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Abstract

Integrins are an important family of cell adhesion molecules which mediate 

cell-cell and cell-matrix interactions. Regulation o f integrins has been shown to be a 

key step in modulating cell behaviour. Scatter factor (SF) is a paracrine growth factor 

which may regulate integrin expression and function. SF has been shown to be 

involved in many cellular processes including embryogenesis, wound healing and 

tumour invasion. The purpose of this study was to determine the role o f SF in 

regulating integrin expression and function on normal human kératinocytes (NHK). 

The role o f SF on the tyrosine phosphorylation of focal adhesion kinase (FAK), a 

protein participating in integrin signalling, was also investigated. A series of 

squamous cell carcinoma cell lines, expressing different levels o f fibronectin 

receptor, was also used to examine the role of SF on specific integrins in mediating 

migration towards fibronectin.

The effects of SF on the integrin expression was examined in two in vitro 

models: monolayer culture and histotypic culture. In monolayer culture, SF 

modulated integrin expression by organising surface distribution without changes in 

the levels o f surface integrin expression. In histotypic culture, however, SF down- 

regulated all surface integrins examined. Integrin function was investigated by 

measuring the ability of NHK to adhere and migrate on various matrix proteins. SF 

reduced the adhesion of NHK to collagen type I, IV, laminin 1, 5 and fibronectin. SF 

selectively induced the migration of NHK towards fibronectin, but not to collagen 

type I and laminin 1. The aspi integrin was the main integrin which is responsible 

for the increase in migration. SF was able to promote the migration in all squamous 

cell carcinoma cell lines, confirming that the aspi integrin plays a significant role in 

SF-induced migration. SF increased the level of tyrosine phosphorylation o f FAK 

protein in NHK after 30 minutes. These results demonstrated that there is an 

interrelationship between SF and integrins in NHK and that SF can modulate the 

behaviour o f kératinocytes by modifying integrin function.
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Introduction

Chapter 1: Introduction 

1.0 Overview

The normal structure and function of a multicellular organism requires 

connections and communications between cells and between cells and the 

extracellular matrix (ECM). Cell adhesion molecules provide the mechanical 

adhesion for cells and also mediate intercellular communications. Integrins are an 

important family of cell adhesion molecules. They connect ECM to the cellular 

cytoskeleton and participate in signal transduction pathways by conveying 

information from the ECM into cells. Through these functions, integrins regulate cell 

motility, proliferation, differentiation and gene expression. The signal cascades 

utilised by integrins overlap with those of growth factors (reviewed by Yamada and 

Miyamoto, 1995), suggesting that these receptor systems do not act in isolation. 

Integrins co-operate with growth factors in cell differentiation (reviewed by Sastry 

and Horwitz, 1996) and cell migration (Klemke et al. 1997). Alteration in integrin 

expression has been observed in many tumours (reviewed by Keely, 1998), however, 

the mechanisms underlying these changes are not known. Thus, clarification of how 

growth factor receptors and integrins interact and co-ordinately regulate cellular 

physiology is of great value in understanding cell and tissue biology which is 

important in health and disease.

Scatter factor is one of a family of paracrine growth factors , which modulate 

epithelial growth, motility and morphogenesis. Many o f the cellular activities 

modulated by scatter factor and integrins are similar. Therefore, scatter factor is a 

useful example to study the relationship between growth factors and integrins.

1.1 Normal oral mucosa

1.1.1 Introduction

The oral cavity is lined by mucosa which consists o f two separate tissue 

components: stratified squamous epithelium, called the oral epithelium, and an 

underlying connective tissue, called the lamina propia. The oral mucosa separates 

and protects the deeper tissues from the environment o f the oral cavity. The interface 

between oral epithelium and lamina propia is usually irregular. At this junction, the
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Introduction

epithelial ridges or pegs (sometimes called rete ridges or pegs), interdigitate with the 

upward projections o f connective tissues, called the connective tissue papillae.In 

haematoxylin & eosin staining, this interface shows a structureless layer about 1 - 2  

pm thick, called the basement membrane. Beneath the lamina propia is the 

submucosa which is a loose connective tissue containing blood vessels, nerves and 

salivary glands.

There are three types of mucosa lining the different regions o f the oral cavity: 

masticatory mucosa, specialized mucosa and lining mucosa. The masticatory mucosa 

is a keratinized epithelium which covers gingiva and hard palate. The specialized 

mucosa is keratinized epithelium containing numerous papillae and taste buds. It is 

found on the dorsal surface of the tongue. The lining mucosa is a nonkeratinized 

epithelium which covers the remainder of the oral cavity.

1.1.2 The oral epithelium

The oral epithelium consists of epithelial cells attached tightly to each other 

and arranged in a number of distinct layers. The integrity of the epithelium is 

maintained by a process of continual turnover o f the epithelial cells. There are two 

types of proliferative kératinocytes: stem cells and transit-amplifying cells. They are 

located in the basal layers (two or three cell layers in thick epithelium). The stem cell 

has a high self-renewal capacity throughout the life of the organism and a low 

probability of terminal differentiation (Hall and Watt, 1989). The transit-amplifying 

cell, the daughter o f a stem cell, is committed to differentiate within 3-5 rounds of 

division.

When cells are committed to differentiate, they withdraw from the cell cycle 

and move away from the basal layer perpendicularly towards the surface of the 

epithelium. During this journey, they undergo morphological changes, express and 

modify differentiation products such as cell surface carbohydrate molecules, keratin 

or involucrin (reviewed by Fuchs, 1990) and lose surface integrins (Hotchin et al. 

1993a; Carter et al. 1991; Tennenbaum et al. 1996). Differentiated kératinocytes 

eventually produce two main patterns of maturation: keratinization and

nonkeratinization.

17
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1.1.2.1 Keratinization

Keratinized epithelium results from the formation of a surface layer of 

keratin. It is composed of four layers: stratum basale, stratum spinosum, stratum 

granulosum and stratum comeum (Figure 1.1). Stratum basale is a layer of cuboidal 

or colunmar cells adjacent to the basement membrane. Above the basal layer is 

stratum spinosum or prickle cell layer which usually contains several large oval cell 

layers. Under the light microscope and routine fixation and staining, the spinous cells 

shrink away from each other and remain attached where desmosomes are present. 

This appearance is known as intercellular bridges. The next layer consists of larger 

flattened cells containing conspicuous keratohyaline granules, so called stratum 

granulosum. The superficial layer is the stratum comeum which contains extremely 

flattened and dehydrated cells. The cells lose all organelles and nuclei, but are filled 

with packed keratin. The pattern of maturation described above is called 

“orthokeratinization”. However, it is not unusual that in masticatory mucosa the 

nuclei are retained. This variation of keratinization is known as “parakeratinization”.

1.1.2.2 Nonkeratinization

The basal and prickle cell layers of nonkeratinized epithelium are generally 

the same as those of keratinized epithelium. However, the cells of nonkeratinized 

epithelium are slightly larger and the intercellular bridges are less prominent. The 

stratum granulosum disappears and is replaced with the stratum intermedium which 

contains slightly flattened cells. The nuclei of the cells in the superficial layers 

(stratum superficiale) is still present. The tonofilaments do not aggregate into 

bundles as seen in keratinized epithelium (Figure 1.2).

1.1.2.3 Non-keratinocyte cells

Besides kératinocytes, the epithelium of the oral mucosa contains four 

different types of non-keratinocytes including Langerhans’ cells, Merkel’s cells, 

melanocytes and lymphocytes. These cells show a clear halo around their nuclei and 

do not have tonofilaments and desmosomes as seen in epithelial kératinocytes. This 

is except for Merkel’s cells which possess desmosomes (Squier and Finkelstein, 

1998).
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Stratum  com eum

Stratum  granulosumKeratohyaline
Granules

M em brane-coating 
Granules

Stratum  spinosum

/
Stratum  basale
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Figure 1.1 Diagram showing orthokeratinized oral epithelium (Squier and 
Finkelstein, 1998).

Glycogen

Membrane-coating 
Granules

Tonofilaments

Stratum superficiale

Stratum intermedium

Stratum spinosum

Stratum basale

Figure 1.2 Diagram showing nonkeratinized oral epithelium (Squier and 

Finkelstein, 1998).
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1.1.3 The lamina propia

The lamina propia is the connective tissue layer immediately below the 

epithelium. It contains cells, collagen fibres, ground substances and intercellular 

fluid. It contains blood vessels which provide a nutrient source for the oral 

epithelium. Several different cells including fibroblasts, cells of blood vessels 

(endothelial cells, smooth muscle cells) and inflammatory cells are found in the 

lamina propia. The fibroblast is the major cell type and is responsible for the 

production and turnover o f collagen and ground substances. Fibronectin (Yamada, 

1989), tenascin (Chiquet-Ehrisman, 1991), vitronectin (Dahlback et al. 1989) and 

other serum-derived proteins are found embedded in a ground substance of 

proteoglycans and glycoprotein.

1.1.4 The basement membrane of the oral mucosa

The basement membrane is a highly organised ECM, which is located 

between the oral epithelium and the lamina propia. It separates these two different 

primary germ layers and provides adhesion and a dynamic interaction between them. 

It limits the transportation of molecules and cells between the epithelium and 

connective tissue (Stanley et al. 1982; Abrahamson, 1986; Briggaman and Wheeler, 

1975). It modulates cell fimction and is an essential factor for maintaining the 

polarity and organisation o f epithelial cells (Ingber et al. 1986; Barcellos-Hoff et al. 

1989; Streuli et al. 1991).

Like basement membrane of skin, basement membrane of oral mucosa has 

auxiliary structures, knovm as anchoring complexes in addition to the normal 

integrin-mediated linkage of cells to the basement membrane. The anchoring 

complex contains hemidesmosomes, anchoring filaments and anchoring fibrils 

(reviewed by Borradori and Sonnenberg, 1996).

Although basement membrane appears as an amorphous structure under the 

light microscope, it shows a positive periodic-acid-Schiff reaction. At the 

ultrastructural level, the basement membrane is described as the basal lamina which 

can be divided into four descriptive zones: first, the cell membrane of the basal 

keratinocyte; second the lamina lucida; third, the lamina densa and fourth, the sub- 

basal lamina layer (Briggaman and Wheeler, 1975) (Figure 1.3).
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keratin cytoskeleton Epithelial cell 
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Figure 1.3 Diagram illustrates the proposed structure of the basement membrane 

zone and the integrin-mediated adhesion between cells and extracellular matrix. The 

integrin is a component of hemidesmosomes whereas the asPi integrin is located 

in non-hemidesmosome area
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Both lamina lucida and lamina densa are approximately 40-60 nm thick 

(Trelstad et al. 1974; Martinez-Hemandez and Amenta, 1983). The lamina lucida 

appears as a clear zone immediately adjacent to the cell membrane of the basal 

kératinocytes. It contains very fine filaments, termed anchoring filaments, which 

connect hemidesmosomes to the lamina densa (Holbrook and Smith, 1993). The 

anchoring filaments consist of laminin 5 (Rousselle et al. 1991) and have been 

shovm to bind directly to the anchoring fibrils which are composed o f type VII 

collagen (Rousselle et al. 1997). The lamina densa contains type IV collagen and 

heparan sulfate proteoglycan which are traversed by the finely banded anchoring 

fibrils. Anchoring fibrils originate at the lamina densa and extend into the sub-basal 

lamina layer. They terminate freely in the matrix and insert into electron-dense 

structures, termed anchoring plaques (these remain controversial), or loop back into 

the lamina densa (Burgeson, 1993). Anchoring fibrils are mainly composed o f type 

VII collagen (Sakai et al. 1986) and are the main component of the sub-basal lamina 

layer. Type I and III collagens also present in the sub-basal lamina layer. They run 

through the loops formed by anchoring fibrils (Squier and Finkelstein, 1998).

In conclusion, basement membrane is typically composed of several 

collagens, laminins, preteoglycans and small amounts of fibronectin (Fleischmayer 

and Timpl, 1984). Major architecture may be created by two independent networks 

o f type IV collagen and laminin 1, which connect together by nidogen (Dziadek, 

1995; Miosge et al. 1999; Yurchenco et al. 1992). Recent study by immunogold- 

histochemistry found that laminin 1, nidogen and type IV collagen are distributed 

over the entire basement membrane. This finding suggests the new basement 

membrane model in which laminin 1 and collagen type IV are not restricted to the 

lamina lucida and lamina densa, respectively (Miosge et al. 1999). The cellular origin 

o f basement membrane proteins is still controversial due to the complex spatial and 

temporal epithelial-mesenchymal interactions. However, it is likely that both 

kératinocytes and fibroblasts contribute to the protein component of the basement 

membrane (Smola et al. 1998; Contard et al. 1993). Basal kératinocytes produce 

laminins, type IV collagen and heparan sulfate proteoglycan (Marinokovich et al. 

1992; Prunieras et al. 1983a; Oguchi et al. 1985; Regauer et al. 1990; Rosdy et al. 

1993). Type VII collagen has been shown to be synthesised and secreted by
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kératinocytes both in vivo and in vitro (Regauer et al. 1990; Bachinger et al. 1990), 

but in vitro its assembly and the formation of anchoring fibrils may require dermal 

factors (Chamson et al. 1989). Fibroblasts secrete type I , III, IV and VII collagens, 

fibronectin, nidogen and laminins (Marinokovich et al. 1993; Leblond and Inoue, 

1989; Fleischmajer et al. 1995; Burgeson and Christiano, 1997).

1.1.5 Cell-cell and cell-matrix adhesion

1.1.5.1 Cell to cell adhesion

The major intercellular junctions in oral epithelium are desmosomes and 

adherens junctions. Desmosomes are only found on lateral and apical surfaces of 

basal kératinocytes whereas they are found all around surfaces o f suprabasal cells 

(Kelly, 1966), They facilitate the epidermal function as a permeability barrier and are 

regarded as static structures. However, they may play a dynamic role in epithelial 

morphogenesis and in development (Garrod and Fleming, 1990; Fleming et al. 

1991).

Desmosomes are oval or circular regions o f adjacent cell membranes which 

modify to enhance adhesion between the membranes of epithelial cells (Farquhar and 

Palade, 1963; Staehelin, 1974). The two plasmamembranes are close connected, but 

separated by an approximately 20-30 nm thick layer, a structure called desmoglea as 

revealed by electron microscope (Gorbsky and Steinberg, 1981). On the cytoplasmic 

side, each membrane is coated by a dense plaque of variable thickness of 10-40 nm 

(reviewed by Cowin et al. 1985) where the bundles of intermediate filaments (IF) 

anchor (Staehelin, 1974). Desmosomes contain eight major proteins. Desmoplakin I 

and II, plakoglobin and band 6  are the cytoplasmic components. Desmoglein, 

democollins I and II and a 22 kDa component are the transmembrane components. 

Desmoglein and desmocollins I and II are members of the desmosomal cadherins 

(reviewed by Carter et al. 1994).

Adherens junctions (zonulae adherens), are involved in cell to cell junctions 

o f epithelial cells (Farquhar and Palade, 1963). The molecules which mediate 

adhesion at these junctions are members of the calcium-dependent cadherin family 

(Takeichi, 1990). P-cadherin is present primarily in the basal cell layer while E- 

cadherin is expressed in basal, suprabasal and spinous cells (Shimoyama et al. 1989).
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The cytoplasmic plaque, catenin, links the cytoplasmic domain of cadherin to the 

actin cytoskeleton (Magee and Buxton, 1991; Tsukita et al. 1992). There is evidence 

to suggest that E-cadherin is involved in the invasive behaviour of tumour cells 

(reviewed by Jiang, 1996).

It has been suggested that pi integrins may mediate cell-cell adhesion in 

addition to their roles in cell-substrate adhesion (Carter and Wayner, 1990; Larjava et 

al. 1990; Symington et al. 1993). This suggestion is based on the finding that aspi 

and a%Pi integrins are expressed on the lateral and apical surfaces of kératinocytes 

both in vivo m à  in  vitro and calcium-induced aggregation of keratihocytes in culture, 

results in the relocation of as pi and a%pi integrins from focal adhesions to areas of 

cell-cell contact. However, this is still a matter of controversy. Weitzman et al. 

(1995) reported that cell surface aspi and a 2 pi did not enhance cell-cell adhesion in 

three cell lines examined, but may cause diminished cell-cell adhesion in some as 

transfectant cells.

1.1.5.2 Cell to matrix adhesion

Hemidesmosomes (HDs) are the primary cell-substrate adhesion structures 

found in epidermis. By electron microscopy, they are identified as electron dense 

plaques localised to the cytoplasmic side o f the membrane of basal kératinocytes at 

the basement membrane aspect. In several acquired and inherited blistering diseases 

of the skin, abnormalities of hemidesmosomal components cause tissue fragility, 

indicating the importance of these structures for the maintenance of epithelial- 

connective tissue adhesion and tissue integrity (reviewed by Borradori and 

Sonnenberg, 1996).

Based on biochemical studies, five major components o f the HD have been 

identified. These components are polypeptides with molecular mass o f 500, 230, 

200, 180 and 120 kDa and designated as HDl to HD5, respectively (reviewed by 

Burgeson and Christiano, 1997). HDl is the same protein as plectin (Hieda et al. 

1992; McLean et al. 1996). HD2 and HD4 are identical to the 230 kDa bullous 

pemphigoid antigen (BPAGI) and 180 kDa BPAG2 (or collagen type XVll), 

respectively. HD3 and HD5 correspond to the p4 and ae subunits of the aôP4 

integrin.
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HDl and BPAG 1 are located in cytoplasmic electron dense plaques. By their 

localisation and by in vitro binding studies, they have been suggested to be involved 

in connecting the cytokeratin intermediate filament network to the HDs (Jones et al. 

1994; Foisner and Wiche, 1991; Hieda et al. 1991; Hieda et al. 1992). BPAG2 and 

the aeP4 integrin are transmembrane components o f HD (Stepp et al. 1990; 

Hopkinson et al. 1992). The ligand of a 6p4 integrin in HD appears to be mainly 

laminin 5 (Carter et al. 1990; Niessen et al. 1994), while the ligand for BPAG2 

remains unclear. It has been proposed that BPAG2 may recruit BPAGl to an existing 

complex o f integrin a 6p4 and plectin (Borradori and Sonnenberg, 1996).

In addition to HDs, attachment o f epithelial cells to the basal lamina is 

mediated by the as Pi integrin and its ligand. The basement membrane ligand for 

asPi integrin is probably a complex of laminin 5 and laminin 6 (Champliaud et al. 

1996).

1.1.6 The extracellular matrix

In addition to cells, a significant proportion of tissue volume is extracellular 

space, which is largely filled with networks o f macromolecules constituting the 

ECM. The ECM consists o f a variety of proteins and polysaccharides which are 

secreted locally and assembled into an organised meshwork. As well as providing a 

scaffold for tissues, ECM provides a substratum for cell adhesion and plays a role in 

regulating the behaviour of the cells living within it.

The two main classes o f ECM molecules are: polysaccharide chains of 

glycosaminoglycan (GAGs) and fibrous proteins. There are two types of fibrous 

proteins: mainly structural (e.g. collagen and elastin) and mainly adhesive (e.g. 

fibronectin and laminin) (Birk et al. 1994). Only some major components of these 

macromolecules are described here.

1.1.6.1 Glycosaminoglycans

Glycosaminoglycans (GAGs) are polysaccharide chains made up o f repeating 

disaccharide units. Hyaluronan is the simplest of the GAGs. It consists of regular 

repeating sequences of up to 25,000 sugar residues. Except for hyaluronan, all GAGs 

(e.g. chondroitin sulfate or heparan sulfate) covalently link to a core protein to form 

proteoglycans. GAGs occupy a large volume and form a hydrated gel in the

25



Introduction

extracellular space. Proteoglycans bind to various secreted signalling molecules such 

as growth factors, proteases and protease inhibitors, hence they regulate the activities 

of growth factors and proteases. Proteoglycans can also be found on the surface of 

cells, where they act as co-receptors, helping cells to bind to the ECM and respond to 

growth factors. For example, syndecan binds to ECM molecules such as collagens, 

fibronectin and to basic fibroblast growth factor while its cytoplasmic part associates 

with the actin cytoskeleton.

1.1.6.2 Collagen

The characteristic feature o f atypical collagen molecule is the triple-stranded 

helical structure, in which three polypeptides, called a  chains, are folded into a 

triple-helical conformation. About 19 types of collagen have been identified (Meyers 

et al. 1994) and they fall into three main classes: the fibrillar collagens, the basement 

membrane or network-forming collagens and the fibril-associated collagens (Birk et 

al. 1994).

The major types of fibrillar collagens are types I, II and III. These collagens 

are ropelike structures (same as typical collagen molecules), which can aggregate 

into long fibrils, called collagen fibrils, in the extracellular space. The collagen fibrils 

often aggregate into larger bundles, which can be seen under the light microscope as 

collagen fibres.

Type IV collagen molecules assemble into a sheet like meshwork which 

constitutes a major part of the lamina densa of the mature basal lamina (Briggaman 

et al. 1991). Type VII collagen molecules form dimers that assemble into specific 

structures, called anchoring fibrils, which tether the lamina densa to the underlying 

connective tissue.

Type IX and XII are called fibril-associated collagen. These collagens bind to 

the surface o f fibrillar collagens and may mediate interactions of collagen fibrils with 

other fibrils or with other component of ECM (Birk et al. 1994).

1.1.6.3 Fibronectin

Fibronectin is a large glycoprotein synthesised by most mesenchymal cells, 

epithelial and endothelial cells. It contains two polypeptide chains (each of 

approximately 250 kDa), which bind together by two disulfide bonds near their 

carboxy-terminus. Multiple isoforms of fibronectin are generated by alternative RNA
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splicing in three regions called EIIA, EIIB and V (Schwarzbauer, 1991). Fibronectin 

containing the EIIA and EIIB exons are synthesised during embryonic development 

and are found at the margins of healing wounds. However, they are completely 

absent in the plasma fibronectin synthesised in the liver (Pagani et al. 1991; Ffrench- 

Constant et al. 1989). The modifications in the pattern of fibronectin isoforms have 

been shown during wound healing (Ffrench-Constant et al. 1989)and glomerular 

injury (Alonso et al. 1999). Through the specific domain, tripeptide arginine-glycine- 

aspartic acid (RGD) motif, fibronectin binds to a wide spectrum of ECM components 

e.g. collagens, fibrin, heparin and proteoglycans. It can also bind to cell surface 

receptor integrins and the cytokine transforming growth factor p (TGF-p) (Fava and 

McClure, 1987).

1.1.6.4 Laminin

Laminin is the major glycoprotein of basement membrane. The typical 

molecule is composed of three polypeptides (a, p and y chains), which are disulfide 

bonded into a cross-shaped structure. Five types of a  chains, three types of P chains 

and two types of y chains have been identified and can associate to form a large 

number o f laminin isoforms (reviewed by Timpl, 1996).

Laminin 1 (a l ,p l ,y l)  and laminin 5 (a3,p3,y2) are abundant at the basement 

membrane zone as described in Section 1.1.4. Laminin 2 (a2,p2,yl) was known 

formerly as merosin and is present at a low level in the epidermal basement 

membrane (Sollberg et al. 1992a). Laminin 5 (kalinin, nicein, epiligrin) is a smaller 

member of the laminin family. All three chains of laminin 5 lack the short arm 

domains found in classical laminin (Schittny and Yurchenco, 1990). It has been 

suggested that the tight binding of these absent-armed laminins to the basement 

membrane is stabilised by the association between laminin 5, laminin 6  (a3 ,p l,y l) 

and laminin 7 (a3,p2,yl) (Champliaud et al, 1996). Like fibronectin, laminin 

contains multiple binding domains, which can interact with many other extracellular 

matrix molecules such as type IV collagen, nidogen and heparan sulfate 

proteoglycan.
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1.2 Integrins

1.2.1 Introduction

Integrins are an important family of cell adhesion molecules which mediate 

cell-cell and cell-extracellular matrix interactions (Hynes, 1992; Hemler, 1990; 

Sanchez-Madrid and Corbi, 1992; Springer, 1994). Each integrin is a heterodimer of 

an a  and a p subunit where an a  subunit is non-covalently associated with a p 

subunit (Figure 1.4) (Hynes, 1987; Hemler et al. 1994). There are 16a and 8p 

subunits which combine to produce more than 20 different integrins (Sanchez- 

Madrid and Corbi, 1992; Dedhar, 1995; Clark and Brugge, 1995). In addition, 

alternative splicing of the a  and p subunits may add further complexity. Many a  

subunits can associate with only a single p subunit. However, some a  subunits can 

associate with more than one p subunit; for example av  can associate with 5p 

subunits (Figure 1.5) (Hynes, 1992).

Individual integrins can bind to more than one ligand and one ligand may 

bind with more than one integrin (Table 1.1). Although most integrins bind ligands 

which are components of the extracellular matrix for example fibronectin, collagens 

and vitronectin, some integrins can also bind to soluble ligand (such as fibrinogen) or 

to integral membrane proteins of the immunoglobulin superfamily (Hynes, 1992). 

Ligand binding specificity appears to depend largely on the heterodimer composition. 

The integrin-ligand interaction may be a crucial determinant o f the cellular 

phenotype, however, different integrins which bind to the same ligand type may not 

necessarily serve the same function.
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Ligand binding sites

a  subunit

Metal binding 
sites ^

P subunit

ICell m em brane

Cytoskeletal proteins

Cytoplasm

Figure 1.4 Schematic structure o f an integrin (prototype). An integrin is composed of 

a  and p subunits, eaeh o f which is a transmembrane glycoprotein with a single- 

spanning segment.
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Pi P2 P3 P4 P5 P6 P7 Ps

ai Yes - - - - - - -

«2 Yes - - - - - - -

«3 Yes - - - - - - -

Œ4 Yes - - - - - Yes -

as Yes - - - - - - -

Œg Yes - - Yes - - - -

a? Yes - - - - - - -

ag Yes - - - - - - -

« 9 Yes - - - - - - -

QL\ Yes - Yes - Yes Yes - Yes

a t - Yes - - - - - -

(%M - Yes - - - - - -

(%x - Yes - - - - - -

OCllb - - Yes - - - - -

- - - - - - Yes -

Figure 1.5 Diagram demonstrates the integrin family. The currently known integrin 

subunits, the subunit combinations which form the known integrins. The ligands for 

these integrins are shown in Table 1.
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Table 1.1 The integrin receptor family

Subunits Ligands and 

counterreceptors

References

Pi a i COLL I, COLL IV, LM 1 (Hemler, 1988)

«2 COLL I, COLL IV, LM 1 (Hemler, 1988; Wayner and Carter, 
1987; Languino et al. 1989)

«3 COLL I, LM 1 ,L M 5,F N (Hemler, 1988; Wayner and Carter, 
1987; Carter et al. 1990)

Œ4 FN, VC AM-1 (Wayner and Carter, 1987; Takada et 
al. 1989; Guan and Hynes, 1990)

«5 FN (Ruoslahti and Pierschbacher, 1987)

06 L M l (Sonnenberg et al. 1988)

07 LM I (Kramer et al. 1991)

08 FN,TN (Bossy et al. 1991; Muller et al. 1995)

09 TN (Yokosaki et al. 1994)

Ov VN (Vogel et al. 1990)

P2 Ol ICAM-1, ICAM-2 (Kishimoto et al. 1989)

Om C3bi, FN, ICAM-1 (Kishimoto et al. 1989)

Ox FB, C3bi (Kishimoto et al. 1989)

P3 Oiib FB, FN, VWF, VN, OP (Ruoslahti and Pierschbacher, 1987)

Ov VN, FB, VWF, FN (Ruoslahti and Pierschbacher, 1987)

P4 06 LM 1, LM 5 (Lotz et al. 1990; Niessen et al. 1994)

Ps Ov VN,FN (Adams and Watt, 1991; Busk et al. 

1992)

P6 Ov FN (Busk et al. 1992)

P? 04 FN, VCAM-1 (Holzmann and Weissman, 1989)

Oe E-cadherin (Karecla et al. 1996)

Ps Ov VN (Nishimura et al. 1994)

COLL, Collagen; C3bi, inactive form of complement component; FB, Fibrinogen; 
FN, Fibronectin; ICAM, Intercellular cell adhesion molecule; LM, Laminin; OP, 
Osteopontin; VN, Vitronectin; VC AM, Vascular cell adhesion molecule; VWF, von 
Willebrand factor; TN, Tenascin.
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1.2.2 Primary structure of integrins

Each integrin subunit consists o f a relatively large extracellular domain (~ 

1000 residues for the a  subunit and -750 for the P subunit), a hydrophobic 

transmembrane domain, and a short cytoplasmic tail (typically less than 60 residues 

for either subunit) (Figure 1,4) (Hynes, 1992; Hemler et al. 1994; Loftus et al. 1994; 

Williams et al. 1994). The cytoplasmic domain of the p4 subunit is unique as it 

contains about 1000 amino acids (Hogervorst et al. 1990). The a  subunit contains 

three to four putative divalent cation binding sites (Tuckwell et al. 1992). Those 

integrins with only three divalent cation binding sites in the a  subunit have an 

additional inserted (I) domain between the second and third repeats. The I domain is 

-200 amino acid residues long and is homologous to the A domain of von 

Willebrand factor (Colombatti and Bonaldo, 1991). It has been shown that the I 

domain binds divalent cations through a novel cation-binding motif (Qu and Leahy,

1995). The p subunits are characterised by four cysteine-rich regions found proximal 

to the membrane-spanning region (Dedhar, 1990). Their amino acid sequences have 

a 40 % homology between units (Hemler, 1990). A highly conserved -200 amino 

acid sequence, located in the N-terminal portion of the p subunit, is similar to those 

from the I domain of the a  subunit. This finding suggests that this region contains a 

divalent cation binding site similar to that found in the a  subunit domain (Lee et al. 

1995; Tozer et al. 1996). The transmembrane and cytoplasmic domains are not 

required to form the heterodimer as truncated integrins which lack transmembrane 

and cytoplasmic tails can form functional a p  dimers (Dana et al. 1991). The 

cytoplasmic domains couple with cytoplasmic proteins which are cytoskeletal 

proteins and catalytic signalling proteins (Sastry and Horwitz, 1993). The picture of 

‘integrin as a single globular head with two rod-like tails’ was showed by rotary 

shadowing electron microscopy (Carrell et al. 1985). The a  and p extracellular 

domains form a single head while the two tails correlate to the separate a  and p 

cytoplasmic regions. In addition, electron microscope studies suggest that ligand 

binding occurs in the amino terminal part of the head region (Weisel et al. 1992).
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1.2.3 Regulation of integrin function

The adhesive properties of cells can be regulated through the selective 

expression of the integrin repertoire and by the modulation of their binding 

properties. A distinctive feature o f integrins is their ability to modulate the level of 

adhesion rapidly and reversibly. The integrin-mediated adhesion may occur without 

changes in their surface integrin. This appears to be a common mechanism for rapid 

regulation of adhesion (Hynes, 1992; Dustin and Springer, 1989). Cells can modulate 

their adhesive function by conformational changes in the extracellular region of 

integrins. This regulation of integrins is called integrin-affmity (monovalent-affinity). 

Another regulation of integrin is called ‘integrin avidity’, a mechanism which does 

not involve integrin affinity, Integrin avidity is mainly associated with events that 

involve integrin-cytoskeleton interactions (Faull et al. 1994; Danilov and Juliano, 

1989; Sanchez-Mateos et al. 1993; Peter and O'Toole, 1995). These include the 

organisation of the cytoskeleton, the localisation of integrins at specialised adhesion 

sites and integrin-mediated cell spreading. It has been demonstrated that cytoskeletal 

structures anchored to cytoplasmic regions of integrins contribute to the strength of 

adhesion (Lotz et al. 1989; Tozeren et al. 1992). The integrin-cytoskeleton 

interaction can regulate cell adhesion by several mechanisms. For example, the area 

of cell contact with the substratum is increased during cell spreading. This allowed 

the interaction of a larger number of integrin-ligand complexes, resulting in high 

stability of cell adhesion. Many observations suggested that the P subunit is a critical 

linkage with the cytoskeleton. For example, the cellular distribution patterns of 

integrins in spread cells depend on the p chain : avPs and ayps have a different 

subcellular distribution in cells on vitronectin (Wayner et al. 1991). The p4 subunit is 

localised to hemidesmosomes (Stepp et al. 1990), while the Pi subunit is localised to 

focal adhesions (Burridge et al. 1988). In contrast to the p subunit, the a  subunit does 

not seem to have a direct role in the interaction with cytoskeletal components or in 

localisation to focal adhesions. For example, truncation of the as cytoplasmic domain 

does not affect the localisation of as pi integrin to form focal adhesions (Bauer et al. 

1993).

In conclusion, there are two aspects of the regulation of integrin function: 

regulation of integrin affinity and regulation of integrin avidity. However, both types
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of regulation can be regulated by different factors acting either from outside the cells 

or from the cell interior (outside-in signalling and inside-out signalling, reviewed by 

Hynes, 1992).

1.2.3.1 Regulation of integrin affinity from outside the cell

Several factors regulating integrin functions from outside the cell have been 

identified and among them, divalent cations, monoclonal antibodies (mAbs) and 

integrin ligands themselves have received considerable attention.

1. Divalent cations

The presence of divalent cations is a necessary requirement for the 

acquisition of ligand recognition and binding capacities by integrins (Smith and 

Cheresh, 1991). As mentioned above, both the a  and p subunits contain divalent 

cation binding sites. Several studies showed evidence linking the divalent cation 

binding sites of both the a  and p subunits, to ligand. The cation binding domains are 

proximal to the ligand binding sites and peptides derived from the cation binding 

sites interfere with ligand binding (D'Souza et al. 1990; D'Souza et al. 1991; Smith 

and Cheresh, 1990; Taylor and Gartner, 1992).

Three divalent cations have received considerable attention as regulators of 

integrin activity: Mĝ "̂ , Câ "̂ , and Mn̂ "̂ . Most data indicate that the presence of 

extracellular Mg^”̂ alone, at millimolar concentrations, induces activation of integrins 

(Dransfield et al. 1992; Kirchholfer et al. 1990; Masumoto and Hemler, 1993). 

Conversely, Câ "̂  generally inhibits the ability of integrins to bind to their ligands 

(Dransfield et al. 1992; Masumoto and Hemler, 1993; Grzesiak et al. 1992; Hemler 

et al. 1990; Staatz et al. 1989). However, there are some exceptions such as Câ "̂  

enhances the binding of integrin a^P] to RGD containing peptides or vitronectin or 

Mĝ "̂  inhibited the ability of integrin aypi to bind fibronectin (Kirchholfer et al. 

1991). Mn̂ "̂  seems to be more potent than Mĝ "̂  being effective at concentrations in 

the micromolar range (Smith et al. 1994).

Even though it is well documented that ligand recognition and binding is 

modulated by divalent cations, the mechanism of this regulation remains unclear. It 

has been postulated that the binding of appropriate divalent cations to the a  and the p 

subunits o f integrins is necessary to induce and/or maintain specific conformations of 

integrin which facilitate the interaction with ligands. This view is supported by
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studies of pi, p2 and P3 integrins using mAbs which detected epitopes on the a  or p 

chain which are expressed only in the presence of specific divalent cations (reviewed 

by Sanchez-Mateos et al. 1996).

2. Monoclonal antibodies

Integrin-ligand binding can be activated or inhibited by specific mAbs. 

Several studies of the pi, p2 and pg integrin families support this view (Freelinger et 

al. 1991; Arroyo et al. 1992; Arroyo et al. 1993; Kovach et al. 1992; van de Wiel-van 

Kemenade et al. 1992; Andrew et al. 1993; Ortlepp et al. 1995). It has been 

postulated that the binding of activating mAbs cause conformational changes which 

affect their adhesive function. Mapping of the epitopes recognised by several Pi- 

activating mAbs has led to the identification o f a small regulatory region (aa 207- 

218), which has a predicted p-bend structure. The binding of activating mAbs to this 

flexible region induces conformational changes (Takada and Puzon, 1993). In 

addition, some antibodies recognised the pi - subunit only in its active state as it 

might bind to a region which is exposed only in the active configuration (Kovach et 

al. 1995).

3. Integrin ligand and ligand-mimeric peptides

The binding of soluble fibrinogen to the integrin anbPs was stimulated by 

preincubation with peptides containing the RGD (Arg-Gly-Asp) sequence (Du et al. 

