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SCOPE OF THIS THESIS 

 

Solid tumours are built up of many more cells than solely tumour cells. Besides tumour cells, solid 

tumours consist of immune cells, endothelial cells, fibroblasts and extra cellular matrix. Solid tumours 

can develop into well structured - but due to high growth rates often badly organised - dynamic 

organs with their own vasculature. Tumours develop an own network of vessels to supply themselves 

with nutrients and oxygen and connect to the circulation to enable growth and metastasis formation. 

This process is called angiogenesis and is an important focus of cancer research. Despite a lot of 

knowledge, the possibilities to treat cancer patients by reducing angiogenesis are still limited. Tumour 

formation and angiogenesis are very dynamic. In addition, dynamic processes within the different cell 

types determine the future (direction) of the cells. Tumour treatment should therefore rather be 

defined as manipulation of tumour dynamics rather than killing tumour cells. Understanding the 

molecular players during these processes is crucial to enlarge the possibilities of anti-angiogenic, 

anti-metastatic and anti-tumour therapies.  

The aim of this thesis is to study several steps during tumour genesis, to obtain more insight into 

these steps and to understand and improve current treatment modalities. Motility in tumours is 

studied on several levels: migration of cells, mobilisation of signalling proteins in endothelial cells and 

redistribution of cells within tumours after Tumour Necrosis Factor-alpha (TNF)-treatment. The first 

part of this thesis will focus on cell migration. This essential step during tumour- and angiogenesis is 

not fully understood; cell migration was studied of different cell types along different matrix 

components. For this purpose a novel cell migration assay is developed to analyse intrinsic migratory 

capacities and response to external factors of endothelial and tumour cells.  

The second part of this thesis focuses on treatment of solid tumours and induction of apoptosis 

in endothelial cells. As treatment modality TNF-based Isolated Limb Perfusion (ILP) is taken as basis. 

Studies are set up, from molecule to patient, to unravel the underlying mechanisms of this successful 

treatment and to search for explanations for non-responding tumours. Central role in this part of the 

thesis is played by the novel cytokine Endothelial Monocyte-Activating Polypeptide-II (EMAP-II). 

In Chapter 1 the cell migration is introduced. Besides the process and its molecular regulation, 

cell polarization and external factors influencing cell migration are mentioned. Experiments on cell 

migration are described in Chapter 2-4. Chapter 2 describes a novel cell migration assay to study the 

role of extra cellular matrix (ECM) components in combination with growth factors in cell migration. 

This chapter describes the testing and validation of this novel assay by comparing it with the well-
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known and broadly-used ‘scratch’ assay. One major and novel finding is that, solely by using the 

novel assay, Fibronectin (FN) was found to inhibit endothelial migration while fibroblast migration was 

induced. In Chapter 3 the migration response and patterns of EC are studied upon treatment with 

basic Fibroblast Growth Factor (bFGF) and Vascular Endothelial Growth Factor (VEGF) using the 

novel assay. These two major angiogenic factors induce very different migration profiles that are 

accompanied by differences in cytoskeleton organisation and regulation. Focus will be on the 

microtubules and microtubule-associated proteins. The first part of this thesis ends with Chapter 4, 

which shows another example of an application of the novel cell migration assay. In this chapter 

tumour cell migration is studied using different breast cancer cell lines. 

The second part of this thesis starts with the broad introduction of the two cytokines in focus: 

TNF (Chapter 5) and EMAP-II (Chapter 6). For TNF the focus is on its background, molecular 

signalling and use in cancer treatment. The review of EMAP-II covers all the available literature 

nowadays of this novel cytokine. In Chapter 7 the protease responsible for cleavage of proEMAP into 

EMAP-II by tumour cells is presented. We demonstrate evidence that Matrix Metalloproteinase-7 

(MMP-7) is responsible for this cleavage. Chapter 8 describes the role of EMAP-II on the apoptotic 

signalling of TNF-R1 in EC upon TNF treatment. The presented data show that EMAP-II is capable of 

sensitizing EC towards TNF-induced apoptosis and that the mechanism involves mobilisation of the 

adaptor protein TNF-Receptor-Associated Death Domain (TRADD). In Chapter 9 we evaluate the 

response of rats with soft-tissue sarcomas with different EMAP-II levels in the limb to TNF-based ILP. 

We show that tumours transfected with EMAP-II show a better response compared to the wild-type. 

Finally, studies on patient material are described in Chapter 10. Experiments are shown where 

expression and distribution of EMAP-II and TNF-R1 are evaluated before and after ILP treatment of 

patients with metastatic melanoma or sarcoma. A positive correlation was found between an 

upregulation of EMAP-II after ILP and a complete response of melanoma patients to TNF-based ILP. 

