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Abstract

Integrins are a family of heterodimeric cell surface receptors involved in cell

cell and cell-matrix interactions. They consist of non-covalently linked a  and p 

glycoprotein chains, and play an important role in regulating many aspects of cell 

behaviour including proliferation, differentiation and migration. The av subunit is 

capable of dimerising with five p chains (pi, 3 ,5 ,6  and 8), but in normal oral 

epithelium is only expressed as avp5 (a vitronectin receptor). In wound healing and 

oral squamous cell carcinoma (SCC) however, expression of this integrin is 

downregulated and de novo expression of the avp6 dimer (a hbronectin receptor) is 

seen. The purpose of this study was to investigate the role of avp6 in modulating the 

behaviour of kératinocytes.

Epithelial cell lines derived from an oral SCC were used. H357 is a cell line 

derived from a squamous cell carcinoma of the tongue and it lacks the av subunit.

H357 has been 'repaired’ by transfection of the missing av subunit to create V3 cells 

which predominantly express avps (and a low level of avP6). A cell line with high 

avp6 expression was created by using a retroviral construct to infect V3 cells with p6 

cDNA (and also p3 cDNA as a control). Empty vector controls were also made.

Introduction of p6 cDNA into the cells produced a functional fibronectin 

receptor and induced ligand-dependent upregulation of matrix metalloproteinase (MMP) 

-9 and -2. The upregulation could be blocked using a specific anti- avp6 blocking 

antibody. VB6 cells showed increased migration towards fibronectin compared to H357 

and V3 cells. Migration towards collagen I did not differ between the cell lines. The 

capacity for terminal differentiation, as measured by involucrin expression (a precursor 

protein of the keratinocyte comified envelope), was reduced in the VB6 cells.

Introduction of the p6 subunit had no consistent effect on the growth rate of the 

cells on tissue culture plastic or in suspension. No cell line formed tumours in nude 

mice.

High avp6 expression in the cell lines was associated with a less differentiated, 

more migratory phenotype and with increased secretion of MMP-9 and -2. High avp3 

expression produced none of these effects. De novo expression of avp6 is seen in oral 

SCC and wound healing and these data suggest that avP6 may be pivotal in driving 

kératinocytes towards a more migratory phenotype.
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Introduction

Chapter 1 

INTRODUCTION

1.0 Overview

Migration of epithelial cells into the underlying connective tissue is a 

fundamental feature of many processes including development, wound healing and the 

invasion of malignant tumours. In these processes epithelial cells alter their cell-cell 

and cell-extracellular matrix interactions and gain the ability to degrade connective 

tissue either by secreting proteolytic enzymes themselves, or by utilising enzymes 

produced by other cells. Matrix metalloproteinases (MMPs) are one such group of 

proteolytic enzymes that are capable of degrading different substrates within the 

extracellular matrix, and secretion of MMPs, accompanied by altered cell adhesion 

molecules is critical for epithelial migration.

1.1 Integrins.

Integrins are a family of heterodimeric, cation dependent, cell membrane 

receptors expressed by a variety of cells. Integrins mediate cell-extracellular matrix and 

cell-cell interactions and facilitate many cell processes including adhesion, proliferation, 

migration and differentiation (Hynes 1992).

1.1.1 Integrin Structure

Each integrin consists of a heterodimer of an a  and a P subunit which are non- 

covalently associated. Both subunits are glycoproteins ranging in size from 95-200kDa. 

Sixteen different a  subunits and 8 p subunits have, so far, been identified and these 

combine to form at least 22 different receptors, each of which exhibits a different ligand
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Introduction

binding profile. Figure 1.1 shows the known ap  combinations with ligand interactions. 

Most a  subunits associate with only one or two p subunits, although av is an exception 

in combining with p i, P3, pS, P6 and P8. Historically, integrins have been grouped 

according to a common p subunit (Pl, p2 and P3) although more recently identified 

receptors fall outside this classification.

Each a  or p subunit consists of an extracellular, transmembrane and cytoplasmic 

domain and both a  and p subunits contain domains in the extracellular region which are 

involved in ligand interactions.

1.1.1.1 Integrin extracellular domain

Most integrins have a large extracellular domain (approximately 1200 amino 

acids in a  subunits and 800 amino acids in p subunits) and a much shorter cytoplasmic 

domain (50 residues or less)(the exception is p4 which has a cytoplasmic domain of 

over 1000 residues). The transmembrane and cytoplasmic domains are not necessarily 

required for aP interactions as mutated subunits lacking these domains can be expressed 

and form fimctional dimers (Bodary et al., 1991; Dana et al., 1991). The amino acid 

sequence is 25-65% identical among a  chains. Certain regions are particularly well 

conserved including the positions of the Cys residues, the transmembrane domain and 

the three or four metal binding domains (Takada et al., 1997). The a  subunit has seven 

repeated sequences of 60-70 residues in its N-terminal portion (Tuckwell et al., 1994). 

The three or four of these towards the C-terminal contain divalent cation-binding sites, 

which bear sequence homology to the calcium-binding EF hands motif found in 

calmodulin and parvalbumin (Tuckwell et al., 1992). Regions within these cation- 

binding sequences or in the proximal N-terminal repeat have been shown to interact 

with ligands (Smith and Cheresh, 1990; Irie et al., 1995).
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Figure 1.1 Integrin subunit associations and ligand binding specificities

a l  CO/LN aE
E-cadherin

a 4  FN/MAdCAM-l/TSP-WCAM-1

a 5  FN/invasin/Ll

FG/FNy

FN

avBSP/CD3 l/dCO/FG/FN
Ll/dLN/QPfF8P/V]^WF/
fE R

a l l b  CO/dCO/FG/FN/TSP/VN/vWF

aL ICAM-1/ICAM-2/ICAM-3

aM C3bi/FactorX/FG/ICAM-l

aD ?

Figure 1.1 Ligands are listed in alphabetical order Ligand abbreviations; BSP, bone sialoprotein: C 3bl, 
complement component; CD31, cluster o f  differentiation antigen 31; CO, collagens; dCO, denatured 
collagens; CPP-1, collagen C-propeptide (type 1); FG, fibrinogen, FN, fibronectin;lCAM, intercellular 
adhesion molecule, L 1 is a recently discovered cell adhesion molecule, LN, laminins; dLN, denatured 
laminin, MAdCAM-1, mucosal addressin cell adhesion molecule-1; OP, osteopontin; TN, tenascin; 
TSP, thrombospondin; VC AM -1, vascular cell adhesion molecule-1; VN, vitronectin; vWF, 
vonWillebrand factor; PER, perlecan. Red lines indicate the a v  family.
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Introduction

The a  subunits which dimerise with p2 (otL, oM, oD and ocX) and also a l ,  a2 

and (xE have a 200 amino acid sequence inserted between the second and third N- 

terminal repeats. This inserted or I-domain has sequence homology to the A-domain 

found in von Willebrand factor, type VI collagen and complement factor B. Mounting 

evidence suggests that the I-domain is critically involved in ligand binding function 

(Zhou et al., 1994; Tuckwell et al., 1995) and P subunits also contain a conserved region 

related to the von Willebrand A-domain (Tuckwell and Humphries, 1997). Both a  and 

p I-domains contain cation-binding sites (Tuckwell et al., 1992), further emphasising 

the importance of divalent cations in integrin function.

It has been proposed that the cation forms a bridge between integrin and ligand 

(Tuckwell et al., 1992; Masumaota and Hemler, 1993). Alternative evidence suggests a 

mechanism involving at least two cation -binding sites, one of which is regulatory and 

one which binds ligand (Mould et a l, 1995). Cation-induced conformation change has 

been demonstrated in integrins suggesting that masked epitopes are exposed by ligand 

binding (Cabanas and Hogg, 1993; Bazzoni et a l, 1995).

Other a  subunits (av, a3, a5, a6, a7, a8, allb), are post-translationally cleaved 

at a conserved site to give a 25-30kDa transmembrane chain disulphide-bonded to a 

larger extracellular chain (Hynes 1992). Posession of an 1-domain or a cleavage site 

appears to be mutually exclusive and corresponds with the groupings of integrin a  

subunits on the basis of sequence identity (Hynes 1992).

Electron microscopy of integrins shows a globular head, apparently comprising 

parts of both subunits, and two stalks extending into the membrane (Nermut et a l,

1988). A model for the structure of the heterodimer has been proposed in which the 

head is composed of the seven N-terminal domains of the a  subunit, and the N-terminal
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region of the p subunit, while the stalks are the remainder of the extracellular a  subunit 

and the cysteine-rich repeats of the p subunit.

1.1.1.2 Integrin intracellular domain

The cytoplasmic tails of the a  subunits are approximately 30 amino acids long 

and, in contrast to the highly conserved P cytoplasmic domains, show little sequence 

homology. One domain however, the GFFKR motif, adjacent to the transmembrane 

domain is conserved in all a  subunits and is important for maintaining integrins in a 

default low affinity state (O'Toole et al, 1994). The Ca^  ̂binding protein, calreticulin, 

appears to bind to a  subunit tails through interaction with the GFFKR motif (Rojiani et 

a l, 1991). Originally localised to the endoplasmic reticulum, debate exists as to 

whether a small proportion of calreticulin is cytosolic (Leung-Hagesteijn et al, 1994) 

and, interestingly, a knockout of calreticulin in embryonic stem cells resulted in a loss 

of integrin-mediated adhesion (Copollino et a l, 1997).

a  cytoplasmic domains differ significantly in their requirement and ability to

induce post-ligand binding adhesion events. For example, a  cytoplasmic domains are 

not required for aSpi- and aLp2- mediated adhesion; in contrast, a  cytoplasmic 

domains are required for adhesion mediated by a2pi and a4pl (Sastry and Horwitz, 

1993).

Certain a  subunits (a3, a6 and a?) have been found to undergo alternative 

splicing (Tamura et al, 1991; Cooper et a l, 1991). Expression of the cytoplasmic 

domain isoforms are cell type-specific and may be relevant in the regulation of integrin 

function.
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Integrin p subunit cytoplasmic domains are highly conserved and play a central 

role in integrin function, p cytoplasmic domains are required for most aspects of 

integrin function, including cell adhesion and signal transduction events (Sastry and 

Horwitz, 1993). The p cytoplasmic domains mediate integrin function by binding to 

specific cytoskeletal and signalling proteins (Dedhar and Hannigan, 1996). This is 

supported by evidence from studies in which chimeric receptors, containing the p 

cytoplasmic domain connected to extracellular reporters such as the interleukin-2 

receptor, have been shown to be sufficient to activate integrin-specific signalling events 

(Akiyama et al., 1994; Lukashev et al., 1994). pi, p2, P3, P5, P6 and P? have very 

similar cytoplasmic domains, with three highly conserved amino acid clusters. These 

are known as the cyto-1, cyto-2 and cyto-3 motifs (Reszka et al., 1992). The cyto-1 

motif is an 11 amino acid sequence consisting mainly of charged residues and is found 

in all p subunits except for P4 and p8. The cyto-2 and cyto-3 motifs are comprised of 4 

amino acids (NPXY where N, neutral amino acid; P, proline: X, any amino acid; and Y, 

tyrosine). Functionally, these motifs have been shown to be important for inside-out 

signalling (O'Toole et al., 1995) and post-occupancy events such as cell attachment, 

spreading and migration (Filardo et al., 1995; Hughes et al., 1995). Several recent 

studies have suggested that p tail NPXY motifs can be potentially tyrosine 

phosphorylated (Blystone et al., 1996; Law et al., 1996). It is not known if tyrosine 

phosphorylation of integrin p tails is a common event following receptor ligation, but it 

is an attractive hypothesis given the highly conserved nature of the NPXY domains. 

Interestingly, Blystone et al. (1996) demonstrated that P3 is tyrosine phosphorylated in 

avp3 transfectants upon manganese treatment or adhesion to vitronectin but that allbp3 

or avp5 transfectants did not exhibit this property suggesting that a  subunits may 

regulate phosphorylation of the p subunit.
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Both a  and p subunit cytoplasmic domains have highly conserved, membrane 

proximal sequences, the deletion of which results in the expression of a constitutively 

active receptor. Hughes et al. (1996) proposed the presence of a salt bridge between 

adjacent residues in these sequences, which would stabilise a default inactive 

conformation. Disruption of this bridge by the binding of other molecules may result in 

activation of the integrin.

1.1.2 Integrin-ligand interactions

Integrin ligation is controlled by a complex set of parameters including the level 

of integrin expression and status of integrin activation (section 1.1.3). Ligand 

specificity may be modulated further by associated membrane molecules (Wei et al., 

1996; Fenczik et al., 1997) and by membrane lipid composition (Conforti et al., 1990).

The overwhelming majority of integrin ligands are either cell-surface members 

of the immunoglobulin superfamily, or large, modular ECM molecules. The ligand 

binding specificities of the integrins show two interesting features. First, some ligands 

bind to several integrins, for example fibronectin binds to a4pi, aSpl, avpi, olips and 

avP6. Secondly, some integrins are able to bind more than one ligand whose structures 

appear dissimilar, for example, avpS binds to bone sialoprotein, fibrinogen, fibronectin, 

laminin, thrombospondin, vitronectin and von Willebrand factor.

Most mammalian cells constitutively express multiple integrins and many of 

these may be receptors for the same ligand. Different integrins are not restricted to one 

cell type suggesting that the multiplicity of ligand recognition is not a reflection of 

simple cell type-specific differences. The apparent high degree of integrin redundancy 

suggests that different integrins mediate different functions or different aspects of the 

same function by transducing different signals.
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Integrins bind to their ligand through the recognition of short peptide motifs, 

often including an aspartate residue, which is thought to be important for co-ordinating 

cation binding (Humphries 1990). The prototype short peptide motif, Arg-Gly-Asp 

(RGD), was first identified in the central cell-binding domain of fibronectin 

(Pierschbacher and Ruoslahti, 1984; Yamada and Kennedy, 1984,1985). The 

fibronectin molecule comprises an array of ~ 30 polypeptide modules of three different 

kinds (section 1.3.3.1), but only two relatively small and independent regions of the 

molecule are recognised by cells. One of these, the central cell binding domain, spans 

two so-called type III repeats, 9 and 10, and requires two peptide sequences to mediate 

binding, the RGD sequence in type III-10 and a PHSRN 'synergy' site in type HI-9.

The RGD sequence has since been found in many macromolecules including fibrinogen, 

bone sialoprotein, collagens, vonWillebrand factor, thrombospondin and nidogen 

(reviewed by Humphries, 1990). RGD is therefore a common shared motif and 

provides an explanation of how multiple ligands can be recognised by one integrin. A 

second common motif, LDV, has been characterised as the key active site in 

immunoglobulin ligands for integrins and is also present within the alternatively spliced 

type III connecting segment (IIICS) of fibronectin ( Komoriya et al., 1991; Newham 

and Humphries, 1996). Unlike RGD, which is invariant in sequence, LDV peptides 

vary within a definable consensus sequence, L/I-D/E-S/T/V-P/S. Both motifs, however, 

are dependent on their acidic amino acid for activity.

The integrin a4pi recognises sites in the alternatively spliced HICS region of 

fibronectin and the adjacent heparin binding domain. The minimal active sequence 

LDV has been identified as the high affinity site (Komoriya et al., 1991), while the 

peptides REDV and ID APS represent lower affinity sites (Mould et a l, 1991; Mould 

and Humphries, 1991).
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Recent studies examining the ability of different ligands and ligand mutants to 

interfere with binding of function-inhibiting, subunit specific monoclonal antibodies 

have demonstrated that the RGD/LDV motifs interact primarily with the P subunit, 

whereas other sites, including the synergy site in fibronectin, interact with the a  subunit 

(Mould et al., 1997).

Other integrin recognition sites have also been defined including KQAGDV 

(Kloczewiak et al., 1989) and GPRP (Loike et a l , 1991) in fibrinogen; DGEA in 

collagen type I (Staatz et al., 1991); and KELLLPGNNRKV in intercellular adhesion 

molecule 1 (ICAM-1) (Ross et a l, 1992).

1.1.3 Integrin activation

In order for integrins to bind to their ligand they must be in a ligand-receptive 

state usually referred to as the activated state. Integrins can be functionally active or 

inactive (Adams and Watt, 1990) and the transition to the active state is associated with 

a conformational change in the extracellular domain. This conformational change may 

be promoted by the binding of divalent cations to the extracellular domain or by 

intracellular events transmitted via the cytoplasmic domain - so-called 'inside-out' 

signalling (Dedhar and Hannigan, 1996).

The prototype integrin for studies of activation is allbps, a major platelet 

integrin. When platelets are stimulated by agonists such as thrombin or collagen, 

intracellular signals are generated that result in the conversion of allbp3 from a resting 

state that has little or no measurable affinity for large soluble ligands such as fibrinogen, 

to an active, or high affinity state (Phillips et a l, 1991). Many of the physiological 

pathways that activate allbpB involve phosphoinositide hydrolysis and protein kinase C 

activation and steps beyond PKC activation may involve the activation of low-
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molecular weight G proteins (Zhang et a l, 1996). Hughes et al. (1997) found that 

activation of allbp3 is inhibited by constitutively active Ha-Ras or the downstream 

serine/threonine kinase Raf-1 without changes in level of integrin expression. In 

contrast, constitutively active R-Ras activated allb(33 (Zhang et al., 1996) and also 

induced activation of avp3, a4pi and a5pl. Other molecules which modulate integrin 

activity have also been identified including endonexin, a 111 amino acid molecule 

which binds to the P3 tail of allbp3 and activates it (Kashiwagi et al., 1997).

1.1.4 Focal adhesions and point contacts (focal complexes).

Integrin-dependent cell adhesion, spreading and migration, requires the dynamic 

formation and dissolution of sites of contact between the cell and its substrate. In vitro, 

these integrin rich sites of contact are classified as belonging to two main types. When 

small and associated with the leading edge of an advancing cell membrane or when they 

are present on filopodia or lamellipodia they are referred to as focal complexes or point 

contacts (Burridge et al., 1988; Tawil et al., 1993). When they are larger and act as 

anchorage sites for radially distributed actin filaments, providing tight adhesion to the 

underlying extracellular matrix, they are referred to as focal adhesions (Burridge et al., 

1988, Schoenwaelder and Burridge, 1999). Focal adhesions are mainly characteristic of 

non-motile cells in culture (Burridge 1981) whereas point contacts are more commonly 

associated v^th cell migration (Tawil et al., 1993). Both focal adhesions and point 

contacts are formed in response to integrin-ligand binding.

Focal adhesions involve the interaction of integrin cytoplasmic domains with 

numerous structural (Table 1.1) and signalling proteins, thereby providing a physical 

link between the actin cytoskeleton of the cell and the extracellular matrix and also 

providing a means for signal transduction. Focal adhesion formation requires a high
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density of integrin ligand suggesting that the interacting integrins need to be clustered 

for focal adhesions to form (Massia and Hubbell, 1991). Moreover, the clustering of 

integrins seems to require contractile forces generated by the actin cytoskeleton, which 

is controlled by the Rho-family of small GTP-binding proteins (Burridge and 

Chrzanowska-Wodnicka, 1996).

Table 1.1 Structural components of focal adhesions (Burridge and Chrzanowska-Wodnicka, 1996)

Transmembrane Cytoplasmic

integrins 
syndecan IV 
dystroglycan

actin tensin profilin
a-actinin zyxin VASP
filamin GRP aciculin
vinculin radixin dystrophin
talin fimbrin syntrophin

Components marked in blue are found only in the focal adhesions o f  specialised cell types.

The most intensely studied members of the Rho-family include cdc42, rac and 

rho. Microinjection studies have shown that cdc42 induces filopodia formation in cells, 

rac orchestrates lamella extension and membrane ruffling, while rho co-ordinates stress 

fibre and focal adhesion assembly (Ridley and Hall, 1992; Ridley et al., 1992; Nobes 

and Hall, 1995). Cdc42 and rac also induce point contacts, which have the same 

components as rho induced focal adhesions. The rho family proteins are linked in a 

hierarchal cascade; cdc42 activates rac, which activates rho, a temporal order consistent 

with the observation that freshly plated cells exhibit filopodial protrusions and 

lamellipodia prior to spreading fully and forming focal adhesions and stress fibres 

(Burridge and Chrzanowska-Wodnicka, 1996).

Rac, which stimulates formation of membrane ruffles and lamellipodia, appears 

to have a paramount role in cell migration (Michiels et al., 1995). Rho, on the other 

hand, stimulates formation of strong adhesions and stress fibres through generating
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contractility (Burridge and Chrzanowska-Wodnicka, 1996), and its role in migration is 

less well defined. The role of cdc42 in migration has not been examined, though it is 

likely to be important as it directs filopodia formation.

Many focal adhesion proteins bind actin, and the relative abundance of focal 

adhesion constituents varies considerably: FAK, paxillin, tensin, zyxin and many 

signalling components are minor, compared with vinculin and talin. It is possible that 

some of the actin-binding proteins may fimction at different stages in the life of a focal 

adhesion. Studies have suggested that there is a hierarchy of interactions following 

integrin clustering that includes first the recruitment of focal adhesion kinase (FAK), 

tensin and several signalling molecules. Only after integrin clustering and recruitment 

of other structural plaque proteins such as talin, vinculin and a-actinin (with paxillin 

and actin joining last), does tyrosine phosphorylation take place (Yamada and 

Miyamoto, 1995). Such stepwise assembly of molecules at focal adhesions may enable 

the cell to build junctional complexes that are suitable for different functions, for 

example motility, versus stable adhesion.

1.1.5 Integrin signalling

Integrins are not simply adhesion molecules but also act as signal transducers 

regulating a wide variety of cellular responses. A wide variety of signals are generated 

as integrins cluster (Figure 1.2), including a rise in intracellular calcium and pH, 

activation of the serine/threonine protein kinase C, turnover of inositol phospholipids, 

activation of mitogen-activated (MAP) kinases, and phosphorylation and 

dephosphorylation of tyrosine on many molecules (reviewed by Schwartz 1994; 

Edwards and Streuli, 1999).
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Figure 1. 2 Integrin mediated signalling

Integrins

protein kinases lipid
kinase

Intracellular
ions phospholipases cytoskeleton
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F igure  1.2 In tegrin  m ed iated  signalling  (E dw ards and  S treuli., 1999). A  varie ty  o f  signalling  
even ts  th a t u ltim ately  lead to  altered  gene  expression  and  often  cell beh av io u r are  m ed iated  by 
in tegrins. In teg rins are  invo lved  in regu la ting  levels o f  H " and Ca^^ w ith in  th e  cell. In tegrin  
ac tion  can also  lead  to  the activa tion  o f  several enzym es inc lud ing  p ro te in  k in ases  (FA K , Src, 
pkc, pkb, m apk, jn k , P70 86  kinase), lip id  k inases (P I3-K , PIP4-K , P IP 5-K ) and  phospho lipases 
(PLC -y, P L A 2). In teg rins also  regu la te  th e  reo rg an isa tio n  o f  the  cy toskele ton  th rough  p ro te in s 
such as tensin , ta lin , v inculin , a -a c tin in  and  pax illin . M any o f  these signalling  even ts m ay  be 
in te rdependen t. M oreover, gene exp ression  in  th e  nucleus m ay  requ ire  co llaboration  w ith  o ther 
signa ls  tran sm itted  from  the p lasm a m em brane  to  the nucleus.
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Integrin cytoplasmic domains do not possess any intrinsic enzyme activity and 

they must recruit non-receptor tyrosine kinases and phosphatases to initiate signalling 

cascades. Current models suggest that post ligand-binding, integrin cytoplasmic tails 

bind signalling molecules to initiate a signalling cascade (Yamada and Miyamoto,

1995).

Maximal integrin signalling requires both receptor occupancy and aggregation 

of integrins (Miyamoto et al., 1995), although aggregation of integrin receptors, even in 

the absence of ligand occupancy, is sufficient to bring about a transmembrane 

accumulation of at least 20 signal transduction molecules (Miyamoto et al., 1995). It 

appears that there are distinct effects on integrin cytoskeletal function mediated by 

ligand occupancy alone, by receptor aggregation alone, or by a combination of 

occupancy and aggregation. Miyamoto et al. (1995) demonstrated that ligand 

occupancy with a soluble, monovalent ligand triggered fibroblast integrin localisation to 

pre-existing focal contacts, but did not trigger FAK phosphorylation. Direct integrin 

aggregation without ligand occupancy mediated by non-inhibitory monoclonal 

antibodies triggered FAK phosphorylation as well as the local accumulation of FAK and 

the cytoskeletal protein tensin in a focal contact immediately adjacent to anti-integrin 

coated beads. However, a combination of integrin aggregation and occupancy triggered 

a synergistic response involving the accumulation of six other cytoskeletal proteins 

including the actin binding proteins, vinculin, talin and F-actin.

Many of the different signalling pathways activated by integrins share common 

downstream targets with growth factor signalling systems such as H^ exchange, Ca^  ̂

influx, serine and threonine phosphorylation, changes in phosphoinositide metabolism 

and changes in gene expression. Integrins are now perceived as central regulators of
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signal transduction pathways and have been shown to co-operate functionally with 

growth factors in several biological processes (Juliano 1996).

1.1.6 a v  integrins

The av heterodimers form a distinct subgroup within the integrin superfamily 

(Hynes 1992) and have been shown to modulate many cell processes including 

migration, proliferation, differentiation, apoptosis and protease production (reviewed by 

Felding-Habermann and Cheresh, 1993; Gladson and Cheresh, 1994; Marshall and Hart,

1996). Five members have been characterised (Table 1.2) although others may exist

(Bossy and Reichardt, 1990; Milner and fffench-Constant, 1994). a v  integrins are

expressed by many cell types in vivo, but are consistently found in dynamic situations 

where cells are migrating or tissue being turned over, such as during development, 

wound healing and the invasion of malignant tumours. Surprisingly, av-knockout mice 

which lack all av integrins, develop normally up to day E9.5 stage and show relatively 

normal organogenesis, including extensive vasculogenesis (Bader et al., 1998). Eighty 

percent of av -/- embryos die in mid-gestation, apparently due to placental defects, but 

20% are bom alive. These however, exhibit intracerebral and intestinal haemorrhages 

(and cleft palates), and die rapidly.

All av heterodimers recognise the Arg-Gly-Asp (RGD) motif and have been 

reported to bind to vitronectin, but their ligand specificity is varied, with avpS being 

particularly promiscuous. (Gladson and Cheresh, 1994).

Cells may express more than one av integrin at any given time, indeed several 

cell types express as many as three different heterodimers (Marshall and Hart, 1996). 

Oligodendrocyte differentiation is associated with a switch from avpl expression to
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avp5 (Milner and f&ench-Constant, 1994) suggesting that the cells require different 

avp-dependent signals at different stages of development. Switching from avps to 

avp3 expression has also been shown to promote melanoma progression (Danen et al., 

1995). Avian neural crest cells have been shown to adhere using avpi but to migrate 

using avps and avps (Delannet et al., 1994). It is apparent that the different 

heterodimers may act independently in modulating different cellular events but may 

also co-operate in regulating cell behaviour. It should also be noted that one av 

heterodimer may exhibit a different range of substrate preferences when expressed in a 

different cell type (Bodary and McClean, 1990; Marshall et al., 1995).