1991). Initial interaction with ligand 1C AM-1 has been shown to be a requirement for 

full activation of the leukocyte integrin LFA-1 (Cabanas and Hogg, 1993). However, 

how ligands induce integrin function remains obscure. Because interactions between 

integrin heterodimers and ligand molecules involve several binding sites in the a  and 

p subunits, it has been speculated that these sites might act sequentially. Initial 

binding of ligand or ligand-mimeric peptides to one/several integrin sites may cause 

change in integrin conformation which reveal other ligand binding sites, resulting in 

more stable ligand binding (Hogg et al. 1994; Stuiver and O'Toole, 1995).

1.2.3.2 Regulation of integrin avidity from outside the cell.

Upon ligand binding, integrin cytoplasmic domains interact with initiators of 

signalling cascades leading to a wide variety of cellular responses including cell 

migration (Wu et al. 1995; Seftor et al. 1992; Brooks et al. 1994), cell spreading and 

gene expression (LaFlamme and Auer, 1996). One of these signals might, in turn.
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eventually determine integrin distribution. This hypothesis is supported by the 

studies in pi, p3 and Ps integrins (LaFlamme et al. 1994; Lukashev et al. 1994; Chen 

et al. 1994).

1.2.3.3 Regulation of integrin affinity from the cell interior.

Integrin affinity can also be controlled from within the cell through 

intracellular signalling. This process has been termed ‘inside-out’ signalling , and is 

a key aspect o f integrin function. Under physiological conditions, the acquisition of 

high affinity for ligand binding is most probably a direct consequence of 

conformational changes of integrins mediated by the cytoplasmic tails in response to 

intracellular signals. Several studies reported the type of intracellular regulation o f 

affinity in the pi. Pi and pg integrin families. For example, resting leukocytes are 

normally non-adherent, but a variety of agents which induce the generation of 

intracellular second messengers results in increased affinity of Pi and Pi integrins 

(Dustin and Springer, 1989; Zimmerman et al. 1992; van Kooyk et al. 1989), After 

activation by some agonists, the integrin anbPs on circulating platelets, which 

normally binds weakly to soluble fibrinogen, shows increased affinity for fibrinogen, 

leading to platelet aggregation (Phillips et al. 1991).

Several sequences within the cytoplasmic regions of the a  and p subunits 

have been implicated in this type of regulation (O'Toole et al. 1994; Hibbs et al. 

1994; Williams et al. 1994; Stuiver and O'Toole, 1995).

The characterisation of the intracellular signals implicated in the regulation of 

the affinity of integrins is incomplete. Recently, however, different models have been 

developed to explain how intracellular signals modulate integrin affinity (Stuiver and 

O'Toole, 1995; O'Toole et al. 1994; Williams et al. 1994). The existence of cofactors 

or regulators of integrin affinity which can act either as activators or repressors 

seems to be a common feature among these models. The elevation of Câ "̂ , or cyclic 

AMP (cAMP) have recently been reported in the regulation of integrin adhesive 

function. However, the mechanism does not clarify whether this regulation is through 

changes in integrin affinity or avidity (Haverstick and Gray, 1992; Dustin and 

Springer, 1989; van Kooyk et al. 1993; Harfield et al. 1993).
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1.2.3.4 Regulation of integrin avidity from the cell interior

Although redistribution of receptors has generally been observed after 

integrin-ligand binding, several studies suggest that this change can be found before 

the integrin-ligand binding or in the absence of ligand binding. Therefore, changes in 

adhesion in response to certain physiological factors might operate through changes 

in integrin avidity, instead of integrin affinity. Both mechanisms can account for the 

increase in adhesion in response to ‘inside-out’ signalling through integrins, 

however, they have different biological consequences (Faull et al. 1994). Hence, 

inside-out signalling may be mediated by the interaction o f integrins with 

cytoskeletal proteins which may serve to anchor and cluster integrins at a special site. 

For example, reorganisation of the actin cytoskeleton has been observed after 

activation o f protein kinase C (Haverstick et al. 1992; Downey et al. 1992). Phorbol 

esters such as PMA induced micro-clustering of CDl lb/CD 18 integrin (mac-1, CR3) 

in the absence of ligand (Detmers et al. 1987).

1.2.4 Integrin signalling and cytoskeletal control

Besides their roles in cell adhesion, integrins regulate cytoskeletal 

organisation and mediate transmembrane signal transduction. It is interesting that 

many of the well known signal transduction pathways identified previously for 

growth factors and cytokines are generally also stimulated by integrins. Integrin- 

mediated adhesion activated a variety o f signalling pathways which regulate cell 

behaviour including cell proliferation, differentiation, gene expression, apoptosis, 

Ca^^ influx, protein tyrosine and non-tyrosine phosphorylation, activation of 

mitogen-activated protein kinases (MAPK). Some of these pathways overlap with 

growth factor pathways (reviewed by Yamada and Miyamoto, 1995).

1.2.4.1 Mechanisms of integrin-mediated signalling

Because integrins lack an intrinsic enzymatic activity, it has been postulated 

that integrin cytoplasmic tails bind to signalling molecules for example one or more 

kinases, which can then initiate signalling cascades after integrin ligation and/or 

aggregation. The phosphorylation of focal adhesion kinase (FAR), which is a 

tyrosine kinase receptor, has been suggested to initiate a signalling cascade, because 

it binds to the integrin Pi cytoplasmic domain (Schaller and Parsons, 1994) and is
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one of the molecules that co-cluster with Pi integrin (Miyamoto et al. 1995a). In fact, 

other signalling molecules including Src and Csk kinases, other kinases and Ras have 

been reported to be involved in integrin signalling (Shattil et al. 1994a; Clark and 

Brugge, 1995; Bergman et al. 1995; Schlaepfer et al. 1994; Miyamoto et al. 1995b; 

Plopper et al. 1995). It is probable that FAK or other kinases are bound continuously, 

but weakly to integrins or they might accumulate only after integrin aggregation.

1.2.4.2 Roles of integrin cytoplasmic domains in integrin signalling.

It has been shown that the p cytoplasmic domains are both required and 

sufficient for signalling in tyrosine phosphorylation of FAK (Guan et al. 1991; 

Akiyama et al. 1994; Lukashev et al. 1994). However, the a-intracellular domains 

also have several distinct roles in integrin-mediated processes. For example, 

recombinant a :P i receptor, containing either the a i  or a$ intracellular domain 

stimulated gel contraction, while recombinant receptors containing the 

cytoplasmic domain did not. Nevertheless, the latter recombinant showed increased 

cell migration (Chan et al. 1992). The differences in these ftmctions might be due to 

differences in integrin-cytoskeletal interactions or in integrin-signalling events. In 

addition, it remains unclear whether a  cytoplasmic tails bind directly to cytoplasmic 

proteins or they regulate the interaction mediated by p-cytoplasmic domains. 

Nevertheless, evidence suggests that signal transduction seems to be subunit-specific 

(Kawaguchi et al. 1994; Kassner et al. 1994; Pasqualini and Hemler, 1994). For 

example, the p6 cytoplasmic domain was needed for growth stimulation of a tumour 

cell line (Juliano and Haskill, 1993).

1.2.4.3 Cytoskeletal and signalling complexes

It appears that integrins fimction by integration of cytoskeletal organisation 

and signalling events. Cytochalasin D prevents actin filament organisation and can 

disrupt integrin-mediated signalling via tyrosine kinases (Shattil et al. 1994a; Clark 

and Brugge, 1995; Miyamoto et al. 1995b). Therefore, the integrin-signalling 

pathways and cytoskeletal control seem to depend on a series o f stages resulting from 

integrin occupancy and aggregation with or without tyrosine phosphorylation. For 

example, a subset of cytoskeletal proteins including tensin, a-actinin, talin and 

vinculin did not require tyrosine phosphorylation after integrin occupancy and 

clustering. On the other hand, another set of cytoskeletal proteins including paxillin
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and F-actin, as well as signal transduction molecules such as Ras, phospholipase y 

and extracellular-signal regulated kinase (ERK) require tyrosine phosphorylation, 

integrin occupancy and aggregation (Miyamoto et al. 1995b).

1.2.5 Integrin expression on normal oral kératinocytes

Although there are many integrin types as shown in Table 1, these integrins 

are not expressed in all cell types. The pattern of surface integrin expression varies 

between different cell types. For example, integrins of the P2 family are exclusively 

expressed on the surface o f white blood cells. In contrast to the P2 family, integrins 

of the Pi family, are present on many cell types (reviewed by Albelda and Buck, 

1990).

1.2.5.1 Expression in normal oral mucosa

Normal oral mucosa expresses a 2 pi, aspi, aspi, 0C6P4 and avPs integrins 

(Jones et al. 1993; Larjava et al. 1993; Becker and Schuppan, 1995; Hormia et al.

1990). tt2 Pi and aspi integrins show strongly pericellular staining in the basal cells 

with weak expression in the suprabasal cell layers (Larjava et al. 1993; Becker and 

Schuppan, 1995) and patchy expression in the prickle cell layer (Jones et al. 1993). 

tt6p4 integrin has a pericellular distribution in the basal cells, but is relatively 

concentrated on the basal plasma membrane, giving a strong band-like pattern at the 

basement membrane zone (Jones et al. 1993; Hormia et al. 1990; Larjava et al.

1993).

aspi integrin is absent (Hormia et al. 1990; Larjava et al. 1993) or shows 

variable cytoplasmic staining in basal cell layers (Jones et al. 1993; Becker and 

Schuppan, 1995). ayps integrin is weakly expressed in a pericellular manner in the 

basal, suprabasal and prickle cell layers in buccal mucosa (Jones et al. 1997). 

However, Haapasalmi et al. (1996)were unable to detect ayPs integrin in palatal 

mucosa. This may suggest site-specific expression o f ayps integrin, although more 

cases are needed to be examined. aôPi integrin has been suggested to be present in 

normal gingival epithelium (Hormia et al. 1990). However, it has been shown that in 

the presence of the p4 subunit, ag appears not to associate with the pi subunit 

(Giancotti et al. 1992). In hyperplastic epithelium, however, the ag subunit was
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expressed more extensively than P4 , indicating that ae may form a heterodimer with 

the Pi subunit (Jones et al. 1993).

a i , (Jones et al. 1993; Hormia et al. 1990) and Pe (Haapasalmi et al. 1996; 

Jones et al. 1997) subunits are not detected in normal oral mucosa.

In conclusion, integrin expression is normally confined to the basal cell 

layers and is down-regulated during upward migration and terminal differentiation. 

However, there are some conditions where integrins show suprabasal expression 

such as in wound healing (Larjava et al. 1993) or hyperplastic lesions (Jones et al.

1993). In wound healing, asPi and avPs integrins, which are normally absent or show 

variable staining, are also up-regulated (Larjava et al. 1993). ŒvPô integrin is induced 

to express at a relatively late stage during wound healing (Haapasalmi et al, 1996).

1.2.5.2 Expression in tissue culture

Normal oral kératinocytes show high level expression of a i, as, ae, pi, p4 

subunits, but relatively low level expression of a$ and ay subunits (Sugiyama et al.

1993). The integrin profile of normal oral kératinocytes appears to be similar to those 

o f normal skin kératinocytes (De Luca et al. 1990; Carter and Wayner, 1990).

Pi integrin is localised at the area of cell-cell contacts (Larjava et al. 1992). 

aeP4 integrin shows typical patchy staining (Jones et al. 1996a) in a similar pattern as 

seen in skin keratinocyte (Carter et al. 1990; De Luca et al. 1992; Marchisio et al,

1991). Jones et al. (1996a) reported that oral kératinocytes organised aeP4 in “Stable 

Anchoring Contacts” (SACs) and aspi integrin in focal adhesions as previously 

reported in skin kératinocytes (Carter et al. 1990).

In skin kératinocytes, aôP4 is colocalised with BPAG 1 (bullous pemphigoid 

antigen) to form structures termed SACs. SACs have been suggested to be an in vitro 

structure corresponding to hemidesmosomes: adhesive devices which are found only 

in vivo. They are relatively stable to detergents and ureas compared to focal 

adhesions and are found only in nonmigrating cells, suggesting an anchoring function 

(Carter et al. 1990).

In contrast to hemidesmosomes, focal adhesions are developed and identified 

in cell culture but are rarely found in vivo (Jockusch et al. 1995; Gates et al. 1994). 

Although focal adhesions are very prominent in cultivated cells, they are highly
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dynamic and can be reversibly assembled and disassembled within minutes, making 

them difficult to characterise (Jockusch et al. 1995).

Focal adhesions are special sites of plasma membrane by which cultivated 

cells make close contact with the substratum. They consist of aggregated integrins, 

which connect to extracellular matrix at the outside of the cells and associate, inside 

the cell with cytoskeletal proteins including talin, a-actinin, vinculin, paxillin, tensin 

and with a series o f tyrosine kinases such as pp60src and FAK (Damsky and Werb, 

1992; Burridge and Wodnicka, 1996; Juliano and Haskill, 1993). Focal adhesions 

appear to be major sites of signalling transduction as a result o f their components: 

integrins, ECM and signalling proteins such as FAK, Src.

1.2.6 Integrin function in normal epithelium

1.2.6.1 Integrins and anchoring functions

Cell-cell adhesion

Several studies suggest that a%pi and aspi integrins may play a role in cell

cell adhesion. However, this putative role of pi integrins remains controversial as 

discussed in Section 1.1.5.1.

Cell-extracellular matrix adhesion

a 6 p4 integrin is a crucial component of hemidesmosomes (HD) which 

stabilise the basal cells to the basement membrane (reviewed by Burgeson and 

Christiano, 1997). In an in vitro wound healing model, the binding o f a 6 p4 integrin to 

laminin 5 activates the nucléation of HD and antibodies directed against the aôP4 

integrin inhibit the assembly of HD (Kurpakus et al. 1991). Introduction of a 

truncated tail-less P4 subunit into bladder epithelial 804G cells decreased the number 

o f HD formed (Spinardi et al. 1995). The tyrosine phosphorylation o f p4 integrin has 

been shown to regulate the assembly of HD (Giancotti, 1996; Mainiero et al. 1995; 

Mainiero et al. 1996). In humans, mutation of the p4 integrin causes severe junctional 

epidermolysis bullosa (JEB) (Niessen et al. 1996). Recently, the roles of aaP4 

integrin in cell-matrix adhesion and in HD assembly have been emphasised by 

studies in null-mutant mice. p4-knockout mice lack HD and showed widespread 

dermo-epidermal separation (Georges-Labouesse et al. 1996; van der Neut et al. 

1996; Dowling et al. 1996).
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Besides a 6 ^ 4  integrin in HD, asPi integrin has also been implicated to 

mediate the attachment of epithelial basal cells to basement membrane (Carter et al. 

1990; DiPersio et al. 1997; Carter et al. 1991). as-deficient mice showed 

disorganised ECM and blisters at the dermo-epidermal junction. Interestingly, 

laminin 5 remains associated with both the dermal and epidermal sites o f blisters, 

suggesting that these ruptures occurred in the basement membrane itself. Unlike 

blisters in a 3pi deficient mice, blisters of JEB showed detachment o f the epidermis 

from the basement membrane (DiPersio et al. 1997). At present, there is no evidence 

about the human phenotype related to mutations in as integrin.

1.2.6.2 Integrins in wound healing

In wound healing, kératinocytes of the wound margin lose their contact with 

the basement membrane and are exposed to components o f provisional matrix 

containing fibronectin, vitronectin, tenascin and various collagen types (Gailit and 

Clark, 1994). During this process, expression of several integrins are altered. 

Integrins are not confined to the basal layer, but they are also found at several 

suprabasal layers (Cavani et al. 1993; Hertle et al. 1992; Juhasz et al. 1993). asPi, 

avp5 and ayp6 integrins, which are normally absent or weakly expressed in normal 

epithelium, become strongly expressed (Haapasalmi et al. 1996; Larjava et al. 1993). 

Expression of aspi integrin is also up-regulated, while expression of a]Pi integrin is 

variably reported (Larjava et al. 1996; Cavani et al. 1993; Larjava et al. 1993). aeP4 

integrin losses polarisation and shows diffuse staining (Cavani et al. 1993; Larjava et 

al. 1993). These observations suggest the important role o f the interplay between 

integrins and ECM in wound healing.

The up-regulation o f aspi, «spi and avPs integrins may be necessary for 

kératinocytes to migrate over the wound bed (Cavani et al. 1993). ayps and asPi 

integrins appear to mediate keratinocyte migration on vitronectin (Kim et al, 1994) 

and fibronectin (Clark, 1990; Kim et al. 1992), respectively, aspi integrin is probably 

involved in keratinocyte migration by the interaction with fibronectin and laminin 5 

(Carter et al. 1991; Larjava et al. 1993). Laminin 5 is the only component of 

basement membrane which is present over the wound bed (Laijava et al. 1993). 

Nevertheless, the role of as Pi integrin in keratinocyte migration on laminin 5 

remains controversial, aspi integrin has been shown to promote and inhibit
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keratinocyte migration by the interaction with laminin 5 (O'Toole et al. 1997; Zhang 

and Kramer, 1996). Interestingly, up-regulation of avp6 integrin appears not to be 

necessary for keratinocyte migration since it is found at a relatively late stage of 

wound healing or when epithelial wound sheets are fused. The concomitant 

expression o f ŒvPô integrin and the presence of tenascin in provisional matrix 

suggests that aype may provide proliferation signals to healing epidermis (Clark et al. 

1996). In addition, ayp6 integrin has been reported to promote proliferation of colon 

carcinoma and embryonic kidney cells (Agrez et al. 1994). It is also possible that the 

binding of ayp6 integrin with its ligands serve as a transient adhesion for 

kératinocytes before the assembly of basement membrane (Haapasalmi et al. 1996). 

Diffuse staining o f (%6p4 integrin during cell migration may imply loss o f stable 

hemidesmosomal anchorage which would allow cells to migrate over the wound bed. 

In vitro models of wound healing have suggested that polarisation of a 6p4 integrin to 

the basal surface may be responsible for activating assembly of hemidesmosomes 

(Kurpakus et al. 1991).

1.2.6.3 Integrins in epidermal differentiation

Human epidermis can be divided into two cell compartments: a germinative 

one consisting of the basal cell layer and a differentiating one consisting of the 

suprabasal cell layers. When kératinocytes are committed to differentiate, they stop 

dividing, leave the basal compartment and move upward to the suprabasal layers. 

These processes result in loss of surface integrin expression and initiation of 

suprabasal markers such as involucrin (Fuchs, 1990; Hotchin et al. 1993b; Carter et 

al. 1991; Tennenbaum et al. 1996). In culture, human kératinocytes can be grown 

under conditions in which they maintain many of the properties of their tissue of 

origin (Green, 1980; Watt, 1988). They form stratified sheets and become committed 

to differentiate once they leave the basal cell layer. Interestingly, basal kératinocytes 

lose their adhesiveness to fibronectin, laminin and collagen type I and IV before the 

loss of integrins from the cell surfaces (Adams and Watt, 1990). The loss of surface 

integrins has been shown at both transcriptional and post-translational levels 

(Nicholson and Watt, 1991).

Terminal differentiation can also be induced by suspending disaggregated 

kératinocytes in medium treated with methyl cellulose (Green, 1977) or 12-0-
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tetradecanoylphorbol 13-acetate (TPA) (Parkinson et al. 1983; Watt, 1988). Thus 

loss o f contact with the ECM may initiate terminal differentiation. Suspension- 

induced terminal differentiation can be prevented by addition o f fibronectin or 

antibodies against the Pi subunits or a combination of low concentrations of 

fibronectin, laminin and type IV collagen or a cocktail o f function blocking 

antibodies to the a i, as and a$ subunits (Adams and Watt, 1989; Watt et al. 1993). 

These experiments demonstrated that ligand binding prevents kératinocytes from 

undergoing terminal differentiation. Hence, high levels o f surface pi integrins could 

protect stem cells from differentiation. However, since both stem cells and transit- 

amplifying cells have a similar pattern o f Pi integrins, it seems likely that terminal 

differentiation in vivo is regulated by the absolute number o f occupied receptors 

(Dyson and Gurdon, 1998). In this context, environmental factors, particularly the 

composition of basement membrane, could also be key determinants in regulating the 

fate of stem cells in vivo (Dalton et al. 1995; Delcommene and Strenli, 1995; Adams 

and Watt, 1989).

Expression and function of pi integrins have been shown to be useful 

parameters in distinguishing subpopulations o f human epidermal kératinocytes 

(Jones and Watt, 1993; Adams and Watt, 1990). Basal cells contain two types of 

proliferative kératinocytes: stem cells and transit-amplifying cells. The stem cell 

retains a high self-renewal capacity and has a low probability to differentiate. The 

transit-amplifying cell is destined to differentiate after 3-5 rounds of division (Hall 

and Watt, 1989). Two additional subpopulations of kératinocytes are postmitotic 

basal cells, which are subjected to differentiate, and suprabasal cells. Stem cells 

express two-fold higher levels of pi integrins and adhere to a variety o f ECM more 

rapidly than transit-amplifying cells. Pi integrins of committed basal cells are 

incapable of ligand binding while suprabasal cells do not express pi integrins 

(Adams and Watt, 1990). Recently, it has been shown that a signalling cascade 

involving pi integrin and MAPK is required for kératinocytes to be maintained in the 

stem cell compartment in vitro (Zhu et al. 1999).

Since a 6p4 integrin is found to be concentrated on the basal surface of basal 

cells next to the basement membrane and suprabasal cells do not express Œ6P4 

integrin, it has been postulated that the early loss of a 6 p4 may be an important factor
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in determining the terminal differentiation process (Tennenbaum et al. 1996). 

Growth o f mouse basal kératinocytes in high Ca^^medium, results in a selective loss 

o f a^P4 integrin associated with the expression of keratin 1 in spinous cells. This 

early differentiation coincides with loss of cell attachment mediated by a 6p4 integrin 

to laminin 1 and 5 but not to fibronectin or type IV collagen (Tennenbaum et al.

1996). Moreover, a 6 P4-mediated adhesion results in MAPK activation through the 

Ras pathway and promotes cell-cycle progression. These effects could also influence 

the fates o f stem and transit-amplifying cells (Mainiero et al. 1997).

1.3 Hepatocyte growth factor (HGF)/ Scatter factor (SF)

1.3.1 Introduction

Hepatocyte growth factor (HGF) was first discovered in 1984 as a molecule 

that stimulated hepatocyte proliferation (Michalopoulos et al. 1984; Nakamura et al. 

1984; Russell et al. 1984). It was first purified from platelets of 2000 rats (Nakamura 

et al. 1986). Human HGF was successfully purified in 1989 (Nakamura et al. 1989). 

It was later shown that the sequences of rat and human HGF have only minor 

differences. Meanwhile in 1984, a mesenchymal cell derived cytokine, which had the 

ability to disperse tightly packed mammary epithelial cells was found, and was 

named “scatter factor” (SF) (Stoker and Perryman, 1985). The amino acid sequence 

o f HGF and SF were found in 1989 and 1991, respectively (Miyazawa et al. 1989; 

Furlong et al. 1991). Later studies revealed that both factors are identical (Bhargava 

et al. 1992; Weidner et al. 1991). Although some workers refer to the molecule as 

HGF/SF, the term “SF” will be used in this study.

1.3.2 Structure of scatter factor

The active or mature form of SF is a heterodimer of a heavy a  chain (69 kDa) 

and a light p chain (34 kDa) linked by disulfide bonds (Figure 1.6) (Nakamura et al. 

1989). The a-chain has five domains, an N-domain and four copies of a kringle 

domain. The N-domain, starting from the amino terminus, is homologous to 

plasminogen pre-activation peptide (PAP). This domain is responsible for heparin 

and receptor binding (Lokker and Godowski, 1993; Lyon et al. 1994; Mizuno et al.

1994). A short linker peptide connects the N-domain with four kringle domains
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(Gherardi et al. 1997). Like plasminogen and other blood proteases, SF belongs to 

the family of kringle proteins, which have been shown to be important factors in 

protein/protein and protein/cell interactions. The p chain has a domain similar to that 

of a serine protease, proenzyme plasminogen, however, it lacks protease activity due 

to two amino acid substitutions at the catalytic centre (Strain, 1993; Nakamura et al. 

1989). The SF gene is a single copy gene located on chromosome 5 (mouse), or 7 at 

q21.1 (human)(Fukuyama et al. 1991; Weidner et al. 1991).

1.3.2.1 Truncated variants and deletion analysis of scatter factor

Several variants of SF proteins, which probably arise by alternative splicing 

events, have been described. A fibroblast cell line, SK-LMS-1 secreted a truncated 

form of SF possessing only the N-terminal amino acid sequence and the first two 

kringle domains (NK2). This protein has no biological activity and may function as 

an inhibitor of SF-induced mitosis (Mizuno et al. 1994). A second isoform, N K l, 

consists of the amino-terminal sequence and only the first kringle domain. It also has 

an agonist-antagonist characteristic (Cioce et al. 1996). In 1994, two naturally spliced 

variants of SF were described. One could induce gene expression and synthesis of 

osteonectin in aortic epithelial cells (Jeon et al. 1994). A second variant lacks a 5- 

amino acid sequence in the first kringle domain, which results in changes in tertiary 

structure and biological activities (Shima et al. 1994).

Domain deletion analysis confirmed the studies on truncated forms of SF and 

established that the N-domain, kringle 1 and kringle 2 are essential for SF activity on 

target cells. Therefore, truncated variants containing the N-domain and kringle 1 

(NKl) or kringles 1 and 2 (NK2) exhibit partial agonist or antagonist activity 

depending on target cells and the presence of full length SF (Lokker and Godowski, 

1993; Chan et al. 1991; Cioce et al. 1996).
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Figure 1.6 Schematic representation o f the processing o f the mature SF.
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1.3.3 Synthesis of scatter factor

SF is synthesised as a single chain peptide o f 728 amino acid residues (pre- 

proSF) (Figure 1.6). The pre-proSF is cleaved intracellularly to its secreted inactive 

form (proSF). Extracellular cleavage of proSF at '‘̂ '‘arg-'‘’Val by a unique serine 

protease, produces the active heterodimer (Nakamura et al. 1989). SF remains as an 

inactive single chain form in the liver, kidney, lung and spleen (Miyazawa et al. 

1994; Arakaki et al. 1995). Several enzymes capable o f activating proSF have been 

reported including hepatocyte growth-factor-converting enzyme (Mizuno et al.

1994), thrombin (Shimomura et al. 1993), urokinase-type plasminogen activator 

(uPA), tissue-type plasminogen activator tPA (Naldini et al. 1995; Mars et al. 1993) 

and blood coagulation factor Xlla (Shimomura et al. 1995). Some o f these enzymes 

may be activated by a proteolytic cascade triggered by tissue injury (Miyazawa et al.

1994).

1.3.3.1 Scatter factor producing cells

Mesenchymal cells, including fibroblasts, vascular smooth muscles, glial 

cells, macrophages and activated T lymphocytes are major SF producing cells in 

vitro (Naidu et al, 1994; Rosen et al. 1990b; Rosen et al. 1994a; Stoker et al. 1987). 

Most epithelial cells or carcinoma cell lines produce little or no SF. However, a line 

o f non-differentiating human kératinocytes (Adams et al. 1991) and some malignant 

cells including lung cancer cells (Yoshinaga et al. 1992), hepatoma cells (Miyazaki et 

al. 1991) and pancreatic cancer cells (Hirota et al. 1993) produced modest titers of 

SF. In some of these cell types, SF seemed to function in an autocrine mode. Serum 

of some cancer patients (Yamashita et al. 1994) and patients with liver disease 

(Tsubouchi et al. 1991; Kaneko et al. 1992; Tomiya et al. 1992) showed increases in 

SF concentration. Removal o f a malignant breast tumour resulted in a decrease in the 

level of SF in serum, suggesting that the primary source of SF was the tumour cells 

themselves (Taniguchi et al. 1994). However, SF production in tumours may be due 

to an abnormal tumour-stromal interaction in which the tumour cells secrete factors 

that stimulate SF production by tumour-associated stromal cells. The exact source of 

blood-borne SF is not clear. Nevertheless, since SF is widely present in many tissues, 

it could be due to blood-SF in an endocrine manner. It has been suggested that 

polymorphonuclear leukocytes can also be a source o f circulating SF (Sakaguchi et
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al. 1994). Like epithelial cells, most lines of cultured vascular endothelial cells 

produce little or no SF (Stoker et al. 1987; Rosen et al. 1989).

1.3.4 Regulation of scatter factor expression and activity

The production o f SF can be inhibited or stimulated by certain inflammatory 

cytokines. For example, tumour necrosis factor-a (TNF-a) and interleukin-1 (IL-1), 

basic-fibroblast growth factor (bFGF) augment SF gene expression and production, 

while TGF-p inhibits SF production by fibroblasts (Tamura et al. 1993; Gohda et al.

1992). However, there seems to be a more specific class of SF regulators as these 

cytokines give a wide array of activities. In addition, it has been shown that not all 

fibroblast or non-fibroblast cell types produced SF in response to IL-1 and TNF-a 

(Rosen et al. 1994a). Several studies indicate that carcinoma cells, which do not 

produce SF, produce soluble factors distinct from IL-1 and TNF-a. These factors, 

called SF- inducing factors (SF-IFs), have been shown to stimulate SF mRNA and 

protein expression by fibroblast and other SF-producing cell types (Seslar et al. 1993; 

Rosen et al. 1994a; Joseph et al. 1995). Rosen and co-workers (1994a) were able to 

purify and characterise a SF-IF from breast carcinoma cells. Another example of SF- 

IF is injurin, which increases in the serum of rats after hepatectomy (Matsumoto et 

al. 1992b).

In addition to cytokines and SF-IFs, other mediators may regulate the 

expression of SF. For example, phorbol myristate acetate (PMA) may enhance the 

ability of IL-1 to up-regulate SF production by fibroblasts (Matsumoto et al. 1992a). 

Agents that increase cAMP stimulated the release o f SF from human skin fibroblast 

(Matsunaga et al. 1994).

Both direct and indirect co-culture of fibroblasts and epithelial cells lead to 

down regulation of SF production, hence, a soluble inhibitor may be released as a 

result o f interaction between two cell types (Kamalati et al. 1992; Seslar et al. 1993). 

The promoter region of the murine SF gene is very large and complex. It contains IL- 

6 response elements, binding sites for NF-IL-6, a TGF-P inhibitory element, cell 

type-specific transcription factor binding sites and multiple positive and negative 

regulatory elements for which transcription factors have not been identified (Liu et 

al. 1994). This may explain why there are many factors which can regulate SF gene
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and protein expression. The identification o f SF regulators, their receptors and the 

relevant transcription factors, therefore will elucidate the understanding of 

mesenchymal-epithelial communication.

Another level of control is the bioavailability o f SF protein. For example, 

pro-SF, which is biologically inert, has low affinity for the SF receptor (c-met) but 

high affinity for heparin-like molecules. After proteolytic cleavage by enzymes (see 

Section 1.3.3) such as uPA, the heterodimeric bioactive SF undergoes 

conformational changes and acquires a very high affinity for the c-met receptor 

(Mars et al. 1993).

SF can be controlled at its activity level. For example, the truncated form of 

SF can bind to the c-met receptor and blocks SF activity. It is not known whether the 

truncated form can serve as a physiologic regulator of SF. An epithelial junction 

promoting activity detected in medium from Nil 8 hamster fibroblasts (Stoker, 1984) 

causes scattered colonies of mammary epithelia to revert to a cohesive morphology. 

A similar action can be found in the extracts o f mouse tissues which lack SF activity 

(Rosen et al. 1994b). All studies suggest that active biologic mechanisms for down- 

regulation o f SF seem to exist.

1.3.5 The scatter factor receptor (c-met receptor)

The SF receptor is the c-met protooncogene product (Bottaro et al. 1991; 

Naldini et al. 1991). It was first isolated as a transforming gene from chemically 

mutagenized human osteosarcoma cells (Cooper et al. 1984; Cooper, 1992). The c- 

met receptor (Figure 1.7) is a 190 kDa transmembrane tyrosine kinase, consisting of 

a 145 kDa membrane-spanning p-chain and a 50 kDa a-chain. It is synthesised as a 

single-chain precursor and then proteolyses to the mature two-chain protein 

(Giordano et al. 1989). The C-terminal part o f the p chain consists o f the tyrosine 

kinase domain and is located cytoplasmically whereas the N-terminal part of the p 

and the entire a  chain are exposed on the cell surface. Binding o f SF to the c-met 

receptor has been demonstrated by co-precipitation in immunocomplexes, by 

chemical crosslinking to the p-subunit of the c-met protein and by ligand-induced 

tyrosine phosphorylation of the receptor (Naldini et al. 1991). The juxtamembrane 

domain of c-met negatively regulates the intracellular signals initiated by SF. The
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inhibitory effects regulated by this region are mediated by two residues; Ser^^  ̂ and 

Tyrioo3 negative effect of Ser^^  ̂ depends on its phosphorylation by two 

independent mechanisms (Gandino et al. 1990; Gandino et al. 1994). One is 

regulated by protein kinase C phosphorylation. The other results from elevation of 

intracellular Ca^^ concentration and is probably mediated by a Ca^^ \ calmodulin- 

dependent kinase. It is less clear how Tyr*®°̂  exerts the negative effect. Tyr^^^  ̂is the 

major tyrosine autophosphorylation site of the c-met receptor both in vivo and in 

vitro (Ferracini et al. 1991). Tyr^^^  ̂ is located within the tyrosine kinase domain and 

is part o f a “three tyrosine m otif’ including Tyr'^^®, Tyr'^ "̂  ̂and Tyr*^^^’ which is in a 

segment homologous to the major autophosphorylation sites of other kinase receptors 

(Hanks et al. 1988). Phosphorylation of these sites is essential for full activation and 

represents up-regulation of receptors.

1.3.5.1 The scatter factor receptor family

Two receptor tyrosine kinases related to c-met, which are Ron and c-sea, have 

been identified (Gaudino et al. 1994; Huff et al. 1994; Ponzetto et al. 1994). The Ron 

is encoded by the ron gene and its receptor is HGFl/MSP, a HGF/SF homologue 

(Gaudino et al. 1994; Wang et al. 1994; Huff et al. 1994). A third member of this 

receptor family is encoded by the protooncogene c-sea (Huff et al. 1994). Recently, a 

new member of the scatter factor receptor family has been identified. The prototype 

gene was found on the human X chromosome and hence called Sex. Three other 

related proteins were isolated and were named Sep, Oct and Nov. The four show 

highly conserved regions in their cytoplasmic domains. The ligands for these 

receptors are still unknown, possibly sharing structural homology with SF.
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1.3.6 The c-met signal transduction pathway

The activation of tyrosine kinase receptors results in the recruitment of the 

cytosolic transducers to the inner surface of the plasma membrane, where their 

respective targets are located (Cantley et al. 1991). Most of these transducers such as 

phosphatidylinositol-3-kinase (PI3K), phospholipase C gamma (PLC-y), Src-related 

tyrosine kinases and the Grb-2/SOS complex (reviewed by Pawson, 1995) contain 

the src homology region SH2 , which recognises particular phosphorylated tyrosine 

motifs (Cantley et al. 1991; Koch et al. 1991). A cascade of phosphorylation events 

culminate in DNA synthesis, cell division, differentiation and/or alterations in 

cell/cell interaction.

SF binds to the mature c-met receptor and induces its tyrosine 

phosphorylation. This allows cross phosphorylation of tyrosine residues located on 

the intracellular portion of the c-met p chain (Faletto et al. 1993). Activated c-met 

receptors recruit and activate their signal transducers via phosphorylation of two 

tyrosine residues (Tyr̂ "̂̂  ̂and Tyr^^^  ̂). These two residues locate in the cytoplasmic 

tails known as multifunctional docking sites (Figure 1.8). Homologous sequences for 

these sites are conserved in Ron and Sea of the met-related receptor family. 

Mutation of the docking tyrosine residues abolished all signal transduction by the c- 

met receptor (Ponzetto et al. 1994). In addition, the ability o f the c-met receptor to 

induce morphogenesis could be transferred to another tyrosine kinase receptor by 

introduction of the C-terminal region including these docking tyrosine residues 

(Sachs et al. 1996). The multispecific docking sites of c-met are distinct from those 

o f other tyrosine kinase receptors, where the phosphorylation of different specific 

tyrosine residues determines which intracellular transducer will bind the receptor and 

be activated. The docking sites interact with several cytoplasmic transducers either 

directly or indirectly through a molecular adaptor such as Grb-2 (Jiang et al. 1993a; 

Bardelli et al. 1999), PI3K (Graziani et al. 1991; Kotelevets et al. 1998; Ponzetto et 

al. 1993; Royal and Park, 1995), PLC-y (Ponzetto et al, 1994; Okano et al. 1993; 

Royal and Park, 1995), Stat-3 (Boccaccio et al. 1998), She (Pelicci et al. 1995) and 

Gab-1 (Weidner et al. 1996), resulting in multiple transduction pathways.