These data justify analysis of EMAP-II expression in biopsies of ILP-patients to predict the final 

outcome and eventually adapt (further) treatment. The major results and conclusions are summarised 

at the end of this thesis. 
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INTRODUCTION 
Cell migration is the movement of a cell from one place to another and can be divided in directed and 

random motility. Cells migration already starts shortly after conception [1] and is involved during the 

development of an embryo. Migrating cells play an essential role throughout our life and is frequently 

– at least in part – associated with our death. Besides morphogenesis, cell migration contributes to 

tissue-turnover (in the skin and intestine renewal), tissue-repair and –regeneration (for example 

wound healing), immunologic responses, and is an important factor during disease progression 

including vascular diseases like atherosclerosis, osteoporosis, rheumatoid arthritis, multiple sclerosis, 

cancer progression (tumour growth, -metastasis and -angiogenesis), and mental retardation [2]. The 

process of cell migration however is also essential in other organisms like single cell organisms and 

plants [3]. Because of this great importance, cell migration is a broadly studied. Detailed 

understanding of the fundamental mechanisms underlying cell migration might be very useful for the 

therapeutic approaches of a whole set of diseases. In this short introductory chapter cell polarity and 

cell migration are summarized and differences between cell types and environments are discussed. 

For a complete overview of the process of cell migration, see for example references 2, 4, 28 and 35. 

 

CELL POLARIZATION 

Cell polarity is a hallmark of cell migration; a cell must be highly polarized in order to migrate. In a 

polarized cell, cytoskeletal components, molecular processes like transport, membrane 

compartmentalization and organelle distribution are different in distinct regions of the cell. Based on 

this definition all cells are polarized to certain content because cells are not symmetric. For a cell to 

migrate this polarization needs to be further extended. Two major features of cell polarity during 

migration are the formation of protrusions in the direction of migration and asymmetric positioning of 

intracellular structures [4].  

Membrane protrusions, consisting of lamellipodia and filopodia, are very actin-rich and coupled 

to actin polymerisation as discussed above. The small Rho GTPases are key regulators of cell 

polarity. In slow-moving cells, the microtubule organizing centre (MTOC) and the Golgi apparatus 

often are positioned in front of the nucleus and MTs are selectively stabilized in the migration 

direction resulting in highly polarized cells [5-8]. The repositioning of the MTOC is regulated by Cdc42 

[9] and recently movement of the nucleus has been observed resulting in MTOC orientation towards 

the migration direction [10]. For fast-moving cells however, these processes are differently regulated 

because in migrating T cells and neutrophils the MTOC is located behind the nucleus [11]. Cdc42 
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activity is one of the temporal localised molecular processes in cell polarity [12]. Also localised activity 

of PI3K at leading edges and the phosphatase PTEN at the rear and side of the cell is present in a 

chemotaxis induced moving cell [13,14]. For Rac, also a localized activation is observed which is 

linked to directionality of cell movements [15,16]. Downstream proteins activated by GTPases include 

actin binding proteins and microtubule-associated proteins [17]. Next to the proteins mentioned there 

are many other proteins involved in cell polarization. Migration of polarized cells is a well-coordinated 

cooperation between the actin and microtubule cytoskeleton and their binding proteins [18].  

 

SEQUENTIAL STEPS DURING CELL MIGRATION 

To study the process of cell migration cultured cells like mouse fibroblasts and fish keratinocytes and 

the amoeba Dictyostelium are often used as model systems. These easy-to-use and manipulative 

model systems have provided valuable molecular and cellular knowledge on cell migration. Different 

studies with these (and other) different cell types and environments have resulted in a general 

concept of cell migration. The process of cell migration is a cyclic event [4]. The sequential steps are 

schematically depicted in Figure 1. A resting non-migrating cell is tightly attached to the substratum 

and lacks sufficient polarity to move (there is no front or back). When a cell is exposed to a migration-

promoting factor, the first response is a further polarization of the cell to enable cell movements. This 

includes intracellular reorganization, directed transport and membrane compartmentalization assures 

that the cell acquires a front and a backside. 

This process is regulated by the actin and microtubule cytoskeleton [18]. After and along with 

cell polarization the cell forms protrusions in the direction of migration. These protrusions consist of 

membrane ruffles, large lamellipodia and tiny, spike-like filopodia [19]. Formation of these cellular 

structures is regulated by the recruitment of specific molecular scaffolds into these protrusions and is 

driven by actin polymerisation [20]. Actin filaments are polarized structures with slow and fast growing 

ends that are the driving force of membrane protrusion. The kinetics of actin polymerisation is 

affected by adenosine triphosphate (ATP) hydrolysis [21]. This ATP hydrolysis takes place within the 

actin filaments. ATP-bound actin monomers bind to the plus end while ADP-bound actin monomers 

dissociate from the minus end. At specific sites in the cytoplasm, ADP-actin is recharged with ATP to 

facilitate plus end binding. This intriguing process is called ‘tread-milling’ [22]. At the leading edge of 

the cell, in the protruding lammelipodia a so-called actin cortex is built up. This dense actin network 

consists of many branched filaments. Out of a single actin filament, daughter filaments are formed, a 

process mediated by the Arp2/3 complex [23,24]. WASP (Wiskott-Aldrich syndrome protein) protein 
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family members activate this Arp2/3 complex and these WASP proteins in turn are activated at the 

cell membrane by Rho GTPases and PIP2 (phosphatidylinositol bisphosphate) [25,26]. Formation 

and growth of new filaments at the leading edge of migrating cells is initiated by extracellular stimuli 

and has been named dendritic nucleation of actin assembly (reviewed in [27]). The rate of actin 

polymerisation is regulated by the small protein profilin, which catalyses the exchange of ADP for 