Table 1.2 avP integrin expression and ligand binding (Marshall and Hart, 1996)

Integrin ECM Ligand Cell Expression

avpi VN, FN, FG, COll, OP M any cell types including: avian neural crest 
prim ary oligodendrial, sm ooth muscle, endothelium, 
fibroblasts, osteoclasts, m acrophages, neuroblastoma, 
melanom a, osteosarcoma.

avp3 VN, FN, FG, vWF, OP, 
BSP, TSP, TN, PER, 
COll Type I (denatured), 
LM

M any cell types including: avian neural crest, 
glioblastom a, renal carcinom a, prim ary oligodendrial, 
sm ooth muscle, endothelium, fibroblasts, osteoclasts, 
m acrophages, osteosarcom a, melanoma.

avp5 VN,OP M any cell types including: epithelia, fibroblasts, 
endothelium, m elanom a

avp6 FN, VN Epithelia

avps VN M elanom a, plus m R NA  detected in osteosarcom a cells 
and also brain, placenta, ovary, uterus and kidney

Table 1.2 VN, vitronectin; FN, fibronectin; FG, fibrinogen; COll, collagen, OP, osteopontin; vW F, von 
W illebrand factor; BSP, bone sialoprotein; LM  laminin; TSP, throm bospondin; TN tenascin; PER, 
perlecan.
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1.1.6.1 avpi

avpl is a promiscuous receptor expressed on many cell types (Table 1.2). Due 

to the lack of a specific avpl antibody, there is little information as to the expression of 

avpl in vivo. In vitro, induction of avpi expression has been observed in retinoic acid- 

stimulated murine embryonal carcinoma cells where it correlated with neurite 

differentiation (Dedhar et al., 1991). Differentiation of primary oligodendrocyte cells is 

associated with a switch from avpl to avpS (Milner and fffench-Constant, 1994), and 

avpl has been shown to play a significant role in the migration of oligodendrocyte 

precursor cells (Milner et al., 1996). avpi has also been shown to modulate cell 

spreading and adhesion in several cell types. Zhang et al. (1993) found CHO cells 

lacking the classical fibronectin receptor a5pl, attached and spread on fibronectin in an 

avpi dependent manner, but also found that, unlike aSpl, avpi did not localise to 

focal adhesions nor did it support fibronectin matrix assembly. Delannet et al. (1994) 

demonstrated that adhesion to vitronectin in neural crest cells was modulated through 

avpi, avp5 or avpS but that migration was modulated through avp5 and avpS.

1.1.6.2 avp3

This promiscuous heterodimer is the most studied of all av integrins and has 

been shown to play a role in tumour invasion, proliferation and metastasis, bone 

resorption, development, cell survival, the immune response and protease production 

(reviewed by Felding-Habermann and Cheresh, 1993; Gladson and Cheresh, 1994; 

Marshall and Hart, 1996). Hodivala-Dilke et al. (1999) recently developed a p3 

knockout mouse and found these mice develop normally apart from a Glanzmann's 

thrombasthenia -like bleeding disorder.
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avP3 is not generally expressed on epithelial cells and many of the functions 

attributed to it have been demonstrated in melanoma cell lines (since the early work 

which demonstrated that avp3 plays an important role in the development and 

progression of this tumour). Albelda et al. (1990) originally showed that avP3 is not 

expressed on normal melanocytes, naevi, or horizontally spreading primary melanoma, 

but is expressed on vertically invasive and metastatic melanoma. avp3 blocking 

antibodies have been shown to inhibit melanoma growth in athymic mice (Boukerche et 

al., 1989) and similarly RGD-containing peptides known to block the function of avp3 

have been shown to inhibit both tumour invasion in vitro and the development of 

métastasés in a murine melanoma model system (Gehlsen et al., 1988; Humphries et al.,

1986). Levels of avp3 expression in metastatic melanoma cell lines have also been 

shown to correlate with tumour invasion (Gehlsen et al., 1992). Filardo et al. (1995) 

found that de-nova expression of P3 in a hamster melanoma cell line resulted in 

aquisition of migratory capacity and metastatic potential and that these changes were 

dependent on the existence of the NPXY motif in the P3 cytoplasmic tail.

Montgomery et al. (1994) found that avp3 expression rescued melanoma cells 

from apoptosis in three-dimensional collagen gels. Seftor et al. (1993) showed that 

ligation of avp3 could induce upregulation of the proteinase, MMP-2 and Brooks et al. 

(1996), further demonstrated that MMP-2 could be localised in a proteolytically active 

form on the surface of invasive melanoma cells, based on its ability to bind avp3.

As well as being involved in matrix metalloproteinase expression, several 

reports suggest that avp3 may be involved in the regulation of urokinase-type

plasminogen activator (uPA) and its receptor (uPAR). avP3 has been shown to

colocalise with uPA and uPAR proteins in focal adhesions on a glioblastoma cell line
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(Waltz and Chapman, 1994) and also on fibroblasts and rhabdomyosarcoma cells 

(Myohanen et al., 1993). Moreover, vitronectin, which is a substrate for avp3, has been 

shown to cause a redistribution of cell-associated uPA to sites of focal adhesions 

(Ciambrone and McKeown-Longo, 1992). Nip et al. (1995) used av-antisense 

oligonucleotides in melanoma cell lines to reduce endogenous av mRNA and protein 

and also noted a reduction in uPAR mRNA. In contrast antibody-crosslinking of avP3 

on the melanoma cells caused a two-fold increase in uPAR mRNA. This suggests that 

the genes for av and uPAR may be linked by transcriptional and /or post-translational 

mechanisms.

Strong expression of avp3 has also been found in glioblastoma where a role in 

cell invasion has been demonstrated (Paulus and Tonn, 1994).

avp3 may promote metastasis via other mechanisms. Nip et al. (1992) reported 

that metastatic melanoma cells utilise avp3 to attach to vitronectin in lymph nodes.

avp3 has also been shown to regulate several other important functions 

unassociated with malignancy. It is expressed on angiogenic blood vessels, and 

angiogenesis can be disrupted by blocking avp3, which induces apoptosis of newly 

forming vessels. (Brooks et al., 1994). Ironically, disrupting avp3 dependent 

angiogenesis may be more effective in inhibiting tumour growth than targeting tumour 

cells themselves (Arap et al., 1998).

Monocyte-derived macrophages express avp3 where it determines the capacity 

of the cells to recognise both apoptotic neutrophils and lymphocytes (Fadok et al.,

1992). Osteoclasts, which are also derived fi-om monocytes, express avp3 and 

inhibitors of avp3 interfere with osteoclast-induced bone resorption (Ross et al., 1993).
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1.1.6.3 avp5

avps is the most widely expressed av integrin and has been detected on most 

normal and transformed adherent cell lines examined (Pasqualini et al., 1993). 

Vitronectin is the principal ligand of avpS, but it has been shown that, although avpS 

binds poorly to intact fibronectin, it is capable of binding to fragments of the fibronectin 

molecule composed of the eighth, ninth and tenth repeats or the tenth repeat alone 

(Chen et al., 1996).

Several studies, principally using the human pancreatic carcinoma cell line, FG, 

have demonstrated a central role for avpS in migration on vitronectin (Klemke et al., 

1994; Yebra et al., 1995). However, unlike avp3, avpS is unable to initiate cell 

motility without specific cytokine-derived signalling events. Treatment of cells with 

agonists of tyrosine kinase receptors or activators of protein kinase C facilitates avpS 

dependent cell spreading and migration on vitronectin. It appears that avpS may be 

structurally designed to respond to cytokine signalling events that enable it to engage 

the cells motility machinery. Yebra et al. (1996) further showed that uPA activation 

was required for avpS mediated migration in this system since blocking uPA binding to 

uPAR inhibited migration on vitronectin.

In contrast to its role in cell migration, several studies have indicated that avpS 

expression may lead to a more differentiated cell phenotype. Milner and fffench- 

Constant (1994) demonstrated avgS upregulation during the differentiation of 

oligodendrocytes with a consecutive reduction in avpi expression. Jones et al. (1996) 

found that transfection of the av subunit into an av deficient malignant keratinocyte 

cell line resulted in expression of avpS and an increased capacity for terminal 

differentiation and suppression of anchorage-independent growth. Switching from avpS
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to avp3 expression has also been shown to promote melanoma progression (Danen et 

al., 1995).

An avp5-dependent pathway of blood vessel formation has also been identified 

(Friedlander et al., 1996).

1.1.6.4 avp6

avp6 is regarded primarily as a fibronectin receptor which it binds through the 

RGD site, but has also been shown to be capable of binding to tenascin and vitronectin 

(Busk et al., 1992; Prieto et al., 1993; Huang et al., 1998). Expression of this integrin 

appears to be restricted to a subset of epithelial cells (Breuss et al., 1993,1995) and, in 

adult tissues (with the exception of secretory phase endometrium), is expressed at very 

low or undetectable levels (Breuss et al., 1995). In contrast to this, avp6 expression is 

dramatically increased during development, following injury or inflammation, and in a 

variety of epithelial neoplasms (Breuss et al., 1995; Agrez et al., 1996; Jones at al., 

1997). Kératinocytes show de novo expression of avp6 in both oral and skin wounds 

(Breuss et al., 1995; Haapasalmi et al., 1996; Clark et al., 1996), and consistently high 

expression of avp6 has been found in oral squamous cell carcinomas (Breuss et al., 

1995; Jones et al., 1997).

Although expression of this integrin is tightly regulated and highly inducible it is 

not apparent how avp6 expression is switched on in the pathological and physiological 

conditions described. Several studies have suggested that avP6 expression in vitro, can 

be induced by cytokines such as EOF or TGF-p (Sheppard et al., 1992; Zambruno et al., 

1995; Wang et al., 1996) although antibodies against these cytokines do not prevent 

avp6 expression in vitro (Dean Sheppard, personal communication).
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Similarly to avp3, avp6 has been shown to modulate several cell processes. 

avp6 has been shown to mediate cell adhesion and spreading on fibronectin in colon 

carcinoma cells (Weinacker at al., 1994), and colon carcinoma cells transfected with P6 

cDNA attain increased potential to proliferate and survive inside a collagen gel (Agrez 

et al., 1994). Huang et al. (1998) demonstrated that avp6 has a critical role in 

keratinocyte migration on fibronectin (and vitronectin) and that this effect is enhanced 

by protein kinase C activation (as has previously been described for avpS mediated cell 

migration). avp6-dependent keratinocyte migration was also enhanced by hepatocyte 

growth factor, and to a lesser extent by keratinocyte growth factor.

Niu et al. (1998) found that avP6 transfected SW480 colon carcinoma cells 

upregulated MMP-9 and that this upregulation was ligand independent and could not be 

blocked with inhibitory antibodies.

Interestingly, several of the processes described have been shown to be regulated 

by specific regions of the p6 cytoplasmic tail. The p3 and p6 cytoplasmic tails share 

64% homology up to cytodomain 3, but p6 contains a unique 11 amino acid C-terminal 

extension (Figure 1.3). Deletion of this extension abolishes the P6 mediated growth 

effect and also MMP-9 upregulation but does not effect cell adhesion, spreading or 

migration on fibronectin, or the ability of avp6 to localise in focal contacts (Agrez et 

al., 1994; Niu et al., 1998; Dean Sheppard, personal communication). The avp6 

mediated growth effect has been further narrowed down to the EKQKVDL region of the 

C-terminal domain (Dixit et a l, 1996).

Cell adhesion, spreading, migration, and localisation to focal contacts appear to 

be dependent on the 41-amino acid portion of the p6 cytoplasmic domain that is closely 

related to P3 (and p i) where it modulates similar functions (Agrez et a l, 1994; Cone et
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al., 1994). Huang et al. (1995) demonstrated that the Aspl46 of the (36 extracellular 

domain (like the corresponding residues in p i (Asp 130) and p3 (Aspl 19)), is critical for 

interaction of avp6 with ligand, and that a point mutation at this site prevented binding 

to fibronectin and localisation of avp6 to focal contacts.

Figure 1.3 Cytoplasmic tails of P3 and p6
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Inactivation of the p6 subunit in mice produced a surprising phenotype 

considering the well-documented distribution of avp6 in development, tissue injury and 

carcinomas in vivo, and its effect on cell migration, proliferation and protease 

production in vitro. The p6 -/- mice developed and reproduced normally and cutaneous 

wounds healed uneventfully (Huang et al., 1996). The mice were characterised by focal 

accumulation of activated lymphocytes and macrophages in the lungs and skin. These 

anatomic abnormalities were associated with baldness and exaggerated airway 

responsiveness to acetylcholine suggesting that the inflammatory effects of the gene 

inactivation were functionally significant and that avp6 may play a role in 

downregulating local inflammation. Huang et al. (1998) created a transgenic mouse in 

which p6 was constitutively expressed by alveolar type II cells (under the control of the 

human surfactant protein C promoter). The transgene itself had no effect in wild-type 

mice but largely reversed the inflammatory changes seen in the p6 -/- mice, further
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demonstrating that the lung inflammation seen in p6 -/- mice was associated with lack 

of avp6

A possible mechanism for avp6 mediated inflammation was recently described 

by Munger et al. (1999), who demonstrated that avP6 binds the latency-associated 

peptide of TGF-p and activates TGF-pi. P6-/- mice are resistant to bleomycin-induced 

pulmonary fibrosis and it appears that the fibrosis is mediated through activation of 

fibroblasts by TGF-p which is itself activated by avp6 expressing epithelial cells.

1.1.6.5 avps

avpS is the least studied of the av integrins and few studies have investigated its 

role in vivo or in vitro. p8 mRNA has been detected primarily in the brain, and at 

lower levels in the placenta, ovary, uterus and kidneys (Moyle et al., 1991). The p8 

cytoplasmic domain is unusual in that it shares no apparent homology with the highly 

conserved cytoplasmic domains of other p subunits and is only 65 amino acids long. It 

has been shown that avP8 binds to vitronectin in affinity chromatography experiments 

but that when expressed by cells, does not promote cell adhesion on vitronectin by itself 

(Nishimura et al., 1994). Chimeric studies involving p8 and pS, suggest that avP8 does 

not interact with the cytoskeleton of the cell (Nishimura et al., 1994). This possibly 

indicates that avp8 primarily functions as a signalling receptor and not as an adhesion 

receptor (although the possibility that in this study avp8 was present in an inactive 

state, or binds other ligands besides vitronectin should not be excluded).
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1.2 Matrix metalloproteinases (MMPs)

The major classes of extracellular matrix-degrading enzymes are the serine 

proteases, which include the plasminogen activators, the cysteine proteases, which are 

largely lysosomal, the aspartic proteases and the metalloproteinases (MMPs). The 

MMPs are a family of related zinc metalloenzymes with well-characterised structural 

and catalytic properties (Table 1.3). MMPs collectively can degrade most, if not all, 

components of the extracellular matrix. Thus far, twenty different members of the 

family have been identified.

Table 1.3 Characteristic properties o f  the M M P family

D egrade at least one (usually m ultiple) com ponent o f  the extracellular matrix (ECM )

Contain a zinc ion 

Inhibited by chelating agents 

Synthesised in a latent, proenzyme, form  

Proenzym e m ust be activated by proteolysis

Inhibited bv the tissue inhibitors o f  m etalloproteinases (TIM Ps)______________________

1.2.1 MMP classification

The members of the family are split into groups based on their structure and 

substrate specificity. The groups comprise the collagenases (MMP-1, -8,-13 and -18), 

gelatinases (MMP-2 and-9), stromelysins (MMP-3, -7,10, -11, -12), cell membrane- 

type or MT-MMPs (MMP-14, -15, -16, -17) and, additionally, the less well known 

MMPs (MMP-4, -5, -6, -19 (Table 1.4). The first three groups are secreted whilst the 

MT-MMPs are transmembrane molecules. Alignment of the amino acid sequences 

between the enzymes shows that there is a high degree of similarity between the 

enzymes in each group (about 80%), and between groups (about 50%). The properties 

of the enzymes show little organ or species specificity. As can be seen from Figure 1.4,
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Table 1. 4 The MMP family

Enzyme Names L aten t/active M w (kDa) Substrates

Gelatinases
(Type IV collagenases)
Gelatinase A

Gelatinase B

Collagenases
Interstitial collagenase

Neutrophil collagenase 
Collagenase-3 
Xenopus collagenase

Stromelysins
Stromelysin-l

Stromelysin-2
Stromelysin-3
Metalloelastase

Matrilysin (PUMP-1)

Membrane-type MMPs

M Tl-M M P

MT2-MMP
MT3-MMP
MT4-MMP

Other MMPs
Telopeptidase 
Vi- collagen

Acid MP 
Unnamed 
Enamelysin

MMP-2

MMP-9

MMP-1

MMP-8
MMP-13
MMP-18

MMP-3

MMP-10 
M M P-11 
MMP-12

MMP-7

MMP-14

MMP-15
MMP-16
MMP-17

MMP-4
MMP-5

MMP-6
MMP-19
MMP-20

7 2 /6 6

92 /86

55/45

7 5 / 5 8
6 0 / 4 8
5 5 / ?

5 7 / 4 5

5 7 / 4 4  
51 / 4 4  
54 /45 / 22

2 8 / 1 9

63

72
64
70

GL, COL-I, IV, V, 
VII, X,XI, XIV, FN, 
EL, LN, PLP, PGs,

COL-I, II, III, IV, V, 
VII, VIII, X, XI, FN, 
GL, PLP,PGs, TN, 
pro-MMP-2, -9

coL-ii, ni, IV, V, IX, 
X,XI, EL, FN, GL, 
LN,PLP, PGs, TN, 
VN,
pro-MMP-1, -7,-8, -9, 
13

EL, COL IV, GL, FN, 
VN, FN, LN 
COL-IV, X, EL, FN, 
GL,LN, PGs, PLP, 
TN, VN,
pro-MMP-1, -2, -9

pro-MMP-2, -13, GL, 
LN, FN, EL, COL I, II, 
III

57
54

a  I-chain o f  COL I, FN 
Vi COL fragment from 
COL I, n , m  

Cartilage PG 
unknown 
amelogenin

Table 1.4 The matrix metalloproteinase family. Only major extracellular matrix substrates are 
shown. Substrates are grouped for similar enzymes, but not all o f  the proteins in each group are 
cleaved by all o f  the enzymes in a group. EL, elastin; COL, collagen type; FN, fibronectin; GL, 
gelatins; LN, laminin; PLP, proteoglycan link protein, PGs, proteoglycans; TN, tenascin; VN, 
vitronectin. Derived from Birkedal-Hansen 1995, Basbaum and Werb, 1996 , Werb 1997.
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the MMPs contain several distinct domains that are conserved among the various 

members of the family. These are the pre-domain or secretion leader sequence (absent 

in the MT-MMPs), the propeptide that contains the highly conserved PRCGVPDV 

sequence which must be proteolytically cleaved for enzyme activation, the catalytic 

domain which has a conserved three histidine sequence that is required for zinc 

chelation, and finally the C-terminal hemopexin domain (except in MMP-7) that is 

involved in interactions with other MMPs and tissue inhibitors of metalloproteinases 

(TIMPs). MMP-2 and -9  have additional fibronectin-like domains and MT-MMPs 

have transmembrane domains (Birkedal-Hansen 1995; Basbaum and Werb, 1996; Werb 

1997).

Figure 1.4 Schematic illustration of the structure of MMP-2 and -9

Signal peptide propeptide catalytic dom ain hinge hem opexin dom ain
region (C -term inal dom ain)

fibronectin 
type II inserts

zinc-binding 
region

1.2.2 Regulation of MMP activity

Very low levels of MMP activity are detected in normal steady-state tissues, but 

the expression of many MMPs is regulated by inflammatory cytokines (including TNF- 

a, IL-1, IFNa and y, TGF-p), cellular transformation, hormones and growth factors 

(including EGF, PDGF)(reviewed by Birkedal-Hansen et al., 1993; Borden and Heller,
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1997). Induction of MMP expression with different agents is specific for cell type, 

agent and MMP. MMP-1, -3, -7, -9, 11 and -13 are regulated through similar 

mechanisms by various agents (Birkedal-Hansen et al., 1993; Mauch et al., 1994; 

Johansson et al., 1997b), whereas MMP-2 and -14 which are quite widely expressed 

basally in different cell types, are only moderately induced or repressed (Birkedal- 

Hansen 1993; Lohi et al., 1996). Like all proteins, intracellular production of MMPs 

can be regulated at the level of gene transcription and the genes include several common 

growth factor responsive elements. The proto-oncogene products, c-Fos and c-Jun are 

transcription factors which have been shown to be involved in MMP gene regulation. 

C-Jun and c-Fos form a heterodimer (activating protein (AP)-l) which binds to an AP-1 

binding site constituting the phorbol ester responsive element (TRE) in the promoter 

region of the gene. Many MMP genes contain one such element, while the MMP-9 

gene contains two and the MMP-2 gene lacks the element, thus explaining their 

different regulation (Huhtala et al., 1991). After binding of AP-1 to the MMP- gene, it 

takes 3-7 hours before the MMP transcripts appear and up to 20 hours before the actual 

protein is secreted out of the cell (Birkedal-Hansen 1993).

Significantly, fragments of ECM cleaved by MMPs can also potentiate the 

expression of those MMPs (Burton-Wurster et al., 1997). MMP activity is also highly 

controlled in the pericellular environment by modulation of activation and by the action 

of inhibitors.

Activation by cleavage of the propeptide of the secreted enzymes is achieved by 

the action of other proteolytic enzymes. The serine protease plasmin is a potent 

activator of a number of latent MMPs including MMP-1 and -3. A further level of 

control can be achieved in this process due to the fact that conversion of plasminogen to 

plasmin is catalysed by the receptor (uPAR) regulated action of plasminogen activators
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(PAs). PAs are secreted as zymogens that are activated by plasmin itself, as well as by 

a variety of other non-MMPs including members of the cathepsin family. Activation 

can be inhibited by the plasminogen activator inhibitors (PAIs). Plasmin alone is not an 

efficient activator of MMP-9. Although plasmin can proteolytically process MMP-9, 

this limited action does not yield an enzymatically active form of MMP-9. Plasmin, 

however, is very efficient at generating active MMP-3 and this activated enzyme is a 

potent activator of MMP-9 (Ramos-DeSimone et al., 1999). Nevertheless, MMP-3 will 

probably not be found in all the tissues where MMP-9 activation occurs and it is 

possible that alternative paths of activation exist for this enzyme. Activation of MMPs 

is also possible by other MMPs (Basbaum and Werb, 1996; Werb 1997).

The other major activation mechanism of MMPs, most notably MMP-2, is via 

the cell-surface MT-MMPs. Activation of MTl-MMP occurs either intracellularly in the 

Golgi apparatus by a furin family proteinase or on the cell-surface by similar processes 

to those described above. Activated MTl-MMP binds to TIMP-2 (see below) which can 

then bind to the hemopexin domain of pro-MMP-2. An additional molecule of MTl- 

MMP can then activate the bound pro-MMP-2, which remains membrane-bound or is 

released. MMP-13 is activated via MT2-MMP (Basbaum and Werb, 1996; Werb 1997). 

It should be noted that the MT-MMPs have significant ECM degrading activity 

themselves (dOrtho et al., 1997).

1.2.3 MMP inhibition

MMPs can be inhibited by the broad-spectrum serum inhibitor a2-

macroglobulin and, more importantly, by tissue inhibitors of metalloproteinases 

(TIMPs) (Denhardt et al., 1993; Apte et al., 1994a, 1994b). Four vertebrate TIMPs have 

been identified (Table 1.5), with TIMP-1 and -3 being glycoproteins whilst TIMP-2 is
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unglycosylated. TIMP-1 and -2 are expressed by many cell types whilst TIMP-3 

appears to be largely confined to connective tissues. TIMP-1 is induced by a wide 

variety of agents while TIMP-2 expression is largely constitutive. TIMP-3 is also 

inducible (Leco et al., 1994). Recently, TIMP-4 has been cloned from human and 

mouse cDNA libraries and appears to be related more to TIMP-2 and TIMP-3 than 

TIMP-1. It also appears to have a more restricted pattern of expression than the other 

TIMPs (Leco et al., 1997).

Table 1. 5 The TIMP family

P ro te in M w  (kD a) Specificity

T IM P-1 28.5 (glycosylated) All M M Ps except -14 and -19. B inds to  pro-M M P-9

T IM P -2 21 (unglycosylated) All M M Ps Binds to  pro-M M P-2

T IM P -3 27 (glycosylated)
24 (unglycosylated)

All M M Ps.
B inds to  pro-M M P-2 and pro-M M P-9

T IM P -4 23 (unglycosylated) M M P-1, -2, -3, -7, -9. Binds to  pro-M M P-2

The TIMPs tightly regulate MMP activity by forming high affinity, non- 

covalent, essentially irreversible 1:1 complexes with the active forms of the proteinases. 

In addition, some of the TIMPs can interact with the pro-forms of MMPs (Denhardt et 

al., 1993). This is particularly notable in respect of TIMP-2, which, as described earlier, 

forms activation complexes with MTl-MMP and pro-MMP-2. Additionally, TIMP-1 

interacts with pro-MMP-9 and TIMP-4 interacts with pro-MMP-2 (Denhardt et al., 

1993; Stetler-Stevenson et al., 1993; Bigg et al., 1997).

TIMP expression is differentially regulated by a wide variety of factors. Many of 

the factors that stimulate expression of TIMP-1 have also been implicated in the 

regulation of cell growth and function including IL-113, IL-6, EGF, bFGF, PDGF, 

TGF-B, TNF-a, retinoids, serum factors, phorbol esters and activators of protein kinase
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A and C. It is of interest that many of these factors also appear to regulate MMP and 

matrix protein expression. This observation is supported by the fact that their genes 

contain common transcription factor binding sites suggesting the possibility of common 

regulatory mechanisms (Denhardt et al., 1993).

1.2.4 Gelatinases. (type IV collagenases, MMP-2, -9)

MMP-9 (gelatinase B) is a 92kDa gelatinase produced by kératinocytes, 

monocytes, alveolar macrophages, synovial fibroblasts, PMN leukocytes, osteoclasts 

and a number of transformed cells (Salo et a l, 1991; Birkedal-Hansen et a l, 1993; 

Reponen et a l, 1994). MMP-9 is secreted in proenzyme form as a 92kDa protein which 

is activated to an 84kDa form (Murphy et a l, 1989b). MMP-2 is a smaller 72kDa 

gelatinase and is perhaps the most widely expressed member of the MMP family. It is 

produced by fibroblasts, kératinocytes, chondrocytes, endothelial cells, monocytes, 

osteoblasts and transformed cells (Birkedal-Hansen et a l, 1993). The activated form of 

MMP-2 has a molecular weight of 62kDa. The substrate specificities for MMP-9 and -2 

are very similar and they have been shown to degrade gelatins and collagen type IV, 

collagens V, VII, X and XI, fibronectin, laminin (Collier et al., 1988b; Wilhelm et al., 

1989; Matrisian 1990; Okada et a l, 1990a; Woessner 1991), elastin (Murphy et al, 

1991a), proteoglycans (Murphy et a l, 1991a) and entactin (Sires et a l, 1993).

MMP-2 and -9  are regulated independently (Huhtala et a l, 1991). They are the 

products of two different genes, both situated on chromosome 16, and although the 

genes are closely related the promoter regions differ markedly (Collier et a l, 1991, 

Huhtala et a l, 1991). Regulation of MMP-9 expression is potently regulated by 

cytokines, whereas most cells produce MMP-2 constitutively and respond only weakly 

to cytokines. The enzymes also vary in terms of TIMP affinity. MMP-9 is associated
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with TIMP-1 whilst TIMP-2 preferentially binds MMP-2 (Goldberg et al., 1989; 

Wilhelm et al., 1989).