It appears that c-met mediated biological effects can be dissociated on the 

basis of their signalling requirement. For example, activation o f PI3K is sufficient to
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induce motility and scattering, which results from cytoskeletal reorganisation and 

loss o f intercellular junctions. The simultaneous activation of Ras and PI3K is 

necessary and sufficient for invasion of extracellular matrix (Giordano et al. 1997; 

Bardelli et al. 1999). Recently, it has been shown that Gabl and Stat-3 are 

responsible for SF-mediated epithelial morphogenesis (Weidner et al. 1996; 

Boccaccio et al. 1998). However, the Stat pathway itself is not sufficient for the 

induction of tubulogenesis. Other tyrosine kinases such as the epidermal growth 

factor (EGF) receptor were shown to couple the same Stat proteins, but were unable 

to induce branching tubulogenesis (Leaman et al. 1996; Medico et al. 1996). This 

suggests that other signalling pathways might be activated concomitantly with the 

Stat pathways, when SF promotes branching morphogenesis. On the other hand, the 

activation of Gabl alone is sufficient for tubulogenesis. Gabl interacts directly with 

the c-met receptor via its MBD domain, but not with other tyrosine kinase receptors 

such as the insulin receptor, the receptors for colony-stimulating factor-1, EGF or 

keratinocyte growth factor (KGF) (Weidner et al. 1996). In addition to an MBD 

domain, Gabl also contains potential binding sites for SH2 domain of PLC-y and 

p85 of PI3K (Van der Geer and Hunter, 1994). Therefore, it can transduce multiple 

signallings. Integration of these signallings may be necessary for the epithelial 

morphogenesis.

1.3.7 Expression of the c-met receptor and gene

Normal epithelium of the majority of tissues have been shown to express the 

c-met protein. Examples includes liver, oesophagus, jejunum, colon-rectum, skin, 

ovary, endometrium, kidney, and bronchus (reviewed by Prat et al. 1991). However, 

other cell types such as melanocytes, endothelial cells, haematopoietic tissue and 

brain also show c-met protein (Halaban et al. 1992; Bussolino et al. 1992; Di Renzo 

et al. 1991). The subcellular distribution of c-met receptor is controversial. Tsarfaty’s 

group (1992) reported that c-met receptor expression was associated with the apical 

microvilli of cells bordering mammary ducts and the intestinal lumen, while Crepaldi 

et al. (1994) found that it co-localised at the basolateral membrane of polarised colon 

epithelial cells and showed a distribution pattern overlapping with that of E- 

cadherin. Many carcinoma cell lines and a number of human carcinomas expressed
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the c-met receptor (listed in Table 1.2). The highest levels of c-met mRNA were 

detected in epithelia of gastro-intestinal tract and kidney. C-met specific mRNA was 

also found in thyroid and pancreas, but c-met protein was hardly detectable by 

immunofluorescence (Prat et al. 1991). This indicates that the c-met gene may be 

regulated at the translational or post-translational levels in different tissues.

Table 1.2 Expression of c-met receptor in neoplastic cells and tissues

Tissue type References

Hepatoma (Tajima et al. 1992; Prat et al. 1991)

Gastric cancer (Di Renzo et al. 1991)

Colonic cancer (Jiang et al. 1993a; Prat et al. 1991; Liu et al. 1992)

Keratinocyte (Prat et al. 1991)

Melanocyte, Melanoma (Tajima et al. 1992; Halaban et al. 1992; Saitoh et al. 1994)

Thyroid cancer (Di Renzo et al. 1992)

Lung cancer (Tajima et al. 1992; Ichimura et al. 1996)

Breast carcinoma (Jin et al. 1997)

Prostate cancer (Humphrey et al. 1995)

1.3.8 Autocrine and paracrine mode of scatter factor

Most studies suggest that SF acts in a paracrine fashion, because 

mesenchymal cells, rather than epithelial cells, are shown to be the major source of 

SF both in vitro and in vivo. The promoter region for SF is active only in 

mesenchymal cells, not epithelial cells (Plasch-Schlutter et al. 1995). In addition, 

tumour tissues which overexpressed the c-met receptor, did not show message for SF 

(Di Renzo et al. 1995). Although the evidence for a paracrine mode is convincing, 

some cancer cell lines may fimction in an autocrine mode . For example, pancreatic 

and gastric cancer cell lines have shown concomitant expression o f both SF and c- 

met receptor (Ebert et al. 1994; Fushida et al. 1993). Furthermore, some cell lines 

have been proposed to work in both autocrine and paracrine fashions (Ferracini et al. 

1995; Hayashi et al. 1996).
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1.3.9 Biological activity of scatter factor

1.3.9.1 Cell growth

SF is the most potent stimulator of DNA synthesis in mature normal 

hepatocytes. Conversely, it inhibited the growth of certain hepatoma cell lines 

(reviewed by Gherardi et al. 1993). This may due to the differences in intracellular 

signalling between two cell types. It has been shown that SF activated PLC-y only in 

normal hepatocytes, but not in hepatoma cells (Okano et al. 1993; Shiota et al. 1994 

a). The inhibitory effect on proliferation was also observed in particular squamous 

carcinoma cell lines, melanoma cell lines and colon cancer cells (Tajima et al. 1991; 

Jiang et al. 1993b). Besides mature hepatocytes, SF also promotes growth of other 

target cells for example epithelial cells of kidney, lung and skin (reviewed by 

Gherardi et al. 1993), neurons (Hamanoue et al. 1996), placental cytotrophoblasts 

(Rosen et al. 1990a), hematopoietic cells (Nishino et al. 1995; Galimi et al. 1994) 

and endothelial cells (Bussolino et al. 1992). Interestingly, SF promotes growth of 

MDCK cells only when they are grown in a collagen gel, but not in standard culture 

(Stoker et al. 1987; Gherardi et al. 1989). This suggest that growth stimulation of 

MDCK cell lines required a combination of signalling from both SF and collagen 

(presumably via integrins), while signal from SF alone is not sufficient.

1.3.9.2 Cell motility

When cultures of MDCK cells were treated with SF, the colonies showed a 

rapid expansion and separated into individual cells. After separation, the cells often 

exhibited characteristics of mesenchymal cells such as a spindle-shape and increased 

motility (Stoker and Perryman, 1985; Gherardi et al. 1989). Many epithelial cells 

(reviewed by Gherardi et al. 1993), endothelial cells (Bussolino et al. 1992) and 

glioma cells (Lamszus et al. 1998; Moriyama et al. 1996) showed a motility response 

to SF. SF also increased motility in various epithelial tumours derived from lung, 

liver, stomach, skin and colon (reviewed by Jiang et al. 1993a).

The ability of SF to dissociate epithelial cells is partly due to its effects on 

adhesion molecules such as cadherins. SF induced tyrosine phosphorylation of p~ 

catenin, which may down-regulate cadherin-mediated cell adhesion (Shibamoto et al. 

1994; Tannapfel et al. 1994). Down regulation of connexin via the c-met receptor
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reduced intercellular communication in rat hepatocytes and mouse kératinocytes 

(Ikejima et al. 1995; Moorby et al. 1995).

1.3.9.3 Cell morphology

SF induced branching tubules o f MDCK cells when they were incubated in 

collagen type I gels (Montesano et al. 1991; Santos et al. 1993). Similar branching 

tubulogenesis in response to SF can be seen in prostate and breast epithelial cells 

(Soriano et al. 1995; Brinkmann et al. 1995). Besides induction of tubular structures, 

SF can induce the formation of cyst-like structures with brush borders in colon 

carcinoma cells and alveolar-like aggregates in lung and pancreas cells (Brinkmann 

et al. 1995). It has been shown that rho p21 and ezrin were involved in ruffling- 

membrane caused by SF. The ruffling of free edges of cells is one of the earliest 

morphological events after SF stimulation (Nishiyama et al. 1994; Jiang et al. 1995).

1.3.10 The role of scatter factor in physiological and pathological processes

1.3.10.1 Scatter factor and wound healing

Wounds in an intestinal epithelial monolayer exposed to SF resealed 5 times 

faster than control unexposed wounds. The cells surrounding the wound exposed to 

SF showed looser intercellular junctions compared to those of control wounds. This 

suggests that SF might facilitate wound repair by releasing intercellular contact in 

addition to promotion of cell migration (Nursat et al. 1994). SF accelerated wound 

repair o f rabbit gastric mucosal cells (Watanabe et al. 1994). Secretion of SF 

increased after comeal epithelial wounding (Tervo et al. 1997).

1.3.10.2 Scatter factor and angiogenesis

SF has been suggested to be a potent angiogenesis factor in vivo, since it can 

induce motility, proliferation and capillary tube formation o f endothelial cells in vitro 

(Bussolino et al. 1992; Comoglio et al. 1993; Grant et al. 1993; Naidu et al. 1994). 

SF stimulated the repair o f wounds in endothelial cell monolayers, induced the 

scatter of endothelial cells grown in three dimensional collagen gels and promoted 

neovascularization in the rabbit and rat cornea (Bussolino et al. 1992; Grant et al.

1993). The role of SF in angiogenesis is strengthened by the fact that SF also induced 

vascular endothelial cells to secrete urokinase (Grant et al. 1993; Rosen et al. 1991). 

Urokinase binds to its specific cell surface receptor and mediates focal degradation
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of ECM to clear a pathway for endothelial cell invasion and migration during the 

early stage of angiogenesis (Saksela and Rifkin, 1988). SF might promote new blood 

vessel formation by up-regulating the expression of vascular endothelial cell growth 

factor (VEGF) in vascular smooth muscle cells (Van Belle et al. 1998).

Due to its powerful induction of angiogenesis, it has been proposed that SF 

may contribute to the genesis of AIDS Kaposi’s sarcoma (KS). Both SF and the c- 

met receptor are expressed by KS tumour cells and other cell types within KS lesion 

in vivo. Thus, in KS tumours, SF might function in an autocrine mode (Naidu et al.

1994).

1.3.10.3 Scatter factor and embryogenesis

In mouse development, c-met mRNA was expressed in epithelial cells of 

various organs, while SF mRNA was expressed in mesenchymal cells in close 

proximity to these epithelial cells (Sonnenberg et al. 1993). In the developing kidney, 

SF and c-met receptor were highly expressed at day 11.5, coinciding with the onset 

of branching morphogenesis. Moreover, kidney development in organ culture is 

inhibited by an antiserum against SF (Santos et al. 1994). Mutant mice, with a 

targeted disruption of the SF gene, showed severely impaired placentas and died 

before birth (Uehara et al. 1995).The| embryonic livers of these mutant mice were 

reduced in size compared to livers of wild-type mice and showed extensive loss of 

parenchymal cells (Schmidt et al. 1995). It has been postulated that SF and the c-met 

receptor might play a role in the development of the nervous system (Streit et al.

1995), muscle (Bladt et al. 1995) and mammary gland (Soriano et al. 1995).

1.3.10.4 Scatter factor and organ regeneration

It has been shown that SF promotes organ regeneration of liver, kidney, lung 

(Yanagita et al. 1993) and hair follicle (Shimaoka et al. 1995). However, liver and 

kidney regeneration have received extensive studies.

Liver Regeneration

The role of SF in liver regeneration was suggested by its potent mitogenic 

effect on hepatocytes. Moreover, SF not only stimulated hepatocyte proliferation, but 

also induced hepatocytes to form acinar/ductular structures (Block et al. 1996). 

Several studies reported that circulating SF and expression of SF mRNA were 

increased after hepatectomy and in several liver diseases (Tsubouchi et al. 1991;
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Zamegar et al. 1991; Sakon et al. 1992; Tomiya et al. 1992). In primary culture of rat 

hepatocytes, SF induced rapid and transient expression o f early response genes 

including liver regeneration factor-l,jun-B, c-fos, early growth response gene-1 and 

insulin-like growth factor binding protein (Weir et al. 1994). It has been postulated 

that SF might regulate other factors to stimulate hepatocyte growth. SF up-regulated 

TGF-a production by increasing the transcription of TGF-a mRNA, resulting in 

hepatocyte proliferation (Shiota et al. 1994b).

Kidney regeneration

SF mRNA in the kidney was markedly increased after unilateral nephrectomy 

or acute renal failure (Nagaike et al. 1991; Igawa et al. 1993). Infusion of SF 

increased renal regeneration in rats subject to acute ischaemic renal injury (Miller et 

al. 1994; Igawa et al. 1993). SF not only induced mitosis of renal collecting duct 

cells and renal tubular cells (Cantley et al. 1994; Sponsel et al. 1994), but also 

promoted renal cyst formation (Okui et al. 1994).

1.3.10.5 Scatter factor and tumour cytotoxic factor

The role of SF as a tumour suppressor has been reported, although the 

mechanism is not clear. SF inhibited proliferation of several human hepatocellular 

carcinoma cell lines (Shiota et al. 1992), lung adenocarcinoma cell lines (Yi et al. 

1998) and a few human carcinoma cell lines (Tajima et al. 1992). The transfection of 

SF gene into a hepatocellular carcinoma cell line reduced tumourigenicity in vivo 

(Shiota et al. 1992). SF stimulated apoptosis in cultured chemically transformed rat 

liver epithelial cell lines (RLE), but not in normal RLE cells (Conner et al. 1997). 

This suggests that SF-activated signalling pathways in tumour cells might be 

different from those o f normal cells.

1.3.10.6 Scatter factor and tumour propagation

It has been clearly implicated that SF plays an important role in cancer. SF 

has profound effects on many cellular functions which are necessary for 

tumourigenesis and metastasis. SF caused impairment o f adhesion molecules, 

augmented cell motility and proliferation and induced a metastatic phenotype. It 

promoted cellular invasiveness of a number of cell types in vitro (Sunitha et al. 1994; 

Jeffers et al. 1996a). Production of urokinase plasminogen activator (uPA), uPA 

receptor (uPAR) and matrix metalloproteinase might contribute to this invasiveness
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(Rong et al. 1994; Jeffers et al. 1996b). SF is known to induce angiogenesis, a 

process which is required for the growth and metastasis of solid tumours. 

Additionally, the c-met receptor is encoded by a proto-oncogene.

Several experimental studies suggest the involvement of SF/c-met signalling 

in tumourigenesis in vivo. NIH 3T3 cells, which express endogenous SF, became 

tumourigenic in nude mice when transfected with c-met cDNA (Rong et al. 1992). 

The mesenchymal derived C 127 and SK-LMS-1 cell lines showed tumourigenicity 

in athymic nude mice when they co-expressed SF and c-met (Jeffers et al. 1996a; 

Jeffers et al. 1996b). Injection of SF-transfected human MDA MB 435 breast 

carcinoma cells into the mammary fat pad of nude mice resulted in the formation of 

primary tumours and spontaneous métastasés to the lung (Birchmeier et al. 1997). 

Transgenic mice which over-expressed SF produced tumours in various organs 

including mammary gland, skeletal muscle and melanocytes. Most of these tumours 

showed co-expression of SF and the c-met receptor, suggesting an oncogenic role of 

SF/c-met in an autocrine loop in animal models (Takayama et al. 1997).

Inappropriate expression of c-met and SF has been reported in a variety of 

human tumours. Carcinoma of thyroid, pancreas, colon, prostate, non-small cell lung 

and breast showed overexpression o f c-met (reviewed by To and Tsao, 1998). It 

appears that the level of SF in breast cancer is related to the disease progression and 

relapse (Cooper et al. 1984; Taniguchi et al. 1994). Although c-met is considered to 

be an oncogene affecting epithelial tumours, it also plays a role in tumours of non- 

epithelial origin for example bone and soft tissue sarcoma, malignant glioma and 

myeloma (reviewed by To and Tsao, 1998).

Recently, it has been shown that there is a genetic connection between c-met 

and hereditary papillary renal carcinoma (HPRC) (Schmidt et al. 1997). Sequencing 

of the c-met coding sequence from affected members of HPRC families, as well as 

from tumour samples of patients with this disease, revealed that all mutations were 

located within the tyrosine kinase domain of the c-met receptor.

1.4 Summary and aims

Basal kératinocytes are located on the basement membrane which is a highly 

organised ECM. The ECM not only provides tissue integrity, but also influences cell
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behaviour. The interactions between cells and the ECM are primarily mediated by 

integrins. Integrins function as a connector between the ECM and the cellular 

cytoskeleton and can also transmit information from the ECM to the cell interior. In 

normal epithelium, integrins are important components of hemidesmosomes; a 

structural device for epithelial cells to anchor to the basement membrane. However, 

during wound healing, integrins play an important role in keratinocyte migration. 

Integrins have also been implicated as mediators of the signalling cascades 

responsible for terminal differentiation. Therefore, regulation of integrin expression 

and function is important for epithelial physiology. Growth factors are important 

regulators of integrins. SF is a growth factor which appears to function in a paracrine 

fashion in epithelial cell systems. SF and the c-met receptor play an important role in 

wound healing, tumour metastasis and embryogenesis.

1.4.1 Hypothesis

Several experimental studies demonstrated that SF and integrins regulate 

similar cellular activities including cell proliferation, motility and morphogenesis. 

They both play a central role during differentiation and wound healing. However, 

only a few studies have concentrated on the relationship between SF and integrins. A 

number of agents can regulate integrin function by modifying either integrin 

expression or integrin activities. The hypothesis of this study is that SF modulates 

cell behaviour by modifying integrin function.

1.4.2 Aims and objectives

The aims of this study were to investigate the effects o f scatter factor on the 

expression and function of human keratinocyte integrins.

Specific objectives were :

• to establish an in vitro histotypic culture system for normal oral kératinocytes

• to characterise integrin expression in normal oral kératinocytes in an in vitro 

study: monolayer culture and histotypic culture

• to determine the effects of scatter factor on keratinocyte integrin expression in 

these in vitro models
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to determine the effects of scatter factor on the distribution o f keratinocyte 

integrins which are components of Stable Anchoring Contacts (SACs) and focal 

adhesions (FA) in monolayer culture

to determine the effects of scatter factor on the function of keratinocyte integrins 

by investigating

- the adhesive properties of normal oral kératinocytes

- the migratory activities of normal oral kératinocytes

to use characterised cell lines to determine which integrins are regulated by scatter 

factor

to determine if scatter factor has an effect on integrin signalling pathways in 

normal oral kératinocytes by investigating the phosphorylation o f FAK protein
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Chapter 2: Materials and methods 

2.1 Cells and cell culture

2.1.1 Epithelial cells

The epithelial cells used in this study were derived from oral tissues. There 

were two sources: cells were either obtained as primary cultures from oral mucosal 

biopsies or derived from an oral squamous cell carcinoma.

2.1.1.1 Normal epithelial cells

Normal human kératinocytes (NHK) were prepared as outgrowths from 

normal oral mucosa obtained, with permission, during minor oral surgical 

procedures. Most o f the tissue was obtained from the buccal flap during third molar 

surgery. The preparation of cells for explant cultures is described in Section 2.1.2.1.

2.1.1.2 Squamous carcinoma cells

A series o f cell lines derived from an oral squamous cell carcinoma was used 

for this study and had been prepared previously by other workers in the department. 

These were H357, V3, VB6 and Cl cell lines. The details o f each cell line are 

described in Chapter 5.

2.1.2 Routine cell culture

All cultures were maintained at 37<̂ C in a humidified atmosphere of 95% 

air: 5% CO2 . The medium used was keratinocyte growth medium (KGM) (Appendix 

1 . 1 ).

2.1.2.1 Primary explant cultures

This technique was modified from the method described by Freshney (1987). 

Normal buccal mucosa was obtained from patients undergoing minor oral surgical 

procedures and kept in transport medium (Appendix 1.1). The tissue was briefly 

dipped in 70 % alcohol and then washed in phosphate buffered saline (PBS; 

GibcoBRL) and KGM. The tissue was transferred to a sterile dish, unwanted
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connected tissues were dissected off and the epithelium was finely chopped into 

small pieces. Pieces of tissue were placed in a 25 cm^ culture flask, and KGM was 

gently added. Cultures were incubated in a humidified incubator for a week without 

disturbing. After a week, outgrowth o f cells was observed and the medium was 

changed at this time. Cultures were fed every 2-3 days and were ready for passage at 

about day 18.

2.1.2.2 Maintenance and subculture of primary cells

Subconfluent cultures were washed in PBS. Any living fibroblasts were 

removed by a 1 minute incubation with trypsin-EDTA (Ix) (GibcoBRL). PBS was 

added to the culture and the supernatant was decanted. Fresh PBS was added to the 

culture which was checked for any remaining fibroblasts under the microscope. If 

fibroblasts remained, the PBS was removed and the above steps were repeated. Once 

all fibroblasts had been removed, the remaining kératinocytes were incubated with 

trypsin-EDTA for 10-20 minutes (check every 5-10 minutes). When all kératinocytes 

had lifted off, an equal volume of KGM was added and the cell suspension was 

transferred to a centrifuge tube and spun at 1000 rpm for 5 minutes. After aspirating 

the supernatant, the cells were resuspended with KGM and then seeded into culture 

flasks or used in experiments. Cultures were fed with fresh KGM every 2-3 days. 

The flasks were subconfluent within 7-10 days. The normal kératinocytes were used 

up to passage 2 in these experiments.

2.1.2.3 Culture of malignant keratinocyte cell lines

Frozen cells were recovered by thawing (as described in Section 2.1.2.4). 

After 24 hours, fresh KGM was replaced and the culture was reincubated in the 

incubator. Medium was changed every 1-2 days. When cultures were subconfluent, 

they were pre-washed with PBS, incubated with sufficient amounts of trypsin-EDTA 

at 37°C and checked regularly every 5-15 minutes. Once the cells had lifted off, an 

equal volume of KGM was added to the flask. The cell suspension was transferred 

to a centrifuge tube and spun down at 1000 rpm for 5 minutes. The KGM+ trypsin 

was discarded and fresh KGM was added to the pellet. Cells to be used for 

experiments were subcultured at a split ratio of 1:3 in 75 cm^ flasks.
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2.1.2.4 Freezing and thawing cells

Freezing

After trypsinisation, cells were resuspended at approximately 5x10^- 2x10^ 

cells per 1 ml of KGM containing 10% dimethyl sulphoxide (DMSO; Sigma 

Chemical Co). The cell suspension was transferred to a cryovial tube and placed in 

an insulated container. The container was stored at -70°C for 24 hours before the 

cryovial tube was transferred to a liquid nitrogen cryostore.

Thawing

Vials of frozen cells were quickly thawed in a water bath at 37°C. The cell 

suspension was resuspended with fresh KGM and spun down at 1000 rpm for 5 

minutes. The supernatant was decanted and the cells were plated into tissue culture 

flasks in KGM. The flasks were then incubated in the incubator.

2.2 Recombinant human scatter factor (SF)

SF was purchased from R&D systems. It was reconstituted in sterile PBS 

containing 0.1% bovine serum albumin (BSA; Sigma Chemical Co.). The 

concentration of SF in this study was 100 ng/ml as this concentration was high 

enough to elicit a maximum activity according to the manufacturer’s data.

2.3 Preparation of histotypic cultures

2.3.1 Preparation of de-epidermised dermis (DED)

This method is based on that described by Prunieras (1983b). A large piece of 

skin (e.g. a breast or abdomen reduction) was washed in PBS several times. In the 

last wash, the tissue in PBS was heated at 56° C for 30 minutes to 1 hour. By this 

time, the epidermis was pealed off from the underlying dermis and discarded. The 

remaining dermis was cut into approximately 1 cm^ pieces and transferred to 

cryovials. The cells in the dermis were killed by 10 repeat cycles of freezing and 

thawing. In each cycle, the dermis was frozen in liquid nitrogen for 5 minutes and 

then thawed at room temperature for 30 minutes. The DEDs were stored at -70°C 

until use. The DEDs used in these experiments were kindly prepared from abdominal 

skin by Mr. Simon Broad (Keratinocyte Laboratory, ICRF, London).
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2.3.2 Keratinocyte culture on DED

A piece o f DED as previously described was further cut into 5 mm^ in size 

and placed on 6-well Falcon Cell Culture Inserts (8.0 pm pore size). For each culture, 

NHK at 3x10*̂  cells in lOpl o f KGM were seeded on top o f the DED. The cultures 

were maintained in KGM at the air-liquid interface with or without SF as shown in 

Figure 2.1. Medium was changed every 2 days and cultures were harvested on day 

10, 16 or 21. At these time points, cultures were fixed in 4% paraformaldehyde for 

24 hours and paraffin embedded or were mounted in OCT (Tissue-Tek) and snap 

frozen in liquid nitrogen and stored at -70°C until use.

Kératinocytes

Cell culture insert

K cratin oc\ le  m edium

Culture at air-liquid interface 
for up to 10, 16 and 21 days

Stratified Epidermis

Figure 2.1 The preparation of histotypic culture.
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2.4 Histology

Sections from DED cultures, either paraffin embedded sections or frozen 

sections, were stained with haematoxylin and eosin to demonstrate the morphology 

o f the sections. Paraffin sections were prepared using standard procedures and 

rehydrated before staining. Sections were stained in Mayer’s haematoxylin for 

approximately 5 minutes and washed in running tap water. Then sections were 

dipped in acid alcohol for 3 seconds and immersed in running tap water for 5 

minutes. Sections were counterstained with eosin for 3 minutes, rinsed in running tap 

water and dehydrated in graded alcohols and xylene. Sections were mounted in DPX 

(Histological Equipment Ltd.).

2.5 Immunohistochemistry

2.5.1 Staining of frozen sections

Frozen sections were cut at 6-8 pm using a cryostat (Slee Medical Equipment 

Ltd.) and placed on APES coated slides (Appendix 1.2). Sections were air-dried for 

10 minutes, rinsed in deionised water and treated with 0.5 % H2 O2  in deionised 

water for 10 minutes. A standard biotin-streptavidin-peroxidase technique was used. 

Tissue sections were washed in PBS ABC (Appendix 1.3) for 10 minutes and non

specific binding was blocked in PBS ABC containing 0,1% BSA for 30 minutes. 

Sections were incubated with primary antibody (as indicated in Section 3.1) for 18

hours at 4^C (monoclonal antibody) or for 1 hour at room temperature (polyclonal 

antibody). Multilink secondary antibody (Biogenex®) and horseradish peroxidase 

(Biogenex®) were applied to the sections for 20 minutes each, and followed by three 

washes o f PBSABC. Colour was developed in freshly made DAB (Appendix 1.3) for 

10 minutes. Sections were washed briefly in running tap water and lightly 

counterstained with Mayer’s haematoxylin. Negative controls were performed by 

omission of the relevant primary antibodies. Sections of normal oral mucosa were 

stained in the same run as positive controls for comparison.
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2.5.2 Staining of paraffin embedded sections

Sections were cut at 4-6|j,m, placed on APES coated slides (Appendix 1.2)

and warmed in an oven at 60°C for 15 minutes. While still hot, sections were soaked 

in xylene and partially rehydrated in alcohol. Sections were then blocked in 0.5% 

H2 O2  in industrial methylated spirit for 10 minutes. Sections were washed first in 

three rinses o f deionised water and three rinses o f PBSABC and then incubated with 

Protease XXIV (Biogenex®) for 10 minutes. Sections were rinsed again in three 

changes o f PBSABC and non-specific binding was blocked in PBSABC containing 

0.1% BSA. A standard immunoperoxidase technique as described in Section 2.5.1 

was performed.

2.6 Immunocytochemistry of monolayer cell cultures

2.6.1 Staining of cells to show components of Stable Anchoring Contacts (SACs) 

and focal adhesions (FAs)

First passage NHK were seeded at 2x1 O'* cells into each well o f 8-well glass 

chamber slides (Lab-Tek®; N U N C ^). Chamber slides were incubated in KGM for 

24 or 48 hours before being replaced with fresh KGM or KGM supplemented with 

SF. After 30 minutes incubation, medium was removed and the cultures were 

washed twice with PBS. Cultures were fixed with 4% ice cold paraformaldehyde for 

20 minutes and washed with PBS. Cells were permeabilised with 100% ice cold 

methanol or 0.1% Tx-lOO in PBS for 10 minutes. Tx-lOO was used to show the 

staining pattern at the basal aspect o f cells. Cultures were washed twice with PBS 

and blocked with PBS containing 1% BSA for 1 hour. Cultures were washed again 

with PBS and then incubated with primary antibodies (as indicated in Section 3.1). 

Cultures were washed three times with PBS and incubated with FITC-conjugated 

secondary antibody (Dako) for 1 hour. Gaskets of the chamber slides were removed 

and slides were washed four times with PBS. Slides were mounted in glycerol 

mounting medium (Sigma Diagnostics) and viewed in a Zeiss fluorescence 

microscope.
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2.6.2 Staining of cells to confirm their epithelial nature

NHK from explant cultures were periodically stained with MNF 116, an 

antibody detecting cytokeratins 5, 6, 8, 17 and possibly 19 in order to verify the 

epithelial nature o f the cells. Cultures were fixed in 4% ice cold paraformaldehyde 

for 20 minutes and postfixed in absolute methanol for 10 minutes. Cultures were 

then washed with PBS and blocked in PBS containing 1% BSA. A standard biotin- 

streptavidin-peroxidase method was performed as previously described in Section

2.5.1. Negative controls were employed by omitting the primary antibody. In 

addition, cultures o f normal oral fibroblasts were also stained as negative controls. 

Kératinocytes showed positive staining for MNF 116, while fibroblasts were not 

stained.

2.7 Flow cytometry

Flow cytometry is a method to measure certain physical and chemical 

characteristics of cells or particles when they pass one by one through a laser light 

source. Any cell components which can be labelled with a fluorescent compound can 

be examined by this technique. After labelled cells pass through a laser beam, the 

light is detected by a photomultiplier tube (PMT) which converts it via an amplifier 

to a voltage. The electrical output is proportional to the original fluorescence 

intensity. Therefore, this method allows the rapid measurement of the fluorescence 

o f labelled cells.

The data can be acquired using either a linear or a logarithmic scale. Because 

the distribution of most biological situations is skewed to the right, the use of a log 

amplifier is useful to normalise this distribution. In addition to studying the level of 

expression o f specific antigens, flow cytometry can be used in other studies such as 

cell cycle studies (Ormerod, 1990) or cell sorting (Jones and Watt, 1993). In this 

study, flow cytometry was used to measure the levels of integrin expression on NHK.

First passage NHK were grown in KGM or KGM supplemented with SF for 

48 hours before assaying in a FACScan flow cytometer (Becton Dickinson). Cells 

were harvested with trypsin-EDTA and collected by centrifugation in the presence of 

KGM. 10^ cells were washed once in ice-cold PBSABC containing 10% fetal calf 

serum (PBSABCFCS), then incubated in lOOpl of primary antibody (as indicated in
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Section 3.1) diluted in PBSABCFCS on ice for 1 hour. The cells were washed three 

times in PBSABCFCS. FITC-conjugated secondary antibody (Dako) was then 

applied to the cells on ice for 30 minutes. The cells were again washed in 

PBSABCFCS and resuspended in 500pl of PBSABCFCS. Fluorescence was 

measured using the FACScan flow cytometer set to count 10,000 cells per sample. 

Background fluorescence or control samples were determined by using secondary 

antibody alone. Propidium iodide (Sigma Chemical Co.) was added at a final 

concentration of 20 pg/ml immediately prior to analysis, to gate out dead cells. The 

data were collected and analysed with a Macintosh Power PC computer equipped 

with CELL Quest research software (Becton Dickinson).

2.8 Adhesion assays

Cell adhesion assays were performed on 96 well microtiter plates (NUNC™).

Adherent cells were counted by using the MTS assay (the CellTiter 96® Aqueous 

Non-radioactive Cell Proliferation Assay; Promega). This assay is a colourimetric 

method for determining the number of viable cells (Cory et al. 1991). It is based on 

the cellular conversion of the tétrazolium compound (3-(4,5-dimethythiazol-2-yl)-5- 

(3-carboxymethoxyphenyl)-2-(4-sulfophenyl-2H-tetrazolium; MTS) into a 

formazan, in the presence of phenazine methosulfide (PMS), which is soluble in cell 

culture medium.

Wells were coated with a range of concentrations of laminin 1, laminin 5, 

collagen type I, collagen type IV and plasma fibronectin overnight at 4°C (all 

extracellular matrix proteins were purchased from Sigma Chemical Co. and prepared 

according to the manufacturer’s instructions except for laminin 5 which was 

prepared as described in Section 2.9.2). Wells were allowed to air-dry for 1 hour and 

washed with PBS. Wells were then blocked by incubation in PBS containing 0.5 

% heat denatured BSA for 90 minutes.

First passage NHK were cultured for 48 hours with or without SF prior to the 

assays. Cells were harvested and plated into the coated wells at a density of 3 

xlO^^cells/well in 100 pi o f serum-free medium (SFM; Appendix 1.4). Cells were 

allowed to adhere for 2 hours at 37®C in a humidified 5 % CO2 incubator. The wells 

were washed twice by immersing the plate gently in PBSABC to remove unattached
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cells. 100 |J,1 of SFM was added to each well, then medium was allowed to 

equilibrate for 1 hour at 37°C in humidified 5 % CO2 . 20 jil o f MTS/PMS solution 

(prepared immediately before use) was added to each well. The plates were covered 

with aluminium foil and left for 1 hour at 37®C in humidified 5 % CO2 . The 

absorbance was then measured using an ELISA plate reader (340 ATTC, SLT 

Labinstruments) at 492 nm. The relative number of cells in each well was calculated 

from a standard curve constructed by counting known numbers o f cells and applying 

the MTS assay. The percentage of attached cells in each well was expressed where 

the number of original seeded cells was indicated as 100 %.

2.8.1 Blocking experiments

The type of integrin adhering to immobilized ligand can be specified by 

performing inhibition assays with monoclonal antibodies against integrins or with 

chemical reagents. In this study, antibody blocking experiments were performed on 

fibronectin and laminin 5. These were done by pre-incubating the cells with 

antibodies (as indicated in Section 4.1) for 30 minutes before plating. In addition, 

chemical treatment with deoxyglucose or cytochalasin D was applied to the adhesion 

assays performed on laminin 5. These compounds inhibit cell metabolism or disrupt 

actin polymerization, which are required for the interaction of aspi integrin to the 

extracellular matrix, but not for the a 6p4 integrin (Sonnenberg et al. 1993). Cell 

metabolism was inhibited by pre-incubating cells with 50 mM of 2-deoxyglucose (2 

DG; Sigma Chemical Co.) for 20 minutes at 37°C . For cytoskeletal disruption, the 

cells were pre-incubated with cytochalasin D (CD; Sigma Chemical Co.) for 20 

minutes at 37°C. CD was used at Ipg/ml and diluted in DMSO. The final 

concentration o f DMSO was 0.1%. The conditions used in adhesion assays were 

determined by performing pilot experiments.

2.8.2 Preparation of laminin 5 (keratinocyte extracellular matrix)

It has been shown that cultured kératinocytes secrete extracellular matrix 

containing laminin 5 (Carter et al. 1990; Roussele et al. 1991). Laminin 5 in this 

study was prepared by the method of Rouselle (1991). NHK were plated onto the 

wells of 96 well microtiter plates at a concentration which would reach confluence in
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5 days. The medium was removed and the wells were washed twice in PBS. The 

adherent cells were removed by incubating with Rouselle lysis buffer (Appendix 1.4) 

for 15 minutes. The coated wells were washed three times with PBS and then used 

for adhesion studies.

2.9 Migration assays

Migration assays were performed using modified Boyden chambers 

containing polycarbonate membranes (tissue culture treated, 6.5 mm diameter, 10- 

pm thickness, 8-pm pores. Transwell®; Costa). The under surface of the membranes 

were coated with 10 pg/ml of fibronectin, collagen type I or laminin 1 (Sigma 

Chemical Co.) diluted in PBS for 1 hour at 37°C. For each chamber, non-specific 

sites on the membrane were blocked by adding 600pl of migration buffer (serum-free 

medium containing 0.5% BSA) into the lower chamber and 100 pi o f migration 

buffer into the upper chamber and incubating for 1 hour at 37°C.

100 pi of 10  ̂ cells in migration buffer in the presence or absence of SF was 

replaced into the upper chamber. The lower chamber was replaced with fresh 

migration buffer with or without SF. Cells were allowed to migrate for 3 hours at 37 

°C. After the period o f incubation, the Transwell® inserts were fixed in 10 % 

formalin for 10 minutes and stained with filtered 0.5% crystal violet in ethanol for 10 

minutes and then washed in deionised water.