ATP and binds to ATP-actin monomers that serve to elongate filaments [25]. At the depolymerising 

end of the filaments ADP-actin monomers are disassembled, a process promoted by proteins of the 

ADF/cofilin family [28]. 

 
FIGURE 1. Sequential steps during cell migration (CLR).  
Schematic representation of a cell migrating to the right and of the processes occurring during this movement. Upon a 
migratory stimulus the cell polarizes and intra cellular structures like MTs and the MTOC are redistributed. Then cellular 
protrusions are formed by actin polymerisation at the leading edge. New adhesions are formed in the regions of protrusion. 
MTs target adhesions behind the cell front and at the rear of the cell to support adhesion turnover. Adhesions at the rear of the 
cell are disassembled and the – often very tiny – tail is retracted by actin-Myosin II interactions. As a result there is a net 
movement of the cell body. 
 

Growing and branching filaments are terminated in their elongation by capping protein, which 

specifically binds to barbed ends of the filaments [29]. Anti-capping proteins like Ena/VASP regulate 

this activity [30,31]. The local activation of Arp2/3 complex and (anti)- capping proteins induces the 

growth of the lammelipodium in a particular direction and thus these proteins are involved in directed 

cell migration. The smaller filopodial extension is regulated differently although some proteins are 

shared. Filopodia have actin organized as parallel bundles and by forming long tiny spikes they serve 

to explore the matrix and microenvironment. These filopodia are involved in chemotactic cell 

movements, for example guidance of endothelial sprouts during angiogenesis and migration towards 

vessels of metastasising tumour cells [32,33]. 

The Rho GTPases are key regulators of both actin organization and adhesion formation [26,34]. 

Rho GTPases are members of the large GTP-binding proteins family consisting of proteins with a 

GTP-binding globular domain. GTP can be hydrolyzed to GDP thereby inducing a conformational 

change and inactivation of the protein. Rho GTPases are Ras-related small GTPases and activated 
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and inactivated by guanine nucleotide exchange factors (GEFs) and GTPase activating proteins 

(GAPs) respectively. These factors regulate the binding of GTP (active) and GDP (inactive) [35]. 

Important members of the Rho GTPases family are Rac, Cdc42 and RhoA. For Rac functions have 

been described in lammellipodial extension, formation of small focal adhesion complexes in the 

leading edge and, recently, a role in directionality of cell movements [16,36,37]. Cdc42 is a master 

regulator of cell polarity [38,39].  From the cell body towards the leading edge of migrating cells 

Cdc42 is activated and Cdc42 has a inhibiting role at sites where lammellipodia are formed [40,41]. 

For RhoA roles in adhesion maturation at sites behind the leading edge and MTs stabilisation have 

been described [35,42].   

Within newly formed protrusions novel cell adhesions have to be established to attach the cell to 

the underlying extra cellular matrix (ECM). These adhesions are transient and depending on the cell 

type, substratum and migration profile, their turnover can be very high [43]. Adhesions initiate as 

small so-called focal complexes, which are mainly localised at the cell leading edge. These newly 

formed adhesions stabilize the lammelipodium and attach the protrusion to the ECM. In tightly 

adhering and non-motile or slowly migrating cells these focal complexes mature into focal adhesions. 

As mentioned earlier small Rho GTPases exhibit a regulating role in formation and maturation of 

adhesions. Among many other receptors involved in attachment to the matrix, the integrin receptors 

are major adhesion and migration inducing factors [44]. Integrins support adhesion to the ECM (or 

other cells) by linking matrix components outside the cell to actin filaments inside the cell [45]. Next to 

this adhering function, integrins are known for their ‘inside-out signalling’ via activation by cytoplasmic 

signals [46]. Binding of matrix components results in clustering of integrins, which triggers 

intracellular signals that regulate formation and strengthening of adhesions. The exact composition of 

the complex of proteins can be seen as a kind of measure for the lifetime of the adhesions [43]. 