Vu et al. (1998) recently developed an MMP-9-knockout mouse. Homozygous 

mice with a null mutation in the MMP-9 gene exhibit an abnormal pattern of skeletal 

growth plate vascularisation and ossification. Hypertrophic chondrocytes develop 

normally, but vascularisation, apoptosis and ossification are delayed, resulting in 

progressive lengthening of the growth plate to about eight times normal, although 

ultimately the axial skeleton has a normal appearance. Growth plates in culture show a 

delayed release of angiogenic activator, establishing a role for MMP-9 in controlling 

angiogenesis. MMP-9 deficient mice are also resistant to experimental bullous 

pemphigoid (BP)(Liu et al., 1998). However when reconstituted with neutrophils from 

wild-type mice, a normal blistering response develops, implicating neutrophil-derived 

MMP-9 in the pathogenesis of experimental BP. McCawley et al. (1998) found that GF 

and HGF-mediated keratinocyte migration was coincident with induction of MMP-9. 

They demonstrated that inhibitors of MMP activity or addition of an MMP-9 

neutralising antibody prevented growth factor-induced colony dispersion, suggesting a 

fimctional role for MMP-9 induction during this response.

A reduction in tumour-induced angiogenesis has also been demonstrated 

in MMP-2-knockout mice (Itoh et al., 1998). Studies on the mice using two 

transplanted tumours, Lewis lung carcinoma and B16 melanoma, also demonstrated a 

role for host-produced MMP-2 in the dissemination of these tumours. Both of these 

tumours are derived from wild-type mice and the cancer cells therefore have a normal 

MMP-2 gene, and Lewis carcinoma cells actually express MMP-2. A clear reduction in 

tumour growth and lung metastasis of both tumours was observed in the MMP-2
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deficient mice. This strongly suggests that host cells and not the cancer cells were the 

important source of MMP-2 for metastasis.

1.2.5 Regulation of MMPs by integrins

Several integrins have been shown to modulate MMP production upon

interaction with ligands. Werb and colleagues found that signal transduction through 

aSpl induced MMP-1 and -3 gene expression in rabbit synovial fibroblasts (Werb et 

al., 1989; Tremble et al., 1994, 1995). Huhtala et al. (1995) reported that when rabbit 

synovial fibroblasts bound to fibronectin via a5pi they upregulated MMP-9, whereas 

adhesion via a4pl decreased MMP expression. In melanoma cells avpB has been 

shown to modulate MMP-2 production and bind the active form of this enzyme on the 

cell surface (Seftor et al., 1993; Brooks et al 1996). Laijava et al. (1993) found that 

MMP-9 expression in kératinocytes could be stimulated using antibodies against a3 and 

pi subunits but not by antibodies against a2. MMP-9 expression has also been reported 

to be induced in colon carcinoma cells through avp6 (Niu et al., 1998).

1.3 The oral mucosa

Oral mucosa can be divided into an outer epithelial component, which is the 

equivalent of the epidermis of the skin, and an underlying connective tissue, which can 

be called the corium or lamina propria and resembles the dermis. The two are separated 

by a basement membrane.

1.3.1 Epithelium

Epithelium is the primary barrier between the oral environment and the deeper

tissues. Oral epithelium is of the stratified squamous type and consists predominantly of
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kératinocytes with a variety of other cells, such as Langerhans cells, Merkel cells and 

melanocytes. Skin epidermis is orthokeratinised and the superficial kératinocytes 

(squames) are completely anuclear. Oral epithelium, however, shows regional variation 

in its maturation pattern. Keratinised epithelium, like that of the epidermis, is found in 

the masticatory mucosa of the hard palate, gingiva and in some regions of specialised 

mucosa on the dorsum of the tongue. In other areas such as the gingiva, the superficial 

kératinocytes contain flattened remnants of nuclei and this epithelium is termed 

parakeratinised (Eveson and Scully, 1995). Non-keratinised epithelium forms the 

surface of the distensible mucosa that covers the cheeks, soft palate, floor of mouth, 

ventral surface of tongue, lips, vestibule, and alveolar mucosa. Non-keratinised 

epithelium is generally thicker but more permeable than keratinised.

Stratified squamous epithelium consists of several layers of kératinocytes. The 

cells in contact with the basal layer are cuboidal or columnar in shape and form the 

stratum basale (basal layer) and most cell division occurs within this layer. The 

association of basal cells with the basement membrane is important, not only for 

maintaining the structural integrity of the epithelium, but it also regulates signals to 

restrain differentiation (cell-basement membrane attachment) or to trigger 

differentiation (cell-basement membrane detachment)(Watt et al., 1988). The basal 

cells form a heterogenous population comprising stem cells, which retain a high 

capacity for self-renewal throughout adult life, transit amplifying cells, which although 

capable of several rounds of cell division will eventually differentiate, and post mitotic 

cells, which move into the suprabasal layers and differentiate fully (Potten and Morris, 

1988; Hall and Watt, 1989). Differentiating cells are less adherent to their substrata and 

to one another (Watt 1984) and move out of the basal layer as a consequence of 

inactivation and loss of pi integrins on their surface (Hotchin et al., 1993). As cells
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commit to differentiation, they withdraw from the cell cycle, increase in size and 

express involucrin and new cytokeratins (Watt and Green, 1981, 1982; Barrandon and 

Green, 1985; Fuchs 1990). Basal cells are also distinguished by their cytokeratin 

profile, containing an intracellular cytoskeleton composed of a relatively dispersed, but 

extensive network of keratin 5 and 14 (Nelson and Sun, 1983; Morgan et a l, 1987).

The cells of the 3-5 layers of the stratum spinosum (spinous layer, prickle cell 

layer) show a gradient in size, orientation, shape and cytoplasmic structure. These cells 

devote much of their protein synthesising machinery to manufacturing two new 

keratins, 1 and 10 which form cytoskeletal filaments that aggregate into thin 

tonofilament bundles (Eichner et al., 1986). As cells move towards the surface they 

become progressively flatter and contain more keratin bundles. The spinous appearance 

is due to the insertion of these keratin bundles into neighbouring cells via desmosomes.

Cells within the stratum granulosum (granular cell layer) contain irregularly 

shaped, dense keratohyaline granules, which become progressively larger as the 

kératinocytes move into the outermost granular layer. Cells in this layer stop generating 

keratin and envelope proteins, and make their final adjustments in protein synthesis, 

including production of filaggrin and loricrin (Fleckman et a l, 1985; Mehrel et al,

1990). These proteins are involved in the crosslinking of a number of structural proteins 

that will form the comifed envelope of the stratum comeum. Also present in these cells 

are cytoplasmic lamellar granules, which release their lipid-rich contents into the 

intercellular space to form lamellae between the granular and first comified layer. The 

lamellar granule-derived sheets are responsible for the barrier properties of the 

epithelium (Elias and Menon, 1991).

The stratum comeum is a multilayered zone of terminally differentiated 

kératinocytes. The kératinocytes are flattened squames full of keratin and devoid of
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organelles and are now merely cellular skeletons filled with macrofibrils of keratin 

filaments. The process of kératinisation is accompanied by the deposition of a tough 

comified envelope consisting of crosslinked involucrin and loricrin proteins below the 

plasma membrane.

In non-keratinised stratified epithelium, the most superficial cells become flatter 

and larger as they move towards the surface but retain their nuclei and a variety of 

organelles and do not form a comified envelope. Suprabasal kératinocytes in non- 

keratinised epithelium express keratins 4 and 13 rather than 1 and 10 (Morgan et al,

1987).

1.3.2 Basement membrane

Basement membranes are complex stmctures composed of a mixture of 

collagenous and non-collagenous glycoproteins and proteoglycans, which separate cells 

from underlying connective tissue. They occur under epithelial and endothelial cells, 

and surround individual muscle, fat and Schwann cells. Only a few tissues such as bone 

osteoid and cartilage completely lack basement membranes. Basement membranes are 

involved in controlling keratinocyte differentiation in the epidermis (Adams and Watt,

1990.1993), as well as spatially organising kératinocytes, organising their cytoskeletal 

networks and affecting their intemal properties (Ingber et al, 1981).

The basement membrane comprises the lamina lucida, lamina densa and 

reticular layer (Briggaman and Wheeler, 1975) and the proteins within the basement 

membrane are produced both by kératinocytes and fibroblasts (Marinokovich et al,

1992.1993). Adjacent to the epithelium is the lamina lucida, a layer 10-50nm thick 

which is traversed by bundles of anchoring filaments, running from the kératinocytes to 

the lamina densa. Laminin 5 forms the anchoring filaments that run from the
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hemidesmosomes into the basement membrane and play an important role in 

maintaining the dermo-epithelial junction (Verrando et al., 1991). The extracellular 

domain of the integrin a6p4 extends into the lamina lucida at the point where anchoring 

filaments are located. Other proteins associated with the anchoring filaments include 

laminin 6 and laminin 5 (Carter et al., 1991; Marinokovich et al., 1992).

The lamina densa is an electron dense layer approximately 50nm thick. Laminin 

1 is the most abundant glycoprotein in the basement membrane and, along with collagen 

IV, nidogen/entactin and heparan sulphate proteoglycans comprise a large part of the 

lamina densa (Laurie et al., 1985). These proteins interact to form a dense polymerised 

network.

The reticular layer is adjacent to the connective tissue and is traversed by 

anchoring fibrils composed of collagen YU connecting the dermis to the 

hemidesmosomes.

A small amount of fibronectin is also present within the basement membrane 

(Fleischmayer and Timpl, 1984) along with other proteoglycans . These molecules are 

able to bind growth factors and present them at the cell surface (Aviezer et al., 1994).

1.3.3 Connective tissue

The connective tissue component of the oral mucosa consists of a papillary 

layer, comprising the connective tissue papillae, and a dense fibrous layer comprising 

the bulk of the lamina propria (Moss-Salentijn and Klyvert, 1980; Gage et al., 1989).

Connective tissue comprises a dense network of collagen and elastin embedded 

in a viscoelastic ground substance of proteoglycans and glycoproteins. In adult oral 

mucosa type I collagen represents 80-90% of the total collagen content, type III 10-15% 

and type IV and V less than 5%. Type I collagen is found throughout the lamina propria
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while type III is mainly localised to the papillae and adjacent to blood vessels. Other 

components include elastin, tenascin and fibronectin, and vitronectin associated with 

dermal elastic fibres (Chiquet-Ehrismann 1991; Yamada 1989; Dahlback et al., 1989).

Connective tissue also contains many cell types including fibroblasts, 

macrophages, mast cells, and migrating cells such as polymorphonuclear leukocytes, 

lymphocytes and plasma cells (Moss-Sajentijn and Klyvert 1980; Gage et al., 1989).

1.3.3.1 Fibronectin

Fibronectin (FN) is a polymorphic, large adhesive glycoprotein found as two 

major isotypes; A soluble form in plasma and other body fluids, and an insoluble form 

in the pericellular matrix (Mosher 1984). FN binds to cells and to other extracellular 

matrix proteins and is considered pivotal in maintaining the integrity of the cell- 

extracellular matrix connection (Hynes 1992). FN is important in development, wound 

healing and tumorigenesis, where it acts as a substrate for cell adhesion and spreading, 

thereby promoting cell migration (Morla et al., 1994). FN can stimulate such cell 

movement by chemotaxis and haptotaxis (Liotta et al., 1986a). Homozygous FN -/- 

mice are embryonic lethal. The embryos fail to form notochord or somites and show 

extensive mesodermal defects (George et al., 1993; Georges-Labouesse et al., 1996).

FN is produced by many cell types, including fibroblasts, epithelial and 

endothelial cells, myoblasts and glial cells (Mosher 1984), and, as well as acting as an 

adhesive substrate, can bind several ligands itself, including collagen, fibrin, heparin 

and hyaluronic acid (Liotta et al., 1986b) and MMP-2 (Wallon and Overall, 1997).

FN is a dimeric glycoprotein, consisting of two similar 250kDa disulphide- 

bonded sub-units. The molecule is made up of homologous repeating sub-units types I, 

II and III (ffrench-Constant 1995) (Figure 1.5). FN is encoded by a single gene, and
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diversity is generated by alternative splicing of the primary transcript (Schwarzbauer et 

al., 1983; Komblihtt et al., 1984). Three alternatively spliced regions have been 

identified. One region of variation is the IIICS (V) sequence, which is achieved by five 

alternative patterns of splicing of a single exon. This region contributes to the different 

sizes between the larger and smaller sub-units of plasma fibronectin; the other two 

regions are EDA and EDB, single exons coding for single type-III repeats that are 

included or skipped during splicing. Expression of FN containing the EDA and EDB 

exons only occurs in cellular FN and they are expressed independently of each other.

Figure 1.5 Diagrammatic model of a subunit of human fibronectin

1 2 3 4 5 6 7 EDB 8 9 10 11 EDA 12 13 14 D ies 15

N H . I  I I I I I

fibrin gelatin
heparin collagen

#-------•  e-------e
cell binding heparin fibrin

COOH

Homology repeats

Type I I

Type II I

Type III 0

They appear to be predominantly expressed in embryonic tissue but may be re

expressed in various reactive tissues such as healing wounds, organ fibrosis and some 

tumours (Pujuguet et al., 1996). These spliced regions are believed to promote adhesion 

of fibronectin molecules to integrin receptors, although they do not appear to be 

adhesion sites themselves (Xia and Culp, 1994; Chen and Culp, 1996).
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The site in fibronectin that primarily promotes cell attachment is localised at the 

middle portion of the fibronectin molecule in the tenth type III homology-segment. This 

segment contains the ROD sequence recognised by many integrins including aSpi and 

the av integrins which bind to FN. Direct deletion of this site results in the loss of most 

cell adhesion activity (Akiyama et al., 1985).

Subsequent studies have demonstrated that two subregions in type III repeats, 

Illg and III9 act synergistically with the ROD sequence for full adhesion activity 

(Akiyama et al., 1985; Aota et a l, 1991; Nagai et a l, 1991).

The C-terminal heparin-binding domain has been shown to promote adhesion 

and binding of cells by an ROD independent mechanism (Fujita et a l, 1995). Adhesion 

of a4pl at this site has been localised to the ED APS pentapeptide that appears to 

function as an active homologue of the LDVPS-containing active site in the niCS 

region (Mould and Humphries, 1991).

The alternatively spliced IIICS site also contains two distinct sites that support 

cell adhesion through a4pi (Humphries et a l, 1987; Mould et a l, 1991). The minimal 

active sequence LDV has been identified as the high affinity site (Komoriya et a l,

1991), while the peptides REDV represent lower affinity sites (Mould et a l, 1991; 

Mould and Humphries, 1991).

1.4. Integrin expression and function in kératinocytes

1.4.1 Integrin expression in stratified squamous epithelium

Most immunohistochemical studies of integrin expression in stratified squamous 

epithelium have been carried out on skin. Integrin expression in the epidermis is 

predominantly confined to the basal layer, and basal kératinocytes have been found to 

consistently express a2pi, a3pi and a6p4. Basal cells have also been reported to
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express aSpi and a9pi (Bossy et a l, 1991; Ojakian and Schwimmer, 1994). 

a2pl and a3pl have a pericellular distribution (Zambruno et al., 1991; Watt and Jones,

1993), and both a2pi and a3pl are components of focal contacts in kératinocytes 

(Carter et al., 1990a). Zambruno et al. (1991) found that a2 expression was stronger 

along the apical and lateral margins than the basal aspect of the cell. High levels of 

a2pl have been demonstrated in proliferating epithelium suggesting a possible role for 

this integrin (Zutter and Santoro, 1990).

a6p4 is a component of hemidesmosomes and is expressed at the basal aspect of 

the basal cells with lower expression at the lateral aspect of the cell (Hertle et al., 1991).

Reports on aSpi expression in epidermis have been contradictory. Klein et al. 

(1990) found that aSpl was not expressed whereas Hertle et al. (1991) found weak 

pericellular expression on the basal kératinocytes. There is some evidence to suggest 

that a5p l, if present, may not be fully functional (Guo et al., 1991). Hertle et al. (1991) 

also demonstrated weak pericellular expression of avP5 on basal kératinocytes.

Integrin expression in oral epithelium shows a similar pattern. Jones et al.

(1993) found strong expression of a2p l, a3pl and a6p4 with weaker, more variable 

expression of aSpi and avps. a6p4 is relatively concentrated at the basal aspects of 

the basal cells whereas the other integrins have a uniform pericellular distribution in the 

basal cells. Strong linear staining of a6p4 along the basement membrane zone was also 

found in gingival epithelium (Hormia et al., 1990). Laijava (1991) reported strong 

pericellular expression of cx2, o3 and pi in the basal cell layers with low expression of 

a5pi.

In contrast to epidermis where integrin expression is largely confined to the 

basal cells, oral epithelium shows extensive suprabasal staining, particularly in the floor
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of the mouth and lateral borders of the tongue (Jones et al., 1993,1995). In these areas 

integrin expression is seen as high as the prickle cell layer, possibly reflecting the 

increased turnover rate of oral epithelium.

1.4.2 Integrin expression in cultured kératinocytes

Kératinocytes in culture express a2pi, aSpi, aSpl, a6p4, avp5 and avP6 

(Adams and Watt, 1991; Haapasalmi et al., 1995).

Table 1.6 Keratinocyte integrins

Integrin Ligand Reference

a2pi Collagen type I Wayner and Carter, 1987

Collagen type IV Carter et al , 1990a

Laminin 1 Languino et al., 1989

aSpi Laminin 1 Carter et a l, 1990a

Laminin 5 Carter et a l, 1991

aSpi Fibronectin Adams and Watt, 1991

a9pi Tenascin Yokosaki et a l, 1994

Vitronectin Weinacker et a l, 1995

avp5 Vitronectin Adams and Watt, 1991

avp6 Fibronectin Busk et a l, 1992

a6p4 Laminin 1 Niessen et a l, 1994

Laminin 5 Niessen et a l, 1994
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1.4.3 Integrin functions in kératinocytes

1.4.3.1 Keratinocyte cell-matrix adhesion

The integrin ligands are shown in Table 1.6. o2f>\ has been found in focal 

contacts when kératinocytes are grown on collagen and a3pl when cells are grown on 

laminin (Carter et al., 1990a, b). Guo et al. (1990) observed co-localisation of pi 

integrins with vinculin in cells that had spread on collagen and Marchisio et al. (1991) 

observed av, but not a2, a3 or pi in focal contacts in cells cultured on plastic. aSpl 

has also been demonstrated in focal adhesions (Grinnell 1990).

In vivo, a6p4 is a component of hemidesmosomes (Stepp et al., 1990). In 

culture, hemidesmosomes do not form, neither is a6p4 found in focal contacts. Instead 

a6p4 is organised in the ventral plasma membrane into stable anchoring contacts 

(SACs) (Carter et al., 1990b; Marchisio et al., 1991). It is possible that SACs are 

precursors of hemidesmosomes since they contain bullous pemphigoid antigen, which is 

a component of hemidesmosomes (Carter et al., 1990b).

DiPersio et al. (1997) demonstrated that a3pi is required for the normal 

development of epidermal basement membrane. a3 -/- mice showed neonatal blistering 

at the epidermal-dermal junction consistent with basement membrane rupture (rather 

than detachment which occurs in some blistering disorders such as epidermolysis 

bullosa). Kératinocytes from a3 -/- mice attached to laminin 5 through a6p4, but 

spread poorly, also indicating a post-attachment requirement for a3pi. Hodivala-Dilke 

et al. (1998) found that the absence of a3pi in these kératinocytes led to increased 

stress fibre formation in vitro, and allowed an increase in fibronectin and collagen type 

IV receptor activities. This demonstrates that a3pi can act as a trans-dominant 

inhibitor of the functions of other integrins in mouse kératinocytes.

59



Introduction

1.4.2.2 Keratinocyte cell-cell adhesion

Several studies have suggested that the pericellular distribution of a2pi and 

a3pl in vivo  ̂indicate a functional role in cell-cell adhesion (Peltonen et a l, 1989; 

Adams and Watt, 1990,1991; Carter et al., 1990a, 1991; De Luca et al., 1990). 

However, Laijava et al. (1990) found that antibodies directed against the pi subunit and 

aSpi only perturbed cell-cell adhesion when added to adherent monolayers in low 

calcium medium (when cadherins are non-functional), but did not prevent cell-cell 

adhesion or cell stratification when the concentration of calcium was raised to that 

found in standard medium. These observations were confirmed by Tenchini et al. 

(1993) who further suggested that the effects observed in low calcium could be an 

indirect consequence of perturbation of adhesion to the extracellular matrix deposited 

by kératinocytes. Jensen and Wheelock (1995) also suggested that the effect of anti-pi 

antibodies on inhibiting colony formation in subconfluent keratinocyte cultures was a 

consequence of inhibition of cell migration, and concluded that pi integrins do not play 

a significant role in intercellular adhesion.

1.4.3.3 Keratinocyte stratification

When basal kératinocytes become committed to terminal differentiation there is 

a marked reduction in their abihty to adhere to extracellular matrix and this ensures that 

the cell moves out of the basal layer (Stanley et al., 1980; Watt 1984; Adams and Watt,

1990). The loss of adhesiveness precedes loss of integrins from the cell surface (Adams 

and Watt, 1990), and the decreased suprabasal expression of integrins is mediated 

through transcriptional and post-translational mechanisms (Nicholson and Watt, 1991).
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1.4.3.4 Keratinocyte commitment to terminal differentiation

Cultured kératinocytes always contain proliferating and terminally 

differentiating cells making study of differentiation difficult. Integrin occupancy by 

extracellular matrix ligands suppresses terminal differentiation, and differentiation can 

be induced by depriving kératinocytes of contact with the culture substratum (Adams 

and Watt, 1989; Watt et al., 1993). One technique, which induces the majority of cells 

to undergo terminal differentiation, is suspension culture (Watt et al., 1988; Adams and 

Watt, 1989). In this system, induction of differentiation can be blocked by adding 

fibronectin, or antibodies against the pi subunit to the cell suspension (Adams and 

Watt, 1989; Nicholson and Watt, 1991; Watt et al., 1993). When kératinocytes are 

placed on an adhesive substrate that restricts spreading, terminal differentiation is 

stimulated (Watt et al., 1988). Symington and Carter (1995) found that blocking a3pi 

induced terminal differentiation. A cocktail of function blocking antibodies against 

(x2, a3 and o5 has been shown to inhibit differentiation, as has ligand binding of 

laminin and type IV collagen (Watt et al., 1993). Interestingly, Jones et al. (1996) 

demonstrated that transfection of av into an av deficient neoplastic keratinocyte cell 

line increased the capacity for terminal differentiation.

1.4.3.5 Keratinocyte proliferation

Keratinocyte stem cells expresses higher levels of pi integrins than transit 

amplifying cells and adhere to fibronectin, type IV collagen or keratinocyte extracellular 

proteins more rapidly (Jones and Watt, 1993).
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1.4.3.6 Keratinocyte migration

Kératinocytes freshly isolated from skin are relatively immobile and their ability 

to migrate develops with time in culture (Guo et a l, 1990). avpS, avp6 and a5pl are 

weakly expressed or not detectable on kératinocytes in vivo but all three are strongly 

expressed by kératinocytes in culture where they have been shown to have a role in cell 

migration ( Toda et al., 1987; Adams and Watt, 1991; Kim et al., 1994; Haapasalmi et 

al., 1996; Huang et al., 1998). The principal ligands for these integrins are fibronectin 

and vitronectin, proteins which have been shown to be important for cell migration in 

other cell types, and which are found in pathological and physiological situations where 

cells are migrating (Liotta et al., 1986a; Tomasini and Mosher, 1991; Morla et al., 1994; 

Pujuguet et al., 1996). avpS has been shown to modulate migration of kératinocytes on 

vitronectin (Brown et al., 1991; Kim et al., 1994). Brown et al. (1991) observed that 

this increased motility was not directed, linear movement, but appeared random. 

Keratinocyte migration on fibronectin has been shown to be modulated through a5pl 

and avP6 (Kim et al., 1992a; Lange et al., 1995; Huang et al., 1998). Huang et al. 

(1998) demonstrated that avp6-mediated keratinocyte migration on fibronectin was 

dramatically augmented by protein kinase C activators, and also found avp6 was 

critical for keratinocyte migration on vitronectin.

Zhang and Kramer (1996) showed that laminin 5 deposition promoted 

keratinocyte motility and that this migration could be blocked with anti-a3pl 

antibodies. A role for aSpi in keratinocyte migration has also been suggested by 

Tenchini et al. (1993) and Jensen and Wheelock (1995). Conversely, Kim et al. (1992b) 

demonstrated that antibodies directed against a3p i enhanced keratinocyte migration on 

fibronectin and collagen matrices. Migration on collagen matrices has been shown to be 

modulated through a2pi (Chen et al., 1993).
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1.5 Integrin expression and function in tumours

Integrin expression is altered in many tumours and evidence suggests that integrins 

have a key role in the malignant behaviour of neoplastic cells (Plantefaber and Hynes, 

1989; Juliano 1993; Giancotti and Mainiero, 1994; Nip et al., 1995). However, no specific 

integrin has been implicated in transformation to the malignant phenotype and alterations 

in integrin expression vary between different tumour types and within individual tumours. 

A not unusual finding is that tumours lose expression of integrins which maintain stable 

adhesion and tissue organisation, but retain or upregulate those integrins involved in cell 

migration (Giancotti and Mainiero, 1994). Carcinomas seem to exhibit variable loss of 

o2pl, aSpi, aSpi and a6p4 (Pignatelli et al., 1990; Koretz et al., 1991; Juliano 1993), 

although upregulation of a6p4 has been reported in certain aggressive head and neck 

squamous cell carcinomas. This probably reflects the inability of these tumour cells to 

differentiate and become a6p4 negative (Cortesina et al., 1995). a5pi deficient Chinese 

hamster ovary cells show increased tumorigenicity in nude mice (Schreiner et al., 1991), 

but this can be suppressed by transfection of the human a5pi heterodimer, which also 

inhibits anchorage independent growth (Giancotti and Ruoslahti, 1990). The role of a5pl 

in inhibiting cell proliferation has also been demonstrated in erythroleukaemic cells and 

the expression of a5pl is suppressed in fibroblasts transformed by oncogenic viruses 

(Plantefaber and Hynes, 1989).

Most integrins are downregulated or otherwise defective in human tumours, but, as 

mentioned earlier, several integrins, particularly those involved in a migratory cell 

phenotype are retained or upregulated. Malignant melanomas express avP3 as they enter 

vertical growth phase (Albelda et a l, 1990) and melanoma cells selected for their low level 

of expression of avp3 are less tumorigenic than parental cells (Felding-Habermann et al., 

1992). Expression of the a4pl integrin (a receptor able to recognise the endothelial
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adhesion molecule VCAM- 1) appears to be expressed in metastatic melanomas rather 

than non-metastatic variants, and this probably modulates extravasation of tumour cells 

(Elices et al., 1990; Okahara et al., 1994). Upregulation of avpS was also seen in an 

aggressive class of glioblastoma (Gladson and Cheresh, 1991). Expression of o2pi in 

rhabdomyosarcoma increases the metastatic behaviour of the tumour cells (Chan et al.,

1991), and the role of a6pl (laminin receptor) has been established by its over-expression 

in highly invasive carcinoma cells and by the ability of an a6 antibody to inhibit invasion 

(Dedhar and Saulnier, 1990). avgb (fibronectin receptor) enhances cell proliferation and 

tumour growth in colonic adenocarcinoma cells (Agrez et al., 1994), and de novo 

expression of avp6 has been reported in oral SCC (Breuss et al., 1995; Jones et al., 1997).