The non-migratory cells on the upper surfaces of the membranes were wiped 

off with cotton swabs. The membranes were air-dried overnight and then cut and 

mounted for microscopy. For each chamber, the number o f migrating cells in 10 

randomly chosen fields (x40) was counted.

Antibody blocking experiments were performed in order to define the 

fimctional integrin during migration. The method was the same as described above, 

but cells were pre-incubated with antibodies (as indicated in Section 4.1 and 5.1) for 

30 minutes before adding to the upper chambers.

2.10 Preparation of cell lysates (denaturing conditions)

Subconfluent second passage NHK or H357 were serum starved for 3 hours 

and then incubated with or without SF or epidermal growth factor (10 ng/ml) for 10
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or 30 minutes. Control and treated cells were washed twice in PBS. Cells were lysed 

with boiling lysis buffer (Appendix 1.5) for 1 minute. Cells were scraped and lysates 

were transferred to centrifuge tubes and boiled for an additional 5 minutes. Lysates 

were passed several times through a sterile 21 gauge needle and centrifuged for 10 

minutes at 4°C. Samples were aliquoted and stored at -20°C until use.

2.11 Protein concentration assays

The amount of total protein in cell lysates was determined using the BCA 

protein assay reagent (BCA; Pierce & Warriner UK Ltd.). Bovine serum albumin 

was diluted in PBS to prepare a series of protein samples for a standard curve. 

Sample proteins were diluted at 1:2, 1:5 or 1:10 in PBS. Working reagent was 

prepared by combining 50 parts of Reagent A and 1 part o f Reagent B. 10 pi of 

protein standards or samples were pipetted into each well o f a microtiter plate 

(NUNC^^), followed by 200pl of working reagent. The samples were incubated at 

37®C for 30 minutes. After this time, absorbance was read at 550 nm using a 340 

ATTC Spectrophotometer (SLT Labinstruments). The standard curve was produced 

by plotting the net absorbance versus protein concentrations. The protein 

concentrations o f the unknown samples were determined using the standard curve.

2.12 Immunoprécipitation

Immunoprécipitation is one method to purify protein. When this technique 

combines with SDS-polyacrylamide gel electrophoresis, many important 

characteristics o f the antigen can be determined, for example the presence and 

quantity o f the antigen, relative molecular weight o f the protein, presence of post- 

translational modification and the interactions between proteins.

The immunoprécipitation can be divided into four steps: labelling the antigen 

(optional), lysis o f the cells to release the antigen, formation of the antibody-antigen 

complexes and purification of the immune complexes. Firstly, the antigen in viable 

cells may be labelled with radioactive material. However, some antigens can be 

detected by other methods which do not require this step. Next, the antigen is 

released from the cells with an appropriate lysis buffer. The immune complexes are 

formed by adding the antibody to the lysate. Finally, the immune complexes are
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isolated by a solid phase. Purified immune complexes can be analysed in a variety of 

techniques such as gel electrophoresis or immunoblotting.

2.12.1 Immunoprécipitation of FAK protein

Cell lysates containing 500-800 ng/ml o f protein were pre-cleared by adding 

100 pi of albumin-agarose (Sigma Chemical Co.) and incubated with continual 

mixing for 1 hour at 4°C. Then the sample was centrifuged to a pellet and the 

supernatant transferred to a fresh pre-chilled microcentrifuge tube. Next, the 

supernatant was incubated with anti-Focal adhesion antibody (anti-FAK antibody) at 

final concentration of 5pg/ml for 1 hour at 4°C with mixing. Immune complexes 

were incubated with protein G (prepared as described in Section 2.12.2) at 4°C 

overnight. Immune complexes were then washed three times with cold 

immunoprécipitation buffer (IP? buffer; Appendix 1.5). After a final wash, immune 

complexes were collected by centrifugation and then resuspended with 40 pi o f 2 

X electrophoresis sample buffer (Appendix 1.5) and boiled for 5 minutes. The 

supernatant was loaded on a 7.5% SDS-polyacrylamide gel for electrophoresis.

2.12.2 Protein G and preparation of protein G

Protein G is a protein isolated from the cell wall of p-haemolytic streptococci 

of the C or G strains (Kronvall, 1973). Protein G has different affinities for different 

antibodies form different species, classes, and subclasses (reviewed by Harlow and 

Lane, 1988). It is a useful solid-phase matrix, because it binds directly to the 

antibody but does not affect the interaction between the antibody and the antigen.

Protein G was purchased from Sigma Chemical Co. It was prepared from 

recombinant streptococcal protein G expressed in E.Coli and immobilized on 

Sepharose beads activated by cyanogen bromide. Protein G beads were washed three 

times in cold IPP buffer and resuspended with IPP buffer to give a slurry solution of 

1:1.

2.13 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is a 

widely used technique in protein analysis. It can be used to separate all types of
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proteins and also provides information about the molecular weight and the subunit 

composition of protein complexes. The basic principle is that a charged molecule 

will migrate in an electric field at a rate which is determined by its size and charge. 

The electric field is applied across a polyacrylamide gel which creates a network of 

pores between bundles o f the polymer and acts as a molecular sieve. Before entering 

the field, the protein is denatured by exposure to harsh conditions e.g. heat or a 

reducing agent and is coated with the anionic detergent, sodium dodecylsulfate 

(SDS). Under these conditions, large molecules will migrate more slowly than small 

ones, creating a series of discrete proteins bands arranged according to the molecular 

weight.

Vertical gel electrophoresis apparatus (the Mini-PROTEAN® II cell; 

BioRad) was assembled according to the manufacturer’s instructions (It was 

necessary to make sure that the plates were clean and the gel assembly did not leak). 

The separating gel solution (Appendix 1.5) was prepared and poured into the 

assembled plates. The gel was immediately overlaid with isopropanol and allowed to 

set for 30 minutes at room temperature. Once the gel was set, the overlay solution 

was poured off and the top of the separating gel was washed with distilled water and 

drained well and dried with filter paper. The stacking gel solution (Appendix 1.5) 

was prepared and poured directly onto the polymerised separating gel. An 

appropriate comb was placed into the gel solution, being careful not to trap any 

bubbles. The gel was allowed to set for 15-30 minutes and then the comb was 

carefully removed and the wells were rinsed with distilled water. The gel was fitted 

into the electrode apparatus and placed in an electrophoresis tank filled with SDS- 

running buffer (Appendix 1.5). Samples (prepared as described in Section 2.12.1) 

were loaded into the wells using a Hamilton syringe (Sigma Chemical Co.). In each 

gel, 10 pi o f standard molecular weight markers (Kaleidoscope prestained standards; 

BioRad) was loaded into one well in order to indicate membrane orientation and 

identify the protein size. Samples were size separated at 50V through the stacking gel 

and then at lOOV for approximately 2  hours corresponding to when the dye front 

reached the bottom of the gel. The gel was gently removed from the plates and made 

ready for transfer and Western blotting.
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2.14 Western blotting

Western blotting is an electrophoresis technique which allows examination of 

the cross reactivity of individual protein bands on an SDS-PAGE with a specific 

antibody. This method is often used to ascertain the identity of a protein band as the 

target protein. In Western blotting, proteins are transferred electrophoretically from 

the gel to a sheet of nitrocellulose. The nitrocellulose is blocked and treated with a 

primary antibody followed by a labelled secondary antibody. The antigen-antibody 

interaction is detected by radioactive or enzyme-linked reagents or enhanced 

chemiluminescence (ECL). The ECL method uses a secondary antibody that is 

labelled with horseradish peroxidase (HRP) to catalyse the oxidation o f luminol, 

resulting in strong light emission. This emitted light can be recorded by exposing the 

membrane to photographic films.

Proteins were transferred onto nitrocellulose membrane (OPTITAN BA-S 85; 

Schleicher & Schuell) using the Mini Trans-Blot® Electrophoretic Transfer Cell 

(BioRad). For each gel, 16 pieces of filter paper (Whatmann 3MM; Merck) and one 

piece o f nitrocellulose membrane were pre-wetted in the transfer buffer (Appendix 

1.5). The gel, pre-wetted nitrocellulose and filter papers were placed in a transfer 

cassette as shown in Figure 2.2. The cassette was placed in the tank filled with the 

transfer buffer. Proteins were transferred at 26V overnight. The nitrocellulose 

membrane was removed from the transfer apparatus and incubated with PBS 

containing 1% BSA and 0.1% Tween 20 (Sigma Chemical Co.) for 2 hours at room 

temperature. The blocking buffer was decanted and the blot was incubated with 

primary antibody (as indicated in Section 6.1) diluted in PBS containing 0.1% Tween 

20 (PBS-T) for 1 hour at room temperature. The primary antibody was discarded and 

the blot was washed in three changes of PBS-T. Following washing, the membrane 

was incubated with mouse horseradish peroxidase secondary antibody (Dako) diluted 

in PBS-T for another 1 hour. The membrane was washed in three changes of PBS-T 

and then visualized by enhanced chemiluminescence (ECL Western blotting 

detection system; Amersham Pharmacia Biotech). The membrane was exposed to x- 

ray films (Super RX Fuji film, FUJI PHOTO FILM Co.) for various lengths of time. 

Films were processed using Photosol CD 18 and Photosol CF40 (GRI).
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Figure 2.2 Western blotting apparatus.
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2.14.1 Stripping and reprobing membranes

In order to compare the relative amounts of FAK protein between samples, 

the same nitrocellulose membrane (which had been probed with antiphosphotyrosine 

antibody) was stripped in stripping buffer (Appendix 1.5) for 30 minutes at 50°C, 

followed by three washes of PBS-T. The membrane was then reprobed with the anti- 

FAK antibody.

2.14.2 Image analysis

The bands of FAK phosphorylation on the photographic films were analysed 

using Scion Image (Scion Corporation). Scion image is an image processing and 

analysis programme for personal computers. It can analyse a one-dimensional 

electrophoretic gel by generating semi-quantitative measurements of the image 

converted from the photographic film. Using the specific command in the 

programme, bands on photographic films are converted into histograms in which the 

area under each peak corresponds to each band to be measured. An example is 

shown in Figure 2.3.

band 1

band 2

region of interest

histogram 
ofband 1

photographic film

histogram 
of band 2

image analysis

Figure 2.3 Gel electrophoretic analysis using Scion Image software.
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Chapter 3: The effects of scatter factor on integrin expression in normal human 

kératinocytes

3.0 Introduction

Integrins are cell adhesion molecules which are involved in cell to cell and 

cell to extracellular matrix (ECM) adhesion. They function as transmembrane links 

between ECM and cytoskeletal proteins. They also serve as signal transducers, 

initiating a variety o f signalling pathways. By utilising these two mechanisms, they 

participate in many processes of cellular behaviour, including cell spreading, motility 

and cell proliferation (Hynes, 1992; Clark and Brugge, 1995; Yamada and 

Miyamoto, 1995; Springer, 1994; Sanchez-Madrid and Corbi, 1992).

Alteration in integrin expression is observed during epidermal differentiation 

(see Section 1.1.2), wound healing (see Section 1.2.5) and cancer (reviewed by 

Juliano and Varner, 1993). Different patterns of integrin expression presumably 

affect integrin-ECM interactions. This may lead to a new set of signalling cascades 

and reorganisation of cytoskeletal proteins and hence influence cell behaviour. The 

extent that altered integrins cause changes in cell biological function is demonstrated 

in melanoma cells where loss of avPs expression results in a decrease in cell 

proliferation, while re-expression of this integrin resumes their tumourigenecity 

(Felding-Habermann et al. 1992). Interestingly, it has been observed that malignant 

melanomas showed high level expression of avPs integrin (Gehlsen et al. 1992; 

Albeda et al. 1990).

However, altered integrin expression may be a consequence of the cell 

responding to the environment or it may occur concomitantly with the changes in 

cellular behaviour.

Integrin expression can be modulated by a variety of factors such as growth 

factors and pharmacological agents. Transforming growth factor-pi (TGF-pi) has 

been shown to increase expression of several integrins including Pi (Heino et al. 

1989; Wang et al. 1995), P4 (Sollberg et al. 1992b), Pô (Zambruno et al. 1995), az 

(Zambruno et al. 1995; Sheppard et al. 1992) and (Zambruno et al. 1995; Gailit et 

al. 1994) integrins. Phorbol ester up-regulated expression of aspi integrin, but down- 

regulated expression o f a 4 Pi integrin in myeloid cell line, U397 (Ferreira et al.
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1991). Modulation of integrin expression is quite complicated and appears to be 

dependent on cell type. For example, as is increased in guinea pig airway epithelial 

cells upon stimulation by TGF-pi (Sheppard et al. 1992), but is decreased in normal 

human skin kératinocytes (Zambruno et al. 1995). This complexity is added to the 

fact that there are many possible levels of control of integrin expression such as at 

transcriptive or postcriptive processes, alternative splicing or mobilisation of 

intracellular stores to the cell surfaces.

Several studies have demonstrated that scatter factor (SF) regulates cell 

growth, motility and morphology in a variety o f cell types (see Section 1.3.9). These 

processes have also been shown to be regulated by integrins. Furthermore, integrin 

signalling cascades have been recently identified and have been found to overlap 

with those o f growth factors. However, whether SF and integrins co-operate to 

regulate cellular behaviour is not clear.

Previous work examining the effects o f SF on integrins revealed that the level 

o f surface integrin expression responded to SF in a cell type specific manner 

(Matsumoto et al. 1994; Trusolino et al. 1998; Nebe et al. 1998; Kawakami-Kimura 

et al. 1997; Weimar et al. 1997). SF up-regulated a]. Pi and integrin expression in 

an immortalised hepatocyte cell line (Nebe et al. 1998). In a hepatocellular cell line, 

however, it up-regulated expression of a j and pi integrins, but not ae and p4 integrins 

(Kawakami-Kimura et al. 1997).

In order to investigate the role o f SF on the integrin expression of normal 

human kératinocytes, two types of culture were selected for study: conventional 

monolayer culture and histotypic culture. The epithelial cultures on de-epidermised 

dermis (DED) is a form of histotypic culture which is designed to regenerate a tissue

like architecture from a dispersed monolayer culture (see Section 2.3). The system 

consists of a piece of DED with isolated kératinocytes seeded on to it and placed at 

the air-liquid interface. In an epithelial system, the histotypic culture may have cell to 

cell and cell to ECM interactions in a more in v/vo-like condition compared with the 

monolayer culture. This may be due to the fact that the epithelium is attached to the 

remnant basement membrane (laminin, collagen type IV) (Guo and Grinnell, 1989; 

Prunieras et al. 1983b) and is not submerged in the culture medium as found in 

conventional culture. Histotypic culture also allows the study of differentiation and
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of the basement membrane zone with its related components. However, this model 

system is difficult to standardise in terms of size, origin and composition of DED, 

making it difficult to reproduce experiments and importantly to determine the co

factors and their actions which might have effects on the experiments.

The purpose of the experiments described in this Chapter was to determine 

the effect o f scatter factor on epithelial integrin expression in the two models: 

conventional monolayer culture and histotypic culture; and to investigate the effect 

o f SF on the basement membrane components and differentiation.

3.1 Methods

3.1.1 Cell Cultures

The cells used in these experiments were normal human kératinocytes (NHK) 

obtained from primary culture as described in Section 2.1.2.1 and maintained and 

subcultured as described in Section 2.1.2.2.

3.1.2 Flow cytometry

To investigate the effect of SF on the levels of surface integrin expression of 

NHK grown in conventional culture, NHK were prepared for flow cytometry as 

described in Section 2.7. The integrin antibodies used were against as (VM2), aspi 

(PID6 ), Œ6 (MP4F10), av (13C2), ŒvPs (PIF6 ), ŒvPô (E7P6), pi (TDM 29) and P4 (3 

E l) (listed in Table I, Appendix 2). In addition, an antibody against the 180 kDa 

bullous pemphigoid antigen (BP 180), a transmembrane component of 

hemidesmosomes was also used in flow cytometry.

3.1.3 Immunofluorescence

To examine the effect of SF on the localisation of integrins, NHK with or 

without SF were stained for immunofluorescence microscopy as described in Section

2.6.1. The integrin antibodies used were against as (VM2), p% (TDM 29), ae 

(MP4F10) and p4 (3E1) (listed in Table I, Appendix 2). Antibody against BP 180 was 

also used.
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3.1.4 Histotypic cultures

Histotypic cultures were prepared from second passage NHK as described in 

Section 2.3. At days 10, 16 and 21, cultures were fixed in 4% paraformaldehyde or 

snap frozen in liquid nitrogen and prepared for histology and immunohistochemistry.

3.1.4.1 Histology

In order to study the effect of SF on morphology o f the sections, either 

paraffin embedded sections or frozen sections were stained with haematoxylin and 

eosin as described in Section 2.4.

3.1.4.2 Immunohistochemistry

Cultures harvested on day 16 were further investigated by performing 

immunohistochemistry. Sections of normal oral mucosa were also stained for 

comparison.

To determine the role of SF on integrin expression and on the 

hemidesmosome and basement membrane zone proteins, frozen sections were 

stained for immunohistochemistry as described in Section 2.5.1. The integrin 

antibodies used were against a i (HAS-46), as (VM2), a 6 (VLA6 -a), ay (13C2), pi 

(TDM 29) and P4 (3E1) (listed in Table I, Appendix 2). The antibodies against 

hemidesmosome and basement membrane zone proteins were BP 180, H D l, laminin 

5 and collagen type IV (listed in Table II, Appendix 2).

To examine the role of SF on epithelial differentiation, paraffin embedded 

sections were utilised for immunohistochemistry as described in Section 2.5.2 using 

antibodies against cytokeratins 14, 10 and 4 and involucrin (listed in Table III, 

Appendix 2).
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3.2 Results

3.2.1 Flow cytometry

3.2.1.1 Data analysis

The effect of SF on the surface expression of each integrin and BP 180 in 

NHK was determined by flow cytometry. Propidium iodide (PI) was applied in this 

study in order to avoid the variation of level of surface antigen and non-specific 

fluorescence background due to the damaged and dead cells during sample 

preparation. PI is a reliable marker for non viable cells and is a polar, highly 

fluorescent (red colour) compound which, under isotonic conditions, can only enter 

cells that lack membrane integrity (Ross et al. 1989). Thus, flow cytometric analysis, 

using dual-parameter green (FITC) versus red (PI) fluorescence, will display 

distributions where strongly PI positive cells (red fluorescence) are mostly -dead 

cells (Figure 3.1). By setting a box around the viable cells in dot plot , only cells 

which fall in this box were further analysed by displaying a histogram plot (Figure 

3.2).

The histogram plot of each marker was then overlaid with a histogram plot of 

the negative control to create a third histogram (subtracting histogram) (Figure 3.3). 

Statistical analysis of the subtracting histogram was carried out using the available 

software (Cell Quest). Two values, which were the mean fluorescence intensity and 

the number of positive cells, were selected from this package to study the role of SF 

on the surface expression of integrins and BP 180 in NHK.

3.2.1.2 The effects of scatter factor on cell viability, mean fluorescence intensity and 

percentage of positive cells

The percentage number of viable cells were 80.28 ± 9.79 % and 80.63 ± 9.44 

% in the control group and experimental group, respectively, confirming that cell 

viability would not affect the results. Both NHK with and without SF expressed low 

levels of fluorescence intensity for BP 180 and avPs integrin, intermediate levels of 

fluorescence intensity for ay, ayp6 and asPi integrins and high levels of fluorescence 

intensity for ae, P4 , as and Pi integrins (Figures 3.4-3.6 ). There were no significant
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differences neither in the mean fluorescence intensity or number of positive cells 

between the control cells and cells treated with SF. The results are summarised in 

Figures 3.7 and 3.8 and Tables 3.1 and 3.2.

3.2.2 The effects of scatter factor on integrin distribution

The role o f SF on the distribution of integrins in monolayer cultures was 

investigated by indirect immunofluorescence staining. The integrins investigated 

including p4 , as and pi were highly expressed in NHK as previously shown by 

flow cytometry. aeP4 and agpi integrins have been shown to organise major cell- 

substrate adhesion structures o f kératinocytes in tissue culture; namely Stable 

Anchoring Contacts (SACs) and focal adhesions (FAs) (Carter et al. 1990).

SACs consist of aeP4 integrin and 230 KDa bullous pemphigoid antigen 

(BPAGl). They appear to serve an anchoring function and are suggested to be 

immature forms of hemidesmosomes. Unlike SACs, FAs are involved in dynamic 

adhesion. They are found after initial cell adhesion, in cell spreading and cell 

migration (Carter et al, 1990).

The role of SF on the distribution of 180 KDa bullous pemphigoid antigen 

(BPAG2, BP 180) was also studied in this experiment. BP 180 is a component of 

hemidesmosomes and has been shown to colocalise with a 6 , BPAGl and plectin in 

immortalised skin kératinocytes (Borradori et al. 1998).

After 24 hours, NHK did not fully spread on the glass slides as observed 

under inverted light microscopy, pi integrin was localised into focal contacts which 

could be found at the free edge of peripheral cells of small colonies (Figure 3.9). A 

few cells demonstrated faint staining of Pi integrin at the intercellular areas (Figure 

3.10). There was a nuclear staining which was probably due to artefact in partially 

attached cells, ag, as and p4 integrins were hardly detected at 24 hours. BP 180 

showed diffuse staining and some cells started to exhibit a leopard skin pattern.

When NHK were grown for 48 hours, cells showed stronger staining than 

observed at 24 hours and did not exhibit nuclear staining. Therefore, the effects of 

scatter factor on the integrin distribution was studied in NHK at day 3, Pi and as 

were strongly expressed at the intercellular boundaries (Figures 3.1 la-3.12a). They 

were also occasionally observed as focal contacts at the free edge of some peripheral
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cells of the colony (Figure 3.13a). Cells without permeabilisation also showed 

staining of as and pi integrins at the area o f cell to cell contacts. But this was not as 

clear as found in cells with permeabilisation. The diffuse staining is probably a result 

o f the overlap of dorsal membranes of the cells. Therefore, most of the results 

described here were obtained from staining carried out with permeabilisation.

BP 180, Œ6 and p4 integrins displayed large polymorphic patches described as 

leopard skin pattern (Figures 3.14a-3.17a). In some cells, p4 integrin did not show a 

leopard skin pattern, but was diffusely stained at the basal surfaces (Figure 3.15a). as 

and p4 integrins were occasionally found at the peripheral microspikes (Figure 3.16

a).

When NHK were treated with SF for 30 minutes, some cells changed their 

morphology from a polygonal to a spindle shape (Figure 3.11b). Many cells 

generated elongated cytoplasmic lamellipodia. a ] and Pi integrins were aggregated 

into large adhesion plaques which can be observed at the leading edge of these 

lamellipodium (Figure 3.13b). But both control cells and cells treated with SF 

showed comparable staining o f as and Pi which were localised into focal contacts at 

the free edge of peripheral cells o f the colony. Interestingly, SF induced only Pi 

integrin, but not as integrin to aggregate into numerous small dots over the basal 

surfaces (Figure 3.1 lb). a 6, p4 and BP 180 also showed a typical leopard skin pattern 

similar to those of control cells. But these patterns were more distinct and intense 

than the control cells (Figures 3.14b-3.17b). There was an increase in the expression 

of as and p4 integrins at the peripheral microspikes (Figures 3.15b and 3.17b).

3.2.3 Histotypic cultures

3.2.3.1 Morphology of histotypic cultures

After 10 days, NHK formed an epithelial cell layer 4-8 cells thick and 

stratified in some places.

At 16 days, cultures showed multilayered epithelium quite similar to normal 

mucosa (Figures 3.18a-3.20a). The reconstructed epithelium consisted of basal, 

spinous and parakeratinised layers. Basal cells showed a cuboidal shape and nuclear 

palisading in frozen sections (Figures 3.19a and 3.20a). But in paraffin sections they
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were smaller than those observed in frozen sections. This may be due to the 

shrinkage in paraffin sections during tissue processing. In addition, the artificial 

epithelium was very delicate compared to normal epithelium skin or mucosa. The 

prickle cell layer was very prominent in paraffin sections. Keratohyaline granules 

were observed.

The epithelium showed a regular thickness. Formation of rete pegs was also 

seen but this might be due to the irregular surface o f the DED. The reconstructed 

tissue exhibit a smooth epithelial-mesenchymal junction. Some spaces between 

epithelium and dermis could be occasionally observed. This is due to the attempt to 

cut the cultures in half in order to compare between paraffin and frozen sections from 

the same culture at the beginning o f the experiment. But this appeared not to be a 

suitable method for a small and delicate culture. Therefore, this procedure only done 

in histotypic cultures in the absence of SF.

When cultures were left for 21 days, the epithelium was not thicker than that 

seen after 16 days cultures. These results are consistent with other groups (Rikimaru 

et al. 1997; Fartasch and Ponec, 1994). It has been shown that NHK grown on DED 

for about 3 weeks or longer decreased the number of viable cells in the epithelium 

and tended to accumulate a large number of comified layers. NHK of 21 day cultures 

showed an eosinophilic and vacuolated appearance. Two-three cell layers of 

compacted stratum comeum were observed.

Among the different times, the 16 day cultures gave the best histology in 

haematoxylin & eosin stained sections. Therefore, the effect of SF was investigated 

on 16 day cultures with respect to morphology and immunohistochemistry.

3.2.3.2 The effects of scatter factor on the morphology

Histotypic cultures grown in the presence o f SF also exhibited a multilayered 

epithelium, but the architecture was different from that of cultures in the absence of 

SF (Figures 3.18-3.20). The epithelium did not show distinct stratification as seen in 

control cultures. The nuclear palisading of basal cells disappeared in many areas of 

sections examined. Small spaces around individual cells in the basal and suprabasal 

layers can be observed in frozen sections, suggesting that cells might have lost 

adhesion to each other. The epithelium was irregular in thickness and showed
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irregular shaped rete pegs. The epithelial-mesenchymal junction was ragged. 

Formation of small blisters at the basal layers was clearly observed in paraffin 

sections.

3.2.3.3 Expression o f integrins, hemidesmosomes and basement membrane zone 

proteins in normal mucosa and in histotypic cultures.

Normal oral mucosa:

Sections o f normal oral mucosa were stained for comparison. Consistent with 

previous studies (Jones et al. 1993; Larjava et al. 1993), expression of all integrin 

subunits was confined to the epithelial basal and parabasal layers, and p4 subunits 

were stained diffusely in the cytoplasm of basal cells and exhibited a linear pattern at 

the basement membrane aspect o f the basal cell layer (Figure 3.21). az, « 3 , oty and Pi 

showed diffusely staining in basal layers (Figure 3.22).

BP180 was localised at the basal and lateral surface of basal cells (Figures 

3.23-3.24). HDl was weakly expressed at the basal surface of the basal cell layers 

(Figure 3.25). A distinct line of staining with antibodies to laminin 5 and type IV 

collagen was observed immediately beneath the basal cell layers (Figure 3.26). 

Histotypic cultures:

Compared to normal oral mucosa, there was increased suprabasal expression 

of all integrins studied including pi, P4 , a ], as, ae and ay subunits (Figures 3.27a- 

3.31a). tt2 , as, ay and pi integrins were strongly expressed at the plasma membrane 

and diffusely in the cytoplasm (Figures 3.27a and 3.28a), ql(, and p4 were diffusely 

stained throughout the cytoplasm of basal cells and were not concentrated at the 

basal aspect of basal cells as observed in normal mucosa (Figures 3.29a-3.31a).

Like normal mucosa, BP 180 was present in a pericellular manner in the 

cytoplasm of basal cells (Figure 3.32a). In contrast to normal mucosa, HDl showed 

cytoplasmic staining of basal cells (Figure 3.33a). Type IV collagen was present as a 

linear line beneath the basal cell layer (Figure 3.34a). Laminin 5 showed weak and 

patchy staining at the epithelial-mesenchymal junction (Figure 3.35a).
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3.2.3.4 The effects of scatter factor on the expression of integrins, hemidesmosomes 

and basement membrane zone proteins.

There was a decrease in the expression of a:, as, a 6, ay and Pi integrins 

(Figures 3.27b-3.30b). The reduced expression was less prominent for the pi subunit. 

This reduction was exhibited by loss of staining in many areas in the suprabasal cell 

layer and by focal loss of staining in the basal cell layers. P4 and a 6 integrins showed 

a fragmented staining pattern (Figures 3.30b and 3.31b).

Compared to control cultures, BP 180, H D l, laminin 5 and type IV collagen 

showed decreased expression with fragmented staining (Figures 3.32b-3.35b). There 

was also a reduction in the expression of laminin 5 compared with control cultures 

(Figure 3.35b). However, it was quite difficult to make a comparison with control 

cultures because the controls also gave a weak and patchy staining.

3.2.3.5 The effects of scatter factor on differentiation markers

In normal epithelial differentiation, basal cells which are committed to 

differentiate, stop dividing and leave the basal layer perpendicularly towards the 

surface epithelium. During this journey, they undergo sequential morphological 

changes and synthesise a variety of differentiation products. Histochemical analysis 

of these specific products is one method to evaluate the level of epithelial 

differentiation.

Cytokeratins (CKs) and involucrin are well-established differentiation 

markers. The pattern of CKs in an epithelial cell is related to its state of maturation 

(Dale et al. 1990). CK14 is expressed in the basal cells of stratified epithelia (Fuchs, 

1990). CK4 and CKIO are normally present in the suprabasal cell layer (Copete et al. 

1997; Moll et al. 1982). Involucrin is the soluble precursor of cross-linked envelopes. 

It appears at the granular cell layer of normal stratified epithelium(Watt, 1983).

In control histotypic cultures, CK14 showed weak staining confined to the 

basal cell layer (Figure 3.36a). It was also detected in parabasal cells when epithelial 

cells formed rete pegs. CK4 exhibited strong, but variable staining. It was found in 

basal and 2-3 layers of suprabasal cells (Figure 3.37a). CKIO (Figure 3.38a) and 

involucrin were generally detected in the suprabasal cell layers.

Compared to control cultures, cultures treated with SF showed a slightly 

increase suprabasal expression of CK4 (Figure 3.37b) and a marked increase
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suprabasal expression of CKIO (Figure 3.38b) and involucrin. CK14 demonstrated 

comparable staining to control cultures and was confined to the basal cell layer 

(Figure 3.36b).
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Figures 3.1 and 3.2 The use of propidium iodide (PI) for dead cell gating. PI was 

added a few minutes prior to analysis o f an unfixed sample of cells stained for « 3  

integrin (Figure 3.1b) or with secondary antibody alone (Figure 3.1a). Figures 3.1 

a and 3.1b show typical dot plots, in logarithmic scale, o f green fluorescence 

labelled with FITC (X-axis) versus red fluorescence labelled with PI (Y-axis) 

colour. The highly PI positive cells are non-viable and are gated out by the box. 

Figures 3.2a and 3.2b demonstrate histogram plots of cell falling in the box from 

corresponding dot plots above.

Figure 3.3 The overlaid histogram. The red line represents the histogram from 

cells treated with secondary antibody alone (negative control). The blue line 

represents the histogram from cells treated with SF and stained with BP 180 

antibody. The black line is subtracting histogram mathematically generated by 

using the tool provided in the software package.
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Figures 3.4-3.6 Surface expression of BP 180 and integrins of NHK as evaluated 

by flow cytometry. NHK show low levels o f fluorescence intensity for BP 180 

and avPs integrin, intermediate levels for ay, ayp6 and a$Pi integrins and high 

levels for ag, p4 , ag and Pi integrins. The X-axis represents fluorescence intensity 

in log scale and the Y-axis represents cell number.
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Figure 3.7 Mean fluorescence (arbitrary units) of NHK labelled with anti- 

integrin and BP 180 antibodies. Error bars represent SD (n=3 or 4).

Figure 3.8 The proportion of positive cells of NHK labelled with anti-integrin 

and BP 180 antibodies. Error bars represent SD (n=3 or 4).
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Figures 3.9-3.11a Immunofluorescence staining of first passage NHK. 

Distribution o f Pi integrin of NHK after growing on glass cover slips for 24 hours 

(Figures 3.9 and 3.10) and for 48 hours (Figure 3.11a).

After 24 hours, pi integrins are seen as dense focal plaques at the free 

edges of peripheral cells o f the small colony (Figure 3.9, arrows) and also 

weakly expressed at areas of cell-cell contacts (Figure 3.10, arrow). By 48 hours. 

Pi integrins are strongly expressed at the intercellular boundaries (Figure 3.11 a).

Figure 3.11 Effects o f SF on the distribution of pi integrins. NHK were grown 

on glass coverslips for 48 hours and were left untreated (Figure 3.11a) or 

stimulated with 100 ng/ml SF for 30 minutes (Figure 3.11b). Cells were then 

fixed and permeabilised before staining by immunofluorescence with anti-Pi 

integrin. SF caused pi integrin to have a punctate staining pattern (Figure 3.1 lb). 

Note SF also induces NHK to change their morphology from polygonal to 

spindle shape.

All photographs are original magnification xlOO and recorded on 

Agfachrome RSX 200 professional film.
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Figures 3.12 and 3.13 Effect of SF on the distribution of as integrins. First 

passage NHK were grown on glass coverslips for 48 hours and were left 

untreated (Figures 3.12a and 3.13a) or stimulated with 100 ng/ml of SF for 30 

minutes (Figure 3.12b and 3.13b). Cells were then fixed and permeabilised 

before staining by immunofluorescence with anti-ag integrin. as integrins are 

localised at areas of cell-cell contacts (Figure 3.12a) and found as dense plaques 

or focal contacts at the free edge of peripheral cells o f the colony (Figure 3.13a, 

arrows). Note the similar staining pattern to pi integrins. SF causes no changes in 

the distribution o f as integrins in NHK (Figure 3.12b). But it induced cells to 

produce lamellipodia, as integrins accumulate to form dense plaques at the 

leading edges of these lamellipodia (Figure 3.13b, arrow).

All photographs are original magnification xlOO and recorded on

Agfachrome RSX 200 professional film.
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Figures 3.14 and 3.15 Effect o f SF on the distribution of BP 180 and p4 integrin. 

First passage NHK were grown on glass coverslips for 48 hours and were left 

untreated (Figures 3.14a and 3.15a) or stimulated with 100 ng/ml o f SF for 30 

minutes (Figures 3.14b and 3.15b). Cells were then fixed and permeabilised 

before staining by immunofluorescence with antibodies against BP 180 (Figure 

3.14) or p4 integrin (Figure 3.15). The staining patterns show that BP 180 and P4 

integrin are mostly found in patches, which have been previously described as 

“leopard skin pattern” on the basal surfaces (Figures 3.14a and 3.15a). SF does 

not change the staining pattern o f BP 180 (Figure 3.14b) and p4 integrin (Figures 

3.15b) in NHK. But the typical leopard skin pattern of these markers in cells 

treated with SF is more distinct than those of control cells.

All photographs are original magnification xlOO and recorded on

Agfachrome RSX 200 professional film.



Figure 3.14a Figure 3.14b

Figure 3.15a Figure 3.15b
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Figures 3.16 and 3.17 Effect of SF on the distribution of P4 and tt6 integrins. 

First passage NHK were grown on glass coverslips for 48 hours and were left 

untreated (Figures 3.16a and 3.17a) or stimulated with 100 ng/ml of SF for 30 

minutes (Figures 3.14b and 3.15b). Cells were then fixed and permeabilised 

before staining by immunofluorescence with antibodies against P4 (Figure 3.16) 

or « 6  (Figure 3.17) integrins. The staining patterns show that P4 and ae integrins 

are mostly found in patches as “leopard skin pattern” on the basal surfaces 

(Figures 3.16a and 3.17a). SF does not change the staining pattern o f p4 (Figures 

3.16b) and ae (Figure 3.17b) integrins in NHK. But the typical leopard skin 

pattern o f these markers in cells treated with SF is more distinct than those of 

control cells.

All photographs are original magnification xlOO and recorded on fast

black&white film, Kodak T-Max 400 and exposed at 1000 ISO.



Figure 3 .16a Figure 3 .16b
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Figures 3.18-3.20 Effect o f SF on the morphology of histotypic cultures grown at 

the air-liquid interface, in the absence o f SF (Figures 3.18a, 3.19a and 3.20a) and 

in the presence o f SF (100 ng/ml) (Figures 3.18b, 3.19b and 3.20b). Both groups 

were cultured for 16 days. Control histotypic culture shows multilayered 

epithelium composed of basal, spinous and parakeratinized layers (Figures 3.18a, 

3.19a and 3.20a). SF caused loss o f stratification and basal cell palisading and 

small blisters at the basal layers (Figure 3.18b, 3.19b and 3.20b ). Figure 3.18 is a 

paraffin section. Figures 3.19 and 3.20 are frozen sections.