During the turnover and maturation of new adhesions at the front of migrating cells MTs are reported 

to serve as transport route for adhesion components as growing MTs target adhesions at leading 

edges of migrating cells [47,48]. In addition, these adhesions are the sites that generate propulsive 

force, serving as tracking sites of migration as the cell moves forward [49]. This force is generated by 

the interactions of actin filaments with Myosin II. Myosin Light Chain Kinase (MLCK) and Rho kinase 

(ROCK) regulate activation of Myosin II in the new membrane protrusion and sites where new 

adhesions are formed [50]. Activation of Myosin II results in an increased contractility which in turn 

may consequence in a propulsive force.  
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Finally, for a cell to move from one place to another, adhesions in the rear of the cell are 

disassembled, allowing detachment and movement of the cell body. Due to the adhesions in the rear 

of migrating cells that are not completely disassembled cells often show a long tail. The generated 

force needs to release integrins from the actin cytoskeleton. When a cell has retracted its tail, the net 

movement of the cell has completed and the cell initiates the next movement. Movement of a cell in a 

particular direction for a certain period of time is defined as directed migration. High directional cell 

migration is observed during chemotaxis. 

INTRINSIC AND EXTERNAL FACTORS INFLUENCING CELL MIGRATION 
Although fundamental cell migration mechanisms are shared between different migrating cells, the 

cell type and its environment are crucial for the migration response. As mentioned above some cells, 

like fibroblasts and astrocytes, are known as slow-moving, while other cell types, like T-cells and 

tumour cells, are fast-moving. In addition, different tumour cells can differ strongly in their intrinsic 

migratory capacity. 

Next to cell type, the nature of the surrounding matrix determines to great extent the migration 

response of cells. From studies applying different in vitro experimental set ups attribution of different 

matrix components has been studied. However, the methods used did influence the effects found 

[51,52] (see also Chapter 2 of this thesis). An additional complication of in vitro methods is the 

translation to the in vivo situation. The composition of the ECM, availability of growth factors and 

cytokines, physiological circumstances like pH and pO2 and, of course, intracellular constituents, all 

together regulate cell polarity and migration. Recently, novel data on in vivo tumour cell migration 

during metastasis formation has revealed that the same tumour cells in vivo can migrate up to 10 

times faster as compared to in vitro cell migration assays [33,53]. This strongly confirms the 

dependency on environmental settings of the migration response of cells. An additional example of 

different settings and their effects on migration is the motility of EC during angiogenesis in wounds 

versus tumours. EC have to migrate in order to form or repair blood vessels but the triggers and 

environmental settings strongly differ and will influence the migratory response. The process of 

tumour angiogenisis is described in Chapter 5 of this thesis. These differences and the need for an 

assay to study contribution of specific matrix components to cell migration led us to develop a novel 

migration approach. The validation and application of this assay is the theme of the first part of this 

thesis.  
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ABSTRACT 

Cell migration is crucial in virtually every biological process and strongly depends on the nature of 

the surrounding matrix. An assay, which enables real-time studies on the effects of defined matrix 

components and growth factors on cell migration, is not available. We have set up a novel, 

quantitative migration assay, which enables unharmed cells to migrate along a defined matrix. Here, 

we used this “barrier-based” assay to define the contribution of fibronectin (FN) and Collagen-I (Col-

I) to Vascular Endothelial Growth Factor (VEGF), basic Fibroblast Growth Factor (bFGF) and 

Lysophosphatidic acid (LPA)-induced cell migration of endothelial cells (EC) and fibroblasts. In EC, 

both FN and Col-I stimulated migration, but FN-induced motility was random, while net movement 

was inhibited. Addition of bFGF and VEGF overcame the effect of FN, with VEGF causing directional 

movement. In contrast, in 3T3 fibroblasts, FN stimulated motility and this effect was enhanced by 

bFGF. This motility was more efficient and morphologically completely different compared to LPA 

stimulation. Strikingly, directional migration of EC was not paralleled by higher amounts of stable 

microtubules or an increased reorientation of the microtubule-organizing centre. For EC the FN-

effect appeared concentration dependent, high FN was able to induce migration, while for fibroblasts 

both low and high concentrations of FN induced motility. Besides showing distinct responses of the 

different cells to the same factors, these results address contradictive reports on FN and show that 

the interplay between matrix components and growth factors determines both pattern and regulation 

of cell migration.  

 

INTRODUCTION 

Cell migration is essential in virtually all processes during life. Migration of cells is fundamental in 

both physiological and pathological processes, like embryonic development, wound healing, cancer 

metastasis and angiogenesis. Migration of a cell starts with the formation of membrane protrusions in 

the direction of migration, resulting from actin polymerisation [1,2].  In order for a cell to migrate, it 

also needs to polarize itself, which may lead to the formation of triangular cell morphology, with a 

broad leading edge at the front of the cell and a thinning trailing edge at the back. During polarized 

migration, the Golgi apparatus and microtubule-organizing centre (MTOC) often are positioned in 

front of the nucleus. In a number of cells types microtubules (MTs) selectively stabilize in the 

migration direction during polarization of the cell [3]. To sustain polarity and migration, new adhesions 

between the cell and the extracellular matrix (ECM), called focal complexes, are established at the 

leading edge [4], some of which develop into focal adhesions, while focal adhesions at the trailing 
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edge of the cell are broken down. Cell migration can be subdivided into random motility and directed 

migration, the latter indicating whether a cell is able to maintain a single direction of migration for 

prolonged periods of time. The composition of the ECM, availability of growth factors and cytokines, 

physiological circumstances like pH and pO2 and, of course, intracellular constituents, all together 

regulate cell polarity and migration. 