Integrins are able to modulate proteolytic enzyme production by tumour cells. 

Stimulating antibodies to avp3 in a melanoma cell line caused increased expression of 

MMP-2 and enhanced ability to invade basement membrane (Seftor et al., 1993), and 

MMP-2 co-localises with avp3 on the surface of the cell (Brooks et al, 1996). avp3 has 

also been shown to protect melanoma cells from apoptosis in vitro (Montgomery et al., 

1994).

Inhibition of tumorigenicity and metastasis has been observed upon selective 

blocking of integrin fimction by RGD containing peptides which mimic integrin binding 

sites (Humphries et al, 1986; Gehlsen et al, 1988; Saik et al, 1989).

It therefore appears that loss of integrins, as well as physically altering the adhesive 

properties of cells, renders them unresponsive to regulatory signals transmitted from the 

extracellular matrix leading to abnormal behaviour such as uncontrolled growth and failure 

to differentiate. Increased or de novo expression of integrins alters the adhesive properties 

of the cell and also modulates cell mobility, migration and enzyme production.
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1.6 Oral squamous cell carcinoma (SCC)

Oral cancer includes cancer of the lip, tongue and mouth (Parkin et al., 1993). 

Over 90% of all malignancies arising in the oral cavity are squamous cell carcinomas 

arising from the lining epithelium (Speight et al., 1996). World-wide, oral cancer is the 

sixth most common solid cancer, representing about 5.5% of all malignancies (Parkin et 

al., 1993). The incidence of oral cancer shows striking geographical variation with high 

rates found in developing countries such as India and Sri Lanka where oral cancer may 

have a relative frequency of almost 50%. In the UK there are nearly 3000 new cases 

each year with a mortality rate that remains at over 50%.

The most common sites for oral carcinoma, accounting for over one third of 

cases, are the lateral border and ventral surface of the tongue. Most of the remainder 

arise in the floor of the mouth, the retromolar area and the posterior lower alveolus. The 

hard palate and dorsum of the tongue are rare sites.

Increases in mortality from cancer of the oral cavity and pharynx over the past 

20-30 years have been reported from almost all EC countries (Johnson 1990) and over 

50% of patients die of disease within 5 years (OPCS 1994). The poor prognosis is due 

to the late presentation of oral cancer (over 60% of patients presenting with oral cancer 

have tumours greater than 2cm in diameter) and prognosis is known to be worse for 

larger lesions (Platz et al., 1986). The tendency of oral cancer to metastasise early via 

the superficial lymphatics of the tongue and floor of mouth also adversely effects 

prognosis.

1.6.1 Integrin expression in oral carcinoma

As with other carcinomas such as breast (Koukoulis et al., 1991) and colorectal 

adenocarcinoma (Pignatelli et al., 1990; Koretz et al., 1991), integrin expression in oral
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SCC varies both between tumours and within dififerent areas of the same tumour (Jones et 

al., 1993,1997; Cortesina et al, 1995). Focal or extensive loss of (x2pl, otSpl, avp5, and 

a6p4 is common especially in poorly differentiated lesions and loss of a6fi4 has been 

shown to coincide with loss of basement membrane (Downer et al, 1993). Conversely, 

Cortesina et al. (1995), found that head and neck tumours with greater characteristics of 

malignancy often retained expression of a6p4. This probably reflects the failure of the 

tumour cells to differentiate and become a6p4 negative rather than a true upregulation of 

the integrin. Tomson et al. (1996) examined head and neck SCC cells in vitro and found 

that high expression of a6p4 corresponded with epithelioid colony formation. It has been 

suggested that a6 expression is a possible grading parameter for oral SCC and that 

tumours with a propensity to metastasise to regional lymph nodes display a6p4 positivity. 

Attempts to relate this integrin to tumour prognosis however, have been largely 

unsuccessful (Kimmel and Carey, 1986; Wolf et al, 1990; Cortesina et al., 1995; Kosmehl 

e ta l, 1995).

Studies have reported up-regulation or de novo expression of the av subunit in 

several carcinomas including renal (Korhonen et a l, 1992) and breast (Pignatelli et a l,

1992), but the corresponding p subunit has not been identified. Oral SCCs show 

increased but variable expression of av integrins (Jones et a l, 1997). Normal oral 

epithelium expresses the av integrin dimerised with P5 (a vitronectin receptor) and oral 

SCCs usually show reduced expression of this integrin (Jones et a l, 1993, 1997). 

Several studies have shown neo-expression of avp6 in oral SCC (Breuss et a l, 1995; 

Jones et a l, 1997). Hamidi et al. (1998) detected avp6 expression in oral dysplastic but 

not hyperplastic lesions, and concluded that transition of normal mucosa to SCC 

involves the induction of avp6. Colon carcinoma cells transfected with the 66 cDNA
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show an increased potential to proliferate and survive inside a collagen gel (Agrez et al., 

1994).

1.7 MMP-2 and -9  in oral carcinoma

Many studies have shown that Gelatinases (MMP-2 and -9), Stromelysins 

(MMP-3, -10, -11), Collagenases (MMP-1 and -13) and membrane bound MM? (MTl- 

MMP) are all expressed in oral cancer, and may have roles in tumour progression 

(Polette et al 1991, 1993; Gray et al., 1992; Pyke et al., 1992; Muller et al., 1993; 

Kusukawa et al., 1993,1995; Okada et al., 1995a; Yoshizaki et al., 1997; Charous et al., 

1997; Airola et al., 1997b; Johansson et al., 1997).

It is generally accepted that the basement membrane, which separates the 

epithelial and mesenchymal cell compartments, represents the first barrier to epithelial 

tumour cell invasion. Tumour islands however, are often surrounded by rudimentary 

basement membrane, suggesting that basement membrane turnover is a dynamic 

process which, in tumour progression, is biased towards degradation and loss. The 

ability of MMP-2 and MMP-9 to initiate basement membrane destruction and further 

degrade the collagenous and non-collagenous components of the extracellular matrix 

suggests that they are important in this process.

Neoplastic kératinocytes in vitro usually express MMP-2 and -9 (Lyons et al., 

1991; Salo et al., 1991) and MMP-2 has been demonstrated in oral carcinoma in vivo 

where it localised to small nests of cells at the advancing tumour front (Kusukawa et al.,

1993). This study also found that MMP-2 expression was related to lymph node 

metastasis. However, several studies have provided evidence that the MMP-2 present in 

carcinomas in vivo may be derived, not from the tumour cells, but from the tumour 

stroma. Immunoreactivity for MMP-2 may be found in the peripheral cell layer of
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neoplastic islands but MMP-2 mRNA expression has been shown to be confined to 

fibroblasts with no signal detected in the epithelial tumour cells (Pyke et al., 1992; 

Charous et al., 1997; Sutinen et al., 1998). Similar expression has also been seen in the 

stromal tissue of a wound bed (Salo et a l, 1994). This suggests that tumour cells are 

capable of utilising MMP produced by stromal cells and indicates an active role for 

stroma in tumour invasion.

In contrast, several studies have shown MMP-9 expression by malignant 

kératinocytes located at the tumour/stroma interface (Pyke et a l, 1992; Yoshizaki et al., 

1997). Juarez et al. (1993) speculated that MMP-9 is a key factor in determining the 

invasive phenotype of at least a subpopulation of oral carcinoma cells.

1.7.1 Regulation of MMPs in carcinomas

MMP gene expression in kératinocytes may be induced by a variety of growth 

factors and cytokines including EOF, TGF-al, KGF, PDGF, IL-la, IL-lp, TNF-a, 

TGF-P and HGF (Lyons et a l, 1991; Salo et al., 1991; Putnins et a l, 1995; Dunsmore et 

a l, 1996). Induction of MMPs differs for varying cell types and for different cytokines 

and growth factors.

Interaction of certain cell surface receptors (particularly integrins) with their 

BCM ligands may also impact on MMP expression (Damsky and Werb, 1992). It has 

been demonstrated that antibodies against p i and a3 integrins stimulated MMP-9 

production in oral kératinocytes (Laijava et a l, 1993) and that skin kératinocytes 

upregulated MMP-1 when grown on collagen I but not when placed on basement 

membrane proteins (Saarialho-Kere et a l, 1993). It appears logical that MMP 

upregulation should not be induced by basement membrane proteins, which under 

physiological conditions, are in continuity with the normal basal epithelial cells.
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1.8 Wound healing

During the process of cutaneous and oral wound repair, kératinocytes migrate 

over a provisional matrix of fibrin, fibronectin, vitronectin and tenascin (Clark et al., 

1982; Repesh et al., 1982; Mackie et al., 1988; Cavani et al., 1993). Keratinocyte 

locomotion is an essential process during early wound healing, and cellular division 

only occurs after a lag phase (Clark 1985). Migrating and proliferating kératinocytes 

degrade and lose contact with the basement membrane and become exposed to 

components of the extracellular matrix and blood clot. Accordingly, kératinocytes 

modify the expression, topography and cytoskeleton association of integrin receptors 

and also gain the ability to degrade connective tissue.

1.8.1 Integrin expression in wound healing

Several studies have demonstrated increased expression of the fibronectin 

receptor aSpi in the migrating epidermis of excisional cutaneous wounds (Clark 1990; 

Cavani et al., 1993; Gailit et al 1994). In contrast, Hertle et al. (1992) studied blister 

wounds and found no increase in either a5 or (31 expression during re-epithelialistaion 

of the epidermis over intact basement membrane. Clark et al. (1996) found that 

although aSpi was expressed by kératinocytes in wounds, the level and distribution of 

its expression was unaltered compared to adjacent normal epidermis.

Cavani et al. (1993) and Laijava et al. (1993) found increased expression of the 

av subunit in the migrating epithelium of full thickness human cutaneous and oral 

wounds respectively. However, the associated P subunit(s) was not delineated in either 

of these studies. Gailit et al. (1994) demonstrated increased expression of avpS in the

epidermal healing of a porcine excisional wound model. In contrast, an increase in

avp6, but not avp5 expression was observed in human oral and cutaneous incisional
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wounds (Haapasalmi et al., 1996). De novo expression of avp6 by kératinocytes in 

cutaneous and oral mucosal wounds has also been demonstrated in several studies 

(Breuss et al., 1995; Laijava et al., 1996). Clark et al. (1996) found that avP6 

expression coincided with a down regulation of avp5, this is a similar ' switch’ to that 

seen in oral cancer and raises the intriguing possibility that squamous cell carcinoma 

represents uncontrolled tissue remodelling.

The role of TGF-P 1 in the scarring of cutaneous wounds is well-documented 

(O’Kane and Ferguson, 1997). Interestingly, the ability of avp6 to bind and activate 

TGF-pl (Munger et al., 1999) may indicate a role in scar formation. TGF-pl has also 

been shown to stimulate expression of keratinocyte integrins in culture and during re- 

epithelialisation of cutaneous wounds (Gailit et al., 1994; Zambruno et al., 1995).

1.8.2 MMP expression in wound healing

In order for kératinocytes to migrate they must detach from basement membrane 

and gain the ability to degrade the components of the extracellular matrix. 

Kératinocytes may secrete proteolytic enzymes themselves or utilise enzymes secreted 

by other cells such as fibroblasts or endothelial cells.

Dissolution of the basement membrane by kératinocytes is thought to be the 

prerequisite for epithelial cell migration into the wound area. Gelatinases which 

degrade type IV collagen (the major component of basement membrane) and which also 

have a broad substrate specificity are believed to be important in the initial degradation 

of basement membrane and in the pericellular lysis which occurs in the wound bed 

(Salo et al., 1991). In situ hybridisation studies of MMP-2 or MMP-9 expression in 

skin and oral mucosal wounds have localised MMP-9 mRNA expression to 

kératinocytes and MMP-2 mRNA to fibroblasts in the wound bed (Oikarinen et al.,
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1993; Salo et al., 1994). Mechanical wounding of rat cornea has been shown to induce 

MMP-9 expression, but not nearly as much as thermal injury (Fini et al., 1996). 

Conversely, Pyke et al. (1992) and Saarialho-Kere et al. (1993) demonstrated that no 

mRNA for MMP-9 or -2 was present in chronic wounds.

Kératinocytes are the primary source of collagenase-1 at the migrating front of 

healing epidermis (Saarialho-Kere et al., 1993). The degradation of the basement 

membrane exposes kératinocytes to the underlying connective tissue and induces 

collagenolytic activity of the cells (Saarialho-Kere et al., 1993). Collagenase-1 has 

limited substrate specificity and Saarialho-Kere et al., (1994) demonstrated that 

stromelysin-2 is also expressed by the same cells that express collagenase-1. The 

broader specificity of stromelysin-2 may be important in degrading the non-collagenous 

components of the wound bed and it is probable that gelatinases also perform a similar 

function.

1.9 Summary

Integrins play an important role in regulating keratinocyte behaviour where they 

have been shown to modulate a number of diverse processes including migration, 

differentiation and protease production. Focal or extensive loss of integrins is a 

common feature of squamous cell carcinoma, but several studies have shown de novo 

expression of avp6 accompanied by loss of avpS in oral SCC. Interestingly, this 

switch between av heterodimers is also seen in oral and cutaneous wound healing. 

Expression of avg6 in situations where cells are migrating or invading suggests that it 

may be involved in regulating dynamic aspects of tissue turnover. This also raises the 

intriguing possibility that SCC is mis-regulated tissue remodelling.
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1.10 Hypothesis

De novo expression of avp6 by kératinocytes is seen in dynamic situations such 

as wound healing or squamous cell carcinoma. We hypothesise that avp6 integrin 

plays a central role in modulating keratinocyte behaviour and its expression leads to a 

migratory phenotye.

1.11 Aims and Objecives

The aim of this study was to investigate the role of av integrins in modulating 

keratinocyte behaviour, and in particular, to examine the effect of avp6 on epithelial 

cell behaviour which could indicate a role for avp6 in wounds and SCC in vivo.

Specific objectives were:

• to transfect P6 cDNA into a squamous cell carcinoma cell line and isolate a cell 

population with high, functional avp6 expression.

• to use this cell line and other characterised cell lines to determine the functional 

effects of altered av expression

• to determine the effects of high avp6 expression on the function of epithelial cells 

by investigating

MMP expression 

Growth 

Migration 

Invasion 

Differentiation

Tumour formation in nude mice

To determine the subcellular distribution of avp6 on 

kératinocytes in vitro
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Chapter 2 

MATERIALS AND METHODS

2.1 Cell Culture

All cells were grown in a humidified incubator in 5% CO2 at 37®C. Media and 

solutions are listed in Appendix 1.1.

2.1.1 Routine cell culture

The cells used were human oral kératinocytes. Cell lines used are shown in 

Table 2.1. Normal oral kératinocytes were obtained from healthy buccal mucosa, 

obtained as redundant tissue during third molar surgery.

2.1.1.1 Normal Keratinocyte Subculture

Normal oral kératinocytes were from buccal mucosa. Briefly, the connective 

tissues were removed by dissection and the epithelium was macerated and plated into 

flasks in KGM for 1 week after which the medium was changed (Laijava et al., 1993). 

Subconfluent or Just confluent cells were washed twice in PBS and harvested by 

trypsin/EDTA (0.25%w/v, 5mM). Once cells had detached, trypsinisation was stopped 

by adding lOmls of KGM, and the cells transferred to a centrifuge tube. The cells were 

centrifuged for 5 minutes at lOOOrpm, the supernatant discarded and the cells 

resuspended in KGM. Cells were seeded at 2x10^ cells per 75cm^ flask. Cultures were 

fed on alternate days with fresh KGM. Flasks were confluent in 10-14 days.
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2.1.1.2 Culture of Malignant Keratinocyte Cell Lines

Oral squamous cell carcinoma cell line H357 was a kind gift of Professor S. S. 

Prime (Prime et al., 1990). H357 has previously been shown to lack the av subunit 

(Sugiyama et al., 1993). A previous study 'repaired' H357 by transfection of av cDNA. 

The cell line V3 was one generated population, expressing high levels of av as the 

avp5 heterodimer (Jones et al., 1996). Cell line IC6 is a null transfectant, containing 

the expression plasmid and the drug resistance gene (neomycin) only. Cells were grown 

in KGM. G418 was added to the transfected cells during routine culture (2mg/ml) to 

ensure that only cells expressing the drug-resistance gene would survive. G418 was 

removed for experimental procedures. All cells were routinely mycoplasma tested.

Table 2.1 Cell lines used to study the role of av integrins in modulating 
keratinocyte behaviour

Cell line Description
H357 av negative oral keratinocyte cell line derived from a squamous cell 

carcinoma of the tongue (Prime et al., 1990)
H157 av positive oral keratinocyte cell line derived from a squamous cell 

carcinoma of the buccal mucosa (Prime et al., 1990)
V3 av positive transfectant of H357. Expresses predominantly avp5 and a low 

level of avP6 (Jones et al., 1996)
IC6 Null transfectant control for V3. Expresses neomycin drug-resistance gene 

only.
VB6 P6 infectant of V3. Expresses high levels of avp6
C l Null infectant control for V3. Expresses puromycin drug-resistance gene 

only.
V3B3 P3 infectant of V3. Expresses high levels of avP3

2.1.1.3 Freezing Down Cell Stocks

Following trypsinisation, cells were washed in complete medium and 

resuspended in medium containing 10% DMSO at 2x10^ cells per ml. One ml of cell
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suspension was placed in a Nunc cryotube in an insulated container and placed at -70°C 

for 8 hours, before transferring the vials to liquid nitrogen for storage.

2.1.1.4 Thawing cell stocks.

Vials of frozen stocks were thawed in a water bath at 37°C. As soon as the vial 

contents were thawed they were transferred to a centrifuge tube containing 10 mis of 

KGM and centrifuged for 3 minutes at 1200rpm. The supernatant was removed and the 

cells resuspended in 1ml of KGM and transferred to a 75cm^ flask containing fresh 

medium.

2.1.2 Transfection of Integrin Subunits into the Cell Lines

H357 is deficient in the av subunit (Sugiyama et al., 1993) and V3, an av 

transfectant of H357, expresses predominantly avp5 and a low level of avp6 (Jones et 

al., 1996). As such these cell lines provide a model to study the role of av integrins in 

human oral kératinocytes.

Full length p6 cDNA was kindly provided by Dr Dean Sheppard (University of 

California, San Fransisco). p6 cDNA was PCR-subcloned by Dr John Marshall (ICRF) 

from the plasmid pcDNAlneopb containing the complete cDNA sequence of the human 

P6 subunit, into Pcr2.1 (In Vitrogen) from where it was excised with EcoRl and ligated 

into the EcoRl site of the retroviral plasmid pBabe puro (Morgenstem et al., 1990). 

Maxiprep DNA of pBabe puro/p6 and also (as control) pBabe puro was transfected into 

the AM 12 amphotrophic retroviral packaging cell line, using the Promega Tfx 

transfection kit. Transfected cells were selected in puromycin (1.75pg/ml). Prior to 

harvesting retroviruses, puromycin-ffee growth medium was added to the AM12-puro 

and AM12-purop6 cells for 24 hours. To the retrovirus-containing medium,
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hexadimethrine bromide (Sigma, UK) was added (4pg/ml) and the mixture filtered 

through a 0.45|Lim sterile filter. Target cells (V3) were exposed to the filtered 

conditioned medium for 16-24 hours. The medium was replaced with fresh medium for 

24 hours before selecting cells in puromycin-containing medium (0.75pg/ml). Resistant 

cells expressing p6 (VB6 cells) were evident 3-4 days after puromycin selection. As 

controls, null-transfectants (Cl cells) were created by infection with the retroviral vector 

(pBabe puro) alone.

In order to create a further control for the V3 p6 infectants, V3 cells were also 

infected with pBabe puro/p3, using the same procedures described. This created a cell 

line (V3B3), which expressed the avp3 integrin.

2.1.3 Growth and selection of the avp6 and avps positive ceil populations

On reaching confluence in the 75cm^ flask, the cells were passaged and prepared 

for flow cytometry as described in section 2.2. One third of the cells were prepared for 

scanning, one third of the cells were frozen down and the remaining third subcultured. 

Positive populations were further passaged and then sorted using magnetic beads as 

described in Section 2.3. Stable expression of the integrin subunits was achieved after 2 

sorts. Cells were grown in KGM supplemented with puromycin (0.75|Lig/ml).

Expression of avp6 and avp3 was checked by flow cytometry every 8 weeks.

2.2 Flow cytometry

Subconfluent cells were washed twice with PBS and harvested by trypsin/EDTA 

(0.25% w/v, 5mM). The cells were washed once in PBS containing 10% PCS, 

incubated with primary antibody for 40 minutes at 4°C and washed twice with PBS. 

FITC-conjugated secondary antibody was applied to the cells for 30 minutes at 4®C (a
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complete list of antibodies used in this study is given in Appendix 2). The cells were 

then washed three times with PBS and resuspended in 0.5ml PBS with 10% PCS. 

Control samples were labelled with secondary antibodies alone. Labelled cells were 

scanned on a FACScaliber cytometer (Becton-Dickinson, UK) coimected to an Apple 

Macintosh computer fitted with Cellquest software, aquiring IxlO^^events. The same 

settings were used for each experiment.

2.3 Magnetic bead sorting of cells

p6 and p3-expressing cells were selected by two rounds of magnetic bead 

sorting (Dynabeads®, Dynal Ltd) using mouse anti-p6 antibody E7P6 and anti-pS 

antibody LM609. Following trypsinisation, cells were washed in serum free medium 

and incubated with primary antibody on ice for one hour. Cells were washed three 

times in serum free medium and incubated on ice with washed beads coated with goat 

anti-mouse antibody with frequent resuspension. After 30 minutes, cells and the coated 

beads were placed in a microcentrifuge tube in a magnetic field and the unlabelled cells 

removed by gentle pipetting. Selected cells were incubated in selection medium in 24 

well plates. Selected cells naturally shed the magnetic beads over a period of seven 

days.

2.4 Cell Growth Assays

2.4.1 Growth rate on tissue culture plastic

2x10^ cells were seeded into 6 well plates with a well diameter of 35mm and 

grown as described in section 2.1. Cells were fed every 3 days. Every 24 hours cells 

were removed from triplicate wells by trypsinisation with 1ml of trypsin/EDTA. Once 

the cells had detached, the trypsinisation was stopped with 1ml of KGM and the cells
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vigorously pipetted to disrupt any cellular aggregates. The wells were examined to 

ensure that no cells remained. Between 50-500pl of cell suspension (depending on cell 

confluency) was added to Isoton solution (Coulter Euro Diagnostics GMBH) the total 

volume to equal lOmls. The cells were counted on a Casy 1 counter (Sharfe System 

GmbH, Germany) and the total number of cells per well calculated. Readings were 

taken every day until day 10 and the experiment was repeated 4 times for each cell line.

2.4.2 Growth in suspension

6 well plates were coated with 2mls of 0.5% agar (Seakem, FMC Bioproducts, 

UK) in KGM. 15x10^ cells were suspended in 2ml of 0.3% agar in KGM with or 

without fibronectin (lOpg/ml) and plated onto the layer of soft agar in the dishes. The 

cells were fed twice weekly with 1ml KGM and also examined for the development cell 

colonies by microscopy.

2.5 Protein Analyses

2.5.1 Western blotting

2.5.1.1 Preparation of Cell Lysates

Confluent and subconfluent cells were washed twice in PBS. A further 10ml of 

PBS was added to each 175 cm  ̂flask and the cells scraped into a centrifuge tube. The 

cells were centrifuged for 3 minutes at 1200rpm and the supernatant decanted. The 

cells were resuspended in 1ml of NP40 lysis buffer containing protease inhibitors 

(Appendix 1.2) and placed on ice for 1 hour. Lysates were cleared by centrifugation for 

10 minutes at 4000rpm. Samples were stored at -70°C until use.
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2.5.1.2 Bicinchoninic acid (BCA) assay for Protein Content

This assay uses the colour conversion of a substrate dependent on protein 

concentration to quantitate protein content. Bicinchoninic acid, in the form of its water- 

soluble sodium salt, is a sensitive and highly specific reagent for the cuprous ion (Cu^^). 

Peptide bonds and four amino acids (cysteine, cystine, tryptophan and tyrosine) have 

been reported to be responsible for colour formation in protein samples assayed with 

BCA. The assay combines a biuret reaction, in which protein reduces Cu^  ̂in an 

alkaline medium to Cu with the further reaction of two molecules of BCA with one 

cuprous ion. This produces a purple reaction product. The commercially available BCA 

Kit (Pierce Warriner, UK) was used with BSA protein standard (2mg/ml). Standard 

wells were set up at protein concentrations of 50, 100, 200 and 400pg/ml. lOpl sample 

protein was added to 90pl of dHzO and 200pl of BCA solution A and B (1:50) and the 

plate gently mixed. The plate was incubated at room temperature for 30 minutes and 

read at OD 562nm on a spectrophotometer (SLT Labinstruments G.m.b.H, Austria) and 

the unknown protein concentration determined against the standard curve.

2.5.1.3 Polyacrylamide Gel Electrophoresis (PAGE) of Proteins

Vertical gel electrophoresis apparatus systems were used (Mighty Small II 

minigel apparatus, Pharmacia Biotech Inc, San Fransisco, USA) and 1.5mm thick gels 

assembled according to the manufacturer’s instructions. The resolving gel recipe is that 

of Laemmli (1970) and is described in Appendix 1.2. Immediately after pouring the gel 

was overlaid with water saturated butanol to eliminate the air interface (which inhibits 

acrylamide polymerisation). The gels were allowed to polymerise for about 30 minutes. 

The butanol was poured off and the gels rinsed with 0.5M Tris (pH 6.8) before the 

stacking gels were poured (Appendix 1.2). The stacking gels were allowed to
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polymerise for about 20 minutes before placing the gels into the electrophoresis tank 

and filling the chambers with SDS-running buffer (Appendix 1.2). Samples were 

diluted 1:1 in reducing or non-reducing buffer, boiled for 10 minutes, centrifuged at 

MOOOrpm for 3 minutes and loaded using capillary disposable pipette tips. Standard 

molecular weight markers (Amersham Life Science, UK) were prepared according to 

the manufacturer’s instructions. Samples were run at 90V through the stacking gel and 

then at 120 V for 2 hours. When the dye front reached the bottom of the plates the gel 

was either prepared for Western blotting or stained with Coomassie Blue or silver stain.

2.5.1.4 Coomassie Blue Staining of gels

Gels were immersed in Coomassie Blue (Appendix 1.2) and gently agitated for 

30 minutes at room temperature and then destained (Appendix 1.2) for 2-4 hours until 

the protein bands were clearly visible.

2.5.1.5 Silver staining of gels

Gels were fixed in destain solution for 60 minutes, rinsed with distilled water for 

10 minutes (x3), and silver stained using a silver stain kit (Sigma, UK) according to the 

manufacturers instructions.