Haematoxylin and eosin. All photographs are original magnification 

xlOO, except for Figure 3.19 which is x63.
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Figures 3.21-3.26 Immunostaining of normal oral mucosa.

Figure 3.21 The ae subunit is expressed diffusely in the cytoplasm of basal cells, 

the staining is more concentrated on the basal aspect of these cells.

Figure 3.22 Diffuse staining of the as subunit in the basal cell layer.

Figures 3.23 and 3.24 BP 180 shows strongly staining at the basal and lateral 

surface of the basal cells.

Figure 3.25 HDl exhibits weak staining at the basal surface o f basal cells.

Figure 3.26 Laminin 5 is observed as a distinct line immediately adjacent to the 

basal cell layer.

All photographs are original magnification x63, except for Figure 3.23 

which is x l6 .
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Figures 3.27 and 3.28 Immunostaining of histotypic cultures in the absence of 

SF (Figures 3.27a and 3.28a) and in the presence of SF (Figures 3.27b and 3.28 

b). Cultures were labelled with antibodies against pi (Figure 3.27) and a% (Figure 

3.28) integrins. A decrease in the expression is found in both markers with a 

lesser extent in the case of Pi integrins.

All photographs are original magnification x63.
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Figures 3.29-3.31 Immunostaining of histotypic cultures in the absence o f SF 

(Figures 3.29a, 3.30a and 3.31a) and in the presence of SF (Figures 3.29b, 3.30b 

and 3.31b). Cultures were labelled with antibodies against ae (Figures 3.29 and 

3.30) and p4 (Figure 3.31) integrins. ae and p4 integrins are diffusely distributed 

throughout the basal cells in the control histotypic cultures (Figures 3.29a, 3.30a 

and 3.31a). There is a decrease in the expression o f ae and p4 with a fragmented 

staining pattern (Figures 3.29b, 3.31b and 3.31b) after treatment with SF.

Figures 3.29 and 3.31 are original magnification x63. Figure 3.30 is 

original magnification x25.
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Figures 3.32 and 3.33 Immunostaining of histotypic cultures in the absence of 

SF (Figures 3.32a and 3.33a) and in the presence of SF (Figures 3.32b and 3.33

b). Cultures were labelled with antibodies against BP 180 (Figure 3.32) and HDl 

(Figure 3.33). BP 180 and HDl are localised at the basal cell layer. BP 180 is 

expressed at the basal and lateral surfaces of basal cells (Figure 3.32a). HDl 

shows cytoplasmic staining o f basal cells (Figure 3.33a). SF reduces the 

expression o f both BP 180 and HDl with a fragmented staining pattern (Figures 

3.32b and 3.33b).

All photographs are original magnification x63, except for Figure 3.32b 

which is xlOO.
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Figures 3.34 and 3.35 Immunostaining of histotypic cultures in the absence of 

SF (Figure 3.34a and 3.35a) and in the presence o f SF (Figures 3.34b and 3.35b). 

Cultures were labelled with antibodies against collagen type IV (Figure 3.34) and 

laminin 5 (Figure 3.35). Collagen type IV is observed as a continuous line 

immediately under the basal cell layer (Figure 3.34a). SF disrupts the expression 

of collagen type IV (arrows) (Figure 3.34b). Laminin 5 shows patchy staining 

(Figure 3.35a). Fragmented staining of laminin 5 is observed when cultures were 

treated v^th SF (Figure 3.35b).

All photographs are original magnification xIOO.
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Figures 3.36-3.38 Immunostaining of histotypic cultures with differentiation 

markers.

Figure 3.36 Expression of cytokeratin 14 in histotypic cultures in the absence 

(Figure 3.36a) and presence of SF (Figure 3.36b). Cytokeratin 14 is found 

confined to the basal cell layer in both cultures.

Figure 3.37 Expression of cytokeratin 4 in histotypic cultures in the absence 

(Figure 3.37a) and presence of SF (Figure 3.37b). Cytokeratin 4 is expressed in 

basal and suprabasal cells, especially when epithelial cells form rete pegs (Figure 

3.37a). SF slightly increases the expression of cytokeratin 4 (Figure 3.37b).

Figure 3.38 Expression of cytokeratin 10 in histotypic cultures in the absence 

(Figure 3.38a) and presence o f SF (Figure 3.38b). Cytokeratin 10 exhibits 

suprabasal staining (Figure 3.38a). SF markedly increases suprabasal expression 

of cytokeratin 10 (Figure 3.38b).

All photographs are original magnification x40.
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The effects o f  SF on intesrin expression

Table 3.1 Summary o f the mean fluorescence of NHK (Mean ± SD) in the absence 

or presence of SF.

Antibody (n) NHK in the absence of SF NHK in the presence of SF

BP 180 (4) 18.83 ±3.77 22.94 ± 4.78

as integrin (3) 630.96 ±102.48 602.03 ± 76.88

(5i integrin (3) 485.29 ±28.81 498.70 ± 1.33

as Pi integrin (3) 39.54 ±9.16 40.88 ± 10.67

Œ6 integrin (4) 338.60 ±95.63 379.82 ± 17.82

P4 integrin (3) 362.41 ±38.99 397.42 ± 17.82

ttv integrin (3) 52.88 ± 22.40 60.07 ± 24.65

ŒvPs integrin (3) 12.33 ±3.58 13.66 ±4.27

avp6 integrin (3) 49.60 ±16.75 45.13 ±17.20

Table 3.2 Summary of the percentage of positive cells o f NHK (Mean ± SD) in the 

absence or presence of SF

Antibody (n) NHK in the absence of SF NHK in the presence o f SF

BP 180 (4) 50.52 ± 14.73 34.10 ± 14.86

as integrin (3) 97.30 ±2.59 95.34 ±3.95

Pi integrin (3) 98.84 ±1.52 97.02 ±3.55

as Pi integrin (3) 92.13 ±2.04 90.27 ± 4.09

ag integrin (4) 92.91 ±3.20 90.06 ±3.59

P4 integrin (3) 95.76 ±0.57 95.09 ±1.18

av integrin (3) 95.68 ± 2.29 94.08 ±3.38

avPs integrin (3) 57.32 ±16.33 50.59 ± 7.67

avPe integrin (3) 80.89 ±4.06 75.41 ± 1.00
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3.3 Discussion

In monolayer culture, SF did not change cell-surface integrin expression of 

NHK in terms of the number of positive cells or mean fluorescence intensity as 

evaluated by flow cytometry. However, SF altered surface pi integrin distribution to 

a punctate staining pattern and induced as and Pi integrins to accumulate into focal 

adhesions at the leading edge of lamellipodia. Interestingly, SF down-regulated all 

surface integrin expression when NHK were grown in histotypic culture.

NHK in tissue culture expressed high levels of fluorescence intensity for as, 

pi, a 6 and P4 integrins, intermediate levels of fluorescence intensity for a$Pi, ay and 

avPô integrins and low levels of fluorescence intensity for BP 180 and avPs integrin. 

These results are in accordance with previous reports (Sugiyama et al. 1993; 

Haapasalmi et al. 1996).

Flow cytometry can be used to measure the relative level of many cell surface 

receptors. However, there are some limitations to this technique when applied in 

tissue culture. For example, it requires the single-cell suspension, therefore, trypsin- 

sensitive epitopes on the cell surface may be lost due to the use of trypsin to harvest 

cells from tissue culture vessels. Flow cytometry also lacks information on the 

pattern and location of staining receptors. Nevertheless, this technique has been 

demonstrated to be able to measure cell surface integrins and the effects of growth 

factors on cell surface integrins in a number of published papers (Chen et al. 1995; 

Trusolino et al. 1998; Matsumoto et al. 1994; Sugiyama et al. 1993; Nebe et al. 

1998). The results in the level of surface integrins in this study were consistent with 

other previous works, supporting that flow cytometry is a reliable technique to 

measure cell surface integrins.

BP 180, which is a non-integrin marker used in this study, is a transmembrane 

protein colocalising with a 6p4 integrin in hemidesmosomes (reviewed by Burgeson 

and Christiano, 1997). Although BP 180 was strongly expressed in both normal oral 

mucosa and in histotypic cultures using immunohistochemical methods, it showed 

low levels o f fluorescence intensity when evaluated by flow cytometry. In contrast 

with BP 180, a 6p4 integrin was highly expressed as evaluated by both 

immunohistochemistry and flow cytometry. It is likely that trypsinisation used to 

prepare single cells may result in digestion of the extracellular domain of BP 180. It
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has been shown that extracts of cells prepared from an intact cell monolayer were 

strongly stained with BP 180 while extracts from freshly trypsinised cells were 

weakly stained. In addition, there are many possible trypsin digestion sites in the 

putative extracellular domain of BP 180 (Hopkinson et al. 1992).

In order to measure surface expression of BP 180, an attempt to avoid using 

trypsin has been tried by using versene. However, it was not possible to prepare a 

single cell suspension by this method since cells tended to lift off in a sheet-like 

manner. Due to the cell preparation technique, it was not possible to determine the 

effects of SF on the surface expression of BP 180 in NHK.

A histogram plot is a common method of displaying flow cytometry data. In 

this plot, the x-axis represents fluorescence intensity and the y-axis shows cell 

number at each intensity. Therefore, histogram plots can be used to compare 

fluorescence intensities. It can also reveal whether there are discrete sub-population 

of cells with different intensities. For example, a two-peak histogram means there are 

two populations in the sample: relatively dull cells and bright cells.

Histogram plots o f as, pi, ae and p4 integrins generated a peak of cells with 

high surface integrin levels (high fluorescence intensity) and a shoulder o f cells with 

lower surface integrin levels. Compared to histogram plots of as, pi, ae and P4 

integrins, histogram plots of ay, avPs, ayp6 and aspi integrins gave only a single 

peak of fluorescence intensity. These results suggest that there are two populations of 

NHK. One is the majority of the population which has high levels for all surface 

integrins. The second population is a minority o f cells which have low levels o f as. 

Pi, a 6 and p4 integrins. Kératinocytes in tissue culture have been reported to contain 

two populations: basal and suprabasal cells. These two populations can be separated 

on the basis of their light-scattering characteristics in dot plots and also on the basis 

o f relative fluorescence in histogram plot. Basal cells showed low levels o f light 

scattering but high fluorescence intensity in histogram plots (Jones and Watt, 1993; 

Adams and Watt, 1990). On the basis o f these observations, it is likely that the main 

population which showed high levels for all surface integrins are basal cells while 

the minority are in the suprabasal cell group.

a ], pi, a 6 and p4 integrins showed relatively high levels of fluorescence 

compared to aspi, ay, ayp$ and ayPe integrins. Like skin kératinocytes, as, pi, ae and
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P4 integrins appeared to be major integrins which are expressed by normal 

kératinocytes (Carter et al. 1994). The presence o f asp i, av, ayPs and ŒvPô integrins 

supports the concept that isolated kératinocytes placed in culture are activated and 

resemble wound kératinocytes (Grinnell, 1992). a^, Pi, ae and p4 integrins are 

strongly expressed in normal oral mucosa (Jones et al, 1993; Larjava et al. 1993; 

Hormia et al. 1990). But asPi, ŒvPs and avPô are absent or weakly expressed in 

normal oral mucosa, while they are up-regulated or de novo expressed during wound 

healing (Larjava et al. 1993; Haapasalmi et al. 1996).

SF did not alter cell-surface integrin expression of NHK in terms of number 

of positive cells or mean fluorescence intensity as measured by flow cytometry. 

These results agree with the work of Matsumoto et al. (1994). They also found that 

SF did not cause changes in surface integrin expression, while it promoted migration 

o f squamous carcinoma cell line.

NHK expressed BP 180, as. Pi, a 6 and p4 integrins after 48 hours grown on 

glass cover slips as illustrated by indirect immunofluorescence staining, as and pi 

integrins were strongly expressed at areas o f cell-cell contact and occasionally found 

at the free edge of the colony. BP 180, ae and p4 integrins were consistently found in 

structure known as SACs which were detected as large polymorphic patches at the 

basal surfaces. The staining patterns of these proteins were similar to those described 

for both skin kératinocytes (De Luca et al. 1992; Carter et al. 1990; Borradori et al. 

1998) and oral kératinocytes (Jones et al. 1996a).

The lack of expression and diffuse appearance of as, pi, ae and p4 integrins 

and BP 180 by 24 hours and the distinct staining of these markers by 48 hours suggest 

that endogenous matrix may be involved in the distribution and expression of these 

proteins. This time-dependent expression was in accordance with previous studies 

(Carter et al. 1990; De Luca et al. 1992).

De Luca et al. (1992) found that the lateral enrichment o f Pi integrin and the 

typical leopard skin pattern of p4 integrin were progressively and spontaneously 

expressed upon seeding time. In addition, these integrins topography seem to be 

independent of the ECM. Carter and co-workers (1990) reported that asPi integrin 

was localised into focal adhesions at the leading edge of migrating cells while 

integrin was found polarised to the trailing edge in the same migrating cell after 2
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hours o f seeding time. However, a 6 ^ 4  integrin was detected in a typical leopard skin 

pattern in stationary spread cells after seeding for 3 days.

The distribution of as and pi integrins at areas of cell-cell contact and at focal 

adhesions o f the free edge o f expanding cells of the colonies support the concept 

previously proposed that these integrins play roles in cell-cell junctions and in 

dynamic adhesion in spreading and migrating cells. The potential role of these 

integrins is controversial because fimction of integrins is partly based on their 

biochemical distribution. There is a discrepancy in the topography of as and Pi 

integrins in vitro due to the use of different strains o f kératinocytes, different culture 

conditions and also different number of passage o f kératinocytes. It has been 

suggested that the most reliable in vitro models for studying physiology of epidermal 

cells is a culture of primary or secondary kératinocytes which are cultivated under 

high Ca^^ condition (De Luca et al. 1992). The present study also employed 

conditions according to this criterion. The role of aep 4 integrin and BP 180 appears to 

be more consistent. They play a major role in stable adhesion o f basal cells to the 

basement membrane and culture substrate both in vivo and in vitro (De Luca et al. 

1992; Carter et al. 1990). It is likely that integrins which play a role in dynamic 

function have variable staining patterns.

There were two major effects on the integrin distribution caused by SF. 

Firstly, SF induced ag and pi integrins to accumulate into large focal adhesions at the 

leading edge of the lamellipodia. Secondly, SF stimulated pi integrin to have a 

granular appearance. SF has been previously shown to induce co-localisation of Pi 

integrin, vinculin, FAK and phosphotyrosine at focal adhesion sites in a cell line 

derived from oral squamous carcinoma. It was also found that SF did not change 

levels of surface integrins in this cell line (Matsumoto et al. 1994). These results and 

the present study suggest that in an oral epithelial cell system, regulation of cell- 

surface integrin by SF may involve reorganisation o f integrin distribution rather than 

levels o f surface integrin expression.

Focal adhesions (FA) are special sites of tight adhesion which cultivated cells 

make to ECM. They consist o f integrins as transmembrane components which link to 

ECM at the outside of the cell, while inside the cell they connect to cytoskeletal 

proteins and actin filaments (Damsky and Werb, 1992; Burridge and Wodnicka,
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1996; Juliano and Haskill, 1993). Since alterations in concentration of these 

cytoskeletal proteins disturb migration rate in vitro (Fernandez et al. 1992; Fernandez 

et al. 1994; Nuckolls et al. 1992), FA are postulated to be involved in cell migration. 

In normal kératinocytes, aaPi integrin is a transmembrane component of FA. They 

are associated with actin-containing stress fibres and are found at the leading edge of 

migrating cells (Carter et al. 1990). Lamellipodia are sheet like [extensions of plasma 

membrane at the leading edges of migrating cells. They are organised by the network 

of actin filaments (Welch et al. 1997).The highly dynamic polymerisation and de

polymerisation of actin filaments in the lamellipodia are suggested to be vital 

processes in directing cell movement (Gao et al. 1993). It has been shown that two 

Ras-related small GTPase proteins, Rho and Rac, control the polymerisation o f actin 

filaments and also direct the organisation of these filaments into specific structures 

such as focal adhesions and lamellipodium, respectively (Ridley and Hall, 1992; 

Ridley et al. 1992; Hall, 1998). Interestingly, dissociation and migration o f MDCK 

cells induced by SF requires Ras pathway (Hartmann et al. 1994). Grazini et al. 

(1993) also reported that SF activated Ras proteins by stimulation of Ras-guanine 

nucleotide exchanger.

The granular or punctate staining pattern of pi integrin in this study is 

closely similar to structures called “point contacts” which have been described in 

many cell types such as rat astrocytes (Tawil et al. 1993), fibroblasts (Nermut et al.

1991) and myotubes (De Deyne et al. 1998). In addition, point contacts have also 

been shown to be involved in cell motility o f rat fibroblasts and a schwannoma cell 

line (Tawil et al. 1993).

Point contacts have been identified by interference reflection microscopy, 

immunocytochemistry and electron microscopy as regions o f the cell close to the 

substratum (15 nm) (Neyfakh et al. 1983; Streeter and Rees, 1987; Vasiliev, 1985; 

Nermut et al. 1991). They consist of integrin and clathrin (Nermut et al. 1991). 

Integrins in point contacts have been proposed to play a role in the early stage of cell 

attachment and spreading (Tawil et al. 1993). Clathrin is a component of coated pits 

which are responsible for endocytosis of cell surface receptors. Endocytosis of 

integrins may be related to cell motility through a cycle of endocytosis and 

expression of integrins on the cell surface. Localisation of integrins into point

109



The effects o f  SF on intesrin expression

contacts appears to be mediated by the a  subunit and can be influenced by cell type. 

For example, in rat astrocytes a iP i integrins were found only in point contacts, while 

ttôpi integrins were localised into focal adhesions. In contrast with rat astrocytes, in 

rat fibroblasts a iP i integrin accumulated into focal adhesions (Tawil et al. 1993).

In NHK treated with SF, a punctate staining pattern was seen with antibody 

against Pi, but not with antibody against as integrin. These findings suggest that pi 

integrin may form a heterodimer with other a  subunits to produce a granular 

appearance. Point contacts are not well-characterised structures compared with focal 

adhesions and it is necessary to carry out further work, such as double 

immunolabelling of integrin and clathrin before drawing conclusions about the 

nature o f these Pi integrin granular structures.

The expression of a 6 p4 integrins at the peripheral microspikes was in 

accordance with the characteristic of migrating cells (Carter et al. 1990). Besides the 

increase in this polarisation, SF did not alter the staining pattern o f aeP4 integrin and 

BP 180 in NHK. However, NHK stimulated with SF showed a more distinct and 

intense leopard skin pattern than control cells. In tissue culture normal kératinocytes 

form small stratified colonies, hence the basal layer (particularly in the centre of the 

colony) is covered by layers o f suprabasal cells. This makes it difficult to observe the 

staining o f the basal cells even in permeabilised preparations. It is known that SF 

induces cell dissociation and migration in many epithelial cells (see Section 1.3.9.2). 

Thus it may be possible that SF causes cells to dissociate and move away from each 

other, allowing better access to observe staining at the basal layer.

Histotypic cultures (HC), which consisted of NHK seeded on DED and 

grown at the air-liquid interface, showed a multilayered epidermis that was 

morphologically similar to normal tissue and had a smooth and intact epithelial- 

mesenchymal junction. HC in the presence of SF also demonstrated a multilayer 

epithelium but this epithelium showed loss of stratification and cohesiveness 

between cells. Small blisters at the basal layers were observed.

The morphology of control HC was consistent with previous reports which 

utilised skin kératinocytes (Rikimaru et al. 1997; von den Driesch et al. 1995). The 

loss of stratification and adhesiveness between cells in HC treated with SF suggest 

that SF may interfere with cell to cell interactions. It has been shown that SF down-
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regulates cadherin function (Shibamoto et al. 1994; Tannapfel et al. 1994). Cadherins 

have been shown to be required for epidermal stratification. Antibodies against P- or 

E-cadherins inhibited epidermal stratification and loss of integrin expression 

(Hodivala and Watt, 1994). Nevertheless, to determine the precise mechanism 

underlying this morphology may require further evidence such as staining of sections 

with anti-cadherin antibody.

Small blisters at the epithelial-mesenchymal junction in HC treated with SF 

suggests that SF may either disrupt adhesion between basal cells and basement 

membrane or disturb proper hemidesmosomes and basement membrane formation by 

kératinocytes. It has been shown that kératinocytes are also responsible for 

production of basement membrane proteins (see Section 1.1.4). The defects in 

basement membrane zone or local variation in basement membrane composition 

could influence and/ or maintain the pattern of integrin expression. For example, 

expression of ay and asPi integrins is induced during wound healing, this may be 

due to the presence of new matrix components in the epithelial wound beds 

(Haapasalmi et al. 1996; Larjava et al. 1993; Cavani et al. 1993; Clark et al. 1996).

Immunohistochemical analysis revealed that HC showed increased suprabasal 

expression o f all integrins examined compared with normal mucosa, and P4 

integrins were found diffusely throughout the cytoplasm of basal cells. Expression of 

hemidesmosomes (BP 180, H D l) and basement membrane zone components (Type 

IV collagen, laminin 5) was quite similar to expression observed in normal mucosa. 

BP 180 and HDl were localised at the basal and lateral surfaces of basal cells. Type 

IV collagen was observed as a continuous line immediately beneath the basal cell 

layers while laminin 5 showed weak and patchy staining at the epithelial- 

mesenchymal junction. Addition o f SF to HC caused a decrease in the expression of 

all integrin subunits, BP 180, H D l, laminin 5 and type IV collagen. aep4 integrin, 

BP 180, HDl and laminin 5 showed a fragmented staining with some loss of 

polarisation at the basement membrane zone. The linear staining o f type IV collagen 

was interrupted.

Suprabasal integrin expression found in control HC was consistent with 

previous reports which used skin kératinocytes (Rikimaru et al. 1997; von den 

Driesch et al. 1995). The overexpression of integrin in HC is not unique. Integrins
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are suprabasally expressed in a number of conditions such as in wound healing 

(Hertle et al. 1992; Juhasz et al. 1993), psoriatic lesions (Hertle et al. 1992; Kellner 

et al. 1991) and irritant-treated skin (von den Driesch et al. 1995).

It has been postulated that hyperproliferative states may contribute to the 

suprabasal integrin expression. However, in vivo integrin up-regulation may be part 

of the response of kératinocytes to an inflammatory stimulus (von den Driesch et al. 

1995; Hertle et al. 1992). Reconstituted epidermis shares some features with 

activated and hyperproliferative epidermis by expression o f keratin 6  and 16 (Heenen 

et al. 1992; Ponec, 1991) and high proliferation markers Ki 67 (Rikimaru et al. 

1997). Nonetheless, it seems unlikely that hyperproliferative status is an absolute 

stimulus for suprabasal integrin expression in vitro. The application o f interferon -y 

(IFN-y), which led to a two-fold increase in epidermal proliferation, did not result in 

suprabasal integrin expression of kératinocytes cultured with a 3T3 feeder layer. 

Epidermal growth factor (EOF), which was present in the culture medium may also 

be responsible for the overexpression of integrins in vitro. EGF has been shown to 

promote keratinocyte proliferation in vitro (Barrandon and Green, 1987). Suprabasal 

expression of EGF receptors is correlated with suprabasal integrin expression in 

reconstituted epidermis (Rikimaru et al. 1997). Other growth factors, which are 

secreted by kératinocytes during culture (Ockenfels et al. 1996; Ockenfels et al. 

1998; Formanek et al. 1998), may contribute to suprabasal integrin expression in 

vitro. Nevertheless, addition of tumour growth factor-p (TGF-P), tumour necrosis 

factor-y (TNF-y) or interferon-y (IFN-y) to kératinocytes cultured on collagen gels 

sub-populated with fibroblasts did not induce or inhibit suprabasal integrin 

expression (Hertle et al. 1995).

In contrast with normal tissue, ae and P4 integrins in HC were present 

diffusely throughout the cytoplasm of basal cells and were not concentrated at the 

basal surface of basal cells. This distribution of ae and P4 integrins can also be found 

in an in vitro model for wound healing (Kurpakus et al. 1991) and in skin organ 

culture (Varani et al. 1995). In a wound healing model, aôP4 became concentrated on 

the basal pole o f the epithelial cells after expression o f bullous pemphigoid antigens 

and collagen type VII.

112



The effects o f  SF on intesrin expression

It has been shown in this study that SF did not change the level o f surface 

integrins in monolayer culture. However, SF decreased surface integrin expression in 

HC. These results suggest that changes in integrin expression on NHK in vitro by SF 

is dependent on the environment where NHK were grown. Signals from SF alone 

may not sufficient to alter integrin expression. It is likely that ECM and/or soluble 

factors either from the DED or produced by kératinocytes during the culture period 

may account for these co-operative signals. Nevertheless, it is difficult to determine 

the actual factors involved in this type of culture. Further evidence,,which suggests 

that SF requires co-operative signals from ECM to influence cell behaviour, has 

been demonstrated by growth and scattering assays in MDCK cells and matrix 

metalloproteinase (MMP) production in skin kératinocytes. SF promotes growth of 

MDCK cells only when they are grown in collagen gel, but not in monolayer culture 

(Stoker et al. 1987; Gherardi et al. 1989). SF-induced dissociation o f MDCK cell 

colonies is clearly seen on fibronectin coated substrate, but this effect is reduced or 

absent on vitronectin (Clark, 1994). Activation of kératinocytes to produce MMP by 

SF is dependent on the matrix which kératinocytes are in contact with (Dunsmore et 

al. 1996).

Reduced expression, loss of polarity and fragmented staining of 

hemidesmosome components (a 6p4 , BP 180, H D l) and basement membrane proteins 

(BP 180, collagen type IV, laminin 5) in HC with SF suggest that SF has an effect on 

the assembly or disruption of hemidesmosomes and basement membrane zone. 

Observation of the morphology of haematoxylin and eosin stained sections that there 

were small blisters at the epithelial-mesenchymal junction support this notion. Loss 

of polarity and fragmented staining o f a 6p4 integrin is a common observation in 

invasive and metastatic carcinoma (Rabinovitz and Mercurio, 1996; Jones et al.

1993). Previous studies have shown that SF induces production of matrix 

metalloproteinase (Zeigler et al. 1996; Bennett et al. 1997; Rong et al. 1994). This 

effect may be responsible for the reduced and fragmented staining o f type IV 

collagen. It has been shown that SF did not inhibit or promote kératinocytes to 

produce type IV collagen (Sato et al. 1995). Effects of SF on hemidesmosome and 

basement membrane proteins may lead to loss of firm adhesion of kératinocytes to 

the underlying dermis which then allows for increased cell motility and invasion.
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Additionally, these effects may also be responsible for alterations in integrin 

expression as discussed previously.

Premature involucrin expression found in control cultures has been 

previously described in reconstituted epidermis (Asselineu et al. 1986), in wound 

healing (Hertle et al. 1992) and in psoriasis lesions (Murphy et al. 1984; Bernard et 

al. 1985). Another differentiation marker (67-kD keratin) has also been reported to 

have slightly different topography in artificial epidermis compared to in vivo 

conditions. Antikeratin-mAb K Ll, which normally stained only suprabasal cells, has 

been detected in all layers in reconstituted epidermis (Asselineu et al. 1986). It seems 

likely that artificial epidermis has a different differentiation programme from its 

normal counterpart. This precocious differentiation may cause the expression of CK4 

in basal cells.

Increased suprabasal expression of involucrin, CK4, CKIO induced by SF 

suggests that SF may be involved in correction o f the differentiation programme of 

kératinocytes in this model. In addition, a correlation between an increase in 

suprabasal differentiation markers and a decrease in suprabasal integrin expression 

strongly suggests that differentiation in the HC, in the presence of SF, is more similar 

to in vivo conditions than that of control HC. SF and the c-met receptor have been 

shown to play a role in differentiation during development of various organs such as 

kidney (Santos et al. 1994), muscle (Bladt et al. 1995) and nervous system (Streit et 

al. 1995)(see Section 1.3.10.3).

Several studies have demonstrated that epidermal differentiation is correlated 

with integrin expression. Basal kératinocytes, which commit to differentiate, lose 

their surface integrins (Hotchin et al. 1993; Carter et al. 1991; Tennenbaum et al.

1996). Pi integrin has been reported to be a useful marker o f stem cells, even though 

it may not be a factor regulating terminal differentiation. Alterations in integrin 

expression which coincide with the terminal differentiation process, may be subject 

to both environmental and developmental programmes (Zhu et al. 1999). Thus, 

effects o f SF on keratinocyte differentiation may also contribute to a decrease in 

suprabasal integrin expression in HC.

In conclusion, the present study demonstrated that SF modulated surface 

integrin expression of NHK. However, this regulation appears to be dependent on the
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experimental models. In monolayer culture, SF modulated integrin expression by 

organising surface distribution without changes in the levels o f surface integrin 

expression. Reduced integrin expression in HC may, in part, also be due to ECM 

and/or soluble factors either present in DED or produced by kératinocytes during 

culture. This effect is also influenced by effects o f SF on the assembly or disruption 

o f hemidesmosomes and basement membrane zone proteins and on keratinocyte 

differentiation.
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Chapter 4: The effects of scatter factor on integrin function in normal human 

kératinocytes

4.0 Introduction

Integrins are major cell adhesion receptors which mediate cell to extracellular 

matrix (ECM) interactions. They have many intracellular effects on the organisation 

of the cytoskeletal proteins and play a role in transmitting signals from ECM to the 

cell interior. As a consequence of these complex mechanisms, integrins are involved 

in many fundamental cell functions such as cell proliferation, cell differentiation and 

cell migration (Hynes, 1992; Clark and Brugge, 1995; Yamada and Miyamoto, 1995; 

Sanchez-Madrid and Corbi, 1992; Springer, 1994).

Several experimental studies and observations in vivo have suggested a 

variety of integrin functions in kératinocytes. aep4 and asPi integrins appear to be 

major adhesion structures anchoring the basal cells to the basement membrane 

(Burgeson and Christiano, 1997; Carter et al. 1990; Carter et al. 1991; DiPersio et al.

1997). Basal kératinocytes, which are committed to differentiate, lose their surface 

integrin expression during terminal differentiation (Adams and Watt, 1990). 

Activation of MAP kinase initiated by Pi subunit or agP4 integrins may be 

responsible for determining the stem cell fate in vivo (Zhu et al. 1999; Mainiero et al.

1995). Up-regulation of asp i, ayps and avPe integrins has been suggested to promote 

epithelial migration and proliferation during re-epithelialisation in wound healing 

(Haapasalmi et al. 1996; Larjava et al. 1993; Cavani et al. 1993; Clark et al. 1996; 

Agrez et al. 1994).

Integrin function can be regulated by modifying the number of surface 

integrins expressed. Several reagents and cytokines have been shown to modulate 

levels of surface integrin expression (Heino et al. 1989) and see also Section 3.0). 

However, in most cases, integrin function is modulated by modifying activities 

which involve the regulation of integrin affinity and avidity (Hynes, 1992; Dustin 

and Springer, 1989). Integrin affinity is reflected in the strength of ligand binding. It 

can be controlled directly by the action o f cations or ligands or activating antibodies 

on the extracellular domain (see Section 1.2.3.1). Integrin avidity is the stage of 

clustering of integrins or multimerised integrins which involves reorganisation of
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cytoskeletal proteins and localisation of integrins at special sites (Faull et al. 1994; 

Danilov and Juliano, 1989; Sanchez-Mateos et al. 1993; Peter and O'Toole, 1995; 

Stewart and Hogg, 1996; Lub et al. 1995). Integrin affinity and avidity can be 

regulated from within the cells by intracellular signals induced by receptor agonist or 

pharmacological mimetics or growth factors (Phillips et al. 1991; Detmers et al. 

1987; Haverstick et al. 1992; Downey et al. 1992; Nebe et al. 1998).

Platelet aggregation is a good example which demonstrates that integrin 

function is modulated by integrin affinity. Resting platelets are unable to aggregate 

because their anbpa is in a partially active conformation which has a low affinity to 

bind to soluble fibrinogen. However, anbPs integrin undergoes conformational 

changes when platelets are activated with specific agonists such as thrombin, 

resulting in increased binding ability to fibrinogen and platelet aggregation (Diamond 

and Springer, 1994; Phillips et al. 1991). Cell migration is also another good 

example which shows that regulation of integrin function is subject to rapid 

regulation of integrin activities. Cell migration is a dynamic process of co-ordination 

between cycles of adhesion at the leading edge of the cell and cycles o f de-adhesion 

at the trailing edges (Huttenlocher et al. 1995). Locking integrins in a constitutively 

high-affmity state can inhibit cell migration (Kuijpers et al. 1993; Huttenlocher et al.

1996).

Nevertheless, regulation of integrin affinity and avidity are not mutually 

exclusive. It appears that in some cases ligand binding is regulated by a combination 

o f conformational changes and integrin clustering (Diamond and Springer, 1994; 

Shattil et al. 1994a; Weber et al. 1996; Stewart and Hogg, 1996). The relative 

contribution of these mechanisms to integrin function probably varies with cell and 

integrin types.

The results in Chapter 3 demonstrated that scatter factor (SF) altered surface 

integrin distribution without changes in the levels o f surface expression in normal 

human kératinocytes (NHK). agpi integrin was induced to accumulate at focal 

adhesion sites at the leading edge of lamellipodia. These results suggest that SF may 

alter integrin distribution via the interaction between intra-cytoplasmic tails of 

integrins and cytoskeletal proteins. Re-localisation of integrins may lead to 

alterations in integrin function and changes in behaviour o f NHK.
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In order to examine the effect of SF on integrin function, two-flinctional 

assays have been selected for study: cell adhesion assays on immobilised ligand and 

haptotactic migration assays. Cell adhesion assays represent a good method to 

investigate integrin-ligand interactions and also to analyse inhibitory compounds. 

Cells with known integrin expression on the surface can be tested for their ability to 

attach to an immobilised ligand. Cell migration is a cellular phenotype which 

appears to be mediated by both integrins and SF. Several studies have demonstrated 

that integrins play an important role in cell migration in many cell types (Wu et al. 

1995; Chan et al. 1990; Fassler et al. 1995; Springer, 1995). pi integrin-knockout 

mice show decreased cell migration (Fassler et al. 1995). Correlation between altered 

integrin repertoire and changes in cell migration have been demonstrated both in vivo 

and in vitro (Beauvais et al. 1995; Seftor et al. 1992). For example, expression of 

avp3 integrin is correlated with invasive behaviour in melanoma cells (Seftor et al.

1992). SF has been shown to promote cell motility on a variety of cell types (see 

Section 1.3.9.2). Finally, the lamellipodia induced by SF described in Chapter 3 are 

also motile structures (Cao et al. 1993; Welch et al. 1997).

The purpose of the experiments in this Chapter was to determine if scatter 

factor altered integrin function by modulating adhesion and migration o f NHK on 

specific ligands.

4.1 Methods

4.1.1 Cell Cultures

The cells used in these experiments were normal human kératinocytes (NHK) 

obtained from primary cultures as described in Section 2.1.2.1 and maintained and 

subcultured as described in Section 2.1.2.2.

4.1.2 Cell adhesion assays on immobilised ligands

In order to examine the effect of SF on the ability of NHK to adhere to 

immobilised ligands, cell adhesion assays were performed on 96 microtiter plates 

(NUNC^^) as described in Section 2.8. Assays were carried out on five extracellular 

matrix proteins including collagen type 1 and IV, laminin 1 and 5 and fibronectin.
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Except for laminin 5, all coating proteins were purchased from Sigma Chemical Co. 

Laminin 5 was prepared from keratinocyte extracellular matrix by the method of 

Rouselle et al. (1991) as described in Section 2.8.2.

The number of adherent cells was determined using the MTS assay as 

described in Section 2.8. The relative number of cells in each well was calculated 

from a standard curve. The results were expressed as percentage o f attached cells in 

each well. Assays were carried out on two separate occasions and on each occasion 

triplicate wells were used.

4.1.2.1 Blocking experiments

In order to determine which integrins were utilised by NHK to adhere to 

laminin 5 and fibronectin, blocking inhibition experiments were performed as 

described in Section 2.8,1. Blocking experiments on laminin 5 were done by using 

antibodies against ag (P1B5), pi (P5D2), a 6 (GoH3) and p4 (3E1) integrins (listed in 

Table I, Appendix 2) and chemical reagents including 2-deoxyglucose (DG) or 

cytochalasin D (CD) as described in Section 2.8.1. A fibronectin coating at a 

concentration of 10 pg/ml was employed for the antibody blocking experiments. The 

integrin antibodies used were against Pi (P5D2), as (P1B5), a$Pi (P1D6) and a^ 

(L230) (listed in Table I, Appendix 2). Assays were carried out on two separate 

occasions and on each occasion triplicate wells were used.