The nature of the surrounding matrix determines to great extent the migration response of cells. 

For example during angiogenesis, migration of endothelial cells (EC) is crucial [5,6]. However, the 

setting in which EC migration takes place strongly differs. During tumour angiogenesis activated EC 

migrate along a newly formed matrix, of which the components are synthesized by EC, tumour cells, 

and stromal cells [7].  During wound angiogenesis, in contrast, migration is stimulated by factors 

triggered by damage to EC and ECM. These differences affect migratory response of the EC. 

However, currently no assay is available to address these differences.  

Among angiogenic factors, vascular endothelial growth factor (VEGF) and basic fibroblast 

growth factor (bFGF) are well known for their regulation of proliferation, migration and differentiation 

of EC [8], but how these two factors relate to each other and to ECM-components, when inducing EC 

migration during tumour angiogenesis, remains to be elucidated. It would be of great benefit if an 

assay existed in which these distinct signalling cascades leading to EC migration could be dissected 

[9]. 

Measurement of freely moving and spreading cells (‘single cell movements’) has provided 

valuable knowledge on cell migration, including that of EC [10], but these studies do not address 

properties of a layer of cells in which cells are migrating into a defined cell-free area. Moreover the 

matrix-composition is not completely defined. Several migration assays have been developed to deal 

with this, such as the “Agarose droplet” [11], the “Teflon ring” [12] and the “Flexi perm disc” [13] 

assays. The two latter are used rarely and are not always applicable for living cell imaging. The 

agarose droplet assay has practical disadvantages regarding reproducibility and standardisation. 

Using the “Teflon Ring” it has been reported that fibronectin (FN) has an inhibitory effect while 

Collagen-I (Col-I) has a stimulatory effect on EC migration. However only a fixed time-point of 6 days 

was taken [12]. To address some of these disadvantages the “Boyden Chamber” assay and the 

“scratch” or “wound healing” assay are often used [14]. In the first, cells are scored for their ability to 

pass a filter, but cellular behaviour during migration cannot be monitored. To study the role of ECM-

components in this assay either migration towards (factors in lower chamber) or into (pre-coated 

filters) migration mediators can be evaluated. A migration-promoting role for ECM-components like 
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FN, Col-I and laminin has been reported for several cell types like fibroblasts, tumour cells and EC. 

For EC, Col-I and FN have been suggested to be more effective than laminin [15-17]. For FN the 

results seem dependent on the assay used, suggesting that either other factors are involved or that 

the assay does not properly address the effect of FN. 

In the “scratch” assay, cells are grown until they reach confluence and a mechanical wound (the 

“scratch”) is made, for example with a tip or needle, after which cells can migrate into the novel cell-

free area (the “wound”). For EC it has been reported that no differences exist between FN and Col-I 

in their effect on migration [18]. For fibroblasts and other stromal cells FN is reported to provide a trail 

for the cells during migration into the wound [19].  Strikingly in 3-D assays the migration of fibroblasts 

is not induced by FN [20]. Using the ‘scratch’ assay, the behaviour of cells can be monitored 

accurately, however, cells have to be removed in order to generate a cell-free area. The remaining 

cells first have to recover from wounding, and the composition of ECM in the newly generated, cell-

free region, cannot be controlled. The “scratch” assay is therefore a suitable in vitro model for wound 

healing and tissue repair, but whether it represents an authentic migration model has not yet been 

addressed. 

We developed a novel migration assay that overcomes most of the restrictions of the other 

methods and enabled us to study the distinct contributions of ECM-components and growth factors. 

Using this novel “barrier” migration assay we studied migration of EC and 3T3 fibroblasts, to enable 

comparison of well-established cell culture systems for motility. For EC we document a migration 

promoting effect of Col-I and FN, yet a strong inhibitory effect of FN on directional movement. The 

addition of Vascular Endothelial Growth Factor (VEGF) or basic Fibroblast Growth Factor (bFGF) 

mitigated the effect of FN, with VEGF being a stimulator of effective migration and bFGF a stimulator 

of general motility. In contrast, in 3T3 fibroblasts, FN stimulated migration in the absence of growth 

factors. Addition of bFGF augmented migration distance induced with FN. Lysophosphatidic acid 

(LPA), a known regulator of fibroblast polarity in the “scratch” assay [21-23], induced comparable 

migration in the presence or absence of FN, while migration was less directional and morphologically 

different compared to bFGF. For EC we observed a FN dose dependent migration, while for 

fibroblasts FN appeared capable of inducing motility in all concentrations tested. Firstly, together 

these data reveal novel interplay between growth factors and the ECM in cell motility. Secondly, we 

expect wide spread application of the “barrier” assay because of its ease of use. This will lead to a 

more detailed dissection of the molecular mechanisms and signalling pathways underlying cell 



 

 27 

migration and the specific functions of ECM-components and growth factors in this fundamental 

process.  