2.5.1.6 Immnnoblotting

Western blotting is used to identify the molecular weights of antibody specific 

proteins from a total cell extract that is not radioactively labelled. Subconfluent and 

confluent cultures of cells were washed and and lysed in NP40 lysis buffer. Total 

protein was estimated using the BCA protein assay reagent (Pierce Warriner, UK).
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Samples containing equal protein were boiled in reducing buffer. Duplicate gels were 

run and silver stained (Amersham, UK) to check protein loading. Protein was 

electrotransferred to nitrocellulose membranes (Hybond-C, Amersham, UK) in transfer 

buffer (Appendix 1.2) under semi-dry conditions for 2 hours at 60mV. To prevent non

specific binding blots were blocked for 1 hour at room temperature in 5% skimmed milk 

powder (Marvel®, Cadbury, UK) in PBS 0.1% Tween. The membrane was incubated 

with primary antibody in 5% Marvel/ 0.1% Tween for 1 hour at room temperature.

After washing 5 times in PBS containing 0.1% Tween the membrane was incubated 

with horseradish peroxidase-conjugated anti-mouse secondary antibody diluted in 5% 

Marvel/0.1% Tween for 1 hour at room temperature. The membrane was washed as 

before. Blots were developed with the ECL Western blotting detection kit system 

(Amersham, UK) according to the manufacturers instructions, sealed in cling film and 

exposed to Kodak X Omat XAR-5 film for various lengths of time (1 second-5 minutes) 

for visualisation. Blots were also probed for P-actin as an additional loading control.

2.5.1.7 Reprobing Western Blots

In order to analyse a blot with several different antibodies a Western Blot 

Recycling Kit (Chemicon International Inc., UK) was used. Blots were immersed in 

stripping solution for 15 minutes and gently agitated. Blots were re-blocked with 5% 

Marvel/0.1% Tween for 1 hour at room temperature. Blots could be stripped up to 5 

times in such a fashion before reprobing.
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2.5.2 Immunoprécipitation

2.5.2.1 Extraction of Labelled Protein from Cells for Immunoprécipitation

Cells were surface-iodinated with using the lactoperoxidase method as 

described previously (Marshall et al., 1991). Cells were trypsinised and washed three 

times in cold PBSABC (PBS supplemented with ImM Ca^  ̂and 0.5mM 10̂

cells were suspended in 1ml of cold PBSABC to which was added 5pi sodium iodide 

(0.5mM in PBS), lOpl glucose (0.5M in PBS) and 5pi lactoperoxidase (180IU/ml). The 

cell suspension was allowed to come to room temperature before adding l.OmCi of 

and lOpl glucose oxidase (200IU/ml). The cells were incubated for 10 minutes with 

regular resuspension before adding lOpl of sodium iodide to quench the reaction. The 

cells were washed three times in cold PBSABC and lysed with NP40 lysis buffer 

supplemented with protease inhibitors. Lysates were cleared by centrifugation at 

13000g for 10 minutes.

2.5.2.2 Quantification of I Iodine Incorporation in Protein Lysates
by Trichloracetic Acid (TCA) Precipitation

Protein-incorporated was determined by trichloracetic acid precipitation of 

lysate samples. Duplicate 2pl samples of each lysate were placed onto pieces of glass 

filter paper (Whatmann GF/C 2.4cm) and allowed to air dry for 5 minutes. Each piece 

was placed into a separate universal and washed twice with ice-cold 10% (w/v) TCA in 

dHzO followed by two washes in 100% ice-cold ethanol. The filters were air-dried and 

the radioactivity determined in a gamma counter (1261 Multigamma: LKB Wallac, 

Bromma, Sweden). Lyaste samples were then diluted with lysis buffer to give equal 

TCA—precipitable per unit volume.
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2.5.2.S Immunoprécipitation.

Immunoprécipitation of radioactive lysates was carried out as described by 

Adams and Watt ( 1990). Aliquots of lysate containing equal TCA-precipitable 

per unit volume were incubated with antibodies TS2/16 (anti-pl: 6pg), L230 (anti- 

av:9pg) or P2W7 (anti-av: lOpg), followed by rabbit anti-mouse IgG (Dako Z259). 

Protein A-sepharose which binds directly to rabbit antibodies was added (50pl of 1:1 

suspension in lysis buffer) (Amersham Pharmacia Biotech, UK) and the samples 

tumbled overnight at 4°C. Following washing (appendix 1.2), the precipitated 

complexes were boiled for 10 minutes in non-reducing buffer (appendix 1. 2), and 

separated on 10% acrylamide gels. The gels were fixed and preserved for 

autoradiography by drying onto 3M Whatman filter paper in the Biorad gel drier 

(Biorad, UK) before exposure to film (Kodak XAR-5) at -80°C for up to 6 days.

2.5.3 MMP analysis

2.5.3.1 Preparation of ceil supernatants for MMP determination

24 well plates were coated with matrix proteins (collagen I and IV, lamininl and 

5, vitronectin, fibronectin and pronectin). A 200pl solution containing various amounts 

of matrix was added to the wells and incubated at 37^C for 1 hour. After incubation 

wells were washed with PBS and blocked with 1% BSA for 30 minutes. 10̂  cells were 

seeded into each well in medium free of serum, hydrocortisone and EGF (which affect 

MMP expression). For blocking experiments, cells were incubated with specific 

antibodies (as described in results) for 30 minutes at 4°C prior to plating and then plated 

in medium containing an excess of antibody. The additive free medium was changed 

after 6 hours (in blocking experiments, further antibody was added at this time for 15 

minutes and the cells washed twice with PBS). The media was sampled after a further
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24 hours at which time a cell count was carried out. The conditioned medium was 

cleared of cells and debris by centrifugation at 4000rpm for 10 minutes followed by 

protein estimation using the BCA protein assay reagent (Pierce Warriner, UK).

2.5.5.2 Zymography

MMP-9 and -2 were analysed using SDS-PAGE-substrate gels. Gelatin (bloom 

300, Sigma, UK) was added to a 12% acrylamide separating gel at a final concentration 

of 1 mg/ml. Samples containing equal protein were added to gel sample buffer 

(Appendix 1.2) and added to the gel without boiling. Following electrophoresis, the 

gels were washed twice in 2.5% Triton X-100 for 30 minutes at 37°C to remove the 

SDS. The gels were then incubated at 37°C overnight in developing buffer containing 

50mM Tris-HCl, 0.2M NaCl, 5Mm CaCh and 0.02% Triton X-100.

The gels were stained with Coomassie blue (see section 2.5.1.4). The sites of 

activity of gelatin-degrading enzymes were identified as clear bands against the blue 

background of the stained gel. Gels were dried between sheets of wet cellulose acetate 

(Gel Air dryer. Biorad). Images of the stained gels were captured under illumination 

using the UVP Imagestore 5000 (Ultra-Violet Products, UK) and exported for use on a 

PC using the Scion image program (Scion Corp; based on the Macintosh NTH Image 

program developed at the National Institutes of Health, USA). The area and intensity of 

the band were determined by densitometric analysis. Experiments were repeated a 

minimum of three times in triplicate.

2.5.3.3 ELISA

Commercial ELISA kits for MMP-9 -2, and -3, and TIMP-1 and -2 were 

purchased from Amersham Life Science, Buckinghamshire. The assay is based on a 2
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site ELISA ‘sandwich’ format. Cell supernatants were prepared as for zymography and 

concentrated x4 in microconcentrators (Intersep, UK). lOOpl of concentrated sample 

was added to each well and MMP or TIM? detected by a peroxidase labelled Fab’ 

antibody, the reaction stopped by addition of an acid solution and the resultant colour 

change read at 450nm on a spectrophotometer (SLT Labinstruments, G.m.b.H, Austria). 

Concentration was determined by interpolation from a standard curve using known 

concentrations of MMP standards as supplied.

2.6 Adhesion assays

2.6.1  ̂C r labelling

Cells passively take up radioactively labelled chromate and cell number can be 

determined by quantifying internalised ^^Cr (Brunner et al., 1976). Cells were 

trypsinised, washed and 5x10^ cells resuspended in 500)li1 of KGM. 1 lOpl of lOx PBS 

was added to a ImCi batch of ̂ ^Cr sodium chromate (Amersham International, 100- 

500Ci/mg Cr) in 1ml aqueous solution. lOOpl of this mix (lOOpCi) was added to the 

cells and then incubated for 45 minutes. The cells were resuspended every 10 minutes. 

After 45 minutes the cells were washed 3 times with serum free medium to remove 

unbound ^̂ Cr. The cells were stained with trypan blue and counted on a disposable 

haemocytometer.

2.6.2 Adhesion assays

The wells of 96 well plates (Falcon 3912; Becton Dickinson, UK) were coated 

with plasma fibronectin (Sigma, UK). A 50pl solution at a concentration of lOpg/ml 

was added to the wells and incubated at 37^C for 1 hour. After incubation, wells were 

washed with PBS then blocked with 0.1% BSA at 37°C for 30 minutes. Control wells
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were incubated with 0.1% BSA. Cells were chromium [̂ ^Cr] labelled then washed and 

resuspended in DMEM (1.5x10"^ cells per well). For blocking experiments, cells were 

incubated with specific antibodies (as described in results) for 10 minutes on ice in each 

well. The plates were incubated at 37®C for 1 hour. Non-adherent cells were removed 

by flooding the plates with PBS (supplemented with ImM CaCl: and O.SmM MgCb). 

After two washes, the 96 well plates were cut into individual wells and the radioactivity 

associated with each well was determined in a gamma counter (1261 Multigamma; LKB 

Wallac, Bromma, Sweden). The percent adhesion was expressed as the adherent cell 

radioactivity as a proportion of the total cell input. The non-specific adhesion 

(attachment to wells coated with BSA) was subtracted. Experiments were repeated on 

two occasions in quadruplicate, with similar results.

2.7 Migration assays

Haptotactic cell migration assays were performed using matrix coated 

polycarbonate filters (8pm pore size. Transwell®, Becton Dickinson, UK). The 

undersurface of the membrane was coated with fibronectin (lOpg/ml) in PBS for 1 hour 

at 37®C and blocked with migration buffer (0.5% BSA in 3 parts DMEM, Ipart HAMS 

F12) for 30 minutes at 37^C. For blocking experiments, cells were incubated with 

specific antibodies (as described in Results) for 30 minutes at 4°C prior to seeding.

Cells were plated in the upper chamber of triplicate wells, at a density of 1x10  ̂in lOOpl 

of migration buffer and incubated at 37°C for 3 hours. Following incubation, the 

Transwell inserts were fixed in 10% formalin, stained with 0.5% crystal violet in 10% 

ethanol and washed. The cells in the upper compartment were removed using a swab 

and the filter mounted and coverslipped in DPX. Cells which had migrated to the lower 

surface were counted by microscopy, using multiple random high powered fields (at
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least 6 fields per filter as determined by cumulative mean analysis). Between 200 and 

800 cells were routinely counted per filter. These experiments were repeated three times 

in triplicate.

2.8 Invasion assays

Cell invasion was measured using Matrigel coated polyethylene tetraphthallate 

(PET) membranes with 8pm pores (Becton-Dickinson, UK). Inserts were coated with 

growth factor reduced matrigel (40 or 14pg per well; 125 or 40 pg/cm^) and allowed to 

dry overnight. The wells were reconstituted for 30 minutes prior to use with 

DMEM:F12 containing 1 mg/ml BSA at 37°C. Cells approaching confluency were 

washed twice with PBS and the cells placed in serum-free medium for 12 hours. Cells 

were then trypsinised and seeded at 4x10̂  ̂per well in 500pl DMEM:F12 containing 

1 mg/ml BSA. Full keratinocyte growth medium was used as a chemoattractant in the 

lower chamber.

After incubating for 24 hours at 37°C the chambers were removed and fixed in 

10% formalin for 10 minutes at room temperature. The non-invasive cells in the upper 

compartment were removed using a swab and the inserts stained with 0.5% crystal 

violet (in 10% ethanol). The membranes were mounted in DPX, and cells which had 

invaded to the lower surface were counted by microscopy, using multiple random high 

powered fields (at least 6 fields per filter as determined by cumulative mean analysis).

2.9 Tumour formation in nude mice

H357, V3, the avg6-positive cell line VB6, the avp3-positive cell lineV3B3, 

and the Cl null infectants were used. Cells harvested from confluent 175cm^ flasks 

were washed twice in PBS and 5x10^ cells were resuspended in 200pl of serum-free
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medium. This suspension was inoculated subcutaneously into the flanks of 4-6 week 

old athymic nu/nu mice. Mice were monitored bi-weekly for tumour growth. If no 

tumours had formed in the animals after 5 months they were sacrificed.

2.10 RNA isolation and RT-PCR

2.10.1 RNA isolation

Total cellular RNA was extracted from the cell lines using a Micro RNA 

isolation Kit (Stratagene LTD, UK). Briefly, confluent cells in a 175cm^ flask were 

washed three times in PBS and lysed at room temperature with 2 ml of 4M guanidinium 

isothiocyanate containing 0.72% g-mercaptoethanol. 200pl of 2 M sodium acetate 

(pH4) was added to the cell lysate, followed by 2ml of water saturated phenol and 400pl 

of chloroform isoamyl alcohol. The mixture was microcentrifuged at 13,000 rpm for 5 

minutes. After this time two phases were clearly visible: RNA dissolved in the upper 

aqueous phase, and the lower phase contained DNA, protein and phenol. The upper 

phase was carefully transferred to a sterile micro-centrifuge tube, 2 ml of isopropanol 

was added and mixed by inversion, and the mixture microcentrifuged at 13,000 rpm for 

5 minutes. After this, a small white/brownish pellet of RNA was visible at the base of 

the tube. The supernatant was removed as completely as possible and the pellet washed 

twice with 75% ethanol and 25% DEPC-water. The wash was removed completely and 

the pellet air-dried for 5 minutes. The RNA pellet was re-suspended in lOOpl of DEPC- 

water.

The concentration and purity of RNA was determined by absorbance at 260 and 

280nm. A solution with an OD260 of 1.0 contains 40pgRNA/ml, and the ratio 

OD260/OD280 of~l .8 signifies a clean preparation. Contamination with protein or salt 

leads to a lower ratio.
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5ml of sample was added to 995ml DEPC-water and the concentration of RNA 

calculated from the following equation:

Final concentration o f  RN A  = Spectrophotom eter reading at 260nm  x  dilution factor x conversion factor

Where:- Dilution factor = 1000/5 = 200 

Conversion factor = 40pg/ml

2.10.2 Reverse transcription of RNA to make complimentary DNA (cDNA)

DNA complimentary to the total RNA was synthesised by the action of the 

reverse transcriptase enzyme MMLV (Maloney monkey leukaemia virus). Ipg of RNA 

was added to a microcentrifuge tube together with Ipl of lOx reverse transcriptase 

buffer (Stratagene, UK), 0.2ml of 25mM deoxyribonucleoside triphosphates 

(dNTPs)(Sigma, UK), 0.5ml RNAase block and 0.5ml of oligo dX primer. DEPC-water 

was added to a total volume of 9ml and the solution incubated for 10 minutes at 20°C to 

anneal oligo dX primer to the RNA. 1 pi of reverse transcriptase was added and the 

solution incubated at 37°C for one hour. Xhe enzyme was then inactivated by heating at 

90*̂ C for 5 minutes and the samples stored at -70°C until required.

2.10.3 Amplification of cDNA using the polymerase chain reaction (PCR).

For cDNA amplification, 1ml of RX products was incubated in the presence of 

50pmol of two specific primers (see below), 1.5mM MgCl:, 0.25mM of the four dNXPs 

(Sigma, UK) and 1 U of Xaq polymerase in reaction buffer (Genesys, UK). Xhe 

reaction mixture was subjected to one cycle of dénaturation at 96°C for 3 minutes 

followed by 35 cycles of an amplification sequence that consisted of denaturing for 35
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seconds at 94®C, annealing for 35 seconds at 55^C and extension for 90 seconds at 72°C 

(Burke and Danner, 1991).

The primer sequences for determination of fibronectin mRNA splicing were 

derived from those used by Burke and Danner (1991). The primers for the niA splicing 

variant of fibronectin mRNA yielding a 420-bp product if the alternative exon was 

spliced in, or a 151-bp product if the exon was spliced out were as follows:

GACTATTGAAGGCTTGCAGCC EDA (forward direction)

CTTGTGGGTGTGACCTGAGTG EDA (reverse direction)

2.10.4 Agarose gel electrophoresis

Following amplification, lOpl of PCR products were added to 2j l i 1 of DNA 

loading buffer (Appendix 1.3) and electrophoresed at 5V/cm for 1 hour through a 2% 

agarose gel (Appendix 1.3). The DNA was visualised by ethidium bromide staining and 

ultraviolet transillumination. Images of the gels were captured using the UVP 

Imagestore 5000 (Ultra-Violet Products, UK) and exported for use on a PC using the 

Scion image program (Scion Corp; based on the Macintosh NIH Image program 

developed at the National Institutes of Health, USA). The intensity of the band was 

determined by densitometric analysis.

2.11 Immunocytochemical staining

Cells were plated onto uncoated or fibronectin-coated (lOpg/ml) 13mm glass 

coverslips and incubated for 30 minutes or 1,2,4, 6,9,11,24 and 48 hours at 37®C in 

5% CO2. Cells were rinsed twice in PBSABC, fixed for 15 minutes in 10% formalin
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and blocked with PBS containing 0.1% heat-inactivated BSA for 60 minutes at room 

temperature. Cells were then permeabilised using 0.1% Triton X-100 for 10 minutes at 

room temperature. Primary antibodies (as described in Results) diluted in wash buffer 

(PBS containing 0.1% BSA with 0.1% azide) were added for 60 minutes at 4°C and the 

cells washed three times. Secondary antibody also diluted in wash buffer was added for 

45 minutes. Actin was visualised with rhodamine-conjugated phalloidin (Sigma, UK: 

5ng/ml). The coverslips were washed three times for 5 minutes in wash buffer and 

mounted with MOWIOL 4-88 (Novabiochem, UK: 0.1 g/ml of citifluor mounting 

medium) and viewed with a confocal laser scanning microscope (Zeiss LSM510: 

Welwyn Garden City, UK).

2.12 Statistical analysis

Data are expressed as the mean +/- standard deviation (sd) of a given number of 

observations. Where appropriate, one way analysis of variance (ANOVA) was used to 

compare multiple groups. Comparisons between groups were by Tukeys Pairwise 

Comparison (set at 5% significance). A p  value of < 0.05 was considered to be 

significant.
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Chapter 3

REGULATION OF MATRIX METALLOPROTEINASE (MMP) 
PRODUCTION BY aV INTEGRINS IN ORAL CARCINOMA CELL

LINES.

3.1 Introduction

The av integrin subunit associates with multiple p partners including 

pi, p3, P5, p6 and P8 (Hynes, 1992). av heterodimers have been shown to modulate 

many cell processes including migration, proliferation, differentiation, apoptosis and 

protease production (reviewed by Felding-Habermann and Cheresh, 1993; Gladson and 

Cheresh, 1994; Marshall and Hart, 1996). Cells may express more than one av integrin 

at any given time, and several cell types express as many as three different heterodimers 

(Marshall and Hart, 1996).

a v  integrins are often expressed in dynamic situations where cells are migrating

or tissue being turned over, such as during development, wound healing and the 

invasion of malignant tumours. Epidermis and oral epithelium show weak expression of 

avps (Hertle et al., 1991; Jones et al., 1993,1997; Pasqualini et al., 1993) and, under 

normal conditions, avp6 expression is not detectable (Breuss et al., 1995).

Normal kératinocytes in culture express avps and avp6 (Adams and Watt 1991; 

Zambruno et al., 1995; Dean Sheppard, personal communication) but do not normally 

express avpl or avp3 (Adams and Watt, 1991).

Integrin expression is altered in many tumours (Plantefaber and Hynes, 1989; 

Giancotti and Mainiero, 1994; Juliano 1994; Nip et al., 1995). However, no specific 

integrin has been implicated in transformation to the malignant phenotype. A not unusual
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finding is that tumours lose expression of integrins thought to maintain stable adhesion and 

tissue organisation, but retain or upregulate those integrins involved in cell migration 

(Giancotti and Mainiero, 1994). Studies have reported upregulation or de novo 

expression of the av subunit in several carcinomas including renal (Korhonen et al., 

1992) and breast (Pignatelli et al., 1992), but the corresponding p subunit has not been 

identified. Expression of avp3 has been consistently linked to malignant behaviour in 

melanoma (Albelda et al., 1990; Felding-Habermann et al., 1992). Oral SCCs show de 

novo expression of avp6 with a reduction in avp5 expression (Breuss et al., 1995; 

Jones et al., 1997). A 'switch’ from avpS to avp6 expression by kératinocytes in 

cutaneous and oral mucosal wounds has also been demonstrated in several studies 

(Breuss et al., 1995; Haapasalmi et al., 1996; Clark et al., 1996; Laijava et al., 1996).

Neoplastic kératinocytes in vitro usually express MMP-2 and -9 (Lyons et al., 

1991; Salo et al., 1991). MMP-2 and MMP-9 have also been demonstrated in oral SCO 

in vivo, although it has been suggested that in these instances, MMP-2 is derived from 

the tumour stroma rather than from tumour cells themselves (Pyke et al., 1992; Charous 

et al., 1997; Yoshizaki et al., 1997; Sutinen et al., 1998). Similar expression has also 

been seen in the stromal tissue of a wound bed (Salo et al., 1994). Juarez et al. (1993) 

speculated that MMP-9 is a key factor in determining the invasive phenotype of at least 

a subpopulation of oral carcinoma.

Several integrins have been shown to modulate MMP production upon adhesion 

to their ligands. Werb and colleagues found that signal transduction through a5pi 

induced MMP-1 and -3 gene expression in rabbit synovial fibroblasts (Werb et al.,

1989; Tremble et al., 1994,1995). Huhtala et al. (1995) reported that when rabbit 

synovial fibroblasts bound to fibronectin via a5pi they upregulated MMP-9, while 

adhering via a4pi decreased MMP-9 expression. In melanoma cells avp3 has been
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shown to modulate MMP-2 production and bind the active form of this enzyme on the 

cell surface (Seftor et al., 1993; Brooks et al 1996). Laijava et al. (1993) found that 

MMP-9 expression in kératinocytes could be stimulated using antibodies against a3 and 

pi subunits but not by antibodies against a2. MMP-9 expression has also been reported 

to be induced in colon carcinoma cells through avp6 (Niu et al., 1998).

The aims of the experiments in this chapter were to examine the effect of av 

integrins on matrix metalloproteinase expression.

3.2 Cell lines

H357 is a cell line derived from a squamous cell carcinoma of the tongue and it

lacks the av subunit (Prime et al., 1990; Sugiyama et al; 1993). V3 has been transfected 

with the missing av subunit (and a neomycin resistance gene) and expresses 

predominantly avpS (and a low level of avp6)(Jones et al., 1996). IC6 is a null 

transfectant containing the neomycin resistance gene only.

3.3 Effect of av transfection on other integrin levels

We used flow cytometry to confirm that the selection process (which originally 

isolated the V3 population) had not changed the expression profile of other integrins 

expressed by the cells. Flow cytometry was carried out to see if there were differences 

in the expression levels of the major keratinocyte integrins. Figure 3.1 shows the flow 

cytometry profiles for H357, V3 and IC6 for the integrin subunits a l ,  a2, a3, a4, a5, 

a6, av, p i and p4 and the integrins avp5, avp6. The mean fluorescence of each cell 

line stained with an anti-integrin antibody was recorded by the FACScaliber cytometer 

and the figures used to compare the differing amounts of integrin on the surface of the 

cell lines. Figure 3.2 shows the mean fluorescence value for integrin expression of the
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cell lines. The graph shows the result of a representative experiment. The introduction 

of av into the cells resulted in upregulation of av integrins, but did not result in any 

consistent alteration of other integrins between parental line and transfectants 

(confirming the findings of Jones et al., 1996). FACS also demonstrated that the only 

fibronectin receptors expressed on the cells are a5pl and (in the case of V3 cells) avP6.

3.4 MMP and TIMP expression

3.4.1 MMP and TIMP expression on uncoated tissue culture plastic

In order to determine the sensitivity of the technique, control zymograms were 

set up running samples of known concentration of MMP-9 and -2. This confirmed that 

increasing MMP concentration resulted in an increase in zymographic activity (Fig 3.3). 

Zymograms proved extremely sensitive and detected MMP activity at concentrations as 

low as 10 picograms of MMP per millilitre supernatant.

Cell supernatants were collected from cells grown for 24 hours on uncoated 

tissue culture plastic in medium free of serum, EGF and hydrocortisone (which affect 

MMP production), and the cells were counted. Over 24 hours no significant differences 

were observed in cell numbers between the cell lines. Later studies revealed no 

differences in proliferation rates between the cell lines (see Chapter 6). Zymography 

revealed that H357, V3 and IC6 all produced MMP-9 and -2  and that the enzymes were 

present predominantly in proenzyme form (Mol Wts 92kDa and 72kDa 

respectively)(Fig 3.4a). The av positive V3 cells produced significantly increased 

amounts of MMP-9 and -2  compared to the H357 parentals and IC6 null transfectants 

(Fig 3.4b, c). These findings were confirmed by ELISA (Fig 3.5a). Compared to 

zymography the ELISA assay proved relatively insensitive (>100/?g/ml) which required 

concentration of cell supernatants (by a factor of 4-7).
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The expression of MMP-3 and TIMP -1 and -2  on uncoated tissue culture 

plastic was also examined by ELISA. H357, V3 and IC6 all produced MMP-3 and 

TIMP-1 and -2. No consistent differences in MMP-3 or TIMP-1 and -2  expression 

were found between the cell lines (Fig 3.5b).

3.4.2 MMP-9 and -2 expression on matrix proteins

Cell supernatants were collected from cells grown for 24 hours on tissue culture 

plastic which had been coated with a variety of matrix proteins (including collagen I and 

IV, laminin 1 and 5, vitronectin, fibronectin and pronectin) and the cells were counted. 

No consistent differences in cell numbers between cell lines were observed.

Zymography showed that the H357 and IC6 av negative cells showed little or no 

tendency to upregulate MMP-9 or -2  on any matrix protein (Fig 3.6a, b). Interestingly, 

growth of the cells on collagen I and IV produced increased amounts of activated MMP- 

2 (shown in Fig 3.6 a and b). The av positive V3 cells however, showed upregulation 

of MMP-9 and -2 on several matrix proteins (Fig 3.6c). This upregulation was 

particularly marked on fibronectin and on pronectin which is a synthetic peptide 

consisting of fibronectin-type RGD repeats (Fig 3.6c). H I57, a cell line derived from 

an oral squamous cell carcinoma which has high av expression (Sugiyama et al., 1993) 

also showed upregulation of MMP-9 and -2  on fibronectin (Fig 3.6d).

3.4.3 MMP expression on fibronectin

Multiple repeats of cell growth of fibronectin confirmed that the av positive V3 

cell upregulated MMP-9 and -2  on fibronectin but the av negative H357 and IC6 cells 

did not. Figure 3.7a compares the expression of MMP-9 and -2  on plastic and 

fibronectin by H357, V3 and IC6 cells and demonstrates marked upregulation of MMP-
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9 and -2  by the V3 cells. Figures 3.7 b, c, and d and Table 3.1 show the results of 

densitometric analysis of zymograms from multiple experiments. Significant 

upregulation of MMP-9 and -2 was present in the V3 cells but no upregulation was seen 

in the av negative H357 and IC6 cell lines. The degree of MMP-9 upregulation on 

fibronectin in the V3 cells fell consistently between 50-100% (p<0.001). The degree of 

MMP-2 upregulation was far more variable ranging from 10-700%. However, over the 

large number of experiments carried out the degree of MMP-2 upregulation was also 

statistically significant (p=0.024){¥ig 3.7d).