4.1.3 Migration assays

In order to examine the effect of SF on the motility o f NHK, haptotactic 

migration assays were performed as described in Section 2.9. Three extracellular 

matrices including fibronectin, collagen type I and laminin 1 were used at 10 pg/ml. 

The results were expressed as the number of migrating cells per high power field 

(x40) in each chamber. Assays were carried out on three separate occasions and on 

each occasion triplicate wells were used.
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4.1.3.1 Blocking experiments

To determine which integrins contribute to SF-stimulated migration of NHK 

towards fibronectin, antibody blocking experiments were performed as described in 

Section 2.9. The integrin antibodies used were against aspi (P1D6) and ay (L230) 

(listed in Table 1, Appendix 2). Assays were carried out on three separate occasions 

and on each occasion triplicate wells were used.

4.1.4 Statistical analysis

Data are expressed as the mean ± standard deviation (SD). Comparison 

between two normally distributed groups were made using unpaired Student’s t-test. 

Where appropriate one way analysis o f variance (ANOVA) with posthoc Tukey’s 

was used to compare multiple groups. A P  value o f < 0.05 was considered to be 

significant,

4.2 Results

4.2.1 Preparation of a standard curve for the absorbance of NHK

Attached cells in adhesion assays can be quantified by counting trypsin 

released cells (Riser et al. 1988), analysis of stained cells, enzymatic activity of cells 

in a colourimetric assay or by radiolabelling of cells (Tuszynski and Murphy, 1990; 

Miller and McDevitt, 1991; Edwards et al. 1987). In this study, the MTS assay, 

which is a colourimetric assay, was used in 96 well microtiter plates to analyse the 

number o f adherent cells.

Preliminary studies were performed to ensure that the number of NHK was 

correlated with the colour produced when the MTS assays were used. Various 

seeding densities of NHK were tried, and it was found that cell densities within the 

range o f 5x10^- 5x10"  ̂ cells/1 OOpl of serum free medium/well produced a standard 

curve where the cell number was proportional to the optical density (Figure 4.1). 

These results indicate that the MTS assay can be used to quantitate the number of 

NHK.
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4.2.2 The effects of scatter factor on cell adhesion

The effect o f SF on the adhesive properties o f NHK were examined in short

term adhesion assays. Five extracellular matrix proteins, collagen type I, and IV, 

laminin 1 and 5 and fibronectin were selected because they have been shown to be 

ligands for normal kératinocytes. Collagen type I and IV are ligands for the a 2 Pi 

integrin (Wayner and Carter, 1987; Adams and Watt, 1991; Laijava, 1991). Laminin 

1 binds to a ip i, asPi and a 6p4 integrins (Languino et al. 1989; Carter and Wayner, 

1990; Niessen et al. 1994; Larjava, 1991). Laminin 5 is a ligand for asPi and aeP4 

integrins (Niessen et al. 1994; Carter et al. 1990; Carter et al. 1991). Fibronectin is a 

ligand for aspi (Carter and Wayner, 1990; Larjava, 1991), aspi (Adams and Watt, 

1991) and avPô integrins (Busk et al. 1992; Adams and Watt, 1991). In addition, the 

results from flow cytometry (see Chapter 3) demonstrated that NHK in culture 

expressed integrin receptors for these proteins including a 2, as, aspi, ae, avPô, Pi and 

p4 integrin subunits.

Collagen type I and IV were studied in a range of concentrations of 0.5 

pg/ml, 1 . 0  pg/ml, 1 0 . 0  pg/ml and 26 pg/ml while fibronectin and laminin 1 were 

examined in a range of 5 pg/ml, 10 pg/ml, 25 pg/ml and 40 pg/ml. These 

concentrations were selected because they included the concentrations, which the 

manufacturer recommends, that are able to promote cell attachment. In addition, the 

highest concentration did not further increase the percentage of attached cells, 

suggesting that the optimal adhesion was reached under these condition.

Laminin 5 in this study was prepared by the method of Rouselle et al. (1991) 

because it was not commercially available when the experiments were performed. It 

has been shown that cultured kératinocytes deposit laminin 5 on their substrate in a 

uniform manner (Rousselle et al. 1991). Once kératinocytes reach confluency, they 

can be removed with lysis buffer, leaving matrix which contains a large amount of 

laminin 5 on the culture substrate. Pilot experiments were performed by seeding 

NHK at different densities onto 96 well plates. It was found that NHK seeding at 2 

xlO^^/well reached confluency at about day 4 or 5 (according to Rouselle method and 

D. Hudson, personal communication) and this number also promoted attachment of 

NHK as compared to the lower seeding number (data not shown). Therefore laminin 

5 was prepared by seeding NHK at 2xl0'^/well onto 96 well plates.
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NHK were able to bind to collagen type I and IV, laminin 1 and 5 and 

fibronectin substrates. Adhesion of NHK to these proteins are shown in Figures 4.2- 

4.6. The percentage of adherent cells varied depending on the matrix used. The 

maximum percentage of attached cells/well o f each protein revealed that high 

numbers o f attached cells (70-90%) were found in wells coated with collagen type I, 

laminin 5 and fibronectin, while intermediate numbers (50-65%) and the lowest 

numbers (less than 50%) were obtained from collagen type IV and laminin 1, 

respectively (Table 4.1 and Figure 4.2-4.6).

When NHK were treated with SF, there was a decrease in the attachment of 

cells to all the matrices studied (Figures 4.2-4.6). However, significant reductions (as 

indicated in the Figures) were found only at some concentrations at which the control 

cells appeared to reach their optimal adhesion. Figures 4.2-4.6 show representative 

experiments which were performed in triplicate. Two separate experiments were 

employed and gave similar results.

4.2.3 Blocking experiments

The reduction in cell adhesion caused by SF suggests that integrin function 

may be down-regulated. In cases where there is more than one integrin type for one 

immobilised protein, SF might down-regulate the affinity of specific integrin types, 

resulting in a reduction in the adhesion of the cell. To determine whether there is a 

specific integrin type which SF may down-regulate, blocking experiments were 

carried out on laminin 5 and fibronectin substrates. Although in NHK laminin 1 and 

5 and fibronectin are ligands for more than one type o f integrin, laminin 1 was not 

studied in blocking experiments because the percentage of attached cells on laminin 

1 was quite low (less than 50%).

4.2.3.1 Blocking experiments on laminin 5

The role of specific integrins on laminin 5 was investigated in both control 

NHK and NHK treated with SF by performing inhibition assays. Inhibition assays 

were carried out by two methods: antibody blocking and chemical treatment.

Blocking experiments on laminin 5 were employed using function-blocking 

antibodies against a]. Pi, « 6  and P4 integrins. Both control cells and cells treated
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with SF showed that adhesion of NHK was significantly inhibited by antibodies 

against as and Pi integrins (p<0.00\), while anti-a6 and anti-P4 antibodies had no 

inhibitory effect (Figures 4.7 and 4.8). These results are consistent with previous 

studies (Carter et al. 1990; Carter et al, 1991). It has been shown that in short-term 

adhesion assays, asPi integrin is the main integrin mediating the adhesion of normal 

kératinocytes to laminin 5 whereas aep4 integrin is not functional. However, in long

term adhesion assays, a 6 p4 integrin plays an increased role in the adhesion of normal 

kératinocytes to laminin 5 (Carter et al. 1990).

Because the adhesion mediated by aspi integrin is associated with the actin 

cytoskeleton and requires energy (Sonnenberg et al. 1993; Carter et al. 1990; Sanger 

et al. 1983), cytochalasin D (CD) and 2-deoxyglucose (DG), which have been shown 

to disrupt actin polymerisation and inhibit ATP formation (Cooper, 1987; Gibbins, 

1982; Berchadsky et al. 1980), were used to investigate the function o f aspi integrin 

in mediating the adhesion o f NHK to laminin 5.

Since CD is a water-insoluble compound, it was dissolved in 100% 

dimethylsulphoxide (DMSO) and was limited to a final concentration o f 0.1%. To 

ensure and exclude the effect of DMSO which may disturb CD-induced effects, the 

number o f attached cells in experiments where cells were prepared from the medium 

containing 0.1% DMSO alone and cells from medium containing 1 pg/ml of CD in 

0.1% DMSO, were compared. The results showed that there were no differences in 

the number o f attached cells between these two groups (data not shown).

The adhesion of NHK to laminin 5 was significantly inhibited by the 

treatment with CD, DG or combination of CD with DG (Figure 4.9). The reduction 

in adhesion with CD was not as much as that obtained with DG or with the 

combination of CD with DG. These results suggest that the adhesion of NHK to 

laminin 5 is regulated by the actin cytoskeleton and is energy dependent. These 

results are also in agreement with the results from antibody blocking experiments 

showing that aspi integrin is involved in the adhesion o f NHK to laminin 5. 

Adhesion o f NHK treated with SF was also significantly inhibited by these 

compounds (p<0.001) (Table 4.2 and Figure 4.9). Cells treated with SF appeared to 

be more sensitive to the inhibitory effects o f CD, DG or a combination of CD and 

DG, than the control cells. Nevertheless, the use of these compounds may have non

123



The effects o f  SF on intesrin function

specific effects besides the effect upon actin polymerisation. CD has been reported to 

inhibit tyrosine phosphorylation o f many intracytoplasmic proteins including focal 

adhesion kinase (FAK), growth factor receptor bound SH2/SH3-containing adapter 

protein (Grb2), mammalian Son o f sevenless (SOS) and extracellular signal 

regulated kinase (ERK) (Miyamoto et al. 1995b; Shattil et al. 1994b).

4.2.3.2 Blocking experiments on fibronectin.

To identify the involvement o f integrins in mediating adhesion to fibronectin 

in control NHK and NHK treated with SF, adhesion assays were carried out in the 

presence o f function-blocking antibodies directed against Pi, ag, ccsPi and ocy 

integrins. A fibronectin coating at 10 pg/ml was used in the antibody blocking 

experiments because fibronectin at this concentration gave an optimal adhesion. In 

addition, this concentration also generated a significant reduction in adhesion of 

NHK in response to SF.

In the absence o f SF, adhesion of NHK to fibronectin was significantly 

inhibited by antibodies against Pi, asPi, ay and a combination of these antibodies, 

but not by antibody against the agPi integrin (Figure 4.10). The role o f agpi integrin 

in mediating the adhesion o f subcultured human kératinocytes is conflicting. Adams 

and Watt (1991) showed that anti-agpi integrin had no inhibitory effects on the 

adhesion o f subcultured human kératinocytes to fibronectin (Adams and Watt, 1991). 

However, other authors reported that agPi integrin is involved in the adhesion of 

kératinocytes to fibronectin (Carter and Wayner, 1990; Larjava, 1991). The 

functional role of agpi integrin may vary depending on the type of kératinocytes used 

and experimental conditions. It is also possible that any inhibitory effect of anti-agPi 

antibody on the adhesion o f kératinocytes to fibronectin is too small to be detected. 

Pre-incubation of cells with antibodies against the asPi and â / integrins resulted in 

only a small inhibition in the percentage of cells bound to fibronectin. The 

combination of ay and aspi integrin antibodies reduced the adhesion o f NHK further 

than was seen with anti-ay or anti-asPi alone, however, a large number o f cells was 

still able to bind to fibronectin. Antibody against pi integrin markedly reduced the 

adhesion of NHK to fibronectin (p<0.001). The combination of anti-Pi and anti-ay 

integrins almost completely inhibited the adhesion of NHK to fibronectin (p<0.001).
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Cells treated with SF showed reduced integrin-mediated adhesion compared 

to control cells (Figure 4.10). The combination of anti-ay and anti-asPi integrins 

partially inhibited the adhesion (p<0.001). Anti-Pi markedly inhibited adhesion of 

cells to fibronectin (p<0.001) and the combination of anti-pi and anti-ay integrins 

completely inhibited the adhesion (p<0.001).

These results indicate that both control cells and cells treated with SF used 

both Pi and ay integrins to mediate the adhesion to fibronectin and the adhesion was 

mainly mediated by pi integrin. NHK expressed both ayps and ayPe integrins as 

shown by flow cytometry (see Chapter 3). ayps and ayPe integrins have been 

reported to be responsible for the attachment of many cell types to vitronectin and 

fibronectin, respectively (Huang et al. 1998; Busk et al. 1992; Weinacker et al.

1994). Hence, it is likely that the adhesion of NHK to fibronectin in this study is 

mediated by the ay Pô integrin rather than ayP^. The antibody directed against aypô 

integrin was not used since it was not available at the time the experiments were 

performed. Therefore, only the pan ay integrin antibody was used in the blocking 

experiments.

4.2.4 The effect of scatter factor on cell migration

The effect of SF on the migration of NHK was investigated in haptotactic 

migration assays using the modified Boyden chamber assays. Cells were allowed to 

migrate for 3 hours on a membrane precoated with fibronectin (10 pg/ml), collagen 

type I (10 pg/ml) or laminin 1 (10 pg/ml). Control membranes were precoated with 

phosphate buffer saline (PBS) which was used to dissolve matrix proteins.

NHK showed different migratory activity depending on the matrix proteins. 

Both fibronectin and collagen type I promoted migration of NHK (Figure 4.11). In 

contrast to fibronectin and collagen type I, NHK did not migrate towards laminin 1 

and PBS (data not shown). Treatment of cells with SF up-regulated migration of 

NHK towards fibronectin approximately 2 fold (p<0.001) (Figure 4.11), but did not 

show any effect on cell migration towards collagen type I (Figure 4.12) or laminin 1 

(data not shown).
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4.2.5 Antibody blocking experiments on haptotactic migration assays

The fibronectin-dependent migration of NHK in response to SF suggests that 

the increase in migration involved fibronectin receptors. In order to determine which 

integrins contribute to SF-promoted migration towards fibronectin, antibody 

blocking experiments using antibodies against aspi and â  ̂ integrins were performed 

on cells treated with SF. These antibodies were selected because as Pi and avPe 

integrins have been shovm to be responsible for migration o f both human and murine 

kératinocytes towards fibronectin (Huang et al. 1998; Kim et al. 1992). However, 

since antibody directed against avp6 integrin was not available at the time the 

experiments were performed, the pan ay integrin antibody was used in this assay. In 

addition, NHK also expressed both aspi and ayp6 integrins at the same levels as 

demonstrated by flow cytometry in Chapter 3. Antibody blocking experiments were 

done only in the NHK treated with SF due to the small number o f migrating cells in 

the control group.

There was a minimal effect on cell migration with the addition of anti-ay 

antibody (p= 0.045) (Figure 4.13). Interestingly, migration of NHK treated with SF, 

in the presence o f anti-asPi, was reduced to levels similar to those seen in the control 

cells. Migration was completely inhibited by the combination of anti-ay and anti

asp  i integrins (p<0.001). Taken together, these results suggest that NHK use both 

as Pi and ay integrins to migrate towards fibronectin, however, SF-promoted 

migration is mainly mediated by asPi integrin.
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Figure 4.1 The standard curve of NHK using the MTS assay. Various numbers 

o f NHK in serum free medium were added to the wells o f a 96 well plate. The 

medium was allowed to equilibrate for 1 hour, then 20 pl/well o f combined 

MTS/PMS solution was added. After 1 hour at 37°C in humidified 5% CO2 , the 

absorbance was measured using an ELISA plate reader at 490 nm. Each point 

represents the mean of triplicate wells. The correlation coefficient of the line was 

0.9986, indicating that there was a linear response between cell number and 

absorbance at 490 nm.

Figure 4.2 Effects o f SF on the adhesion of NHK to collagen type I. NHK were 

grown in the absence or presence of SF (100 ng/ml) for 48 hours and then 

detached and resuspended in serum free medium. Cells were seeded into 96 

microtiter wells pre-coated with collagen type I at concentrations o f 0.5 pg/ml,

1.0 pg/ml, 10.0 pg/ml and 26.0 pg/ml. After allowing cells to attach for 2 hours, 

the number o f attached cells was quantified by the MTS assays.

Data are expressed as percentage o f attached cells in each well and 

represent mean ± S.D. of triplicate wells.
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Figures 4.3 4.4 Effects of SF on the adhesion o f NHK to collagen type IV 

(Figure 4.3) and laminin 1 (Figure 4.4). NHK were grown in the absence or 

presence o f SF (100 ng/ml) for 48 hours and then detached and resuspended in 

serum free medium. Cells were seeded into 96 microtiter wells pre-coated with 

collagen type IV at concentrations of 0.5 pg/ml, 1.0 pg/ml, 10,0 pg/ml and 26 

pg/ml or with laminin 1 at concentrations o f 5.0 pg/ml, 10.0 pg/ml, 25.0 pg/ml 

and 40.0 pg/ml. After allowing cells to attach for 2 hours, the number o f attached 

cells was quantified by the MTS assays.

Data are expressed as percentage o f attached cells in each well and

represent mean ± S.D. of triplicate wells.
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Figures 4.S-4.6 Effects of SF on the adhesion of NHK to fibronectin (Figure 4.5) 

and laminin 5 (Figure 4.6). NHK were grown in the absence or presence of SF 

(100 ng/ml) for 48 hours and then detached and resuspended in serum free 

medium. Cells were seeded into 96 microtiter wells pre-coated with fibronectin at 

concentrations of 5.0 pg/ml, 10.0 pg/ml, 25.0 pg/ml and 40.0 pg/ml or with 

laminin 5. Laminin 5 was prepared before performing the assays as described in 

Materials and Methods. After allowing cells to attach for 2 hours, the number of 

attached cells was quantified by the MTS assays.

Data are expressed as percentage of attached cells in each well and

represent mean ± S.D. of triplicate wells.
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Figure 4.7 Antibody blocking experiments on laminin 5, in the absence o f SF. 

NHK were grown in culture for 48 hours and then detached and resuspended in 

serum free medium. Cells were pre-incubated with anti-as, anti-Pi, anti-a6 or 

anti- ^ 4  antibodies for 30 minutes before performing the adhesion assays. Cells 

were seeded into 96 microtiter wells pre-coated with laminin 5. After allowing 

cells to attach for 2 hours, the number of attached cells was quantified by the 

MTS assays.

Data are expressed as percentage o f attached cells in each well and 

represent mean ± S.D. of triplicate wells. (*P< 0.001 compared to control).

Figure 4.8 Antibody blocking experiments on laminin 5, in the presence of SF. 

NHK were grown in the absence or presence o f SF (100 ng/ml) for 48 hours and 

then detached and resuspended in serum free medium. Cells treated with SF were 

pre-incubated with anti-as, anti-pi, anti-ae or anti-P4 antibodies for 30 minutes 

before seeding into 96 microtiter wells pre-coated with laminin 5. After allowing 

cells to attach for 2 hours, the number of attached cells was quantified by the 

MTS assays.

Data are expressed as percentage o f attached cells in each well and 

represent mean ± S.D. of triplicate wells. (*P <0.05 compared to control; **P 

<0.05 compared to SF alone)
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Figure 4.9 Effects of cytochalasin D (CD) and 2-deoxyglucose (DG) on the 

adhesion o f NHK to laminin 5. NHK were grown in the absence or presence of 

SF (100 ng/ml) for 48 hours and then detached and resuspended in serum free 

medium. Cells were pre-incubated with 1 pg/ml of CD, 50 mM of DG or a 

combination o f 1 pg/ml of CD and 50 mM of DG for 20 minutes before plating 

into 96 microtiter wells pre-coated with laminin 5. After allowing cells to attach 

for 2 hours, the number o f attached cells was quantified by the MTS assays.

Data are expressed as percentage of attached cells in each well and 

represent mean ± S.D. of triplicate wells. (*P<0.05 compared to laminin 5 alone; 

**f<0.05 compared to laminin 5 with SF).

Figure 4.10 Antibody blocking experiments on fibronectin. NHK were grown in 

the absence or presence o f SF (100 ng/ml) for 48 hours and then detached and 

resuspended in serum free medium. Cells were pre-incubated with antibodies 

against pi, a^pi, aspi, ay, a combination of ay and a$Pi or a combination of ay 

and Pi integrins for 30 minutes before seeding into 96 microtiter wells pre

coated with 10 pg/ml o f fibronectin. After allowing cells to attach for 2 hours, the 

number o f attached cells was quantified by the MTS assays.

Data are expressed as percentage of attached cells in each well and 

represent mean ± S.D. of triplicate wells. (*f<0.05 compared to fibronectin 

alone; **f<0.05 compared to fibronectin with SF).
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Figure 4.11 Effects of SF on the migration of NHK towards fibronectin. NHK 

were plated on transwell membranes coated with fibronectin at a concentration of 

10 |xg/ml. Cells were allowed to migrate through the membrane for 3 hours in the 

absence or presence of SF (100 ng/ml). Migrating cells on the bottom side o f the 

membranes were stained and counted by transmission microscopy at x40.

Data are expressed as number of migrating cells/high power field in each 

membrane and represent mean ± S.D. of triplicate wells. Arrows indicate 

corresponding membranes from each condition.
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Figure 4.12 Effects of SF on the migration of NHK towards collagen type I. 

NHK were plated on transwell membranes coated with collagen type I at a 

concentration of 10 pg/ml. Cells were allowed to migrate through the membrane 

for 3 hours in the absence or presence of SF (100 ng/ml). Migrating cells on the 

bottom side of the membranes were stained and counted by transmission 

microscopy at x40.

Data are expressed as number o f migrating cells/high power field in each 

membrane and represent mean ± S.D. of triplicate wells.

Figure 4.13 Inhibition of SF-induced migration towards fibronectin. NHK were 

pre-incubated with anti-ay, anti-asPi or a combination o f anti-ay and anti-asPi 

antibodies for 30 minutes before adding to the upper chambers. Cells were 

allowed to migrate through the membrane for 3 hours in the absence or presence 

o f SF (100 ng/ml). Migrating cells on the bottom side o f the membranes were 

stained and counted by transmission microscopy at x40.

Data are expressed as number of migrating cells/high power field in each 

membrane and represent mean ± S.D. o f triplicate wells. (*P<0.05 compared to 

control; **P<0.05 compared to SF alone).
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Table 4.1 The maximum percentage of attached cells per well of each extracellular 

matrix proteins. Data are derived from the same set o f data as shown in figures 4.2- 

4.6.

Extracellular matrix proteins Control (Mean ± SD) SF (Mean ± SD)

Collagen type I 89.06 ±2.35 49.01 ±4.96

Fibronectin 76.07 ± 4.47 38.30 ±4.76

Laminin 5 72.66 ± 7.56 39.32 ± 0.49

Collagen type IV 62.55 ± 5.66 31.88 ±7.34

Laminin 1 46.17 ±5.99 19.89 ±0.29

Table 4.2 Effects o f chemical treatments on the adhesion o f NHK in the absence or 

presence of SF to laminin 5.

Extracellular matrix Control (Mean ± SD) SF (Mean± SD)

Laminin 5 74.73 ± 7.35 36.43 ± 1.49

Laminin 5 + CD 51.17±4.50 12.32 ±2.13

Laminin 5 + DG 35.52 ± 1.65 5.84 ±4.13

Laminin 5 + CD + DG 35.69 ± 9.48 8.52 ± 6.23
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4.3 Discussion

SF was found to have an effect on the function of integrins in NHK, These 

effects were examined by measuring the ability of NHK to adhere and migrate on 

various matrix proteins. SF reduced the adhesion of NHK to all matrices including 

collagen type I and IV, laminin 1 and 5 and fibronectin. However, SF selectively 

induced the migratory phenotype of NHK towards fibronectin, but not to collagen 

type I and laminin 1. Interestingly, SF-induced migration was mainly mediated by the 

as pi integrin.

The adhesive properties of NHK to collagen type I and IV, laminin 1 and 5 

and fibronectin are in agreement with previous studies (Carter et al. 1991; Carter et 

al. 1990; Adams and Watt, 1991). Collagen type I, laminin 5 and fibronectin 

promoted attachment of NHK while laminin 1 was less pronounced in this function. 

Nevertheless, there is still much variability in the adhesion of subcultured human 

kératinocytes to the matrix proteins (Carter et al. 1991; Carter et al. 1990; Adams and 

Watt, 1991). This variability may be due to different types o f keratinocyte used, 

experimental models and sources of matrix proteins. Adams and Watt (1991) 

demonstrated that fibronectin is the best substrate to promote adhesion of 

subcultured human kératinocytes while Carter’s group found that transformed 

kératinocytes attached more strongly to laminin 5 than to other substrates including 

collagen type I and fibronectin (Carter et al. 1990; Carter et al. 1991). Interestingly, 

laminin 1 has been consistently reported to be the poorest protein to promote 

keratinocyte attachment compared to other keratinocyte extracellular matrices (ECM) 

although it is a component of basement membrane (see Section 1.1.4).

There are a number of mechanisms which may cause a decrease in integrin- 

mediated adhesion. First, a decrease in adhesion may be due to a change in the levels 

of surface integrins. Secondly, where there is more than one integrin type for each 

extracellular matrix protein, a particular type of integrin may be selectively 

inactivated. Thirdly, a decrease in adhesion may be due to a change in integrin 

activities which may involve either integrin affinity or integrin avidity.

Changes in integrin activity without alteration in the level o f surface integrin 

expression have been observed in many experiments (Masumoto and Hemler, 1993; 

Hemler et al. 1990; Weitzman et al. 1993; Kirchholfer et al. 1994; Shimizu et al.
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1990; Chan and Hemler, 1993). For example, Ca^^ has been reported to have 

inhibitory effects on integrin adhesive function (Lange et al. 1994; Grzesiak et al. 

1992; Staatz et al. 1989). Conformational changes o f the integrin have been 

suggested to contribute to this effect (Chan and Hemler, 1993; Graham and Brown, 

1991; Sanchez-Mateos et al. 1996). Intercellular adhesion of lymphocytes can be 

prevented by reorganisation of the actin cytoskeleton after treatment with 

cytochalasin D (Haverstick et al. 1992; Downey et al. 1992).

Cell migration and cell differentiation are cellular events which may be 

regulated by integrins by alteration of their activities rather than their surface 

expression. In migrating cells, a given integrin can strongly bind to its ligand at the 

leading edge while it binds weakly at the rear of the cell (Lauffenburger and Horwitz, 

1996). Integrin avidity is also regulated during migration. Interaction of the 

cytoskeletal-integrin-ECM linkage is an important regulator for the rear detachment 

and for cell migration speed (Palacek et al. 1998). It has been shown that migration 

rate increases with decreases in the adhesion of receptor and ECM (DiMilla et al. 

1993; DiMilla et al. 1991; Dunlevy and Couchman, 1993). The ability o f NR6 

fibroblasts treated with epidermal growth factor (EGF) to migrate is related to the 

loss o f focal adhesions and cell-substrate detachment (Xie et al. 1998). The concept 

that de-adhesion is necessary to facilitate cell migration has been supported by 

studies which have shown that several anti-adhesive agents such as Secreted Proteins 

Acidic and Rich in Cystein (SPARC) and thrombospondin promote cell motility 

(Murphy-Ullrich, 1995; Murphy-Ullrich and Hook, 1989; Murphy-Ullrich et al.

1995).

Changes in integrin affinity have been postulated to be responsible for the 

loss o f adhesion of kératinocytes during terminal differentiation (Adams and Watt, 

1990). In vitro kératinocytes can be induced to differentiate by treatment with 12-0- 

tetradecanoylphorbol 13-acetate (TP A). Kératinocytes activated with TP A show loss 

o f their adhesion to fibronectin, laminin 1, collagen type I and IV before the loss of 

integrins from their cell surfaces.

Since SF did not change the levels of surface integrins, as shown by flow 

cytometry (results from Chapter 3), it is unlikely that the decrease in the adhesion 

caused by SF is due to an alteration in surface integrin expression. Blocking
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experiments on laminin 5 and fibronectin revealed that SF did not alter the 

interaction of particular integrin types to the substrate. Both control cells and cells 

treated with SF had a similar pattern of functional integrins. These results suggest 

that the reduction in adhesion to fibronectin and laminin 5 was not a consequence o f 

selective integrin de-activation, but to reduced function o f all integrins. In addition, 

the reduction in adhesion caused by SF was found on all the matrices studied, 

suggesting that the mechanism is not integrin specific and may be due to a cellular 

response to other cellular functions.

The decrease in adhesion is likely to be associated with the migratory 

phenotype of NHK caused by SF. Migrating cells are in a dynamic process and have 

an asymmetry in adhesive strength between the cell front and rear (Huttenlocher et 

al. 1995). Cells treated with SF, which have an asymmetry in adhesive strength, are 

more unstable than control cells and therefore may be more easily detached from the 

coated surface by the washing step during the assay. In addition, the reduction in 

adhesion might also provide optimal adhesion for the cells to migrate. Results from 

migration assays and immunofluorescence also support this concept. SF promoted 

migration o f NHK towards fibronectin and induced NHK to produce lamellipodia 

which are motile structures (results from Chapter 3). The role o f SF in promoting cell 

migration has been reported in a variety of cell types (see Section 1.3.9.2).

Several studies demonstrated that an asymmetry of adhesiveness is required 

for cell migration. A mathematical model o f cell migration showed that the greater 

the asymmetry of adhesiveness between the cell front and rear, the greater the 

maximum migration rate (DiMilla et al. 1991). Calpain facilitates migration o f 

Chinese hamster ovary (CHO) cells by weakening cytoskeletal linkages at the cell 

rear, resulting in an increase in the adhesive asymmetry within the cells (Palacek et 

al. 1998).

An intermediate adhesive strength is an important regulator o f cell migration. 

Cells need some adhesion from the matrix to derive traction for migration ,whereas 

very strong adhesion will immobilise them to the substrate and they may not be able 

to release rapidly. Maximal migration was observed at intermediate levels of 

substrate concentrations (DiMilla et al. 1993) and of cytoskeletal linkage proteins 

(Fernandez et al. 1992; Fernandez et al. 1994; Guo et al. 1990). Cells with low or
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high levels of surface expression of asPi and a iP i integrins have lower migration 

rates than cells with intermediate levels o f these integrins (Keely et al. 1995; Bauer et 

al. 1992; Giancotti and Ruoslahti, 1990).

Although the migratory phenotype of NHK is likely to contribute to the 

reduction in adhesion, induction of kératinocytes to undergo terminal differentiation 

may also be responsible for these effects. SF has been shown to play a role in 

development in many cell types such as kidney (Santos et al. 1994), muscle (Bladt et 

al. 1995) and mammary gland (Soriano et al. 1995). SF is also involved in the 

differentiation process o f NHK which grown on de-epidermised dermis (see Chapter 

3). Nevertheless, whether SF participate in the differentiation process of NHK grown 

in monolayer culture remains to be determined.

NHK had a different migratory capacity depending on the extracellular matrix 

proteins. Fibronectin and collagen type I promoted migration o f NHK while laminin 

1 inhibited migration. These results are in accordance with previous reports 

(Woodley et al. 1988; O'Keefe et al. 1985; Guo et al. 1990; Zhang et al. 1996). It has 

been demonstrated on various types of migration assay that migration of subcultured 

human kératinocytes is promoted by collagen type I and fibronectin and is inhibited 

by laminin 1.

The migration mechanism of human kératinocytes towards various proteins is 

integrin specific. For example, migration of normal kératinocytes on collagen type I 

(Pilcher et al. 1997; Lange et al. 1995) is mediated by « 2 pi integrin, while migration 

on fibronectin is mediated by a$pi integrin and is RGD-dependent (Kim et al. 1992; 

Lange et al. 1995). It has been shown that migration o f primary kératinocytes 

requires catalytic activity of collagenase-1 (Pilcher et al. 1997). Furthermore, 

blocking the binding of azpi integrin to collagen type I inhibits collagenase-1 

expression and subsequently inhibits migration. asPi integrin has also been shown to 

be partly responsible for keratinocyte migration on both fibronectin and collagen type 

I substrates (Zhang and Kramer, 1996). Endogenous laminin 5 production by 

kératinocytes may also contribute to as pi-mediated migration. However, the role of 

laminin 5 in keratinocyte migration is still controversial (O'Toole et al. 1997; Zhang 

and Kramer, 1996). Different types of assay used and purification o f laminin 5 may 

partly contribute to this discrepancy. It is also possible that laminin 5 has two
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functional roles in migration: inhibition and stimulation. In mammary epithelial cells, 

laminin 5 which is treated with matrix metalloproteinases can change from being a 

stationary to a migratory substrate (Giannelli et al. 1997).

The inhibitory effect of laminin 1 on keratinocyte migration has been 

suggested to be due to the lack of aePi integrin on normal human kératinocytes. 

Human squamous carcinoma cells (SCC-25), which express high levels of surface 

aePi integrin, are able to migrate on laminin 1. Moreover, blocking aePi integrin 

function can abolish migration of these cells (Zhang et al. 1996).

The inhibitory effect o f laminin 1 and stimulatory effects of fibronectin and 

collagen type I in keratinocyte migration appear to be correlated with the presence of 

these matrices in normal epithelium and during wound healing. Laminin 1 is found 

only in intact basement membrane while fibronectin and collagen type I are found in 

abundance during wound repair (Gailit and Clark, 1994).

The result that SF selectively enhanced migration o f NHK towards 

fibronectin, but not to collagen type I and laminin 1 is in contrast with the study of 

Sato et al. (1995). Using randomised migration assays, they reported that SF 

stimulated migration of NHK but this augmentation was independent of a number of 

matrix proteins including fibronectin, collagen type I and laminin 1. However, this 

study was also unable to show the differences in the number of migrating cells in the 

untreated keratinocyte group between different matrix proteins investigated. These 

results are contradicted by a number of reports as discussed earlier. It is possible that 

randomised migration assays in the study o f Sato et al. (1995) were carried out under 

conditions which make migration occur independent of different matrix types.

The effect of SF on keratinocyte migration, using a haptotactic migration 

assay, has been performed by two other groups. Matsumoto et al. (1994) showed that 

SF increased the migration of oral squamous cell carcinoma cells (HSC-3) on 

collagen type I, fibronectin and laminin. These results suggested that SF-promoted 

migration in these carcinoma cells may involve several mechanisms which utilise 

different integrin receptors. However, it is possible that Pi is a common integrin 

subunit to all of these receptors. Indeed, pi integrins in these cells were induced to 

assemble and disassemble at focal adhesion sites in response to SF. Huang et al. 

(1998) showed that the addition of SF to murine kératinocytes increased the
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migration of these ceils towards fibronectin, but not to collagen type I. ŒvPô integrin 

has been shown to be responsible for the migration o f these cells. The observations 

o f the effects of SF on the migration o f carcinoma cells and murine kératinocytes 

suggest that the mechanism by which SF promotes migration is complex and may be 

dependent on cell and species types. This complexity is added to the fact that 

different matrix proteins utilise distinct mechanisms in regulating cell migration.

Since keratinocyte migration on collagen type I was not affected by the 

presence of SF and a 2 pi integrin has been shown to mediate the migration of 

kératinocytes to collagen type I (Lange et al. 1995; Pilcher et al. 1997), it is likely 

that tt2 Pi integrin is not involved in SF-promoted migration under this condition. 

However, it is possible that a 2 pi integrin may participate in SF-induced migration 

under other conditions. This is because SF has been shovm to enhance production of 

collagenenase-1 protein which may be important for keratinocyte migration on 

collagen type I (Dunsmore et al. 1996; Pilcher et al. 1997). The inability of NHK 

treated with SF to migrate towards laminin 1 appears to be consistent with the result 

that SF did not change the levels of and pi integrins as shown by flow cytometric 

analysis (see Chapter 3). Because migration of kératinocytes towards laminin 1 has 

been postulated to require ŒôPi integrin receptor (Zhang et al. 1996).

NHK used both as Pi and Œv integrins to mediate migration towards 

fibronectin. Since this result was obtained from antibody blocking experiments 

performed on the NHK treated with SF, it was not possible to determine which 

integrins mediated this function in the control cells. Antibody blocking experiments 

were not performed in the control group because the number o f migrating cells was 

quite small. It was also desirable not to lengthen the duration o f migration (3 hours in 

this study) in order to avoid the involvement of endogenous proteins such as laminin 

5. Deposition of laminin 5 by normal kératinocytes has been shovm to participate in 

the migration o f these cells on fibronectin when cells are allowed to migrate for 4.5 

hours (Zhang and Kramer, 1996). Therefore other experimental approaches may be 

able to answer this question. Nevertheless, the result that asPi and ay integrins were 

involved in the migration towards fibronectin appears to be consistent with previous 

studies (Lange et al. 1995; Huang et al. 1998; Kim et al. 1992). It has been 

demonstrated that as pi integrin is the main integrin responsible for the migration of
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NHK on fibronectin (Kim et al. 1992; Lange et al. 1995). However, since the ŒvPô 

integrin antibody was not available at that time, it was not possible to confirm the 

role of avp6 integrin in mediating keratinocyte migration.