 

MATERIALS AND METHODS 

Cell culture and reagents 

Human Umbilical Vein Endothelial Cells (HUVEC) were isolated as described [24]. Human Micro 

Vascular Endothelial Cells (HMVEC) and Swiss 3T3 fibroblasts were obtained commercially 

(Biowhittaker). EC were used between passage 3 and 7 and cultured in Human Endothelial-SFM 

(Invitrogen) supplemented with 10% New Born Calf Serum, 5% Human Serum, 20 ng/ml bFGF and 

100 ng/ml EGF, in gelatine-coated flasks. Swiss 3T3 fibroblasts were cultured in DMEM/Ham’s F10, 

1:1 (Biowhittaker) supplemented with 10% Fetal Calf Serum. VEGF-165 and bFGF were from 

PeproTech. Gelatine, Thalidomide and LPA were from Sigma-Aldrich. Collagen-I was from 

Biowhittaker, Fibronectin from Roche Diagnostics and SU-5416 was a gift of dr. W. Leenders, 

department of Pathology, University Medical Centre St Radboud, Nijmegen, The Netherlands.  

Migration Assays 

For the novel “barrier-based” migration assay, a cover slip was placed in an Attofluor incubation 

chamber (Molecular Probes), which was subsequently sterilized. In this set up a removable, sterile 

circular migration barrier was placed (see Fig. 1D), which fits tightly in the chamber and prevents cell 

growth in the middle of the coated cover slip. Cells were seeded around this barrier and grown until 

confluence. Subsequently, the migration barrier was removed; cells were washed twice and then 

incubated with the appropriate medium. The incubation chamber was placed on an inverted 

microscope and migration of cells was measured for 24 h. The “scratch” or “wound healing” assay 

was essentially performed as described by many others [22], using the same Attofluor incubation 

chamber, but instead of the barrier a scratch was made to generate a cell-free area. 

Time-lapse imaging of both types of cell migration assays was done on Axiovert 100 M 

microscopes, equipped with either an AxioCam HRC digital camera or an AxioCam MRC digital 

camera (Carl Zeiss). Microscopes were controlled by AxioVision software, version 3.1 and 4.0 

respectively. Cells in the incubation chamber were maintained at 37 oC in a constantly humidified 

atmosphere, with controlled and heated CO2-flow. Cells were imaged every 12 min with a 10X/0.30 

PLAN-NEOFLUAR objective lens or every 2 min with a 20X/0.40 LD ACHROPLAN objective lens 

(Carl Zeiss). 
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During migration of HUVEC, Human Endothelial-SFM without standard growth factors was 

added to the cells, supplemented with bFGF (200 ng/ml), or VEGF-165 (10 ng/ml). In specific 

experiments the inhibitors Thalidomide (40 µg/ml) or SU-5416 (30 µM) were also added. Preceding 

3T3 fibroblast migration, cells were starved in serum-free culture medium (supplemented with 5 

mg/ml fatty-acid free BSA) for 24-48 h [23] before the barrier was removed, or the scratch was 

induced. During migration the same medium was added, supplemented with LPA (5 µM) or bFGF 

(200 ng/ml). Coated cover slips were made by adding FN (1, 10 or 100 µg/ml) or Col-I (1 or 60 

µg/ml) in serum-free medium to the cover slips and incubated for at least 1 h at 37 oC. 

Analysis of cell migration 

Parameters of cell migration, including the total and average migrated distance, migration velocity, 

effective migration distance, number of cell divisions and cell polarity, were obtained from time-lapse 

movies, taking the nucleus as a reference. For each treatment at least 10 migrating cells per 

experiment and at least 3 independent migration assays were performed. After cell division one of the 

daughter cells was followed. Migration velocity was calculated after 2 and 24 h, by dividing migration 

distance by time. Both the total distance (reflecting random motility) and effective distance (reflecting 

directed migration) were calculated, the latter being the distance that cells travelled towards the 

centre of the cover slip (see Fig. 1E). We also calculated effective migration, being the percentage of 

movement towards the centre of the cover slip reflecting directionality during migration with the lesser 

changes in direction being defined as more effective migration. We determined the cell elongation in 

the migration direction as extend of cell polarity (expressed as the ratio of the length of the major to 

the length of the minor cell axis) as described [25], from at least 8 migrating cells per time point and 

at least 3 independent assays. All measurements were done using AxioVision 3.0 software. Images 

from the time-lapse analysis were processed in Adobe Premiere to generate movies for publication. 