Table 3.1
Results of zymography for cell lines H357, V3 and IC6 grown on uncoated and 
fibronectin-coated tissue culture plastic. Multiple repeats were carried out (n) and the 
gels quantified by densitometry. Results for each cell line are expressed relative to 
uncoated plastic (=100) Values are means +/- sd. Significant changes are shown in bold 
italic.

MMP-9 MMP-2

Uncoated Fib

357 100±7

n=6

90±20

p=0.128

V3 100±8

n=9

192±48

p=<0,001

IC6 100±9

n=4

87±22

p=0.212

Uncoated Fib

357 100±21

n=6

76±26

p=0.06

V3 lOOilO

n=9

207dbl74

p=0,024

IC6 100±32

n=4

87±48

p=0.58

ELISA for MMP-9 and -2  confirmed these results (Fig 3.8a, b). The degree of 

MMP-9 upregulation in the V3 cells was consistent but the degree of MMP-2 

upregulation was variable. The ELISA assay once again proved relatively insensitive 

requiring concentration of cell supernatants.
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ELISA for TIMP-1 and -2 showed that the cell lines tended to upregulate 

production on fibronectin (Fig 3,8c, d). Due to the relative insensitivity of the technique 

and the cost of the assay, few experiments of this type were carried out and no firm 

conclusions can be drawn from this data.

3.4.4 MMP expression following blockade with anti-integrin antibodies

Cells were incubated with anti-integrin antibodies (including anti-av (L230), 

anti-avps (P1F6), anti-aSpi (P1D6), and anti-pl (P5D2)) for 1 hour prior to plating on 

fibronectin- coated plastic. Cells remained in additive-free medium for 24 hours in the 

presence of excess antibody before supernatant sampling and cell counting.

No differences were observed in cell numbers between cell lines nor did antibody 

treatment appear to affect cell numbers over the 24 hour period of the experiment. 

Zymography revealed that MMP-9 upregulation in the V3 av positive cells could only 

be blocked with the pan av blocking antibody L230 (which blocks all av integrins) 

{p=<0.001){¥'\% 3.9a). Antibodies against avp5, aSpi or pi had no effect on MMP-9 

expression (Fig 3.9b, c; Fig 3.10a; Table 3.2). L230 only caused a significant 

downregulation of MMP-2 in the V3 cells in one of three experiments and was not 

significant overall. No other antibody significantly downregulated MMP-2 production 

in the V3 cells (Fig 3.9a, b, c; Fig 3.11a; Table 3.2). No antibody significantly 

downregulated MMP-9 or -2 production in the H357 and IC6 av negative cells (Fig 

3.9d, e; Fig 3.10b, c; Fig 3.11b, c; Table 3.2).
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Table 3.2

Results of zymography for MMP-9 and MMP-2. H357, V3 or IC6 cells were grown on 
fibronectin in the presence of blocking antibodies agains av (L230), avp5 (P1F6), 
aSpi (P1D6) and pi (P5D2). Culture supernatants were analysed by zymography. 
Multiple repeats were carried out (n) and the gels quantified by densitometry. Results 
for each cell line are expressed relative to enzyme production on fibronectin (=100). 
Values are means +/- sd. Significant downregulation (p<0.05) is shown in bold italic. 
The results are shown graphically in Figure 3.10 and 3.11.

MMP-9

Fib L230 Fib P1F6 Fib P1D6 Fib P5D2

H357 100±13 121±37 100±24 113±33 100±14 99±30 100±43 111132

n=15 p=0.520 n=10 p=0.343 n=9 p=0.921 n=6 p=0.615

V3 100±17 54±14 100±22 91±39 100±40 99±59 100±23 108±42

n=9 p=<0.001 n=9 p=0.570 n=9 p=0.758 n=6 p=0.706

IC6 100±19 90±10 100±17 120±23 100±12 112±23 100120 97120

n=8 p=0.416 n=8 p=0. 068 n=8 p=0.154 n=8 p=0.714

MMP-2

Fib L230 Fib P1F6 Fib P1D6 Fib P5D2

H357 100120 108143 100128 122136 100111 141142 100138 93125

n=15 p=0.548 n=10 p=0.140 n=9 p=0.231 n=6 p=0.693

V3 100113 87126 100122 145177 100132 99151 100116 101121

n=9 p=0.199 n=9 p=0.103 n=13 p=0.928 n=6 p=0.916

IC6 100111 98114 100127 102129 100122 128113 100116 113116

n=8 p=0.829 n=8 p=0.868 n=8 p=0.007 n=8 p=0.140
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3.5 Results summary

Transfection of av into V3 cells where it is expressed predominantly as avp5 (with 

a low level of avP6) results in:

1) Increased basal expression of MMP-9 and -2 on uncoated tissue culture plastic 

(Figure 3.4).

2) Consistent upregulation of MMP-9 and more variable upregulation of MMP-2 when 

V3 cells are plated on fibronectin (Figures 3.6, 3.7).

3) MMP-9 upregulation by V3 cells on fibronectin can be blocked with a pan av 

blocking antibody (which blocks all av integrins) but not by antibodies against the 

avps dimer (Figures 3.9, 3.10).

3.6 Discussion

Integrins have been shown to modulate MMP expression in several cell systems. 

Seftor et al. (1993) demonstrated that avg3 can modulate MMP-2 expression in 

malignant melanomas, and aSpl and a4pi have been shown to regulate 

metalloproteinase gene expression in rabbit synovial fibroblasts adhering to fibronectin 

(Huhtala et al., 1995).

Transfection of the av subunit into the H357 cell line led to expression of avp5 

(and a low level of avp6), an upregulation of basal MMP-9 and -2 production on 

uncoated tissue culture plastic and the capacity to consistently upregulate MMP-9 on 

fibronectin in an av-dependent manner. V3 cells only express avp5 and avp6 and no 

other av integrin (see Chapter 4), and while MMP-9 upregulation on fibronectin could 

be blocked with a pan av blocking antibody L230 (which blocks all av integrins), 

antibodies directed against the avp5 dimer or a5pl (which is the only other fibronectin
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receptor expressed by the cells) had no effect. This suggests that the MMP-9 

upregulation on fibronectin is specifically modulated through the low level of avP6 

expressed on the cells.

The degree of MMP-2 upregulation on fibronectin by the V3 cells was variable 

(but significant). This upregulation was only blocked by the av-blocking antibody 

L230 in one of three experiments and was not significant overall. MMP-2 is 

constitutively expressed by many cell types and appears not to be as tightly regulated as 

the inducible MMP-9 (Salo et al., 1991). A similar observation has been made in this 

system with MMP-2 expression more variable than MMP-9. MMP-9 and -2 are 

transcribed through different genes (Huhtala et al., 1991) and it is not known whether a 

common integrin-ligand signalling pathway may regulate transcription of both MMP-9 

and MMP-2 in these cells.

It was interesting that growth of the cells on collagen I and IV produced 

increased amounts of activated MMP-2. It was felt that the activation was probably 

occurring through a cell membrane associated MMP (MT-IMMP) and the presence of 

this MMP on the cell surface was later confirmed by flow cytometry (data not shown).

Upregulation of MMP-9 and -2  per se does not necessarily indicate functional 

significance. In order for MMPs to initiate tissue destruction in vivo, an excess of active 

enzyme must be present. TIMPs tightly regulate MMP activity by forming high 

affinity, non-covalent, essentially irreversible 1:1 complexes with the active forms of 

the proteinases (some of the TIMPs can also interact with the pro-forms of MMPs). 

MMPs are not necessarily overexpressed in tumours since a downregulation of TIMP 

expression would lead to the same net effect, and overexpression of TIMP in several 

tumours has been shown to inhibit tumour growth and metastasis (Imren et al., 1996). 

TIMP-1 and -2 are produced at higher levels in the cell lines examined than MMP-2 or
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-9. It is possible that the cell lines produce other MMPs (only MMP-2, -3 and -9  were 

examined in this system and were all present) and that the total Molar concentration of 

all MMPs would be greater than that of the TIMPs allowing net activity. It must also be 

remembered that MMPs are secreted in proenzyme form and must be activated. Under 

serum-free conditions the MMP-9 and -2  produced by the cell lines is in pro-enzyme 

form. The effect of activating the enzyme on cell migration is investigated in Chapter 

6. At present it seems unlikely that a single specific MMP has a leading role in creating 

a malignant phenotype since MMP expression varies between different types of tumour 

and even between tumours of the same type.

This data suggests a possible role for the integrin avp6 in modulating MMP-9 

production (and possibly MMP-2 production) in kératinocytes.
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Figure 3.1

Flow cytometry profiles of parental line H357, av positive transfectant V3 and null 
transfectant IC6 with anti-integrin antibodies.
The grey line shows the stained cell population and the shaded profile represents the 
negative control (secondary antibody only).

Antibody TS2/7 recognises the a l  subunit; P1E6 recognises the o2 subunit; P1B5 
recognises the a3 subunit; 7.2 recognises the a4 subunit; P1D6 recognises the a5 
subunit; GOH3 recognises the a6 subunit; L230 recognises the av subunit; TS2/16 
recognises the pi subunit; 3E1 recognises the p4 subunit; P1F6 recognises the avp5 
integrin; E7P6 recognises the avp6 integrin.
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Figure 3.2

Geometric mean fluorescence (arbitary units, log scale) as measured by flow cytometry 
of cells labelled with anti-integrin antibodies. Figure shows a representative 
experiment. Y axis scale differs between graphs.

Antibody TS2/7 recognises the a l  subunit; P1E6 recognises the a2 subunit; P1B5 
recognises the a3 subunit; 7.2 recognises the a4 subunit; P1D6 recognises the a5 
subunit; GOH3 recognises the a6 subunit; L230 recognises the av subunit; TS2/16 
recognises the pi subunit; 3E1 recognises the p4 subunit; P1F6 recognises the avp5 
integrin; E7P6 recognises the avP6 integrin.
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Figure 3.3

Standard curves of a) MMP-9 and b) MMP-2 to determine sensitivity and to ensure that 

increasing MMP concentration is reflected by a subsequent increase in zymographic 

activity. The control sample was cell supernatant from a squamous cell carcinoma cell 

line which had been determined previously to express high levels of MMP-9 and -2.
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Figure 3.4

Zymographic analysis of MMP expression on uncoated tissue culture plastic. Cells
were grown for 24 hours on uncoated tissue culture plastic before supernatant sampling
and cell counting.
For all zymograms equal protein was loaded as determined by BCA protein assay.

a) Zymogram comparing MMP-9 and MMP-2 expression by H357, V3 and IC6 cells. 
The control sample was cell supernatant from a squamous cell carcinoma cell line 
previously shown to produce high levels of MMP-9 and -2.

b) Zymogram comparing MMP-9 and MMP-2 expression on uncoated tissue culture 
plastic of H357 and V3 cells.

c) Densitometric analysis of zymograms showing MMP-9 and MMP-2 expression by 
H357, V3 and IC6 cell lines on uncoated tissue culture plastic. Results expressed 
relative to H357 MMP-9 expression (=100). Figure shows a representative 
experiment performed in triplicate.
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Figure 3.5

ELISA analysis of MMP and TIMP expression on uncoated tissue culture plastic. Y
axis scale differs between graphs.

a) ELISA comparing expression of MMP-2, -3 and -9  by H357, V3 and IC6 cell lines 
on uncoated tissue culture plastic. One representative experiment carried out in 
duplicate. Error bars represent standard deviation.

b) ELISA comparing expression of TIMP-1 and -2  by H357, V3 and IC6 cell lines on 
uncoated tissue culture plastic. Error bars represent the standard deviation of 2 
experiments.



Figure 3.5 

a)

| 5

# :  
1  2
W) 1 o.

0 OsL
H357

MMP-9 

MMP-2 

I I MMP-3

V3 106

b)

800

« 600 
I
-  400

a
a

200

H357 V3 IC6

TIMP-1

TIMP-2

115



116



Figure 3.6

Zymographic analysis of MMP expression on matrix-coated tissue culture plastic. Cells 
were grown for 24 hours on matrix-coated tissue culture plastic before supernatant 
sampling. For each zymogram equal protein was loaded as determined by BCA protein 
assay.

a) Zymogram comparing MMP-9 and MMP-2 expression by H357 cells on matrix 
proteins

b) Zymogram comparing MMP-9 and MMP-2 expression by IC6 cells on matrix 
proteins

c) Zymogram comparing MMP-9 and MMP-2 expression by V3 cells on matrix 
proteins

d) Zymogram comparing MMP-9 and MMP-2 expression by another strongly av 
positive squamous cell carcinoma cell line HI 57.

Une, uncoated plastic; Col I, collagen 1; Col IV, collagen IV, Vn, vitronectin; Fn, 
fibronectin; Pn, pronectin; Ln 1, laminin 1; Ln 5, laminin 5.
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Figure 3.7

Zymographic analysis of MMP expression on uncoated and fïbronectin-coated tissue 
culture plastic. Cells were grown for 24 hours on uncoated or fibronectin-coated tissue 
culture plastic before supernatant sampling. For each zymogram equal protein was 
loaded as determined by BOA protein assay.

a) Zymogram comparing expression of MMP-9 and -2 on plastic and fibronectin by 
H357, V3andIC6 cell lines.

b) Densitometric scans of multiple experiments (n=9) comparing expression of MMP-9 
(blue filled histogram) and MMP-2 (black filled histogram) on uncoated and 
fibronectin-coated tissue culture plastic. Results shown relative to MMP expression 
on plastic (=100).

c) Densitometric scans of multiple experiments (n=6) comparing expression of MMP-9 
(blue filled histogram) or M f^ -2  (black filled histogram) on fibronectin by H357 
cells. Results shown relative to MMP expression on plastic (=100).

d) Densitometric scans of multiple experiments (n=4) comparing expression of MMP-9 
(blue filled histogram) or MMP-2 (black filled histogram) on fibronectin by IC6 
cells. Results shown relative to MMP expression on plastic (=100).
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Figure 3.8

ELISA analysis of MMP and TIMP expression on uncoated and fibronectin-coated 
tissue culture plastic. Cells were grown for 24 hours on uncoated or fibronectin-coated 
tissue culture plastic before supernatant sampling and cell counting. Results are 
expressed as picograms /ml/1000 cells.
Error bars represent sd. Y axis scale differs between graphs.

a) ELISA comparing MMP-9 expression on plastic and fibronectin of H357, V3 and 
IC6 cell lines (n=2).

b) ELISA comparing MMP-2 expression on plastic and fibronectin of H357, V3 and 
IC6 cell lines (n=2).

c) ELISA comparing TIMP-1 expression on plastic and fibronectin of H357, V3 and 
IC6 cell lines (n=2).

d) ) ELISA comparing TIMP-2 expression on plastic and fibronectin of H357, V3 and 
IC6 cell lines (n=2).
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Figure 3.9

Zymographic analysis of MMP expression on fïbronectin-coated tissue culture plastic 
and following blockade with anti-integrin antibodies. Cells were grown for 24 hours on 
fïbronectin-coated tissue culture plastic in the presence of blocking antibodies before 
supernatant sampling and cell counting.

a) Zymogram showing MMP-9 and -2 expression by V3 cells on fïbronectin-coated 
tissue culture plastic and following blockade with anti-av antibody L230.

b) Zymogram showing MMP-9 and -2 expression by V3 cells on fibronectin-coated 
tissue culture plastic and following blockade with anti-avp5 antibody P1F6.

c) Zymogram showing MMP-9 and -2 expression by V3 cells on fïbronectin-coated 
tissue culture plastic and following blockade with anti-a5 pi antibody P1D6.

d) Zymogram showing MMP-9 and -2 expression by H357 cells on fïbronectin-coated 
tissue culture plastic and following blockade with anti-av antibody L230.

e) Zymogram showing MMP-9 and -2 expression by IC6 cells on fibronectin -coated 
tissue culture plastic and following blockade with anti-av antibody L230.

Upregulation of MMP-9 was blocked in the V3 cells by the pan-av blocking antibody 
L230 (a).
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Figure 3.10

Densitometric analysis of multiple zymograms showing MMP-9 expression by cell lines 
on fibronectin and following blockade with anti-integrin antibodies. Results for all cell 
lines expressed relative to MMP expression on fibronectin (=100). Error bars represent 
sd. Data is shown in Table 3.2.

a) H357

b) V3

c) IC6

L230, anti-av; P1F6, anti-avpS; P1D6, anti-aSpi; P5D2, anti-pl.
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Figure 3.11

Densitometric analysis of multiple zymograms showing MMP-2 expression by cell lines 
on fibronectin and following blockade with anti-integrin antibodies. Results for all cell 
lines expressed relative to MMP expression on fibronectin (=100). Error bars represent 
sd. Data is shown in Table 3.2.

a) H357

b) V3

c) IC6

L230, anti-av; P1F6, anti-avp5; P1D6, anti-aSpl; P5D2, anti-pi.
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Chapter 4

RETROVIRAL INFECTION OF p6 INTO V3 CELLS

4.1 Introduction

Expression of the avp6 fibronectin receptor is expressed at very low or 

undetectable levels in adult tissues (with the exception of secretory phase endometrium) 

(Breuss et a l, 1995). In contrast to this, avp6 expression is dramatically increased 

during development, following injury or inflammation, and in a variety of epithelial 

neoplasms (Breuss et al., 1995, Agrez et al., 1996; Jones at al., 1997). Kératinocytes 

show de novo expression of avp6 in both oral and skin wounds (Breuss et al., 1995; 

Haapasalmi et al., 1996; Clark et al., 1996), and consistently high expression of avP6 

has been found in oral squamous cell carcinomas (Breuss et al., 1995; Jones et al., 

1997,).

It is not apparent how avp6 expression is switched on in the pathological and 

physiological conditions described. Several studies have suggested that avp6 

expression in vitro, can be induced by cytokines such as EOF or TGF-p (Sheppard et 

al., 1992; Zambruno et al., 1995; Wang et al., 1996) although antibodies against these 

cytokines do not prevent avp6 expression in vitro (Dean Sheppard, personal 

communication).

The results from Chapter 3 suggested that MMP-9 (and possibly MMP-2) 

expression in the V3 cells was modulated through avp6 expression. V3 cells, however, 

only express low levels of avp6 and, in order to determine the effect of avp6 

expression on MMP production, an upregulation of avp6 in the V3 cells was required.
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4.2 Induction of avp6 expression in V3 cells

Initially an attempt was made to induce higher expression of avp6 in the V3 

cells. Figure 4.1 shows the flow cytometry profiles for avP6 in V3 cells following 

growth on the avp6 ligands fibronectin and tenascin, and following incubation of the 

cells with peritumour- fibroblast conditioned media. No upregulation of avP6 

expression was seen. At this time it was felt that the level of avp6 expression in the V3 

cells was stable and non-inducible.

4.3 Retroviral infection of p6 cDNA into V3 cells

An alternative approach was to create a cell line with high expression of avp6 

by transfecting p6 cDNA into the V3 cells. Full-length P6 cDNA was ligated into the 

EcoRl site of the retroviral plasmid pBabe puro by Dr John Marshall (ICRF) 

(Morgenstem et al., 1990). pBabe puro/p6 DNA and also (as control) pBabe puro 

DNA was transfected into the AM 12 amphotrophic retroviral packaging cell line. 

Transfected cells were selected in puromycin (1.75pg/ml). Flow cytometry confirmed 

surface expression of avp6 in the AM 12 cells. Retroviruses were harvested from the 

AM12-puro and AM12-purop6 cells following growth for 24 hours in puromycin-free 

medium. To the retrovirus-containing medium, hexadimethrine bromide (Sigma) was 

added (4pg/ml). V3 cells which were 50-70% confluent were exposed to the 

conditioned medium for 16-24 hours. The medium was replaced with fresh medium for 

24 hours before selecting cells in puromycin-containing medium (0.75|Lig/ml). Resistant 

cells expressing P6 were evident 3-4 days after puromycin selection (A1 cells). As 

controls, null-transfectants were created by infection with the retroviral vector (pBabe 

puro) alone (Cl cells).
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Figure 4.2 Schematic representation of cDNA transfections

H357

av negative

av

V3

express predominantly avpS

P6 cDNA

VB6

express predominantly avP6

4.3.1 Selection of avp6-positive cells

Analysis by flow cytometry of the A1 infectants showed that avp6 was present 

at low levels in the cells but there had been some increase in expression (Fig 4.3). 

Fluorescent microscopy also confirmed that avp6-positive cells were more frequent and 

brighter in A1 cells compared to the V3 parentals (data not shown).

A1 cells were amplified and underwent two rounds of magnetic bead sorting for 

avp6-positive cells. Each sort showed progressively higher avp6 expression.

Following sorting the total yield of selected cells was low (<0.1 %) which necessitated 

growing cells in single wells of 24-well plates until confluent, before transfer into T25 

tissue culture flasks. From the initial sort, four out of six flasks showed an increase in 

avp6 expression (Figure 4.3). Sorts 1 and 6, and 2 and 3 were combined and these lines 

named A2 and A3 respectively. Cell lines A2 and A3 were amplified and sorted by
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magnetic beads once more. The six sorts carried out all showed similarly high avp6 

expression (Fig 4.4). These cells were combined and named VB6. The null 

transfectants were named Cl.

4.4 Effect of p6 infection on other integrin levels

Flow cytometry was used to confirm that the selection process used to isolate the 

VB6 population had not changed the expression profile of other integrins expressed by 

the cells. Flow cytometry was carried out to see if there were differences in the 

expression levels of the major keratinocyte integrins. Figure 4.5 shows the flow 

cytometry profiles for H357, V3 and VB6 and Cl cell lines for the integrin subunits a l ,  

a2, a3, a4, a5, a6, av, p i and p4 and integrins avp5, avp6. The mean fluorescence 

of each cell line stained with an anti-integrin antibody was recorded by the FACScaliber 

cytometer and these figures used to compare the differing amounts of integrin on the 

surface of the cell lines. Figure 4.6 shows the mean fluorescence values for integrin 

expression by the cell lines. The graph shows the result of a representative experiment. 

The introduction of P6 into the cells resulted in high expression of avp6 but did not 

cause any consistent alterations of integrin profile between parental line and infectants. 

The level of avp5 expression in the VB6 cells remained unaltered (Fig 4.6) and 

importantly no alteration was seen in a5pl expression (which is the only other 

fibronectin receptor expressed in these cells).

4.5 Analysis of av integrins in V3 and VB6 cells

Flow cytometry showed that the V3 and VB6 cells were avp3 negative (see 

Chapter 7). In order to determine whether the V3 and VB6 cells expressed avpi, 

another potential fibronectin receptor, cells were analysed by immunoprécipitation.
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Figure 4.7 shows that immunoprécipitation with two different anti-av antibodies failed 

to co-precipitate pi (or P3 and P8). As a comparison, pi integrins were 

immunoprecipitated with a pi-specific antibody (TS2/16) and electrophoresed on the 

same gel. Thus the combined results from flow cytometry and immunoprécipitation 

show that the only av integrins expressed by V3 and VB6 (and Cl) cells are avP5 and 

avP6 and VB6 cells express high levels of avP6.

4.6 Adhesion of VB6 cells to fibronectin is mediated through a5pl and avP6

To confirm that avp6 in the VB6 cells was functional, the cell lines were plated

onto fibronectin (lOpg/ml) for 1 hour in the presence or absence of blocking antibodies 

against the av subunit (L230), avp6 (10D5), aSpl (P1D6) or an irrelevant antibody 

against a6 (G0H3). Combinations of these antibodies were also used. All cell lines 

showed adhesion of ~ 30-40% to fibronectin after 1 hour. Over three separate 

experiments there were no significant differences between the cell lines in the level of 

adhesion to fibronectin in the presence of an irrelevant antibody (i.e. expression of avp6 

in the VB6 cells did not make them more 'sticky’ to fibronectin). Figure 4.8 shows that 

adhesion of H357 and V3 cells (and Cl cells) to fibronectin could be blocked using 

P1D6 alone. However, maximal inhibition of VB6 adhesion to fibronectin required a 

combination of 10D5 and P1D6 (or L230 and P1D6) indicating that avP6 is functional 

and that the VB6 cells bind to fibronectin using both aSpi and avp6.

4.7 Subcellular distribution of avP6 in VB6 cells

Immunofluorescence for avP6 in the VB6 cells revealed ubiquitous subcellular 

distribution (Figs 4.9,4.10). After 6 hours avp6 co-localised with actin in focal
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adhesions (Fig 4.9 a-c; Fig 4.10 a-f) and talin (data not shown). avP6 also localised to 

filopodia after 9 hours (Fig 4,9 d-f; 4.10 g-i). After 48 hours in confluent cell 

monolayers avP6 appeared to be located at cell-cell boundaries (Fig 4.9 g-i).

4.8 Relative levels of av expression in V3 and VB6 cells and primary 
kératinocytes

Figure 4.11 shows immunohistochemical staining of V3 and VB6 cells, and 

primary kératinocytes for the av subunit. The digital images were captured on a 

confocal microscope at the same settings. The immunostaining confirms the results 

from flow cytometry that VB6 cells and primary kératinocytes have relatively high 

levels of expression of av (avp6) compared with V3 cells.

4.9 Actin distribution in V3 and VB6 cells

Immunofluorescence for actin showed that the cell lines produced filopodia and 

that these processes were particularly pronounced in the earlier periods following cell 

plating (<12 hours). In the experiment shown (Fig. 4.12) the VB6 cells contain 

prominent filopodia but the processes in the V3 cells are much less pronounced.

4.10 Discussion

Retroviral infection of P6 cDNA into V3 cells led to expression of high levels of 

functional avp6 on the cell surface. It is interesting that the infection of P6 cDNA into 

the cells increased expression of the av subunit. It is not yet apparent whether the 

increase in av expression occurs at the transcriptional level or whether there is a 'pooT 

of cellular av waiting to be utilised. Transfection of the av subunit into the H357 cells
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did not affect p5 mRNA levels (Jones et al., 1996) and it is possible that the expression 

of av integrins on the cell surface is regulated through the transcription of (3 subunits.

The predominant av integrin expressed by VB6 cells is avp6. 

Immunofluorescence of VB6 (or V3 cells) with P1F6 (against avP5) showed only a 

weak punctate distribution (data not shown). The subcellular distribution of avp6 

labelled with R6G9 (anti-P6) is shown in figures 4.8 and 4.9. Localisation of integrins 

to focal adhesions is of interest since focal adhesions are usually associated with 

reduced motility (Wayner et al., 1991, Pasqualini and Hemler, 1994, Kemperman et al, 

1997). Results for the subcellular distribution of avP6 in previous studies have been 

contradictory. avp6 was shown in focal adhesions in SW480 colon carcinoma cells 

(Huang et a l, 1995) but in FG-2 carcinoma cells was only found in the early phase of 

cell spreading (Busk et a l, 1992). avP6 was present in focal adhesions in VB6 cells

after 6 hours of adhesion to fibronectin (Fig 4b), but also localised to extended filopodia 

after 9 hours suggesting that these cell processes may have a role in cell migration. 

Immunochemistry on confluent cell monolayers using the anti-avP6 antibody R6G9, 

resulted in poor staining. This may indicate that the epitope to which R6G9 binds is 

masked as cells come into contact with each other. Use of the anti-av antibody L230, 

however, produced heavy staining at the lateral borders of cells (Fig 4.9g-i). This 

pattern of staining was much more intense in VB6 than V3 cells suggesting that the av 

integrin stained was avP6 (levels of avps do not differ between VB6 and V3 cells). 