The fibronectin-dependent migration caused by SF suggests that fibronectin 

receptors are involved in this migration. Interestingly, although both as Pi and ay 

integrins were found to mediate migration of NHK on fibronectin, it was as pi 

integrin, not ay, which mainly mediated SF-induced migration. These results suggest 

that SF-mediated migration is integrin specific and requires aspi integrin. 

Nevertheless, ay integrin may be involved in SF-induced migration, although this 

effect was less significant than asPi integrin.

In conclusion, the present study demonstrated that SF modulated integrin- 

mediated functions of NHK. These resulted in changes in the abilities of NHK to 

adhere and migrate to various matrix proteins. SF reduced the adhesion of NHK to 

collagen type I and IV, laminin 1 and 5 and fibronectin. The decrease in the adhesion 

may partly be due to the migratory phenotype of NHK in response to SF. The 

promotion in migration in response to SF occurred selectively towards fibronectin, 

suggesting that SF-induced migration is integrin specific. Interestingly, aspi integrin, 

but not ay, mainly mediated this increased migration.
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Chapter 5: The effects of scatter factor on migration of oral squamous 

carcinoma cell lines

5.0 Introduction

Cell migration plays an important role in many cellular processes including 

wound healing, embryonic development, the immune response and tumour 

metastasis (Clark, 1993; Bronner-Fraser, 1994; Aznavoorian and Murphy, 1993). 

When cells begin to migrate, they extend lamellipodia or filopodia (a sheet-like 

cytoplasmic process or a thin cytoplasmic process which contain a network of actin 

filaments) from their leading edges to the new location and then stabilise these 

structures by forming adhesion complexes with the extracellular matrix (ECM). Cells 

use these adhesive interactions to generate the traction and force required for 

migration. Subsequently, these adhesion complexes are released at the trailing edges 

to allow cells to move forward (Lee et al. 1994; Stossel, 1993; Lee et al. 1993; 

Lauffenburger and Horwitz, 1996). In this regard, cell migration is a cycle of 

adhesion and de-adhesion of the cells to the ECM.

Cell surface adhesion molecules provide the cell anchorage to the ECM and 

therefore play a crucial role in regulating cell migration (Huttenlocher et al. 1995). 

Integrins are a class of cell surface adhesion molecules which participate in cell 

migration by linking the ECM to the cytoskeletal apparatus inside the cells. Integrin- 

mediated migration can be controlled by several mechanisms. For example, by 

influencing the integrin-ligand affinity, by altering the integrin-cytoskeletal linkages 

or by the recruitment of signalling molecules such as focal adhesion kinase (FAK) or 

Rho (Peter and O'Toole, 1995; Dedhar and Hannigan, 1996; Duband et al. 1991; 

Akiyama et al. 1989; Parsons, 1996; Dedhar and Hannigan, 1996). Recently, it has 

been shown that signals initiated by integrins, which lead to the phosphorylation of 

myosin light chain (MLC), can influence cell migration (Klemke et al. 1997).

Cell migration is an integrated process of cellular responses to a variety of 

environmental signals. Many agents have been reported to have effects on cell 

migration including growth factors, ECM and anti-adhesive molecules (Stoker and 

Gherardi, 1991; Kim et al. 1992; Guo et al. 1990; Pilcher et al. 1997; Murphy- 

Ullrich, 1995).
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The interaction between growth factor receptors and integrins in mediating 

cell migration has been demonstrated by several mechanisms. Growth factors may 

increase or decrease levels of a particular integrin or a set of integrins to mediate cell 

migration (Chen et al. 1993; Zambruno et al. 1995; Mainiero et al. 1996). For 

example epidermal growth factor (EGF) and transforming growth factor-alpha (TGF- 

a )  promote migration of kératinocytes on collagen type I by up-regulating the surface 

expression o f a ip i integrin (Chen et al. 1993). Transforming growth factor-pi (TGF- 

p l)  stimulated keratinocyte migration towards fibronectin and vitronectin by up- 

regulating the expression of aspi and avPs integrins and by inducing the de novo 

expression o f ŒvPô integrin. These effects were also associated with the down- 

regulation o f aaPi integrin (Zambruno et al. 1995). As well as alterations in the level 

o f surface integrin expression, growth factors may change integrin distribution to 

influence cell migration. Scatter factor (SF) promoted migration o f squamous 

carcinoma cells (HSC-3) by initiating the assembly o f focal adhesions where Pi 

integrins and cytoskeletal proteins co-localise (Matsumoto et al. 1994). The 

examples above demonstrate how growth factors can influence integrins in mediating 

cell migration and vice versa. Integrins may affect growth factor-induced migration 

by allowing or preparing a particular cellular response to facilitate or to interplay 

with growth factor signalling.

Finally, the interaction between growth factor receptors and integrins in 

regulating cell migration may be more complex and involve common intracellular 

signalling pathways of these two receptor systems. In human pancreatic cells (FG), 

Œvps integrin mediated attachment, but not migration on vitronectin. However, these 

cells were able to use avPs integrin to migrate on vitronectin after treatment with 

EGF. Protein kinase C (PKC) may play a critical role in these effects since calphostin 

C, an inhibitor of PKC, blocked FG cells migration on vitronectin either promoted by 

PKC or EGF (Klemke et al. 1994).

As well as interactions between growth factor receptors and integrins, 

interactions between different integrin receptors can also affect cell migration, aspi 

integrin modulated the ability of ayps integrin to mediate the migration of Chinese 

hamster ovary (CHO) cells on vitronectin. Transfected CHO cells, which express 

20% of aspi integrin compared to the wild type, showed decreased migration not
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only on fibronectin, but also on vitronectin compared to the wild type cells. The 

biochemical explanation of these effects is still not known, but the presence o f as Pi 

integrin may be necessary to organise the cytoskeleton for motile activity, or to 

transmit crucial signals for cell motility (Bauer et al. 1992).

The interaction between integrins and growth factor receptors in mediating 

cell migration is also supported by the results from Chapter 4. They demonstrated 

that SF selectively up-regulated migration o f NHK towards fibronectin, but not to 

collagen type I or laminin 1. These results suggest that SF-induced migration is 

fibronectin specific and may involve fibronectin receptors. Analysis o f antibody 

blocking experiments confirms that SF-induced migration was mediated by 

fibronectin receptors; aspi (mainly) and ay integrins (to a lesser extent). The 

interaction between fibronectin and its receptor may facilitate or co-operate with 

signals from SF to promote cell migration. Nevertheless, SF may in turn influence 

fibronectin receptors in promoting cell migration.

In order to further study the effects o f SF on fibronectin receptors in 

mediating cell migration, migration assays towards fibronectin were performed in a 

series of epithelial cell lines namely H357, V3, C l and VB6. These four cell lines 

express different levels o f fibronectin receptors. Hence, they provide a useful model 

to investigate the role of integrin receptors in response to SF. Additionally, integrins 

which these cells use to mediate migration on fibronectin, have been characterised by 

other workers in the department.

The purpose of the experiments in this Chapter were to investigate the 

effects of scatter factor on migration towards fibronectin of epithelial cell lines which 

expressed different levels of fibronectin receptors; and to further examine the 

integrins mediating the migration o f these cell lines in response to scatter factor.

5.1 Methods

5.1.1 Cell cultures

The cells used in these experiments were a series o f cell lines derived from an 

oral squamous cell carcinoma. These were H357, V3, VB6 and C l cell lines. Table

5.1 shows the relative levels of surface expression of aspi, otyPs and ayp6 integrin in
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these four cell lines. H357 cells are derived from a squamous cell carcinoma o f the 

tongue and they lack the ay subunit (Prime et al. 1990; Sugiyama et al. 1993). V3 

cells are H357 cells which have been transfected with the subunit and they 

express predominantly ayPs and a low level of ŒvPô (Jones et al. 1996b). VB6 cells 

have been transfected with p6 cDNA into V3 cells and they express high levels of 

ayp6 integrin (Thomas, 1999). C l cells are null transfectants of VB6 cells and 

contain puromycin drug resistant gene only.

To ensure the purity o f transfected cell lines (V3, VB6 and C l), cells were 

grovm in keratinocyte growth medium (KGM) supplemented with their relevant 

resistant genes at the beginning o f the experiment and then at 1-2 week intervals. V3 

were grown in KGM supplemented v^ith neomycin (2 mg/ml) while VB6 and Cl 

were grown in KGM supplemented with puromycin (0.75 pg/ml). The routine cell 

culture of all cell lines was described in Section 2.1.2.3.

Table 5.1 Relative levels of surface integrin expression in cell lines evaluated by 

flow cytometry.

Cell lines aspi avp5 ayp6

H357 + not detected not detected

V3 + + low level

Cl + + low level

VB6 + + + +

+ the mean fluorescence is between 10-10 

+ + the mean fluorescence is between 10^-10^

(arbitrary units, log scale)

5.1.2 M igration assays

In order to investigate the effect of SF on the motility o f H357, V3, VB6 and 

C l, haptotactic migration assays were performed as described in Section 2.9. Plasma 

fibronectin was used at a concentration of 10 pg/ml. The results were expressed as 

the number o f migrating cells per high power field (x40) in each chamber. Assays
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were carried out on three separate occasions and on each occasion triplicate wells 

were used.

5.1.3 Blocking experiments

To determine which integrins contribute to SF-induced migration in these cell 

lines, antibody blocking experiments were performed as described in Section 2.9. 

The integrin antibodies used were against aspi (P1D6), ay (L230), ayps (P1F6) and 

ayp6 (10D2) (listed in Table 1, Appendix 2). Assays were carried out on two separate 

occasions and on each occasion triplicate wells were used.

5.1.4 Statistical analysis

Data are expressed as the mean ± standard deviation (SD). Comparisons 

between two normally distributed groups were made using unpaired Student’s t-test. 

Where appropriate one way analysis of variance (ANOVA) with posthoc Tukey’s 

was used to compare multiple groups. A P  value of < 0.05 was considered to be 

significant.

5.2 Results

5.2.1 The effects of scatter factor on the migration of oral squamous carcinoma 

cell lines

To determine whether SF is able to promote migration o f oral squamous cell 

carcinoma cell lines which express different levels of fibronectin receptors, 

haptotactic migration assays towards fibronectin were performed. In the absence of 

SF, three cell lines including H357, V3 and VB6 cells showed differences in the 

number of migrating cells (Figure 5.1). Migration in the C l control cells was 

comparable to V3, confirming that fibronectin receptors in these two cell lines are 

similar. VB6 cells showed the highest number of migrating cells (14.18 ± 0.13). 

Migration in H357 (11.12 ± 1.23) was higher than V3 and Cl (6.76 + 0.75 and 5.09 

± 1.06, respectively). The migratory behaviour of these four cell lines is consistent 

with previous work (Thomas, 1999).
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When H357, V3, Cl and VB6 ceils were treated with SF, there was a 

significant increase in the levels of migrating cells in all cell lines (/7<0.001,/?<0.05, 

p<0.05 and/?<0.05, respectively) (Figure 5.1). SF promoted migration o f H357, V3, 

C l and VB6 by 1.8, 1.6, 1.8 and 1.4 fold, respectively. There was no significance 

difference in the number of H357 and VB6 cell migrating in the presence of SF. As 

expected, V3 and C l showed similar levels o f migrating cells in the presence of SF.

5.2.2 Antibody blocking experiments

In order to determine which integrins are functional in SF-induced migration 

in these cell lines, blocking experiments, using antibodies against ayps, avp6,otv and 

asPi integrins, were performed on H357, V3, Cl and VB6 cells in the presence of 

SF.

Migration of H357 cells treated with SF was almost completely blocked by 

antibodies against a$Pi integrin (p< 0.001) but was not affected by antibodies against 

tty, ttyPs and ttyp6 integrins (Figure 5.2). Migration o f V3, C l and VB6 in the 

presence of SF was partially inhibited by anti-aspi antibody. Partial blocking was 

also seen by using anti-ayPô and anti-ay antibodies (Figures 5.3-5.5), Migration of 

these cell lines was completely blocked by a combination of anti-ay integrins and 

anti-asp 1 (p<0.001). Figures 5.2-5.5 show representative experiments which were 

performed in triplicate. Two separate experiments were employed and gave similar 

results.
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Figure 5.1 Effects o f SF on migration of squamous carcinoma cells towards 

fibronectin. Cells were plated on transwell membranes coated with fibronectin at 

a concentration o f 10 pg/ml. Cells were allowed to migrate through the 

membrane for 3 hours in the absence or presence o f SF (100 ng/ml). Migrating 

cells on the bottom side of the membranes were stained and counted by 

transmission microscopy at x40.

Data are expressed as number o f migrating cells/high power field in each 

membrane and represent mean ± S.D. o f triplicate wells. (*f<0.05 compared to 

control)
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Figure 5.2 Inhibition of SF-induced migration in H357 cells towards fibronectin. 

H357 cells were pre-incubated with anti-avPs, anti-avp6, anti-ay and anti-a$Pi or 

a combination o f anti-ay and anti-a$pi antibodies for 30 minutes before adding to 

the upper chambers. Cells were allowed to migrate through the membrane for 3 

hours in the absence or presence of SF (100 ng/ml). Migrating cells on the 

bottom side of the membrane were stained and counted by transmission 

microscopy at x40.

Data are expressed as number of migrating cells/high power field in each 

membrane and represent mean ± S.D. o f triplicate wells. Arrows indicate 

corresponding membranes from each condition. (* f  <0.001 compared to control;

<0.001 compared to SF alone).
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Figures 5.3 and 5.4 Inhibition o f SF-induced migration in V3 (Figure 5.3) and 

C l (Figure 5.4) cells towards fibronectin. Cells were pre-incubated with anti- 

ttvps, anti-avp6, anti-ay and anti-aspi or a combination o f anti-Œy and anti-asPi 

antibodies for 30 minutes before adding to the upper chambers. Cells were 

allowed to migrate through the membrane for 3 hours in the absence or presence 

o f SF (100 ng/ml). Migrating cells on the bottom side o f the membrane were 

stained and counted by transmission microscopy at x40.

Data are expressed as number o f migrating cells/high power field in each 

membrane and represent mean ± S.D. o f triplicate wells. (*f<0.05 compared to 

control; **P<0.05 compared to SF alone).
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Figure 5.5 Inhibition of SF-induced migration in VB6 cells towards fibronectin. 

Cells were pre-incubated with anti-avPs, anti-aypô, anti-tty and anti-ttspi or a 

combination of anti-tty and anti-ctsPi antibodies for 30 minutes before adding to 

the upper chambers. Cells were allowed to migrate through the membrane for 3 

hours in the absence or presence of SF (100 ng/ml). Migrating cells on the 

bottom side o f the membrane were stained and counted by transmission 

microscopy at x40.

Data are expressed as number of migrating cells/high power field in each 

membrane and represent mean ± S.D. of triplicate wells. (*P<0.05 compared to 

control; **P<0.05 compared to SF alone).
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5.3 Discussion

SF was able to promote migration of H357, V3, C l and VB6 cells towards 

fibronectin. This effect may be regulated via asPi integrin since it is a common 

integrin o f these four cell lines. The result that SF strongly promoted migration of 

H357 cells supports this concept. SF-induced migration in H357 cells also indicates 

that the asPi integrin is sufficient for this activation, because asPi is the only 

fibronectin receptor present on H357 cells (Sugiyama et al. 1993; Thomas, 1999). 

These observations confirm the results o f migration assays on NHK in Chapter 4 that 

the as pi integrin plays a significant role in SF-induced migration towards 

fibronectin.

Before discussing the migration experiments, it is necessary to summarise the 

functional integrins which mediate adhesion and migration of these cell lines in the 

absence o f SF (Thomas, 1999). There are two types o f fibronectin receptor (aspi and 

avp6 integrins) mediating adhesion and migration in these four cell lines. H357 cells 

use aspi integrin to mediate both adhesion and migration on fibronectin. a$Pi 

integrin is also mainly utilised by V3 and C l cells. Nevertheless, avPô integrin also 

plays a role in cell migration since a combination of anti-asp i and anti-ayp6 integrins 

further inhibited cell migration compared to the use of anti-aspi integrin alone. In the 

V3 and C l cells, migration was reduced even in the presence of similar levels of 

asPi integrin compared to H357. These cells express high levels of avPs and it is 

possible that this integrin inhibits migration. VB6 cells use both asPi and ayp6 

integrins to adhere and migrate on fibronectin. However, it is not known whether 

these integrins co-operate or whether one is used preferentially. Since the same 

integrin types mediate both adhesion and migration activities in each cell line, the 

inhibitory effects by the anti-integrin antibodies on cell migration may also reflect 

the ability to inhibit the adhesion.

The transfection o f p6 cDNA into VB6 cells enhanced the migratory ability 

o f VB6 cells towards fibronectin compared to H357, V3 and C l cells (Thomas, 

1999). Nevertheless, it appears that the presence o f high levels o f ayp6 integrin in 

VB6 cells does not provide any advantage for SF to promote migration since in the 

presence of SF, H357 had similar levels o f migration to VB6 cells. V3 and Cl cells 

have similar levels of a$Pi integrin to H357, suggesting that the expression of ayps
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alone may have caused the reduction in migration towards fibronectin (Thomas, 

1999). However, avPs integrin does not appear to suppress the ability o f SF to induce 

migration. Migration o f all cell lines was promoted by SF by approximately 1.4-1.8 

fold.

SF-induced migration could be completely blocked by the use o f functional 

antibodies against aspi and a combination o f anti-aspi and anti-ay antibodies. The 

use of anti-ayps had no inhibitory effect on SF-induced migration in all cell lines 

examined, therefore, it is likely that the inhibitory effects of the anti-ay antibody is 

due to blocking of ayPe integrin. In addition, there are only two integrins of the ay 

family, ayps and ayPe, which are expressed in V3, C l and VB6 cells (Thomas, 1999; 

Sugiyama et al. 1993). These blocking experiments confirm that SF-induced 

migration was mediated through asPi and ay integrins. In H357 cells, this migration 

was mediated by aspi integrin, while in V3, Cl and VB6 cells it was mediated by 

both aspi and ay integrins. The SF-induced increase in migration in each cell line 

was also completely inhibited by the same integrin antibodies which inhibit 

migration in the absence of SF.

These results suggest that SF promotes migration of these cells by up- 

regulating the function of integrins which are already functional in these cells. It may 

be possible that SF-receptors, asPi and ayP6 integrins share some pathways of the 

intracellular signalling cascades which lead to cell migration. It has been shown that 

as Pi integrin activates the Ras signalling cascade, which can lead to the formation of 

lamellipodia via Rac protein (Wary et al. 1996; Giancotti, 1997). The Ras pathway 

initiated by SF has been shown to be responsible for SF-induced migration 

(Hartmann et al. 1994). The subcellular localisation of ayPe integrin at extended 

filopodia has been postulated to be responsible for the enhancement in migratory 

behaviour of VB6 cells (Thomas, 1999). Formation of filopodia has been suggested 

to be activated by Cdc42 protein. Interestingly, there is evidence that Cdc42 and Rac 

are interconnected (Giancotti, 1997).

It is unlikely that SF-promoted migration in these cell lines is due to up- 

regulation of surface integrin expression, since in normal human kératinocytes 

(NHK) SF promoted migration of these cells towards fibronectin (see Chapter 4) 

without alteration in the surface integrin expression as shown by flow cytometry (see
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Chapter 3). In addition, SF-induced migration in oral squamous cell carcinoma cell 

line (HSC-3) also occurred without changes in the surface integrin expression 

(Matsumoto et al. 1994). SF may promote migration in HSC-3 cells by initiating the 

recruitment o f pi integrin, vinculin and FAK into focal adhesion sites. Nevertheless, 

evaluation o f the surface integrin expression of H357, V3, C l and VB6 cell lines in 

respond to SF is needed before making a conclusion.

In summary, the results in this Chapter demonstrate that SF promoted 

migration of oral squamous cell carcinoma cell lines, namely H357, V3, Cl and 

VB6. SF-induced migration in these cell lines was mediated by both asPi and tty 

integrin. However, aspi integrin was most responsible for the increased migration. 

The mechanisms involved in these effects may be due to the up-regulation o f the 

level of surface integrin expression, or up-regulation of the integrin function or to 

overlapping o f the intracellular signalling cascades which lead to cell migration.
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Chapter 6: The effects of scatter factor on integrin signalling in normal human 

kératinocytes: Involvement of FAK protein.

6.0 Introduction

Integrins are composed o f a  and p subunits, each of which is a 

transmembrane glycoprotein with a single membrane-spanning segment. Besides 

serving as a structural bridge between the extracellular matrix (ECM) and the 

cytoskeleton, integrins have been shown to transduce signals from the ECM to 

regulate various cellular functions (Hynes, 1992; Juliano and Haskill, 1993; Clark 

and Brugge, 1995; Yamada and Miyamoto, 1995).

Integrin-mediated signalling can be divided into two types. The first is “direct 

signalling”, in which ligation and clustering of integrins is caused only from the 

external stimulus. The second process of integrin-mediated signalling is known as 

“collaborative signalling”. In this case integrin-mediated signalling can influence 

signalling initiated by other types of receptors, particularly receptor tyrosine kinases 

(RTKs) that may be activated by growth factors (McNamee et al. 1993; Arora et al.

1995). For example the extracellular signal regulated kinase (ERK) class o f mitogen- 

activated kinase (MAPK) can be activated by integrin aggregation alone or by 

various growth factors including epidermal growth factor (EOF), platelet derived 

growth factor (PDGF) and basic fibroblast growth factor (bFGF). However, in the 

presence of both integrin aggregation and receptor occupancy, there is a marked 

increase in the ERK activity after stimulation by these growth factors (Miyamoto et 

al. 1996).

Since integrins lack an intrinsic enzymatic activity, it has been postulated that 

they transduce signals by associating with signalling proteins which can then initiate 

signalling cascade after integrin ligation and/or aggregation. Several intracellular 

signalling proteins including focal adhesion kinase (FAK), cytohesin-1 and integrin 

linked kinase (ILK) have been reported to interact directly with integrins and are 

suggested to initiate the downstream signalling events (reviewed by Hemler, 1998; 

Clark and Brugge, 1995).

Among intracellular signalling proteins, FAK appears to be the most well- 

characterised molecule. FAK is a 125 kDa cytoplasmic tyrosine kinase and its
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structure can be divided into three domains; N-terminal, kinase and C-terminal 

domains (Figure 6.1) (Schaller et al. 1992). The tyrosine phosphorylation o f FAK 

during integrin-mediated signalling has been shown to require the cytoplasmic 

domain o f the p integrin subunit. For example, chimeras containing only the 

cytoplasmic domain of Pi integrin are sufficient to induce tyrosine phosphorylation 

o f FAK (Akiyama et al. 1994; Lukashev et al. 1994). In addition, direct association 

o f FAK with the pi integrin cytoplasmic tail has been suggested from in vitro Pi 

peptide studies (Schaller et al. 1995). Other p subunits including p3 and Ps can also 

activate FAK phosphorylation (Akiyama et al. 1994).

The mechanism of FAK phosphorylation is not well understood, FAK is 

phosphorylated in response to integrin occupancy, to clustering o f integrins without 

ligand occupancy (reviewed by Yamada and Miyamoto, 1995; Clark and Brugge, 

1995; Richardson and Parsons, 1995), to growth factors (Matsumoto et al. 1994; 

Rankin and Rozengurt, 1994; Chen et al. 1998), to bombesin and lysophosphatidic 

acid (LPA) (Barry and Critchley, 1994; Chrzanwska-Wodnicka and Burridge, 1994; 

Ridley and Hall, 1994). However, it is apparent that FAK phosphorylation is 

connected to the process o f assembly of focal adhesions and is associated with 

cytoskeletal proteins (Burridge and Wodnicka, 1996; Giancotti, 1997). Three 

cytoskeletal proteins , talin, paxillin and vinculin, have been shown to play a role in 

FAK phosphorylation (reviewed by Guan, 1997). Both talin and paxillin bind 

directly to the carboxy-terminal domain of FAK (Turner and Miller, 1994; Schaller 

and Parsons, 1994; Chen et al. 1995). These bindings may explain why FAK 

phosphorylation is dependent on the integrity o f the actin cytoskeleton. Treatment of 

cells with cytochalasin D, which disrupt cytoskeletal proteins, can block FAK 

phosphorylation either induced by integrin itself or by external stimuli (Burridge et 

al. 1992; Sinnett-Smith et al. 1993).

Phosphorylation of FAK leads to its association with several signalling 

molecules (Figure 6.2). Activated FAK undergoes autophosphorylation at tyrosine 

residue 397, creating a binding site for the SH2 domain of Src and Fyn (Schaller et 

al. 1994). The FAK/Src complex then phosphorylates a number o f FAK-associated 

proteins including paxillin (Burridge et al. 1992; Turner et al. 1993), tensin 

(Bockholt and Burridge, 1993) and pl30^“  (Nojima et al. 1995; Vuori and Ruoslahti,
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1995). P I30^^ is a docking protein which can interact with the adaptor protein Crk. 

Crk has been shown to regulate a signalling cascade, leading to MAPK (Vuori et al. 

1996; Schlaepfer et al. 1997). Src can also phosphorylate FAK at tyrosine residue 

925, creating a binding site for the Grb2-mS0S complex (Schlaepfer et al. 1994). 

These interactions also link FAK signalling pathways to MAPK cascades. Finally, 

autophosphorylation FAK may activate phosphatidylinositol 3-kinase (PI3K), a key 

cellular signalling component (Chen et al. 1996).

FAK has been demonstrated to play an important role in cell migration. 

Embryonic fibroblasts isolated from FAK (-/-) knock out mice formed numerous 

small focal contacts located at the centre of the cells, but failed to form the large 

peripheral focal adhesions which may be required at the leading edge o f migrating 

cells. Accordingly, these FAK (-/-) cells migrate at a decrease rate compared to FAK 

(+/+) cells (flic et al. 1995). Overexpression o f FAK in Chinese hamster ovary cells 

(CHO) was found to increase migration of these cells on fibronectin (Cary et al.

1996).

The results from Chapters 3 and 4 demonstrated that there is an 

interrelationship between SF and integrins in normal human kératinocytes (NHK). In 

monolayer culture, SF modulated integrin function shown by using adhesion and 

migration assays. However, SF did not change the level of integrin expression as 

shown by flow cytometry. These results suggest that SF may regulate integrin- 

mediated function from the cell interior either by modulating integrin-cytoskeletal 

interaction or by modulating integrin-mediated signalling. The accumulation of Pi 

and Œ] integrins at the focal adhesion sites in response to SF supports the notion that 

SF modulates integrin-cytoskeletal interactions by redistribution of these integrins on 

the cell surface. Nevertheless, integrin-cytoskeletal interactions and integrin- 

mediated signalling are processes closely connected as discussed previously. The 

effects o f SF on the migration on NHK (Chapter 4) and squamous carcinoma cells 

(Chapter 5) provide further evidence that there is a relationship between SF and 

integrins. SF-induced migration in NHK and in carcinoma cells was significantly 

mediated by asPi integrin.

In order to examine the involvement of SF in integrin signalling of NHK, the 

tyrosine phosphorylation o f FAK protein in response to SF was investigated. FAK

157



The effects o f SF  on intesrin sisnallins

was selected because it is a good candidate protein involved in integrin signalling. 

FAK was shown to be the most prominent of the tyrosine phosphorylated proteins in 

cells responding to integrin clustering or integrin-mediated adhesion. Furthermore, 

FAK has been shown to play an important role in cell migration.
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Integrin binding
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Figure 6.1 Schematic drawing o f FAK protein, showing three domains of similar size: 

N-terminal, kinase and C-terminal domains. This figure also demonstrates the 

potential physical associations between FAK and cytoskeletal and signalling proteins. 

Src, a tyrosine kinase, PI3K, phosphatidylinositol 3-kinase, P130 '̂'% Crk-associated 

substrate, Grb2, growth factor receptor bound SH2/SH3-containing adapter protein; 

Sos, mammalian Son of sevenless.
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Figure 6.2 Integrin signalling pathways through FAK. Binding o f integrins or 

clustering of integrins lead to activation o f FAK and its subsequent association with 

Src. The FAK/Src complex then triggers several downstream pathways leading to 

altered gene expression or cytoskeletal changes responsible for various cellular 

functions mediated by integrin signalling. Src, a tyrosine kinase, PI3K, 

phosphatidylinositol 3-kinase, P I30^^, Crk-associated substrate, Grb2, growth factor 

receptor bound SH2/SH3-containing adapter protein, Sos, mammalian Son of 

sevenless, Crk, an SFI2/SFI3-containing adapter protein, C3G, a Ras GEF, MEK, 

MAP kinase kinase, ERK, extracellar signal regulated kinase, MLCK, myosin light 

chain kinase.
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6.1 Methods

6.1.1 Cell cultures

The cells used in these experiments were normal human kératinocytes (NHK) 

and the oral squamous cell carcinoma cell line, H357. NHK were obtained from 

primary cultures as described in Section 2.1.2.1 and maintained and subcultured as 

described in Section 2.1.2.2. H357 is an oral squamous cell carcinoma cell line 

derived form tongue (Prime et al. 1990). They were maintained and subcultured as 

described in Section 2.1.2.3.

6.1.2 Preparation of samples

H357 cells were used as the positive control for tyrosine phosphorylation of 

FAK protein. Subconfluent H357 were serum starved for 3 hours and then incubated 

with serum free medium containing 10 ng/ml epidermal growth factor (EOF) for 10 

minutes. NHK were serum starved for 3 hours and then incubated with serum free 

medium containing 100 ng/ml scatter factor (SF) for 10 or 30 minutes. The H357 and 

NHK samples were prepared as described in Section 2.10.

The protein concentrations were quantified using the BCA protein assay 

reagent (BCA; Pierce & Warriner UK Ltd.) as described in Section 2.11.

6.1.3 Immunoprécipitation, SDS-Polyacrylamide Gel Electrophoresis (SDS- 

PAGE) and Western blotting

Equal amounts o f protein were immunoprecipitated with antibody against 

FAK (clone 77) (listed in Table IV, Appendix 2) as described in Section 2.12. 

Immune complexes were collected on protein G beads (Sigma Chemical Co.) and 

were size separated on SDS-PAGE as described in Section 2.13. Proteins from the 

gel were transferred to nitrocellulose membrane and probed with anti- 

phosphotyrosine antibody (Py20) (listed in Table IV, Appendix 2) as described in 

Section 2.14.

In order to ensure that an equal amount o f FAK protein was analysed, the 

same nitrocellulose membrane was stripped of primary and secondary antibodies and 

reprobed with anti-FAK protein as described in Section 2.14.
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Immunoprécipitation and Western blotting were performed using samples 

from two donors. Sample from donor 1 was carried out on three separate occasions. 

Sample from donor 2 was performed on one occasion.

6.1.4 Semiquantitative analysis

In order to analyse the relative amount of phosphorylated FAK, images from 

the photographic films were analysed using Scion Image software (Scion 

Corporation) as described in Section 2.14.2. The results were expressed as the area 

corresponding to the band of phosphorylated FAK relative to the area o f the control 

band. This analysis was carried out using the sample from donor 1.

6.2 Results

6.2.1 Positive control of tyrosine phosphorylation of FAK

Immunoprécipitation and Western blotting are complicated multi-step 

techniques. Therefore, a positive control would guarantee that the techniques are 

successful each time that an assay was performed. Because these biochemical 

techniques require high protein concentrations, a cell lysate extracted from a cell line 

are more appropriate than the normal cells, as the quantity of normal cells that can be 

obtained are limited. In addition, lysates of cell lines provided enough protein to use 

for all the experiments, giving more consistent results. As an initial attempt, the 

H357 cell line treated with EOF at various conditions was used. EOF has been 

shown to phosphorylate FAK protein in a variety o f cell types (Tapia et al. 1999; 

Short et al. 1998; Brunton et al. 1997). After trying out various conditions, H357 

treated with 10 ng/ml of EOF for 10 minutes was found to be the optimal positive 

control for FAK phosphorylation (Figure 6.3). H357 in the absence o f EOF showed a 

low level of tyrosine phosphorylation of this protein. Figure 6.3 shows that equal 

amounts of FAK protein were analysed.

6.2.2 The effects of SF on the tyrosine phosphorylation of FAK in NHK

The effect of SF on the tyrosine phosphorylation of FAK was examined by 

immunoprécipitation and Western blotting. FAK protein from each sample was first
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precipitated and then immimoblotted with anti-phosphotyrosine antibody. Because 

immunoprécipitation and Western blotting require high protein concentrations, and 

lysates prepared from NHK were quite limited, only two time points (10 and 30 

minutes) were examined for the effect SF on the tyrosine phosphorylation of FAK. 

These time points were selected because FAK is located at the focal adhesion sites, 

hence tyrosine phosphorylation o f this protein is presumably an early event in the 

cellular response.

Tyrosine phosphorylation of FAK protein was not detected in the control 

NHK and NHK treated with SF for 10 minutes. However, a marked increase in the 

level of tyrosine phosphorylation of FAK was found after treatment with SF for 30 

minutes (Figure 6.4a). Control experiments confirmed that equal amounts of FAK 

protein were analysed (Figure 6.4b). Figure 6.4 show the results of a representative 

experiment carried out on three separate occasions on cells from donor 1 and one 

occasion from donor 2.

6.2.3 Semiquantitative analysis of tyrosine phosphorylation of FAK

The relative amount o f tyrosine phosphorylation o f FAK from the 

immunoreactive photographs was further analysed by using Scion Image software. 

The immunoreactive bands on the photographic film were converted into histograms 

as shovm in Figure 6.5. The band intensity from different photographic films is 

dependent on many factors such as the exposure time of the membrane to the ECL 

(enhance chemiluminescent) reagent or the exposure time of the film to the 

development reagents. Therefore, comparison of the level o f phosphorylated FAK 

between different films was performed by calculating the area corresponding to the 

band of phosphorylated FAK relative to the area of the control band. This control 

band corresponded to the area of a protein which had the same concentrations in all 

experiments. The relative level of FAK phosphorylation from three separate 

occasions is shown in Figure 6.6. The level of FAK phosphorylation was similar in 

controls and cells treated with SF for 10 minutes. However, it increased by 

approximately 7 fold in cells treated with SF for 30 minutes.
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Figure 6.3 Positive control for tyrosine phosphorylation of FAK in H357 cells. 

(Figure 6.3a) H357 were serum starved for 3 hours and treated with or without 10 

ng/ml of EGF for 10 minutes. Then the whole cell lysates were 

immunoprecipitated with anti-FAK monoclonal antibody (clone 77) and probed 

with anti-phosphotyrosine monoclonal antibody. (Figure 6.3b) After stripping 

and reprobing the membrane with the same anti-FAK (clone 77) antibody, equal 

amounts of FAK protein were observed. Note the immunoblot was visualised by 

the enhanced chemiluminescent system (ECL).
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Figure 6.4 Induction of FAK tyrosine phosphorylation by scatter factor. (Figure 

6.4a) NHK were serum starved for 3 hours and then treated with or without 100 

ng/ml SF for 10 or 30 minutes. The cell lysates were precipitated with anti-FAK 

monoclonal antibody (clone 77). Then the immunocomplexes were analysed by 

anti-phosphotyrosine antibody (PY20). Lane 1 is a positive control for tyrosine 

phosphorylation of FAK protein prepared as described in figure 6.3. The 

molecular mass marker (kDa) is shown on the left. NHK treated with SF for 10 

minutes and the control are negative for FAK at 125 kDa. (Figure 6.4b) After 

stripping and reprobing the membrane with the same anti-FAK (clone 77) 

antibody, equal amounts of FAK protein were observed. Note the immunoblot 

was visualised by the enhanced chemiluminescent system (ECL).
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Figure 6.5 Image analysis o f the photographic film using Scion Image software. 

Picture on the upper left shows photographic film indicating areas to be analysed. 

Bands in the selected areas were converted into histograms. Then the area under 

each histogram was measured by the software. The relative level of FAK 

phosphorylation was calculated by dividing the area corresponding to the band of 

phosphorylated FAK by the area o f the control band. In this case, the control 

band was one o f the bands derived from the marker protein (285 kDa). Note base 

line was defined by the software.
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Figure 6.6 Scatter factor increased the level of FAK phosphorylation in NHK. 