Immunofluorescence Staining 

After time-lapse microscopy, cells were washed twice with PBS and fixed in 4% paraformaldehyde at 

room temperature for 15 min or in ice-cold methanol at –20 oC. After washing in PBS, cells were 

permeabilized using 0,15% Triton-X-100 for 10 min and blocked in blocking solution (1% BSA / 

0,05% Tween-20 / PBS) for 45 min. Incubations with first (1/200) and secondary (1/500) antibody-

mixtures were done for 1 h at room temperature in blocking solution. In between incubations cells 

were washed 3 times with PBS / 0,05% Tween-20. Thereafter cells were briefly washed in 70% and 
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100% ethanol respectively, air dried and mounted onto microscope slides using 10 µl of a 1:1 

solution of VectaShield (Vector Laboratories) and DAPI-DABCO (Molecular Probes). Primary 

antibodies used: �-tubulin, acetylated microtubules, vinculin (Sigma-Aldrich) and f-actin (Molecular 

Probes). Secondary antibodies used: Alexa Fluor 594 (Molecular Probes) and FITC (Nordic) 

conjugated antibodies. Immunofluorescent images were taken using an Axiovert 100 M microscope 

with 40X/1.30 Oil-FLUAR objective lens (Carl Zeiss) and an ORCA II ER camera (C4742-98, 

Hamamatsu Photonics Systems). Image analysis, including MTs stabilization, MTOC reorientation 

and f-actin staining pattern analysis was performed using Openlab 3.1.5 software (Improvision). Cells 

were scored as positive for acetylated tubulin if the cell contained 10 or more brightly stained MTs 

[26], MTOC were considered reoriented using the ‘triangle-method’ as described [27], f-actin staining 

pattern was analysed by counting the stress fibre and dense peripheral bands containing cells and 

vinculin-positive adhesions were counted per cell. For all measurements a total of 50-150 cells in 3 

different experiments were counted. Images were processed using Adobe Photoshop. 

Statistics 

Groups were compared with the Kruskal-Wallis H test and considered significant different when 

p<0.05. Different groups were compared using the Mann-Whitney U test (Bonferroni correction for 

multiple testing). 

Supplemental online material 

All movies, except 1-3, are phase-contrast or DIC movies of HUVEC and 3T3 cells migrating for 24 h. 

Movies contain 121 frames and were accelerated resulting in a 12 s movie. Movies 1-3 are phase-

contrast movies of HUVEC migrating for 8 h and contain 960 frames. QuickTime movies correspond 

with still images in the figures: movie 1-3 (Fig. 1A-C), movie 4-6 (Fig. 2A), movie 7-11 (Fig. 4B), 

movie 12-23 (Fig. 6B), movie 24-27 (Fig. 8B) and movie 27-30 (Fig. 8D). Movie legends can be found 

at the end of this chapter and movies are available online via the Journal of Cellular Biochemistry. 

 

RESULTS 

Novel cell migration assay 

To study cell migration into a defined cell-free area often the ‘scratch’ assay is used. However, by 

introducing the ‘scratch’, damage is inflicted to the cells (Fig. 1A, Movie 1). Damaged cells leak 

cytoplasm and secrete growth factors and cytokines. Most importantly, the matrix is not defined. It is 
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made up of cell-secreted ECM-components, growth factors and contaminated with cell-remnants. A 

defined matrix is also absent when single cell motility is studied. Spreading and migrating cells modify 

matrix composition and cells will follow patterns of other cells (Fig 1B, Movie 2). Within the novel cell 

migration assay both the cells and the matrix are intact and the matrix can be strictly controlled (Fig. 

1C, Movie 3). A round, removable barrier, which prevents cell growth in the middle of the cover slip, 

is placed in a culture device (Fig. 1D, top view). After removal of the barrier, cells can migrate into the 

cell-free area, which has a matrix composition that has been defined a priori. In this “barrier-based” or 

“barrier” assay, cells and matrix are untouched.  

 

 
FIGURE 1. Set up and rationale of the “barrier-based” migration assay. 
A. High magnification of HUVEC at migration front in the “scratch” assay. The cells are damaged (d) and leak cytoplasm (c). 
The matrix (m) in the cell-free area is contaminated with cell secreted ECM-components, growth factors and cell remnants (r). 
See also Movie 1. 
B. High magnification of HUVEC migrating in a ‘single cell motility assay’. During attachment, spreading and prior to the assay 
the cells have manipulated the matrix (m). Migrating cells follow paths of other cells where the matrix is optimal. See also 
Movie 2. 
C. High magnification of HUVEC at migration front in the novel assay. Cells and matrix (m) are left unharmed. The matrix can 
be defined and manipulated. Bar, 10 µm, See also Movie 3. 
D. Top-view photograph of the Attofluor incubation chamber with the migration barrier in place. The barrier-insert fits tightly but 
can be removed easily. Cells are seeded on the cover slip outside the insert and are grown until confluence, after which the 
barrier is removed.  
E. Schematic representation of the “barrier-based” migration assay as in vitro model for cell migration. After removal of the 
barrier a cell-free area (white) is present next to a cell-dense region (grey). Cells are able to migrate into an area whose matrix 
composition is defined. The freehand line indicates the hypothetical path of a single cell (not in scale). The total migrated 
distance of this cell is tracked over time. Migration towards the centre of the cover slip (arrow) is defined as effective distance 
reflecting the directionality of cell movements. Other parameters like velocity, cell divisions and cell morphology changes were 
obtained from migration movies. 
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Cell movement and morphology are tracked over time and several parameters can be 

determined, including (effective) migration distance (Fig. 1E), velocity, cell polarity and number of cell 

divisions. 