This confirms the findings of Breuss et al. (1995) who could not demonstrate 

fibronectin or tenascin in these cell-cell areas and speculated that epithelial cells may 

secrete other proteins that interact with avp6 at cell-cell borders. However it is also 

possible that avp6 binds directly to a cell surface counter-receptor on neighbouring
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cells; other integrins (a2pl, aSpi) have been shown to mediate epithelial cell-cell 

interaction during growth in low Ca^  ̂medium. It is possible that avp6 distribution is 

time and cell-density dependent, although the varying distribution may reflect a 

multifunctional role in cell behaviour.
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Figure 4.1

avp6 integrin flow cytometry profile of V3 cells following growth for 24 hours on 
uncoated tissue culture plastic, fibronectin, tenascin and growth in peritumour 
fibroblast-conditioned media.
The grey line shows the stained cell population and the shaded profile represents the 
negative control (secondary antibody only).
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Figure 4.3

Flow cytometry foi avp6 integrin.

a) avP6 level in V3 cells following initial retroviral infection with (36 cDNA (A1 cells)

b-g) avp6 profile of six separate flasks of A1 cells following initial magnetic bead sorts 
for p6.

The grey line shows the stained cell population and the shaded profile represents the 
negative control (secondary antibody only).
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Figure 4.4

a-f) Flow cytometry foi avp6 integrin in A2 and A3 cells following second magnetic 
bead sorts for p6.
The grey line shows the stained cell population and the shaded profile represents 
the negative control (secondary antibody only).
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Figure 4,5

Flow cytometry profiles of cell lines H357, V3, VB6 and null transfectant Cl with anti- 
integrin antibodies.
The grey line shows the stained cell population and the shaded profile represents the 
negative control (secondary antibody only).

Antibody TS2/7 recognises the a l  subunit; P1E6 recognises the a2 subunit; P1B5 
recognises the a3 subunit; 7.2 recognises the a4 subunit; P1D6 recognises the a5 
subunit; GOH3 recognises the a6 subunit; L230 recognises the av subunit; TS2/16 
recognises the pi subunit; 3E1 recognises the (34 subunit; P1F6 recognises the avp5 
integrin; E7P6 recognises the avp6 integrin.

The results confirm high avp6 expression by VB6 cells and show that the relative levels 
of other integrin have not been altered by the infection process.
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Figure 4.6

Geometric mean fluorescence (arbitary units, log scale) as measured by flow cytometry 
of cells labelled with anti-integrin antibodies (profiles shown in Figure 4.5). Figure 
shows a representative experiment. Y axis scale differs between graphs.

Antibody TS2/7 recognises the a l  subunit; P1E6 recognises the a2 subunit; P1B5 
recognises the o3 subunit; 7.2 recognises the a4 subunit; P1D6 recognises the a5 
subunit; GOH3 recognises the a6 subunit; L230 recognises the av subunit; TS2/16 
recognises the [31 subunit; 3E1 recognises the P4 subunit; P1F6 recognises the avp5 
integrin; E7P6 recognises the avp6 integrin.
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Figure 4.7

Immunoprécipitation of av and pi integrins expressed by H357, V3, VB6 and Cl cell 
lines. Antibodies to pi or av were added to NP40-detergent lysates of surface-iodinated 

H357, V3, VB6 and Cl cells. Immunocomplexes were captured with rabbit anti
mouse IgG and protein A sepharose. Samples were separated on 6% SDS-PAGE gels 
under non-reducing conditions. Gels were exposed to XAR-5 film. As pi is expressed 
at very high levels it was necessary to combine a short and a long exposure of the gel in 
order to clearly see the electrophoretic mobility of the pi subunit.

Figure shows that immunoprécipitation with two different anti-av antibodies failed to 
co-precipitate pi.
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Figure 4.8

Adhesion of H357, V3, VB6 and Cl cells to fibronectin. Chromium [ ‘̂Cr]-labelled 
cells ( 1.5x10"̂ ) were added to fibronectin-coated 96-well plates containing an irrelevant 
control antibody (GOH3: 1:100 anti-a6) or test antibodies against av (L230; 20pg/ml), 
av|36 (10D5; 20pg/ml) or a5pl (P1D6: 1:100). Adhesion to fibronectin of H357, V3, 
VB6 and Cl cells in the presence of GOH3 was 34%, 28%, 40% and 34% respectively. 
Background binding to BSA-coated wells has been subtracted from the results. Results 
are expressed relative to binding in the presence of G0H3 (=100). Adhesion of H357, 
V3 and Cl cells was blocked by antibodies to a5pl (P1D6) whereas a similar inhibition 
of adhesion of VB6 cells required antibodies to both avp6 and aSpi. Figure shows a 
representative experiment performed in quadruplicate.
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Figure 4.9

Immunochemistry for av subunit and avp6 integrin in VB6 cells. VB6 cells were 
plated onto fibronectin-coated glass coverslips for 6h (a-c), 9h (d-f) or 48h (g-i). The 
avP6 integrin was detected with R6G9 (images a-f) and the pan-av antibody L230 (g-i). 
Actin was detected by phalloidin-TRITC. Cells were examined on a confocal 
microscope and images collected digitally. Figure shows the actin (red) image (a, d), 
av (green) image (b, e), or the combined images (c, f). Images a-f represent a sum of all 
images in the vertical z-direction. Magnification bar = 10pm.
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Figure 4,10

Immunochemistry for avp6 integrin in VB6 cells. VB6 cells were plated onto 
fibronectin-coated glass coverslips for 9h. The avp6 integrin was detected with 
antibody R6G9. Actin was detected by phalloidin-TRITC. Cells were examined on a 
confocal microscope and images collected digitally. Figure shows the actin (red) image 
(a, d, g), avP6 (green) image (b, e, h), or the combined images (c, f, i). Magnification 
bar = 10pm (a-c), =20pm (d-i).
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Figure 4.11

Immunochemistry for av subunit. V3 and VB6 cells, and primary kératinocytes were 
plated onto fibronectin-coated glass coverslips for 48b. av integrin was detected with 
L230. Cells were examined on a confocal microscope at the same settings and images 
collected digitally. Figure shows the distribution and level of expression of the av 
subunit in V3 (a) and VB6 (b) cells, and primary kératinocytes (c). Magnification bar = 
20pm.
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Figure 4.12

Immunochemistry for the actin cytoskeleton. VB6 and V3 cells were plated onto 
fibronectin-coated glass coverslips for 9h. Actin was detected by phalloidin-TRITC. 
Cells were examined on a confocal microscope and images collected digitally. Figure 
shows the actin cytoskeleton of VB6 cells (a-f) and V3 cells (g-l). Magnification bar = 
10pm.
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Regulation of MMP production by av(36

Chapter 5

REGULATION OF MMP PRODUCTION BY aVp6 INTEGRIN IN 
ORAL CARCINOMA CELL LINES

5.1 Introduction

Several av integrins have been shown to modulate MMP production upon 

interaction with their ligands. In melanoma cells avp3 has been shown to modulate 

MMP-2 production and bind the active form of this enzyme on the cell surface (Seflor 

et al., 1993; Brooks et al 1996). Recently MMP-9 expression has been reported to be 

induced in colon carcinoma cells through avpG (Niu et al., 1998). The data in Chapter 

3 demonstrated that V3 cells (av positive transfectants of H357 cells) showed increased 

basal expression of MMP-9 and -2 compared to the H357 av negative patentais, and 

also upregulated these enzymes when plated on fibronectin. The blocking experiments 

suggested that the upregulation of MMP-9 was modulated through the low levels of 

avp6 expressed by the cells. At this time no specific avP6 blocking antibody was 

available and so the high avp6 expressing cell line VB6 (Chapter 4) was created to test 

this hypothesis.

5.2 Basal MMP expression on uncoated tissue culture plastic

Cell supernatants were collected from cells grown for 24 hours on uncoated 

tissue culture plastic in additive-free medium. Following supernatant sampling the cells 

were counted. No differences in cell numbers between the cell lines were observed. 

Zymography on supernatant samples containing equal protein revealed that VB6 cells 

produced MMP-9 and -2  and that the enzymes were present predominantly in
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proenzyme form. Production of MMP-9 and -2 was significantly higher in the VB6 

cells compared with the V3 cells (Fig 5. la, c) and Cl null transfectants (Fig 5. lb, c). In 

four separate experiments VB6 cells produced significantly more MMP-9 and than V3 

cells (p=0.001, p=0.001, p=<0.001, p=0.004). MMP-2 expression was more variable. 

VB6 cells produced significantly more MMP-2 than V3 cells in three of four 

experiments (p=0.002, p=0.009, p=0.045, p=0.228).

5.3 MMP analysis of ceil lysates

In order to determine whether the increase of MMP-9 and -2  in the VB6 cells 

was a result of increased synthesis of MMP or increased secretion of MMP we analysed 

cell MMP content. Cells were grown for 24 hours in additive-free medium before lysis. 

Zymograms were run on cell extracts containing equal protein. VB6 cells expressed 

significantly higher concentrations of MMP-9 than V3 cells (p^O.OOl). The pattern of 

MMP-9 expression in the cell lysates was the same as for secreted enzyme. As av(36 

expression increased, so did the MMP-9 content (H357<V3=Cl<VB6)(Fig 5.2a, b, c). 

MMP-2 expression was more variable (Fig 5.2a, b, c), but VB6 cells did contain 

significantly higher concentrations of the enzyme than V3 cells (p=0.045). Western 

blotting confirmed higher expression of MMP-9 in VB6 compared with V3 cells (Fig 

5.2d). Western blotting was relatively insensitive compared to zymography.

This suggests that the observed differences in MMP-9 and MMP-2 between the 

cell lines were the result of changes in MMP protein production and not increased 

secretion of sequestered stocks.
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5.4 MMP expression on fibronectin

VB6 cells significantly upregulated MMP-9 and -2  on fibronectin. Figure 5.3a 

shows the expression of MMP-9 and -2 on plastic and fibronectin by VB6 cells.

Figures 5.3b and c show the results of densitometric analysis of zymograms from 

multiple experiments. Once again the degree of MMP-9 upregulation on fibronectin 

was very consistent {p<0.001). The degree of MMP-2 upregulation was more variable 

but also statistically significant (p^O.016) over the experiments performed.

ELISA for MMP-9 confirmed these results (Fig 5.4a) but in this experiment no 

upregulation of MMP-2 on fibronectin by the VB6 cells was seen (Fig 5.4b).

5.5 MMP expression following blockade with anti-integrin antibodies

Cells were incubated with anti-integrin antibodies (including anti-av (L230), 

anti-av(35 (P1F6), anti-a5pi (P1D6) and anti-pl (P5D2) and the recently available anti- 

avp6 antibody (10D5)) for 1 hour prior to plating on fibronectin-coated plastic. Cells 

remained in additive-free medium for 24 hours in the presence of excess antibody 

before supernatant sampling and cell counting.

Zymography revealed that the MMP-9 and MMP-2 upregulation on fibronectin 

by the VB6 cells could be blocked with the pan av blocking antibody L230 (which 

blocks all av integrins)(Fig 5.5a) and with the specific avP6 blocking antibody 

10D5(Fig 5.5c). Antibodies against avp5, a5pi or pi had no effect on MMP-9 or 

MMP-2 expression (Fig 5.5b, e, f; Table 5.1). Figure 5.5d shows that MMP-9 and -2 

upregulation in the V3 cells could also be blocked with 10D5 (p=<0.001, p=<0,001 

respectively). This confirmed the data in Chapter 3 which suggested that the 

upregulation of MMP-9 on fibronectin in V3 cells was also modulated through avp6 

(despite the fact that avp6 is expressed at relatively low levels in these cells). 10D5 had
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no effect on MMP-9 or -2  expression in the av negative H357 cells (p=0.137, p=0.756 

respectively).

Table 5.1

Results of zymography for MMP-9 and MMP-2. VB6 cells were grown on fibronectin 
in the presence of blocking antibodies again? av (L230), av|35 (P1F6), avp6 (10D5), 
aSpi (P1D6) and pi P5D2). Culture supernatants were analysed by zymography. 
Multiple repeats were carried out (n) and the gels quantified by densitometry. Results 
for each cell line are expressed relative to enzyme production on fibronectin (=100). 
Values are means +/- sd. Significant changes (p<0.05) are shown in bold italic. The 
results are presented graphically in Figure 5.5.

MMP-9 MMP-2

Fib L230 Fib L230

100±7 56±15 

n=12 p=<0.001
100±14 73±16 

n=12 p==<O.0Ol

Fib 10D5 Fib 10D5

100±18 32±7 

n=15 p=<0.001
lOOilO 45±37 

n=15 p=0.005

Fib P1F6 Fib P1F6

100±11 94±13 

n=9 p=O.560

100±15 87±26 

n=9 p=0.198

Fib P1D6 Fib P1D6

100±13 113±51 

n=12 p=0,410

100±23 139±97

n=12 p=0 188

Fib P5D2 Fib P5D2

100±21 98±36 

n=13 p=0,872

100±14 92±32 

n=13 p=0,439

164



Regulation of MMP production by avP6

5.6 Fibronectin expression by cell lines

It was possible that endogenous fibronectin production by the V3 and VB6 cells 

could regulate MMP production in an autocrine fashion through interaction with the 

avp6 receptor and that this could explain the increased basal production of MMP-9 and 

-2  in the avp6 positive cells on uncoated plastic.

Immunochemistry showed that the cell lines produced fibronectin but there was 

no difference in the distribution or amount produced. Figure 5.6 shows fibronectin 

expression by the V3 cells after 48 hours growth on glass coverslips. Fibronectin was 

expressed in a punctate pattern (Fig 5.6a, c) and also distributed around the cell 

periphery (Fig 5.6b). In figure 5.6b it is possible to distinguish concentrated areas of 

fibronectin around the cell periphery, which could conceivably be the site of focal 

adhesions. RT-PCR confirmed the presence of fibronectin mRNA and showed that the 

message for the EDA splice variant was produced (Fig 5.7).

The increase in MMP-9 and -2 expression on plastic by V3 and VB6 cells was 

not blocked in the presence of anti-avp6 antibody (10D5). Figure 5.8 shows that 10D5 

has no effect on MMP-9 or-2 production in VB6 (Fig 5.8A, B) or V3 cells (Fig 5.8c, d) 

when plated on plastic. This indicates that the increase in basal MMP-9 and -2  by V3 

and VB6 cells is not due to an autocrine interaction of avp6 with endogenous 

fibronectin.

5.7 MMP expression in primary kératinocytes

Similar to VB6 cells, cultured primary kératinocytes express high levels of avP6 

and low levels of avp5 (Fig 5.9a). Zymography revealed that primary kératinocytes 

significantly upregulate MMP-9 on fibronectin (Fig 5.9b, c). This finding was 

confirmed by ELISA (Fig 5.10a). Results for MMP-2 were again variable. In three
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separate experiments zymography showed no upregulation of MMP-2 by primary 

kératinocytes plated on fibronectin (Fig 5.9b, d). A separate experiment analysed by 

ELISA however did show an increase of MMP-2 on fibronectin (Fig 5.10b).

5.8 MMP-9 expression in primary kératinocytes following blockade with anti-
av integrin antibodies

Zymography revealed that MMP-9 upregulation on fibronectin in the primary 

kératinocytes could be blocked with the specific avp6 blocking antibody 10D5(Fig 

5.11a, c). Figure 5.11a also demonstrates the variability of MMP-2 expression by 

primary kératinocytes (compare to Figure 5.9b). Very little MMP-2 is detectable 

(although this is unaffected by 10D5). The MMP-9 upregulation on fibronectin could 

also be blocked with the pan av-blocking antibody L230. Figure 5.1 lb shows the 

inhibitory effect of L230 on MMP-9 production in V3, VB6 and primary kératinocytes 

when grown on fibronectin.

5.9 Subcellular distribution of MMP-9 in VB6 cells

Cells were grown for 24 hours on glass coverslips in additive-free medium 

containing monensin (IpM concentration) which prevents secretion of protein by cells. 

Immunofluorescence for MMP-9 in the VB6 cells revealed that it was localised at the 

terminal aspect of filopodia (Fig 5.12a-f). Cells without filopodia contained MMP-9 

within large submembranous vesicles (Fig 5.12g-i). Figure 5.12 (d-f) shows the 

distribution of MMP-9 in a cell with filopodia on one aspect only, and demonstrates 

how the presence of filopodia alters the distribution pattern of MMP-9.
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5.10 Discussion

Although MMP-9 and -2  are termed type IV collagenases, they have a wide 

variety of substrates and have the ability both to initiate and then further degrade the 

collagenous and non-collagenous matrix components. This suggests that they may be 

important in tissue destructive diseases (Kahari and Saarialho-Kere, 1997). Neoplastic 

and primary kératinocytes in vitro usually express MMP-9 and -2 (Salo et al., 1991; 

Kobayashi et al., 1997) and both of these enzymes have been demonstrated in oral 

carcinoma and wounds in vivo. However, several studies have suggested that in vivo, 

the MMP-2 present is derived from stromal cells whereas the MMP-9 is derived from 

kératinocytes (Pyke et al., 1992; Kusakawa et al., 1993; Oikarinen et al., 1993). Thus 

Juarez et al. (1993) speculated that MMP-9 is a key factor in determining the invasive 

phenotype of at least a subpopulation of oral carcinoma cells.

De novo expression of avP6 in kératinocytes has been found in both oral and 

cutaneous wound healing and oral and cutaneous squamous cell carcinoma (Breuss et 

al., 1995; Clark et al., 1996; Haapasalmi et al., 1996; Jones et al., 1997). The avg6 

ligand, fibronectin, is commonly present in tumour stroma and wound clot and could 

provide a stimulus through avp6 to induce MMP-9 secretion by kératinocytes. In 

wounds this would allow kératinocytes to detach from the basement membrane and 

migrate into the fibrin/fibronectin-rich clot matrix. In tumours this may explain how 

malignant cells degrade basement membrane and gain access to and further degrade the 

connective tissue. Tumour islands are often surrounded by rudimentary basement 

membrane, suggesting that basement membrane remodelling is dynamic but biased 

towards loss, and MMP-9 may also be involved in this process.

Retroviral infection of p6 cDNA into the V3 cell line resulted in the VB6 cell 

line which expressed a functional avp6 receptor (Chapter 4). VB6 cells showed
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increased basal expression of MMP-9 and -2 compared with the V3 parentals (and Cl 

null infectants) when grown on uncoated tissue culture plastic. The cell lines readily 

stick to uncoated plastic (and glass) probably through production of endogenous matrix 

(predominantly fibronectin and laminin 5), and it is possible that the increased basal 

production of MMP-9 and -2  was a result of interaction of the avp6 receptor with 

endogenous fibronectin. Niu et al. (1998) found that avp6 expression in SW480 colon 

cancer cells mediated increased MMP-9 in the absence of exogenous ligand. SW480 cells 

produce large amounts of fibronectin (Agrez et al., 1994) and it was not possible to 

exclude the possibility of ligand binding by endogenous fibronectin. In VB6 (and V3 

cells) anti-avp6 antibodies do not reduce basal MMP expression on plastic. This 

suggests that the avp6-dependent increase in basal expression of MMP-9 and MMP-2 

in the cell lines may be partly ligand-independent and to a certain extent supports the 

findings of Niu et al. (1998).

However, in contrast to the findings of Niu et al. (1998), VB6 cells showed 

avp6-ligand dependent induction of MMP expression. VB6 cells showed the same 

capacity as the V3 parental cells to upregulate MMP-9 and MMP-2 on fibronectin. A 

significant reduction in the fibronectin-induced MMP-9 and MMP-2 expression by the 

VB6 cells was obtained by blocking avp6 fimction with 10D5, or using the pan av 

blocking antibody L230. Antibody-induced inhibition of MMP-2 expression was more 

variable than MMP-9 but was still evident. By contrast, MMP expression was not 

affected by antibodies against avp5 (P1F6), aSpi (P1D6) or p i (P5D2).

Analysis of primary kératinocytes (which express avP5 and avp6 at similar 

levels to VB6 cells) also showed upregulation of MMP-9 on fibronectin, which could be 

blocked with L230 or 10D5. MMP-2 expression by primary kératinocytes was 

particularly variable.
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MMP-2 is constitutively expressed by many cell types and appears not to be as 

tightly regulated as the inducible MMP-9 (Salo et al., 1991). Although both MMP-9 and 

-2  are upregulated in an avp6-dependent manner in VB6 cells, MMP-2 expression was 

more variable than MMP-9. MMP-2 expression was particularly variable in primary 

kératinocytes, however, in vitro MMP-2 expression by primary kératinocytes has been 

shown to decrease with sequential passage (Kobayashi et al., 1997,1998) which may 

explain some of the variability found in this study. MMP-9 and -2  are transcribed 

through different genes (Huhtala et a l, 1991) but have the same substrates and serve a 

similar function (Senior et a l, 1991; Seltzer et a l, 1989). It is possible that a common 

integrin-ligand signalling pathway may regulate transcription of MMP-9 and MMP-2 in 

the cell lines.

It was demonstrated in Chapter 4 that avp6 localised to extended filopodia in 

VB6 cells, and the further localisation of MMP-9 to these structures in monensin-treated 

VB6 cells was interesting. It is apparent that filopodia are not required for MMP-9 

production but the presence of MMP-9 at their terminal aspect suggests that these 

processes may have an active role in cell movement.

These results confirm that when squamous cell carcinoma cell lines adhere to 

fibronectin the increased synthesis of MMP-9, and probably also MMP-2, is mediated 

by ligation of the avp6 integrin. This data suggests a possible role for the integrin avp6 

in modulating MMP-9 production (and possibly MMP-2) in wounds and squamous cell 

carcinoma.
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Figure 5.1

Zymographic analysis of MMP expression on uncoated tissue culture plastic. Cells
were grown for 24 hours on uncoated tissue culture plastic before supernatant sampling
and cell counting.
For all zymograms equal protein was loaded as determined by BCA protein assay.

a) Zymogram comparing MMP-9 and MMP-2 expression on uncoated tissue culture 
plastic of V3 and VB6 cells.

b) Zymogram comparing MMP-9 and MMP-2 expression on uncoated tissue culture 
plastic of VB6 and Cl cells.

c) Densitometric analysis of zymograms showing MMP-9 and MMP-2 expression by 
H357, V3, VB6 and Cl cell lines on uncoated tissue culture plastic. Figure shows a 
representative experiment performed in triplicate. Results expressed relative to 
H357 MMP-9 expression. Error bars represent standard deviation.
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Figure 5.2

Zymographic analysis of MMP activity from total cell lysates. Cells were grown for 24 
hours on uncoated tissue culture plastic in additive free medium before lysis. For all 
zymograms equal protein was loaded as determined by BCA protein assay. Figures 
show a representative experiment performed in triplicate.

a) Zymogram comparing MMP-9 and MMP-2 activity of V3 and VB6 cell lysates.

b) Zymogram comparing MMP-9 and MMP-2 activity of VB6 and Cl cell lysates.

c) Densitometric analysis of zymograms showing MMP-9 and MMP-2 activity by 
H357, V3, VB6 and Cl cell lysates. Results expressed relative to H357 MMP-9 
expression. Error bars represent standard deviation of a single representative 
experiment performed in triplicate.

d) Westerm blot comparing MMP-9 in V3 and VB6 cell lysate samples containing 
equal protein.
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Figure 5.3

Zymographic analysis of MMP expression on uncoated and fibronectin-coated tissue 
culture plastic. Cells were grown for 24 hours on uncoated or fibronectin-coated tissue 
culture plastic before supernatant sampling. For each zymogram equal protein was 
loaded as determined by BCA protein assay.

a) Zymogram comparing expression of MMP-9 and -2 on plastic and fibronectin by 
VB6 cells.

b) Densitometric scans of 4 experiments carried out in triplicate comparing expression 
of MMP-9 (blue filled histogram) on uncoated and fibronectin-coated tissue culture 
plastic by VB6 cells. Results shown relative to MMP expression on plastic (=100). 
Error bars represent standard deviation.

c) Densitometric scans of 4 experiments carried out in triplicate comparing expression 
of MMP-2 (orange filled histogram) on fibronectin by VB6 cells. Results shown 
relative to MMP expression on plastic (=100). Error bars represent standard 
deviation.
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Figure 5.4

ELISA analysis of MMP-9 and -2 expression on uncoated and fibronectin-coated tissue 
culture plastic. Cells were grown for 24 hours on uncoated or fibronectin-coated tissue 
culture plastic before supernatant sampling and cell counting. Results are expressed as 
picograms /ml/1000 cells. Figure shows a representative experiment performed in 
triplicate.
Error bars represent standard deviation. Y axis scale differs between graphs.

a) ELISA comparing MMP-9 expression on plastic and fibronectin by VB6 cells.

b) ELISA comparing MMP-2 expression on plastic and fibronectin by VB6 cells.
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Figure 5.5

Zymographic analysis of MMP expression on fibronectin-coated tissue culture plastic 
and following blockade with anti-integrin antibodies. Cells were grown for 24 hours on 
fibronectin-coated tissue culture plastic in the presence of blocking antibodies before 
supernatant sampling and cell counting. For each zymogram equal protein was loaded 
as determined by BCA protein assay.

a) Zymogram showing MMP-9 and -2  expression by VB6 cells on fibronectin -coated 
tissue culture plastic and following blockade with anti-av antibody L230.

b) Zymogram showing MMP-9 and -2  expression by VB6 cells on fibronectin -coated 
tissue culture plastic and following blockade with anti-avp5 antibody P1F6.

c) Zymogram showing MMP-9 and -2  expression by VB6 cells on fibronectin -coated 
tissue culture plastic and following blockade with anti-avps antibody 10D5.

d) Zymogram showing MMP-9 and -2  expression by V3 cells on fibronectin -coated 
tissue culture plastic and following blockade with anti-avp6 antibody 10D5.

e) Densitometric analysis of multiple zymograms showing MMP-9 expression by VB6 
cells on fibronectin and following blockade with anti-integrin antibodies. Results 
are expressed relative to MMP expression on fibronectin (=100). Error bars 
represent standard deviation. Data is shown in table 5.1.

f) Densitometric analysis of multiple zymograms showing MMP-2 expression by VB6 
cells on fibronectin and following blockade with anti-integrin antibodies. Results 
are expressed relative to MMP expression on fibronectin (=100). Error bars 
represent standard deviation. Data is shown in table 5.1.
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Figure 5.6

Immimochemistry for fibronectin in V3 cells (a, b, c). V3 cells were plated onto glass 
coverslips for 48b. Fibronectin was detected with IST4 anti-fibronectin antibody 
(Sigma). Cells were examined on a confocal microscope and images collected digitally. 
Green staining shows fibronectin expression. Magnification bar = 10|Lim.
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Figure 5.7

RT-PCR analysis of fibronectin mRNA EDA splicing in H357, V3 and VB6 cells. 
Figure shows a scanned image of an ethidium bromide agarose gel from a 
representative experiment.
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Figure 5.8

Densitometric analysis of zymograms showing MMP-9 and-2 expression on uncoated 
tissue culture plastic and following blockade with anti-avp6 integrin antibody (10D5). 
Cells were grown for 24 hours on uncoated tissue culture plastic in the presence of 
10D5 antibody before supernatant sampling and cell counting. Results shown relative to 
MMP expression on plastic (=100). Figure shows a representative experiment 
performed in triplicate. Error bars represent standard deviation.

a) MMP-9 expression in VB6 cells on uncoated tissue culture plastic and following 
blockade with anti-avp6 blocking antibody 10D5.

b) MMP-2 expression in VB6 cells on uncoated tissue culture plastic and following 
blockade with anti-avP6 blocking antibody 10D5.

c) MMP-9 expression in V3 cells on uncoated tissue culture plastic and following 
blockade with anti-avp6 blocking antibody 10D5.

d) MMP-2 expression in V3 cells on uncoated tissue culture plastic and following 
blockade with anti-avP6 blocking antibody 10D5.

