were taken by 1µm gap distance between the z series frames. All of the images were from the 

same experiment. Scale bar: 40µm.  
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Figure Appendix 2.2 F- actin organisation in HUVE-12 cell growing on gelatin after 24 hours drug 
exposure. HUVE-12 cells (3×105) seeded on 0.1% gelatin coated 22×22mm glass cover slips in ECGS 

supplemented α-MEM medium. Cells were allowed to attach for 24 hours before drug added. Cells were fixed 

and stained 24 hours after drug exposure.  Red: Actin, Blue: Nuclei. Images were taken by Leica TCS SP2 

confocal microscope with ×40 oil immersion lens, 1.25 NA. All of the images were taken by 1µm gap distance 

between the z series frames. Experiment has been repeated twice. All of the images were from the same 

experiment. Scale bar: 75 µm.  
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Figure Appendix 2.3 F- actin organisation in HUVE-12 cell growing on gelatin after 24 hours drug 
exposure. HUVE-12 cells (1×105) seeded on 0.1% gelatin coated 22×22mm glass cover slips in ECGS 

supplemented α-MEM medium. Cells were fixed and stained 48 hours after seeding (24 hours attachment + 4 

hours drug exposure).  Red: Actin, Blue: Nuclei. Images were taken by Leica TCS SP2 confocal microscope 

with ×63 oil immersion lens, 1.32 NA. All of the images were taken by 1µm gap distance between the z series 

100 µM DMXAA 
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frames. All of the images were from the same experiment. Scale bar: 40 µm.  
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Control  30 µM 
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Figure Appendix 2.4 F-actin organisation in HUVE-12 cells growing on gelatin and cultured in 1640-RPMI 

medium after 4 hours drug exposure. HUVE-12 cells (1×105) seeded on 0.1% gelatin coated 22×22mm glass 

cover slips in ECGS supplemented RPMI-1640 medium. Cells were allowed to attach for 24 hours before drug 

exposure. Cells were fixed and stained 4 hours after drug exposure. Green: VE-cadherin, Cyan: Actin, Red: 

Tubulin, Blue: Nuclei. Images were taken by Leica TCS SP2 confocal microscope with ×63 oil immersion lens, 

1.32 NA. All of the images were from a same experiment. The same laser settings were used in all of the 

images. Scale bar: 40µm.  
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Figure Appendix 2.5 Changes of VE-cadherin structure in HUVE-12 cells growing on gelatin and cultured 

in 1640-RPMI medium after 4 hours drug exposure.  HUVE-12 cells (1×105) seeded on 0.1% gelatine coated 

22×22mm glass cover slips in ECGS supplemented RPMI-1640 medium. Cells were allowed to attach for 24 

hours before drug exposure. Cells were fixed and stained after 4 hours drug exposure. Green: VE-cadherin, 
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DMXAA 

30 µM 
DMXAA 

50 ng/ml 
VEGF 

25 ng/ml 
VEGF 

300 µM 
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Cyan: Actin, Red: Tubulin, Blue: Nuclei. Images were taken by Leica TCS SP2 confocal microscope with 4× 

zoomed size of ×63 oil immersion lens, 1.32 NA. All of the images were from a same experiment. The same 

laser settings were used in all of the images. Scale bar: 10µm.  

 
Appendix 3 (Appendix of Chapter 4): 
 

 
Figure Appendix 3.1 Effect of TNF-α and VE-cadherin antibody on the velocity of HUVE-12 cell migration 

on gelatin in α-MEM. 

 

 
Figure Appendix 3.2 Effect of SB 203580 on the velocity of HUVE-12 cell migration on gelatin in RPMI-

1640. Experiments require replication for conclusion. 
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Figure Appendix 3.3 Higher concentrations of VEGF (50 ng/ml) showed a smaller effect than a lower 

concentration (25 ng/ml) on the velocity of boundary movement in α-MEM. 
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Appendix 4: (Appendix of Chapter 5): 

 
 

Figure Appendix 4.1 Images of HUVECs forming networks on Matrigel in alpha-MEM medium or RPMI-
1640 and the effects of DMXAA and VEGF. The results confirmed the effect of DMXAA and VEGF obtained 
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from the time lapse images. Images were taken by Olympus Media camera via Olympus microscope with ×10 

phase contrast lens. 5×105 HUVECs were seeded in each well in 6-well-plates with 200 µl 62.5% Matrigel 

coating on the bottom of each well. Experiments using α-MEM were repeated three times. Experiments using 

RPMI-1640 were repeated two times.  

 

 
 
Figure Appendix 4.2 Difference between Z series images and best plane images of HUVE-12 cells 
forming networks on Matrigel. 5×105 HUVE-12 cells seeded on 62.5% Matrigel coated 22×22mm glass cover 

slips in ECGS supplemented α-MEM medium. Cells were fixed and stained 4 hours after seeding. Red: F-actin, 

Blue: Nuclei. Images were taken by Leica TCS SP2 confocal microscope with ×63 oil immersion lens, 1.32 NA. 

The laser conditions maintained the same in all of the images. A: 4 hours control best plane, B: Control 0.5 µm 

gap Z series, C: 5 µM SB203580 +100 µM DMXAA best plane, D: 5 µM SB203580 +100 µM DMXAA 0.5 µm 

gap Z series. Scale bar: 40 µm.  
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Figure Appendix 4.3 Difference between Z series images and best plane images of HUVE-12 cells 
forming networks on Matrigel. 5×105 HUVE-12 cells seeded on 62.5% Matrigel coated 22×22mm glass cover 

slips in ECGS supplemented α-MEM medium. Cells were fixed and stained 4 hours after seeding. Red: F-actin, 

Blue: Nuclei. Images were taken by Leica TCS SP2 confocal microscope with ×63 oil immersion lens, 1.32 NA. 

The laser conditions maintained the same in both images. Scale bar: 40 µm.  

 

Appendix 5 (Appendix of Chapter 6): 

 

Figure Appendix 5.1 A 4 hour exposure of 300 µM DMXAA increased the level of ceramide C24 in HUVE-

12 cells growing on Matrigel in RPMI-1640 medium. HUVE-12 cells 5×105/well were seeded in 6-well plate 

coated by Matrigel. Drugs were added at the same time as cell seeding. Total incubation time was 4 hours. 

HUVE-12 cells growing in RPMI-1640 medium proliferated more slowly than in α-MEM, and thus insufficient 

A B  
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cells were available to repeat the measurement of sphingosine and ceramides. However the result of the one 

experiment also showed that a 4 hour exposure to 300 µM DMXAA increased the level of ceramide C24.  

 

Table Appendix 5.1 (Data for Figure 6.2.) Effects of DMXAA and VEGF of the level of sphingosine and 

ceramides in the HUVE-12 cells growing on gelatin in α-MEM. HUVE-12 cells 5×105/ well in 6-well gelatin-

coated plates in α-MEM. Cells were allowed to grow for 24 hours before drug addition. The drug exposure time 

was 24 hours. Data were from one experiment with duplicated samples. 

Ratio of concentration of ceramides 
(nM)/Concentration of cholesterol (µM) 

Sphingosine 
C18 

Ceramides 
C16 

Ceramide 
C18 

Ceramide 
C24 

Control  4.96 10.48 0.83 38.52 
100 µM DMXAA 6.52 10.32 0.80 44.15 
300 µM DMXAA 3.19 12.32 2.09 30.09 
25 ng/ml VEGF 5.76 7.50 0.57 38.96 
5 µM SB 203580 5.65 6.24 0.45 34.44 
5 µM SB 203580+100 µM DMXAA 6.31 7.65 0.51 42.04 
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