 

Response of EC to growth factors and inhibitors using the novel migration assay 

The “barrier” migration assay was tested by studying the response of EC to VEGF and bFGF, and 

inhibitors of these growth factors to verify the assay (Fig. 2). In basal medium (containing serum, 

without additional growth factors) HUVEC showed little motility and cells started to die at later time 

points, due to the lack of growth factors [8] (Fig. 2A, left panel, Movie 4). When bFGF or VEGF was 

added, EC started to migrate into the gelatin-coated cell-free area. Under these conditions, 

remarkable differences were observed between the two growth factors (Fig. 2A, see also Movie 5, 6). 

bFGF triggered EC to migrate long distances and induced frequent cell divisions over 24 h. VEGF 

also induced migration but, cells migrated over less distance and sporadically divided during 

migration. However, the effective distance migrated (migration towards the middle of the cover slip, 

Fig. 2C) was the same for both growth factors, so the migration efficiency (effective migration divided 

by total migration) is higher under a VEGF regime (Fig. 2E). In accordance with these results, cell 

elongation measurements revealed that bFGF treatment increased the ratio of major to minor axis 

length approximately 1.5 fold, while treatment with VEGF caused a steeper increase of approximately 

2.5-3 fold (Fig. 2D). Interestingly this steeper increase became visible only after 12 h and later. 

Next to migration-induction in this novel assay we studied inhibition of migration as well using 

two well-defined inhibitors. Thalidomide, known to affect bFGF [28] and SU-5416 (a Flk-1/KDR 

receptor-kinase inhibitor), known to inhibit VEGF [29]-induced cell activity. Thalidomide blocked the 

migration distance and efficiency induced by bFGF, albeit incompletely. Addition of SU-5416 only 

slightly affected migrated distance induced by VEGF, but migration efficiency was completely 

inhibited (Fig. 2B, C). These results indicate that VEGF-signalling through Flk-1 is essential for 

directed EC migration. Flk-1 is known to effect VEGF-induced EC migration [30], but the effect on 

directionality is novel. Experiments done with HMVEC showed similar results (data not shown). We 

confirmed specificity of these two inhibitors by combining them with the non-matching growth factors. 

No inhibitory effects were seen when SU-5416 was used in combination with bFGF or Thalidomide 

with VEGF (Fig. 2 F, G). 
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FIGURE 2. bFGF and VEGF induced HUVEC migration in “barrier” assay. 
Confluent HUVEC grown on gelatin were allowed to migrate for 24 h using the “barrier” migration assay. 
A. HUVEC migration under different treatments (basal medium (with serum, without additional growth factors), bFGF (200 
ng/ml), VEGF (10 ng/ml), bFGF/Thalidomide (200 ng/ml, 40 µg/ml), VEGF/SU5416 (10 ng/ml, 30 µM)) respectively. The white 
dashed line indicates the migration front at T=0 h. Pictures are at T=24 h and obtained from migration movies available in 
supplemental movies 4-6, Bar, 100 µm 
B. Total migrated distance (µm) per cell. At least 30 cells in at least 3 separate experiments were measured.  
C. Effective migrated distance (µm) per cell. Effective migration is the distance towards the centre of the cover slip (straight 
line from starting-point to end-point, perpendicular to the migration front, reflecting directionality of the movement). At least 30 
cells in at least 3 separate experiments were measured. Data in B and C represent mean ± SEM of at least three independent 
experiments; a P<0.05 compared to basal medium; b P<0.05 compared to non-inhibited control. 
D. Cell elongation measurements as indication for cell polarity for bFGF and VEGF compared to basal medium (BM). Ratios of 
major and minor axis were measured in 24 cells in three separate experiments.  
E. Migration efficiency and velocity were calculated from the measurements shown in B and C. Cell divisions were counted 
over the time course of the experiment. Numbers represent the average ± SD of three independent experiments.  
F. Specificity of bFGF and VEGF inhibitors. SU5416 and Thalidomide were used in combination with their unmatched growth 
factors. No inhibition was observed. Bar, 100 µm 
G: Total and effective distance (µm) per cell after 24 h of growth factors with their unmatched inhibitors. Data represent mean 
± SEM of three independent experiments. 
 

bFGF and VEGF induce differential effects on cytoskeleton and adhesions 

To examine the effect of bFGF and VEGF on cytoskeleton and adhesions, we stained fixed cells for 

actin, MTs and vinculin after 24 h of migration (Fig. 3). In non-stimulated cells f-actin appeared mostly 

as dense peripheral bands, no stress-fibres were seen and the MT network was poorly developed. In 


















































































































































































































































































































































































