The relative levels of FAK phosphorylation from the photographic film were 

determined by using Scion Image software as described in figure 6.5. Basal FAK 

phosphorylation was similar in control and SF-treated cells at 10 minute, but 

increased by 7 fold in cells treated with SF for 30 minutes. Note H357+EGF 

column is a positive control o f FAK phosphorylation.

Data are expressed as area corresponding to the band of phosphorylated 

FAK relative to the area of the control band and represent mean ± S.D. of three 

separate experiments.
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6.3 Discussion

SF was found to increase the level o f tyrosine phosphorylation of FAK 

protein in NHK by 7 fold. This effect was detected relatively late, j after 30 minutes ; 

treatment with SF, but not after 10 minutes. These results indicate that there is an 

interrelationship between SF and integrins. This relationship involves integrin- 

mediated signalling since FAK has been shown to be the key protein in initiating 

integrin signalling cascades (reviewed by Hemler, 1998; Clark and Brugge, 1995). In 

addition, these results also suggest that FAK is an important protein participating in 

signalling events o f SF and integrins.

The present study demonstrated FAK protein expression in NHK by the 

Western blotting technique. In humans, FAK protein has been found in a variety of 

cell types including platelets (Clark et al. 1994), lymphocytes (Whitney et al. 1993), 

embryonic kidney cells (293 cells) (Chen et al. 1998), endothelial cells (Soldi et al.

1996), oral squamous carcinoma cells (HSC-3) (Matsumoto et al. 1994), transformed 

colonic cells (PCmsrc) (Kotelevets et al. 1998) and transformed kératinocytes 

derived from skin (Danker et al. 1998; Xia et al. 1996). By Northern blot analysis, 

FAK mRNA was detected in brain, lung, heart and skeletal muscle, but barely 

detectable in placenta, liver and kidney (Andre and Becker-Andre, 1993). 

Interestingly, FAK mRNA was not detected in normal tissue from colon and breast, 

but it was found in invasive and metastatic tumours derived from these tissues 

(Weiner et al. 1993). The expression of FAK on a variety o f cell types supports the 

important biological functions o f this protein.

Induction o f FAK phosphorylation in human cells by SF has been previously 

reported in embryonic kidney cells (293 cells) (Chen et al. 1998), oral squamous 

carcinoma cells (HSC-3) (Matsumoto et al. 1994) and transformed colonic cells 

(PCmsrc) (Kotelevets et al. 1998). Time course experiments in 293 cells (Chen et al. 

1998) and HSC-3 cells (Matsumoto et al. 1994) demonstrated that FAK was 

phosphorylated as early as 3 minutes after treatment with SF while in the present 

study FAK phosphorylation was detected at 30 minutes. These results suggest that 

tyrosine phosphorylation of FAK at different time points may be due to different 

pathways. Therefore, it may be possible to classify the mechanism of SF-induced
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FAK phosphorylation into two types based on the timing of FAK phosphorylation: 

direct and indirect effects.

The direct effect may involve only a few intracellular signalling molecules 

and occur rapidly after SF treatment. There are some proteins which have been 

shown to bind to both activated c-met and FAK protein. These include PI3K, Src 

kinase and Grb-2 (see Figure 6.1 and see Section 1.3.6). Therefore, target proteins of 

the c-met receptor may act as upstream regulators of FAK phosphorylation. For 

example, activation of Src upon SF stimulation has been shown to be one of 

mechanisms responsible for SF-induced tyrosine phosphorylation in 293 embryonic 

kidney cells (Chen et al. 1998). In 293 cells, FAK phosphorylation was found as 

early as 3 minutes after SF-treatment, reached a plateau by 30 minutes and gradually 

declined at 120 minutes. Transfection o f 293 cells to express higher levels of Src, 

resulted in increased levels o f SF-induced FAK phosphorylation. Nevertheless, since 

the expression of Src defective mutant did not completely abolish the level of FAK 

phosphorylation, it has been suggested that other mechanisms may be involved in 

this activation. The study on HSC-3 cells by Matsumoto’s group (1994) also suggests 

that SF has a direct effect on the tyrosine phosphorylation o f FAK. In this study, c- 

met and FAK were both found to be phosphorylated at 3 minutes after treatment with 

SF. Since the direct effect of SF on the tyrosine phosphorylation appears to occur 

within a short time, it is unlikely that SF-induced FAK phosphorylation in NHK in 

the present study is due to this mechanism.

The tyrosine phosphorylation of FAK at 30 minutes induced by SF suggests 

that SF may have an indirect effect on the activation of this protein. It has been 

shown that clustering of integrins by ECM or by anti-integrin antibodies can induce 

FAK phosphorylation (Guan et al. 1991; Komberg et al. 1991; Komberg et al. 1992; 

Burridge et al. 1992; Hanks et al. 1992; Guan and Shalloway, 1992). The 

observations on the time o f FAK phosphorylation induced by clustering o f integrins 

appear to be varied and may be dependent on cells types and experimental 

conditions. This is partly due to the fact that different cell types need different times 

to adhere and spread on ECM-coated surfaces. For example using 

immunoprécipitation and Western blotting techniques, FAK phosphorylation was 

detected after plating cells on fibronectin for 25 and 20 minutes in NIH 3T3 and
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epidermoid carcinoma cells (KB cells), respectively (Guan et al. 1991; Komberg et 

al. 1992). Using an immunofluorescene technique, FAK phosphorylation in NIH 3T3 

was detected at 1 hour after plating on fibronectin (Guan et al. 1991). According to 

these studies, it may therefore be possible that SF induces FAK phosphorylation by 

clustering integrins at the focal adhesion sites. Indeed, the results in Chapter 3, which 

demonstrated that SF induced Pi and clt, integrin subunits to accumulate into focal 

adhesion sites at about 30 minutes after treatment with SF, supports this concept. 

Clustering o f integrins appears to involve several signalling and cytoskeletal 

proteins. Nevertheless, there are at least two key molecules, RhoA and 

phosphatidylinositol 4,5-bisphosphate (PIP2), which may be involve in this 

mechanism.

Rho is a family of small GTP-binding proteins which has been shown to 

regulate the organisation o f the actin cytoskeleton (reviewed by Schmidt and Hall, 

1998). In mammalian cells, it belongs to a subfamily which consists of RhoA, Rac 

and Cdc42 . In swiss 3T3 fibroblast cells, RhoA regulates the assembly of focal 

adhesions and stress fibers. Rac controls the formation o f lamellipodia and 

membrane ruffling and Cdc42 promotes the extension of filopodia.

It has been shown that FAK phosphorylation is dependent on the activity of 

RhoA (Needham and Rozengurt, 1998). For example the use of clostridium botulism 

C3 exotransferase (C3), a bacterial toxin which inactivates RhoA, blocked the 

tyrosine phosphorylation of FAK induced by lysophosphatidic acid (Kumagai et al.

1993), or by bombesin and endothelin (Rankin et al. 1994). It remains unclear how 

RhoA mediates integrin clustering, resulting in FAK phosphorylation. However, two 

mechanisms have been suggested to contribute to this effect (Figure 6.7). First, RhoA 

increases the myosin light chain kinase (MLCK) which is required for the bundling 

and contractility o f the actin filaments (Kimura et al. 1996). Secondly, RhoA 

stimulates phosphatidylinositol 5-kinase (PI5K) and hence elevates the level o f PIP2 

(Chong et al. 1994). PIP2 stimulates the dissociation of profilin and gelsolin from 

actin, consequently promoting actin polymerisation (Lassing and Lindberg, 1985; 

Janmey and Stossel, 1987). PIP2 also causes conformational changes in vinculin, 

exposing the binding sites for actin and other cytoskeletal proteins, which are 

important in the focal adhesion assembly (Gilmore and Burridge, 1996; Johnson and
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Craig, 1994). These two mechanisms of Rho are supported by the observations that 

the use o f cytochalasin D, which selectively disrupts the actin cytoskeleton, can 

inhibit FAK phosphorylation (Burridge et al. 1992; Miyamoto et al. 1995b; Shattil et 

al. 1994b). RhoA and Rac have been shown to be activated by SF in MDCK cells, 

KB cells and transformed mouse keratinocyte cells (308R cells) (Nishiyama et al. 

1994; Takaishi et al. 1994; Ridley et al. 1995). The potential mechanisms of how SF 

induces integrin clustering are summarised in Figures 6.7 and 6.8.

Since the full signalling pathways controlling the particular actin cytoskeletal 

pattern is complicated, this mechanism may also involve several other molecules, 

which are not described above. For example protein kinase C (PKC) has been shown 

to be necessary for FAK phosphorylation under particular conditions (Soldi et al. 

1996; Slack, 1998; Zhang et al. 1996). PKC is a substrate of phospholipase C (PLC) 

pathways (Alberts et al. 1994) and PLC-y is activated by the c-met receptor following 

stimulation of SF (Figure 6.7 and see Section 1.3.6).

In conclusion, FAK protein was expressed in NHK. SF-induced FAK 

phosphorylation in these cells was detectable at 30 minutes after treatment with SF, 

but not at 10 minutes, suggesting an indirect effect. Clustering o f integrins into focal 

adhesion sites in response to SF may be one mechanism contributing to this effect.
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General discussion

Chapter 7: General discussion

7.1 Scatter factor (SF) regulates behaviour of normal human kératinocytes 

(NHK) by modulating integrin function, but not the level of surface integrin 

expression in monolayer culture

The present study demonstrated that SF can regulate the behaviour of NHK 

as shown by the reduction in the ability o f these cells to adhere to various matrix 

proteins and by the increase in the ability to migrate towards fibronectin. These 

changes were associated with the localisation of as Pi integrin at focal adhesion sites 

at the leading edge of lamellipodia and with the phosphorylation of focal adhesion 

kinase (FAK) protein. However, these changes were not accompanied by alterations 

in the level o f surface integrin expression. These results are in line with studies 

showing that regulation of integrin function, in most cases, is modulated by 

modifying integrin activity rather than integrin expression (Hynes, 1992; Dustin and 

Springer, 1989; Diamond and Springer, 1994; Phillips et al. 1991).

Previous studies examining the effects of SF on integrin expression revealed 

that the level of expression in response to SF is dependent on cell types (Matsumoto 

et al. 1994; Trusolino et al. 1998; Nebe et al. 1998; Kawakami-Kimura et al. 1997; 

Weimar et al. 1997). SF increased the expression of integrin in hépatocytes 

derived from immortalised or carcinoma cell lines (Nebe et al. 1998; Kawakami- 

Kimura et al. 1997) and increased the expression o f avPs integrin in normal human 

thyroid cells (Trusolino et al. 1998). In kératinocytes, however, it appears that SF 

does not have an effect on the levels of surface integrins. The study on oral 

squamous carcinoma cells (HSC-3) by Matsumoto's group (1994) and the study on 

NHK from the present study found that SF did not change the level of surface 

integrin expression. Nevertheless, investigation o f the effect o f SF on integrin 

expression on more carcinoma cell lines is needed to confirm this observation.

It has been shown that the intracytoplasmic tail of as Pi integrin of human 

foreskin kératinocytes is associated with the actin cytoskeletal proteins (Carter et al. 

1990). Therefore, the re-localisation of aspi integrin at focal adhesion sites at the 

leading edge o f the lamellipodia suggests that SF may alter integrin distribution via 

the interaction between the integrin cytoplasmic tail and cytoskeletal proteins. Hence,
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these results suggest that SF regulates the integrin activity o f these cells by 

modulating the integrin avidity. Integrin avidity is the stage o f clustering o f integrins 

which involves reorganisation of cytoskeletal proteins and localisation o f integrins at 

special sites (Faull et al. 1994; Danilov and Juliano, 1989; Sanchez-Mateos et al. 

1993; Peter and O'Toole, 1995; Stewart and Hogg, 1996; Lub et al. 1995).

The phosphorylation of FAK in response to SF suggests that SF may regulate 

various functions of NHK by participating in integrin-mediated signalling. FAK is 

one important molecule which has been postulated to initiate the integrin signalling 

cascade (Clark and Brugge, 1995; Yamada and Miyamoto, 1995). Phosphorylation of 

FAK results in its association with several signalling molecules including Src, 

piSQCas, which may be responsible for cell migration, cell survival and cell 

proliferation (see Section 6.1)(llic et al. 1995; Cary et al. 1996; Frisch et al. 1996).

In this study SF-induced FAK phosphorylation was seen associated with 

increased cell migration of NHK towards fibronectin. This will be discussed in 

Section 7.2. Induction of FAK phosphorylation in other human cells after SF 

treatment has been previously reported in embryonic kidney cells (293 cells) (Chen 

et al. 1998), oral squamous carcinoma cells (HSC-3) (Matsumoto et al. 1994) and 

transformed colonic cells (PCmsrc) (Kotelevets et al. 1998), Tyrosine 

phosphorylation of FAK in PCmsrc cells and in HSC-3 cells has been shown to 

accompany the invasive and migratory behaviours o f these cells in response to SF.

7.2 Mechanism of scatter factor-promoted migration

Several levels of SF-induced migration in oral kératinocytes derived from 

normal and carcinoma tissues appear to be similar. The present study and the study 

o f HSC-3 cells (Matsumoto et al. 1994) showed that SF-promoted migration was 

correlated with the tyrosine phosphorylation of FAK protein and with the recruitment 

of p 1 integrin into focal adhesion sites, but not with changes in the level o f surface 

integrin expression. Therefore, SF may stimulate migration in kératinocytes by 

modifying the integrin cytoskeletal interaction and activating signalling pathways via 

FAK protein. It is apparent that FAK phosphorylation is connected to the process of 

focal adhesion assembly and FAK potentially associates with many cytoskeletal 

proteins (Burridge and Wodnicka, 1996; Thomas, 1999). Several studies have
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demonstrated that FAK plays an important role in cell migration (reviewed by Guan,

1997). For example FAK-deficient fibroblasts exhibited numerous small focal 

adhesions at the centre of the cells rather than at the large peripheral focal adhesions 

which may be required at the leading edge of migrating cells. Accordingly, these 

FAK-deficient fibroblasts showed reduced cell migration (Ilic et al. 1995). 

Overexpression o f FAK in Chineses hamster ovary cells (CHO) was found to 

increase migration of these cells on fibronectin (Cary et al. 1996).

Nevertheless, the mechanisms of FAK phosphorylation triggered by the 

addition of SF in normal and malignant oral kératinocytes may be different. SF- 

induced FAK phosphorylation in NHK occurred relatively late (30 minutes) 

compared with FAK phosphorylation in HSC-3 cells (3 minutes) (Matsumoto et al.

1994), suggesting that different pathways are utilised. SF-induced FAK 

phosphorylation in HSC-3 cells appears to be a direct effect since the c-met receptor 

and FAK were found to be phosphorylated at the same time. In NHK, SF-induced 

FAK phosphorylation may be an indirect effect. It has been shown that clustering of 

integrins by anti-integrin antibodies or by extracellular matrix (ECM) proteins can 

induce FAK phosphorylation (Guan et al. 1991; Komberg et al. 1991; Komberg et al. 

1992; Burridge et al. 1992; Hanks et al. 1992; Guan and Shalloway, 1992). The 

coincident aggregation of as pi integrin at the focal adhesion sites and the 

phosphorylation of FAK, suggests that clustering of integrins may be one mechanism 

responsible for the activation of FAK. It is possible that there is a direct linkage 

between c-met receptor and FAK in carcinoma cells which may contribute to the 

malignant phenotype. FAK mRNA has been reported to be overexpressed in human 

invasive and metastatic tumour derived from colon and breast (Weiner et al. 1993). 

Elevation of FAK protein levels has also been seen in colon, breast (Owens et al.

1995), prostate (Tremblay et al. 1996) and oral cancers (Komberg, 1998). A number 

of studies have demonstrated the overexpression of c-met receptor in a variety o f cell 

types including carcinoma cells from colon, prostate and breast (see Section 1.3.7 

and 1.3.10.6). However, there is no evidence for the expression of c-met receptor in 

normal oral mucosa and tumour derived from this tissue.

Differences in the intracellular signalling in response to SF between normal 

and tumour cells has been previously reported elsewhere. SF promoted cell
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proliferation of mature normal hepatocytes while it inhibited the growth of certain 

hepatocytes derived from tumours (reviewed by Gherardi et al. 1993). It has been 

suggested that SF activated phospholipase C-y (PLC-y) only in normal hepatocytes, 

but not in hepatoma cells and this may contribute to the distinct effects of SF on 

these two cell types (Okano et al. 1993; Shiota et al. 1994a).

7.3 Comparison of motility mechanism between scatter factor and other growth 

factors

Interestingly, it appears that the mechanism of SF-induced migration in 

kératinocytes is in contrast to those of other growth factors such as transforming 

growth factor p i (TGF-pi) and epidermal growth factor (EGF). TGF-pl promoted 

migration o f kératinocytes towards fibronectin and vitronectin by up-regulating the 

expression o f aspi and ayps integrins and by inducing the de novo expression of 

ttvPô integrin (Zambruno et al. 1995). EGF promoted migration o f kératinocytes on 

collagen type I by up-regulating the level of aiP i integrin (Chen et al. 1993).

7.4 The aspi integrin is important for scatter factor-induced migration towards 

fibronectin

The migration o f human kératinocytes towards various proteins has been 

shown to be mediated by specific integrins (Pilcher et al. 1997; Lange et al. 1995; 

Kim et al. 1992). SF-promoted migration in NHK was dependent on fibronectin 

suggesting that this migration involves fibronectin receptors. Antibody blocking 

experiments revealed that both as Pi and â  ̂ integrins were responsible for SF- 

induced migration, but it was asPi integrin not ay, which mainly mediated this 

effect.

The effect of SF on the migration in H357, V3, Cl and VB6 cell lines also 

confirmed the significant role of asPi integrin in SF-induced migration towards 

fibronectin. It may be possible that the aspi integrin was used in this increase 

migration because it is the integrin which cells preferentially use to migrate. In H357, 

V3 and C l cells, aspi integrin is responsible for the migration towards fibronectin. 

In VB6 cells, it is not known which integrin (asPi or aypô) is preferentially used for 

migration. In human kératinocytes, it seems that asPi integrin is the main integrin
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responsible for migration on fibronectin (Kim et al. 1992; Lange et al. 1995). This 

question may be answered by investigating the effect of SF on the migration of cells 

which express only avPô integrin without asPi.

Nonetheless, the expression of the ay family appears to have no effect on the 

SF-induced migration, though the presence of this integrin has been shown to 

modulate the migratory behaviour in these cell lines (Thomas, 1999).

The finding that the «sPi integrin play a significant role in SF-induced 

migration towards fibronectin may implicate the role of SF in migration during early 

stages o f wound healing. At the early stage after wounding, migrating kératinocytes 

express high level of a$Pi integrin compared with stationary basal kératinocytes 

(Haapasalmi et al. 1996; Larjava et al. 1993). aspi integrin was strictly found in the 

migratory region of the wound (Cavani et al. 1993; Larjava et al. 1993; Clark, 1990; 

Guo et al. 1991). Although ayp6 integrin was also up-regulated during wound 

healing, it was found at a relatively late stage when epithelial wound sheets were 

fused. It has been suggested that ŒyPô integrin may provide a transient adhesion 

mechanism before the assembly of organised basement membrane and also provide 

proliferation signals to the healing epidermis (Clark et al. 1996; Haapasalmi et al.

1996).

7.5 The effect of extracellular matrix on the cellular response to scatter factor

It is now becoming clear that integrins can convey signalling from ECM to 

regulate cell behaviour. Signalling initiated by integrins may be truly independent or 

may participate with signalling events initiated by other types of receptors, 

particularly receptor tyrosine kinases (RTK) that may be activated by growth factors 

(McNamee et al. 1993; Arora et al. 1995).

The effects of SF on the integrin expression of NHK in histotypic culture and 

the result that SF selectively promoted migration towards fibronectin are in line with 

the concept that signalling from integrins can participate with signalling initiated by 

growth factors.

SF reduced the expression of all integrins examined only when NHK were 

grown on de-epidermised dermis (DED) in histotypic culture (HC), but not when 

grown in monolayer culture. This discrepancy may, in part, be due to the presence of
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ECM and/or soluble factors either present in DED or produced by kératinocytes 

during culture. However, SF also had effects on the assembly or disruption of 

hemidesmosomes and basement membrane zone proteins and on keratinocyte 

differentiation and interpretation of the effects of SF on the integrin expression 

obtained from HC has to take these additional factor into account.

SF selectively up-regulated migration o f NHK towards fibronectin, but not to 

collagen type I and laminin 1. These results suggest that the interaction between 

fibronectin and its receptor may facilitate or co-operate with signals from SF to 

promote cell migration. Furthermore, fibronectin and its receptor may be required to 

permit SF to induce migration since adhesion o f cells to ECM (which is mainly 

mediated by integrins) is a prerequisite for cell migration (Huttenlocher et al. 1995; 

Lauffenburger and Horwitz, 1996).

Further evidence supporting that ECM can influence signalling initiated by 

SF has been demonstrated by growth and scattering assays in MDCK cells and 

matrix metalloproteinase (MMP) production in skin kératinocytes. SF promotes 

growth of MDCK cells only when they are grown in collagen gel, but not in 

monolayer culture (Stoker et al. 1987; Gherardi et al. 1989). SF-induced dissociation 

of MDCK cell colonies is clearly seen on fibronectin coated substrate, but this effect 

is reduced or absent on vitronectin (Clark, 1994). Activation of kératinocytes to 

produce MMP by SF is dependent on the matrix which kératinocytes are in contact 

with (Dunsmore et al. 1996).

The mechanism by which the ECM can modulate SF activities is not yet 

clear. There are at least three mechanisms by which the interaction between ECM 

and integrins may affect signals initiated by growth factors. First, the engagement of 

the integrin with its ligands can lead to the tyrosine phosphorylation of growth factor 

receptors in the absence o f growth factor. This effect has been demonstrated in 

platelet-derived growth factor-p (PDGF-P) (Sundberg and Rubin, 1996). Secondly, 

integrins can physically associate with growth factor receptors, resulting in receptor 

activation (Miyamoto et al. 1996). Thirdly, integrin can modulate the signal 

transduction pathways that occur between the growth factor receptor and mitogen- 

activated protein kinase (MAPK) (Lin et al. 1997; Renshaw et al. 1997). In the case 

o f cell migration, the signalling pathway initiated by the integrins and growth factors
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can collaborate at the level of MAPK, which in turn can directly phosphorylate 

myosin light chain kinase (MLCK). This MAPK pathway is dependent on the ability 

o f MAPK to translocate to the nucleus where it activates gene transcriptional events 

responsible for cell proliferation and differentiation (Klemke et al. 1997).

7.6 Study on normal human kératinocytes

Integrins have received extensive studies with respect to their expression, 

function and signalling for nearly a decade. They have been shown to play an 

important role in cell migration, cell proliferation and gene expression. However, 

very little is known about integrin function in normal human kératinocytes derived 

from oral mucosa compared with the current knowledge of integrins. Most in vitro 

studies o f keratinocyte integrin expression and function have used skin kératinocytes. 

Also the studies on integrin signalling are based on the analysis of established 

fibroblastic or epithelial cell lines, which are highly different from the normal cells. 

Therefore, the study of integrin in normal oral kératinocytes proves useful for 

understanding the relative contribution of integrins in the physiology of oral 

kératinocytes.

Evidence from the present study revealed that there are no marked differences 

in the integrin expression and function (regarding adhesion and migration on matrix 

proteins) between skin and oral kératinocytes in vitro. Therefore, integrin-mediated 

signalling in oral kératinocytes may play a significant role in terminal differentiation 

as demonstrated in skin kératinocytes (Adams and Watt, 1990; Zhu et al. 1999). 

However, integrin expression may not be necessary to contribute to some cellular 

processes. For example wound healing of oral mucosa appears to be faster than that 

o f skin although they have quite similar integrin profiles.

7.7 Conclusions

In conclusion, the present study has shown that SF can modulate the 

behaviour o f normal human kératinocytes by modifying integrin function. The 

interrelationship between SF and integrins in these cells was demonstrated at three 

levels: integrin expression, integrin function and integrin-mediated signalling. 

However, these relationships were influenced by the presence of ECM and the
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experimental conditions. SF and integrins may co-operatively regulate each other in a 

spatial and temporal manner in order to maintain cellular physiology. The effects of 

SF on the migration in normal and malignant kératinocytes suggest that SF may play 

an important role in cell migration associated with wound healing and tumour 

metastasis. The indirect and direct coupling of SF signalling with FAK 

phosphorylation may reflect a key difference between normal and malignant 

kératinocytes.

Future work is needed to ascertain whether the mechanisms of FAK 

phosphorylation in response to SF between normal and malignant cells are different 

and to determine whether this difference may contribute to the malignant phenotype.
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Appendix 1 
Media, solutions and buffers

1.1 Tissue Culture Media and Solutions

Keratinocyte growth medium (KGM)

KGM consisted of one part Ham’s F I2 medium (GibcoBRL), three parts 
Dulbecco’s modified Eagle’s medium (DMEM; GibcoBRL) supplemented with 100 
lU/ml penicillin (GibcoBRL), 100 pg/ml streptomycin (GibcoBRL), 1.8x10"^ M 
adenine, 0.5 pg/ml hydrocortisone (Sigma Chemical Co.), 5 pg/ml insulin (Sigma 
Chemical Co.), 10’*®M cholera toxin (Sigma Chemical Co.) and 10 ng/ml epidermal 
growth factor (EGF; Sigma Chemical Co). This medium was further supplemented 
with batched-tested foetal calf serum (Globepharm).

Transport medium

Transport medium is composed of 12 ml o f DMEM, 1 ml of 
penicillin/streptomycin and 1 ml of fungizone.

1.2 Slide Treatment

Slides were soaked in Micro for 1 hour, followed by running hot water for 
another 1 hour. Then slides were immersed in distilled water, spirit and dried in an 
oven. Slides were passed through APES solution for a couple of seconds, dipped in 
spirit, distilled water and dried in the oven.

Micro

20 ml o f Micro®-90 (International Products Corporation) was added to 1 litre of 
warm water.

APES Solution

4 ml o f 3-aminopropry-triethoxysilane (Sigma Chemical Co.) was combined with 
200 ml of spirit.

1.3 Immunohistochemical reagents

Phosphate-buffered saline (PBS)

A tablet o f PBS (OXOID) was dissolved in 100 ml of distilled water.

PBSABC

PBS is supplemented with 1 mM CaCl] (B) and 1 mM MgCli (C)
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Diaminobenzidine (DAB) Substrate Solution

0.04 g o f diaminobenzidine tetrahydrochloride (Sigma Chemical Co.) was dissolved 
in the TRIS/HCL buffer. 0.5 ml of 1% H2 O2  in deionised water was added to this 
solution just immediately before used.

TRIS/HCL buffer
0.2 M Tris* - 12 ml
IM H C L - 1.9 ml
Made up to 50 ml with distilled water and adjust pH to 7.6.

*Tris = Tris (hydroxymethyl) aminomethane (Sigma Chemical Co.)

1.4 Adhesion assays and migration assays 

Serum free medium

one part of Ham’s F12 medium was added to three parts of DMEM. 

Rouselle Lysis Buffer

1 M Tris HCL pH7.5 - 1.25 ml
Tx-lOO - 1 ml
0.5 M EDTA - 2 ml
Made up to 100 ml with distilled water

1.5 Protein Analyses

Lysis buffer (Denaturing condition)

1%SDS - 1 ml
1 mMNagVO^ - 1 ml
10 mM Tris pH 7.4 - 100 pi
Made up to 10 ml with distilled water.
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Tx-lOO
NaCl
Tris pH 7.4 
EDTA pH 8.0 
EGTA pH 8.0 
N a 3 V 0 4  
PMSF 
NP-40 
Leupeptin 
Aprotinin 
Tween 20

1%
150 mM 
10 mM 
1 mM 
1 mM 
0.2 mM 
0.2 mM 
0.5%
10 pg/ml 
10 pg/ml 
1%

2x Electrophoresis sample buffer (Reducing condition; Laemmli 1970)

10% SDS 
Glycerol
1 M Tris HCL pH6.8 
1 M Dithiothreitol 
Bromphenol Blue

4 ml 
2 ml 
1.2 ml 
2 ml 
0.006%

Made up to 10 ml with distilled water.

SDS-PAGE

7.5% Separating Gels

Distilled water - 7.15 ml
30% Acrylamide mix (Protogel) - 3.75 ml
1.5 M Tris HCL pH 8.8 - 3.75 ml
10% SDS - 0.15 ml
10% APS - 0.15 ml
TEMED - 6 nl

4% Stacking Gels

Distilled water 3 ml
30% Acrylamide mix (Protogel) - 0.7 ml
0.5 M Tris HCL pH 6.8 - 1.25 ml
10% SDS - 50 pi
10% APS - 20 pi
TEMED - 10 pi

SDS-Running Buffer

Tris base _ 3.03 g
Glycine - 14.42 g
SDS - 1 g
Made up to 1 litre with distilled water
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Transfer buffer

It was the same as running buffer, but with no SDS.

Stripping Buffer

2-mercaptoethanol - 100 mM
SDS - 2%
Tris HCL pH 6.8 - 62.5 mM
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Table I Integrin antibodies

Appendix 2 

Antibodies used

Apvendix 2

Antibody Specificity Sources

TDM 29 Pi Euro-path

P5D2 Pi I.C.R.F.

3E1 P4 Gibco-BRL

HAS-6 «2 A.T.C.C.

VM2 «3 A.T.C.C.

P1B5 «3 Chemicon

PID6 aspi Dako

VLA-6a QLf) Euro-diagnostica

GoH3 ae Serotec

13C2 Oty LC.R.F.

L230 tty D. Sheppard

PIF6 avp5 Gibco-BRL

E7P6 avPô D. Sheppard

10D2 «vp6 D. Sheppard

Table II Basement membrane zone proteins and hemidesmosome proteins 

antibodies

Antibodies Specificity Sources

BP 180 180 kDa Bullous pemphigoid antigen K.Owaribe

HDl Plectin K.Owaribe

BM2 Laminin 5 D.Hudson

CIV22 Collagen type IV Dako
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Table III Differentiation markers

Appendix 2

Antibodies Specificity Sources

NCL-LL002 Cytokeratin 14 Novocastra

6B10 Cytokeratin 4 Sigma Chemical Co.

DE-KIO Cytokeratin 10 Dako

SY5 Involucrin I.C.R.F.

Table IV Antibodies used in immunoprécipitation and Western blotting

Antibodies Specificity Sources

77 Focal adhesion kinase Transduction Laboratories

Py20 Phosphotyrosine Transduction Laboratories
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Data from results C hapters 4-6

Apvendix 3

Chapter 4

Table o f data (% attached cells, mean ± SD) for figure 4.2

Collagen type I (pg/ml) Control SF

0.5 38.97 ± 6.43 31.36 ±2.49

1.0 66.08 ± 9.36 36.64 ± 2.37

10.0 89.06 ± 1.35 49.01 ±4.96

26.0 68.54 ± 10.73 52.86 ± 6.74

Table o f data (% attached cells, mean ± SD) for figure 4.3

Collagen type IV (pg/ml) Control SF

0.5 35.50 ±5.88 25.56 ±6.81

1.0 59.57 ± 4.20 31.88 ±7.34

10.0 62.55 ± 5.66 28.47 ± 7.63

26.0 41.46 ±6.55 43.70 ±5.49

Table o f data (% attached cells, mean ± SD) for figure 4.4

Lam inin 1 (pg/ml) Control SF

5.0 36.56 ± 6.15 7.99 ± 5.94

10.0 39.69 ±5.45 16.34 ±3.29

25.0 46.17 ±5.99 19.89 ±0.29

40.0 36.85 ±2.11 10.99 ±4.72

Table o f data (% attached cells, mean ± SD) for figure 4.5

Fibronectin (pg/ml) Control SF

5.0 71.50 ± 10.36 45.95 ± 11.88

10.0 76.07 ± 4.47 38.30 ±4.76

25.0 63.75 ±6.55 29.62 ±11.02

40.0 67.29 ± 6.79 55.10 ± 19.10
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Table of data (% attached cells, mean ± SD) for figure 4.6

Control SF

Laminin 5 72.66 ± 7.56 39.32 ± 0.49

Table of data (% attached cells, mean ± SD) for figure 4.7

Laminin 5

Control 66.42 ± 13.23

Control +tt3 15.15 ± 6.63

Control +Pi 8.70 ±2.51

Control +tt6 48.86 ±2.31

Control +p4 56.08 ± 5.05

Table of data (% attached cells, mean ± SD) for figure 4.8

Laminin 5

Control 84.54 ± 9.02

SF 47.46 ± 11.49

SF+0C3 15.78 ± 1.83

SF+Pi 16.90 ±5.62

SF+tt6 43.31 ±2.35

SF+P4 40.49 ±3.40

Table of data (% attached cells, mean ± SD) for figure 4.9

Control SF

Laminin 5 74.73 ± 7.35 36.43 ±1.49

Laminin 5 + CD 51.17±4.50 12.32 ±2.13

Laminin 5 + DG 35.52 ±1.65 5.84 ±4.13

Laminin 5 + CD + DG 35.69 ±9.48 8.52 ±7.23
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Table of data (% attached cells, mean ± SD) for figure 4.10

Control SF

Fibronectin 68.92 ± 4.36 22.22 + 2.12

Fibronectin +pi 16.20 ± 1.37 3.12 + 0.21

Fibronectin +asPi 54.27 ± 7.75 23.43+2.73

Fibronectin +aaPi 58.77 ± 2.43 25.72 ±2.71

Fibronectin +ay 43.99 ±3.93 19.70 + 4.26

Fibronectin + (ay and asPi) 32.99 ± 4.28 12.50+1.61

Fibronectin + (tty and pi) 12.60 + 3.21 0.76 + 0.16

Table of data (cell number/high power field, mean ± SD) for figure 4.11

Control SF

Fibronectin 3.96 + 0.85 8.87 + 0.78

Table of data (cell number/high power field, mean ± SD) for figure 4.12

Control SF

Collagen type I 5.37 + 0.82 6.12+1.00

Table of data (cell number/high power field, mean ± SD) for figure 4.13

Fibronectin

Control 5.97 + 0.46

SF 12.92 + 0.80

SF + tty 11.30 + 0.55

SF + asPi 6.53 + 0.66

SF + tty+ asPi 0.76 + 0.20
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Table o f data (cell number/high power field, mean ± SD) for figure 5.1

Fibronectin Control SF

H357 11.12± 1.22 20.63 ±1.26

V3 6.75 ± 0.75 10.89 ±1.77

Cl 5.08 ± 1.06 9.16 ±1.41

VB6 14.17±0.13 20.62 ± 2.46

Table of data (cell number/high power field, mean ± SD) for figure 5.2

H357 cell line Fibronectin

Control 11.60 ±0.38

SF 18.70 ± 1.33

SF + ttvPs 16.90 ±1.44

SF + ttvPô 16.90 ±0.62

SF + tty 17.20± 1.12

SF + aspi 2.83 ±0.51

SF + av+ aspi 3.17 ±0.40

Table of data (cell number/high power field, mean ± SD) for figure 5.3

V3 cell line Fibronectin

Control 4.43 ± 0.06

SF 7.33 ±0.32

SF + avPs 6.80 ±0.20

SF + ayp6 6.20 ± 0.35

SF + ay 5.20 ±0.70

SF + asPi 1.77 ±0.25

SF + ay+ asPi 0.46 ± 0.29
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Table o f data (cell number/high power field, mean ± SD) for figure 5.4

C l cell line Fibronectin

Control 6.63 ± 0.55

SF 10.50 ±0.40

SF + ttvps 8.83 ±0.81

SF + ttvPô 7.60 ± 0.45

SF + ttv 5.67 ± 0.40

SF + osPi 3.60 ±0.35

SF + av+ cxsPi 1.10±0.53

Table o f data (cell number/high power field, mean ± SD) for figure 5.5

VB6 cell line Fibronectin

Control 14.30 ±0.84

SF 19.60 ±0.64

SF + ttvps 18.40 ±0.80

SF + ttvPô 7.43 ±0.15

SF + OLy 6.63 ±0.21

SF + aspi 12.80 ±0.35

SF + av+ asPi 2.73 ± 0.29

C hap ter 6

Table o f data (arbitrary unit, mean ± SD) for figure 6.6

Level of FAK phosphorylation

H357 + EGF 0.27 ± 0.04

NHK + SF30m. 0.16 ± 0.06

NHK + SFlOm. 0.02 ±0.01

NHK control 0.03 ±0.01
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