The results show that 10D5 has no effect on MMP production on plastic in V3 and VB6 
cells. This suggests that some of the increase in basal MMP expression is unrelated to 
avp6-ligand interaction.
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Figure 5.9

Zymographic analysis of MMP expression on uncoated and fibronectin-coated tissue 
culture plastic by primary kératinocytes. Primary kératinocytes were grown for 24 
hours on uncoated or fibronectin-coated tissue culture plastic before supernatant 
sampling. For each zymogram equal protein was loaded as determined by BCA protein 
assay.

a) Flow cytometry profile of av integrin-expression in primary kératinocytes.

b) Zymogram comparing expression of MMP-9 and -2 on plastic and fibronectin by 
primary kératinocytes.

c) Densitometric analysis of multiple experiments showing MMP-9 activity by primary 
kératinocytes on plastic and fibronectin (n=9). Results expressed relative to MMP 
expression on plastic (=100). Error bars represent standard deviation.

d) Densitometric analysis of multiple experiments showing MMP-2 activity by primary 
kératinocytes on plastic and fibronectin (n=9). Results expressed relative to MMP 
expression on plastic (=100). Error bars represent standard deviation
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Figure 5.10

ELISA analysis of MMP-9 and -2 expression on uncoated and fibronectin-coated tissue 
culture plastic by primary kératinocytes. Primary kératinocytes were grown for 24 
hours on uncoated and fibronectin-coated tissue culture plastic before supernatant 
sampling and cell counting. Results are expressed as picograms /ml/1000 cells. Figure 
shows a representative experiment performed in triplicate.
Error bars represent standard deviation. Y axis scale differs between graphs.

a) ELISA comparing MMP-9 expression on plastic and fibronectin by primary 
kératinocytes.

b) ELISA comparing MMP-2 expression on plastic and fibronectin by primary 
kératinocytes.
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Figure 5.11

Analysis of MMP expression by primary kératinocytes on fibronectin-coated tissue 
culture plastic and following blockade with anti-integrin antibodies. Cells were grown 
for 24 hours on fibronectin-coated tissue culture plastic in the presence of blocking 
antibodies before supernatant sampling and cell counting.
For all zymograms equal protein was loaded as determined by BCA protein assay.

a) Zymogram showing MMP-9 and -2  expression by primary kératinocytes on 
fibronectin and following blockade with anti-avp6 antibody 10D5.

b) ELISA analysis of MMP-9 expression by H357, V3 and VB6 cells, and primary 
kératinocytes on fibronectin and following blockade with anti-av antibody L230. 
Results are expressed as picograms /ml/1000 cells. Figure shows a representative 
experiment performed in triplicate. Error bars represent standard deviation.

c) ELISA analysis of MMP-9 expression by primary kératinocytes on fibronectin and 
following blockade with anti-avp6 antibody 10D5. Results are expressed as 
picograms /ml/1000 cells. Figure shows a representative experiment performed in 
triplicate. Error bars represent standard deviation.
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Figure 5.12

VB6 cells were plated onto fibronectin-coated glass coverslips for 24h in medium 
containing a IpM concentration of monensin (69.3pg/100ml). MMP-9 was detected 
with monoclonal mouse antibody 66b. Actin was detected by phalloidin-TRJTC. Cells 
were examined on a confocal microscope and images collected digitally. Figure shows 
the actin (red) image (a, d, g), MMP-9 (green) image (b, e, h), or the combined images 
(c, f, i). Magnification bar = 10pm (a-f), =20pm (g-i).
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Function of avP6

Chapter 6

FUNCTION OF avP6 IN ORAL CARCINOMA CELL LINES

6.1 Introduction

Expression of avP6 in epithelial cells is highly inducible and its expression is 

dramatically increased during development, following injury or inflammation, and in a 

variet}' of epithelial neoplasms (Breuss et al., 1995; Agrez et al., 1996; Jones at al., 

1997). Kératinocytes show de novo expression of avp6 in both oral and skin wounds 

(Breuss et al., 1995; Haapasalmi et al., 1996; Clark et al., 1996), and consistently high 

expression of avP6 has been found in oral squamous cell carcinomas (Breuss et al., 

1995; Jones et al., 1997,).

Similarly to avp3, avp6 has been shown to modulate several cell processes. 

avP6 has been shown to mediate cell adhesion and spreading on fibronectin in colon 

carcinoma cells (Weinacker at al., 1994), and colon carcinoma cells transfected with P6 

cDNA attain increased potential to proliferate and survive inside a collagen gel (Agrez 

et al., 1994). Huang et al. (1998) demonstrated that avp6 has a critical role in 

keratinocyte migration on fibronectin (and vitronectin) and that this effect is enhanced 

by protein kinase C activation (as has previously been described for avp5 mediated cell 

migration). avp6-dependent keratinocyte migration was also enhanced by hepatocyte 

growth factor, and to a lesser extent by keratinocyte growth factor.

The role of avp6 in keratinocyte behaviour has not been investigated in depth 

but its expression in wounds and tumours suggests that it may have an important role in 

modulating cell behaviour in dynamic situations where cells are migrating or
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proliferating. Expression of avp6 in wounds and tumours also raises the intriguing 

possibility that squamous cell carcinoma represents uncontrolled tissue remodelling.

The H357 (av negative), V3 (predominantly expresses avpS) and VB6 (predominantly 

expresses avp6) cell lines are an ideal system to investigate the role of av integrins and 

specifically avp6 in keratinocyte behaviour.

6.2 Effect of avP6 on cell growth

6.2.1 Growth on tissue culture plastic

The growth rates of the H357, V3, VB6 and Cl (null transfectants) were 

compared on tissue culture plastic. G418 and puromycin were removed from the 

medium for the duration of the experiment. avp6 had no consistent effect on cell 

growth. Figure 6.1 shows the results of four separate experiments in which the cell 

lines were grown over 160 hours. VB6 cells grew at a faster rate than V3 cells in two 

out of four experiments but overall this was not significant.

6.2.2 Growth in suspension

Anchorage-independent growth is a characteristic of malignant cells in vitro. To 

determine whether avp6 influenced such growth, H357, V3, VB6 and Cl cells were 

grown in soft agar (0.3%) over a six week period. Cells were fed bi-weekly and 

examined for colony formation. No difference was found between the cell lines and no 

colony formation was observed. Cells became granular in appearance over a period of 

24-48 hours (suggesting differentiation) and no cell division was seen. This experiment 

was carried out on four separate occasions with the same result. Adding fibronectin 

(lOpg/ml) to the agar had no discernable effect.
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6.3 Effect of avp6 on cell migration

To determine whether avp6 is involved in keratinocyte migration haptotactic 

migration assays were performed using coated filters. Migration is directed towards 

fibronectin coated on one side of the membrane. Preliminary studies showed that 

lOjLig/ml of fibronectin and a 3 hour incubation were optimal conditions for migration of 

the H357, V3 and VB6 cell lines (including null transfectants). Over four separate 

experiments, migration of the VB6 cells was significantly increased compared with the 

V3 cells (p=<0.001) and the H357 cells (p=0M39). Figure 6.2a shows a representative 

experiment. The cell lines showed no significant differences when migrating towards 

collagen I (Fig 6.2 c) confirming that the differences in migration potential was specific 

for fibronectin.

Migration in the H357 and V3 cells (and in the Cl null transfectants), was 

blocked using antibodies against a5pl (P1D6) (Fig 6.3a, b, d) but not by antibodies 

against the av integrins (L230, P1F6,10D5). Antibodies against av (L230), avp6 

(10D5) and a5pl (P1D6) inhibited migration of the VB6 cells (19%, 52% and 31% 

respectively) (Fig 6.3c), but to completely block migration a combination of 10D5 and 

PID6 (or L230 and P1D6) was necessary. Migration in the presence of P1D6 (anti- 

aSpi) in the VB6 cells shows that avp6 alone is capable of mediating migration, 

although to a lesser extent than when both receptors are functional.

6.3.1 Activation of MMP-9 increases cell migration towards fibronectin

The pattern of cell migration did not correlate with the level of expression of 

MMP-9. H357 cells express relatively low levels of the enzyme but migrate at a faster 

rate than V3 cells. However, MMP-9 is predominantly expressed by the cell lines in 

proenzyme form and under serum free conditions (as in migration assays) is not

196



Function of av|36

activated. In order to test the effect of MMP-9 on cell migration we performed 

migration assays in the presence of a specific MMP-9 blocking antibody, which 

prevents activation of the enzyme (Ramos-DeSimone et al., 1999). We also added 

plasmin into the assay to activate MMP-9 (Ramos DeSimone et al., 1999). Figure 6.4 

shows that migration in V3 and VB6 cells was significantly increased (p=<0.043, p= 

<0.00J) by adding plasmin to the system. Anti-MMP-9 antibody alone did not affect 

cell migration but did abolish the effect of plasmin. This suggests that the increase in 

migration produced by plasmin is mediated through the activation of MMP-9.

6.4 Effect of avP6 on cell differentiation

Involucrin expression was examined as a marker of terminal differentiation of 

kératinocytes. Involucrin is a precursor of the comifed envelope that is expressed in the 

suprabasal layers of oral epithelium coinciding with morphological differentiation 

(Sumimoto et al., 1986). The av negative H357 cells express low levels of involucrin 

(Sugiyama et al., 1993) and transfection of the av subunit into H357 (V3 cells) resulted 

in an increased capacity for terminal differentiation as indicated by high involucrin 

expression (Jones et al., 1996). Immunoblotting was used to compare involucrin levels 

in the VB6 cells, the Cl null infectants, the parental V3 cells and H357 cells. The 

empty vector control. Cl cells, expressed the same high level of involucrin as the V3 

parental cells (Fig 6.5a). However, the VB6 cells showed a marked reduction in 

involucrin expression compared with the V3 parentals and expressed levels similar to or 

less than the H357 cells, indicating a less differentiated phenotype (Fig 6.5a, b). Over 

six separate experiments VB6 cells showed a reduction in involucrin expression of ~ 

50% compared to the V3 cells and expressed similar levels to the H357 cells.

Involucrin expression is markedly increased as kératinocytes become confluent and
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Stratify. Figure 6.5c shows involucrin expression in V3 cells at subconfluent and 

confluent cell densities. Figure 6.5d compares involucrin expression in V3 and VB6 

cells at subconfluent and confluent cell densities. When comparing involucrin 

expression between cells it is essential to ensure that the cells examined have the same 

degree of confluency.

Flow cytometry on permeabilised cells showed that compared with V3 cells, the 

VB6 cell line contained a significant population of involucrin-negative cells and that the 

cells generally showed less fluorescence (Fig 6.6).

No obvious differences in involucrin distribution were noted between cell lines 

by immunocytochemistry. It is possible that involucrin has been lost from the cells 

during the processing with detergent required for permeabilising cells. It is apparent 

that the cell population does not express involucrin at uniform levels. Figure 6.7 

demonstrates how the level of involucrin expression dramatically increases as cells lose 

contact with their matrix and stratify.

6.5 Effect of avp6 on cell invasion

Cell invasion was measured using wells divided into an upper and lower 

chamber by a Matrigel coated polyethylene tetraphthallate (PET) membrane with 8pm 

pores (Becton-Dickinson, Stratech, Luton, UK). Cells are plated in the upper chamber 

and invasion is directed towards full keratinocyte growth medium (used as a 

chemoattractant) in the lower chamber. Preliminary studies showed that a 24 hour 

incubation was optimal for invasion of the cell lines.

No differences were observed between the cell lines. VB6 cells showed greater 

invasion than V3 cells in one of three experiments (Fig 6.8a,b,c) but overall this was not 

significant.
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6.6 Effect of avp6 on e-cadherin expression

E-cadherin is the major homotypic adhesion molecule expressed by 

kératinocytes and provides the mechanism by which squamous epithelial cells attach to 

each other. It was possible that the differential cell migration in the cell lines could be 

explained by an alteration in e-cadherin expression leading to reduced adhesiveness 

between cells. This would remove an anchoring restraint from the cells and allow them 

to migrate more easily. No difference in levels of e-cadherin expression was detected 

by Western blotting over three separate experiments (Fig 6.9a). E-cadherin expression 

increased with cell density (Fig 6.9b) once again emphasising the importance of 

comparing cells with the same degree of confluency. Levels of y and p catenin were 

also unaltered between the cell lines (Fig 6.9c, d). Unaltered levels of e-cadherin 

expression was also confirmed by flow cytometry (Fig 6.10) and immunochemistry (Fig 

6.11). Immunochemistry demonstrated the expected distribution of e-cadherin at cell

cell borders.

6.7 Tumour growth in nude mice

H357, V3, VB6 and the Cl cells were injected subcutaneously into the flanks of 

4-6 week old athymic nu/nu mice (5x10^ cells in 200pl of serum-free medium). Mice 

were monitored bi-weekly for tumour growth. A prominent swelling developed at the 

site of inoculation over the first 72 hours. However, the swellings quickly regressed 

and disappeared over the following 7 days and probably represented a marked 

inflammatory reaction. No cell line had formed tumours in the animals after 6 months.
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6.8 Results summary

High avp6 expression in the VB6 cells lead to a phenotype which showed:

a) Increased migration towards fibronectin (but not collagen I).

b) A reduction in involucrin expression indicating a less differentiated phenotype.

avP6 expression had no effect on

a) Cell growth (on a solid surface or anchorage independent)

b) Cell invasion through matrigel

c) Tumour formation in nude mice

d) E-cadherin expression

6.9 Discussion

Expression of avp6 had no effect on cell growth on a solid surface or in soft 

agar. Jones et al. (1996) showed that anchorage-independent growth in soft agar was 

suppressed in V3 cells compared to H357 cells. In contrast to these findings no 

difference was observed in this study between the cell lines used. No cell line showed 

anchorage-independent growth. This could possibly be explained by differences in 

growth medium between studies, since in all other aspects the experiments were 

identical. Agrez et al. (1994) also found that expression of avp6 had no effect on 

proliferation in colon carcinoma cell line SW480, either in two-dimensional culture or 

in soft agar. This study did however demonstrate that heterologous expression of avp6 

enhanced the proliferative capacity of these cells in collagen gels and in nude mice. 

Growth of the cell lines in collagen gels has not been examined in this study. No 

tumour growth was detected in nude mice over a six month period. This agrees with the 

findings of Jones et al. (1996) but is in contrast to Prime et al. (1990) who reported that
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H357 was tumorigenic. This may be due to differences in inoculation procedures, or 

types of mice used. It is also possible that a six month period is not long enough to 

allow tumours to develop. Fridman et al. (1991) described a method for improving the 

growth of human tumours in nude mice that involves mixing cells with Matrigel prior to 

inoculation. Further work using this method may reveal differences between the cell 

lines.

Huang et al. (1998) recently showed that avP6 is critical for mouse keratinocyte 

migration on fibronectin (and vitronectin). In their study, avP6-mediated migration was 

dramatically augmented by PMA, suggesting a role for a pathway involving protein 

kinase C.

It is apparent that VB6 cells can adhere and migrate on fibronectin using both 

avP6 and aSpi, and migration towards fibronectin can only be completely blocked 

using antibodies against both integrins. At present it is not evident whether these 

integrins co-operate or whether one is used preferentially. Laijava et al. (1996) 

speculated that in squamous epithelia aSpi interacts with plasma fibronectin while 

avP6 interacts with cellular fibronectin including oncofetal fibronectin found in wound 

and tumour stroma. The subcellular distribution of avP6 to elongated filopodia may 

indicate its functional role in cell migration (Chapter 4).

Migration towards fibronectin in H357, V3 and Cl cells was abolished by 

antibodies against aSpi. However, adhesion to fibronectin is also completely blocked 

in these lines by anti-aSpi and it is possible that the results in the migration assay 

actually reflect inhibition of adhesion to the filters rather than a genuine inhibition of 

migration.

It is likely that differentiating epithelial cells would have less capacity to 

migrate, and in support of this, the more differentiated V3 cells showed greatly reduced
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migration towards fibronectin compared with H357 or VB6 cells. However, VB6 cells 

also showed significantly higher migration than H357 cells, which express similar levels 

of involucrin. Also, migration towards collagen I was similar between the cell lines. 

Thus, avP6 expression does appear to confer an advantage to the cells when migrating 

towards fibronectin which is not a simple consequence of altered differentiation or of a 

general increase in motility. In contrast to the work by Huang et al. (1998), activation 

of protein kinase C with PMA was not required in order to demonstrate differences in 

migration towards fibronectin between the cell lines. It is possible that protein kinase C 

is already activated in the VB6 cells.

Interestingly, the V3 cells express the same levels of a5pl as the H357 line and 

it appears to be fully functional as adjudged by similar levels of adhesion fibronectin. 

Thus the reduced migratory capacity of V3 cells on fibronectin correlates with and, 

therefore may be partly affected by the de novo expression of avpS.

The pattern of cell migration towards fibronectin did not correlate with MMP-9 

expression. For example, H357 which of all the lines had the lowest levels of MMP-9 

expression showed greater migration than V3 cells. Although MMP-9 can degrade 

fibronectin (Seltzer et al. 1989) it is produced in proenzyme form by the cells and not 

activated under the serum free conditions of the migration assays. Juarez et al. (1993) 

found that the large amount of pro-MMP-9 produced by cultured oral squamous cell 

carcinomas could be converted to active enzyme if plasminogen (the proenzyme form of 

plasmin) was added to the culture. In this study, when plasmin was added into the 

migration assays it produced a 2-fold increase in migration toward fibronectin of both 

VB6 and V3 cell lines. This increased migration could be blocked using antibody 6-6b, 

which prevents activation of pro-MMP-9 (Ramos-DeSimone et al., 1999). These data 

suggest that while migration in the cell lines is not dependent on MMP-9 expression
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(and the differences in cell migration are not due to the levels of MMP-9 expression), 

activating MMP-9 does confer a further migratory advantage to the cells. Since wounds 

and tumours contain significant amounts of plasmin and plasminogen (Kwaan 1992; 

DeClerk and Laug, 1996), this would provide a mechanism to activate MMP-9 in vivo.

The subcellular localisation of MMP-9 to the terminal aspects of filopodia in monensin- 

treated cells (Chapter 5) further suggests that the filopodia may play a role in 

keratinocyte movement, possibly by regulating the extracellular expression of MMP-9.

It is not apparent whether MMP-9 is activated directly by plasmin or indirectly. 

Ramos-DeSimone et al. (1999) recently demonstrated how MMP-9 can be activated 

through an enzymatic cascade where plasmin activates MMP-3 which in turn activates 

MMP-9. The cell lines examined in this study all produce high levels of MMP-3 and 

this mechanism may function in this system. Repeating the migration assays with a 

specific MMP-3 blocking agent may be informative. However plasmin can also 

activate pro-MMP-9 directly (Baramova et al., 1997).

The role of activated MMPs in cell migration where cells are moving over a 

substrate (as opposed to cell invasion where cells move through a substrate) is not clear. 

Severeal studies have demonstrated a potential role for these enzymes in cell migration 

(Pilcher et al., 1997; Gianelli et al., 1997). McCawley et al. (1998) found that EGF and 

HGF-mediated keratinocyte migration was coincident with induction of MMP-9. They 

further demonstrated that inhibitors of MMP activity or addition of an MMP-9 

neutralising antibody prevented growth factor-induced colony dispersion, suggesting a 

functional role for MMP-9 induction during this response. Makela et al. (1999) recently 

demonstrated that MMP-2 is involved in random keratinocyte migration on uncoated 

coverslips. Previous studies have suggested that the role of MMP-2 in cell migration is 

not to destroy matrix proteins but to modify them, exposing cryptic sites which trigger
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cell migration (Giannelli et al., 1997). It is also possible that adherent cells use 

activated enzyme to degrades the matrix (endogenous or exogenous) to which they are 

attached, making cells less adherent and allowing them to move more freely. Palecek 

et al. (1997) demonstrated the role of cell adhesion in migration and showed that 

optimal migration was reached at a point between cells being 'too sticky’ and not 

sticky enough’.

No consistent differences were detected between the cell lines in invasion assays 

through matrigel over 24 hours. It is possible that assays over a longer time period may 

be more informative. In the invasion assays (as in migration assays) MMP-9 and -2 are 

present in proenzyme form and under serum-free conditions would not be activated. It 

is possible that addition of plasmin or plasminogen to the invasion assay may reveal 

differences between the cell lines and indicate whether MMP-9 plays a prominent role 

in the invasion of these cells. These experiments are in progress at present. Ramos et 

al. (1997) found poor invasion in an oral squamous carcinoma cell line which formed 

avp6-positive focal contacts. VB6 cells are capable of forming avP6-positive focal 

contacts (Chapter 4) which also may explain why they do not show greater invasion 

than the other cell lines.

Expression of avp6 leads to a less differentiated phenotype. In human 

kératinocytes, integrin occupancy by extracellular matrix ligands suppresses terminal 

differentiation and promotes proliferation (Adams and Watt, 1989,1990,1991). 

Transfection of av into the H357 cells restored their ability to undergo terminal 

differentiation (Jones et al., 1996) suggesting that regulatory signals transmitted through 

avpS are involved in differentiation. The VB6 cells express the same level of avp5 as 

the V3 parentals but exhibit a reversion back to the less differentiated phenotype of 

H357 cells. Thus the increased avp6 expression appears to suppress and over-ride the
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avpS associated differentiation signal (although the mechanism is not known). It is 

interesting that analysis by flow cytometry showed that the VB6 cells contained a 

significant involucrin-negative population. It is possible that the involucrin-negative 

cells may express particularly high levels of avp6 and further analysis of this 

population using FACS double labelling with anti-avp6 antibodies (and antibodies 

against other integrins) may be informative.

In summary, these data show that in malignant kératinocytes, avP6 can co- 

ordinately mediate at least three separate aspects of cell behaviour including increased 

cell migration, promotion of a less differentiated phenotype, and an increase in MMP 

expression. The data further suggests that the activation of the avp6-dependent 

increase in pro-MMP-9, which might be expected in vivo, promotes a more migratory 

phenotype towards fibronectin. This suggests that the multifunctional abilities of avP6 

are likely to have a significant role in regulating keratinocyte behaviour.
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Figure 6.1

Growth curves for H357, V3, VB6 and Cl cells.
20 X 10̂  cells were plated into 3cm wells. Triplicate wells were counted at 6 time 
points up to 160 hours when cells were confluent. Results are expressed relative to the 
starting cell number for each cell line (=100). Error bars represent standard deviation. 
Figure shows four separate experiments.
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Figure 6.2

Cells were allowed to migrate towards fibronectin and collagen I in haptotactic 
migration assays. After 3 hours the samples were fixed and the cells counted by 
microscopy.

a) Comparison of migration of H357, V3, VB6 and Cl cells towards fibronectin. 
Figure shows result of representative experiment performed in triplicate. Error bars 
represent standard deviation.

b) Scanned images of representative filters from V3 and VB6 haptotactic cell 
migration assay towards fibronectin (Magnification = x25).

c) Comparison of migration of H357, V3 and VB6 cells towards collagen I. Figure 
shows result of representative experiment performed in triplicate. Error bars 
represent standard deviation.
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Figure 6.3

Cells were allowed to migrate towards fibronectin in haptotactic migration assays. 
After 3 hours the samples were fixed and the cells counted by microscopy. To assess 
integrin specificity of migration, integrin-blocking antibodies were added to a) H357, b) 
V3, c) VB6 and d) Cl cells, prior to plating into wells (results expressed relative to no 
antibody =100%). Anti-integrin antibodies used were L230 (av), PIF6 (avp5), P1D6 
(aSpi) and 10D5 (avp6). a, b, c and d are representative experiments performed in 
triplicate. Error bars represent standard deviation.
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Figure 6.4

Cells were allowed to migrate towards fibronectin in haptotactic migration assays. 
After 3 hours the samples were fixed and the cells counted by microscopy. To 
determine the effect of activating MMP-9 on cell migration, plasmin and a specific 
MMP-9 blocking antibody (6-6b) were added to a) VB6 and b) V3 cells prior to plating 
into wells. Figure shows a representative experiment performed in triplicate. Error bars 
represent standard deviation.
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Figure 6.5

Detection of involucrin by Western blotting.
Equal cell numbers for each cell line were plated for 48 hours before lysing. For all
Western blots equal protein was run as determined by the BCA protein assay. Duplicate
SDS gels were run and stained with Coomassie blue or silver stain to check protein
loading.

a) Blot comparing involucrin expression between H357, V3, VB6 and Cl cells lines.

b) Blot comparing involucrin expression between H357, V3 and VB6 cells lines. The 
blot was also probed for P-actin as an additional loading control.

c) Blot comparing involucrin expression in V3 cells at subconfluent (6.7 x 10̂  and 
13.3 X 10 /cm^) and confluent (33.3 x 10 /̂cm^) cell densities. Involucrin expression 
increases with cell density.

d) Blot comparing involucrin expression between V3 and VB6 cell lines at 
subconfluent (13.3 x 10̂  cells/cm^) and confluent (33.3 x 10̂  cells/cm^) cell 
densities. Equal protein was loaded per lane. Involucrin expression increases with 
cell density but is still very low in the VB6 cells.
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Figure 6.6

Confluent cells were detached from 75cm^ flasks with trypsin/EDTA and fixed and 
permeabilised in 70% ethanol for 10 minutes at 4°C. The cells were washed and 
centrifuged at ISOOrpm for 10 minutes before addition of SY5 anti-involucrin antibody. 
The standard FACS protocol was then used (section 2.2). Figure shows a dot plot for 
V3 and VB6 cells.
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Figure 6.7

Immunochemistry for involucrin. Cells were grown for 7 days on glass coverslips 
allowing them to become confluent and start to stratify. Cells were fixed, blocked with 
0.1% heat-inactivated BSA and permeabilised with 0.1% triton X-100 (section 2.11) 
before staining with SY5 anti-involucrin antibody. Actin was detected by phalloidin- 
TRITC. Cells were examined on a confocal microscope and images collected digitally. 
The first 2 panels represent V3 cells (a, b, c) and VB6 cells (d, e, f) and shows the actin 
(red) image (a, d), involucrin (green) image (b, e), or the combined images (c, f). 
Magnification bar = 20pm.

Orthogonal (cross sectional) images of cells (V3 (g) and VB6 (h)) are also shown. The 
area that the cross section is taken from is indicated by the red and green lines traversing 
the main image. These images demonstrate how involucrin expression dramatically 
increases as cells lose contact with the extracellular matrix and begin to stratify.
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Figure 6.8

Cell invasion was measured using Matrigel coated polyethylene tetraphthallate (PET) 
membranes. Full keratinocyte growth medium was used as a chemo-attractant in the 
lower chamber. After 24 hours the samples were fixed and the cells counted by 
microscopy. Figures a-c show three separate experiments. Error bars represent 
standard deviation.
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Figure 6.9

Detection of e-caderin, p and y catenin by Western blotting.
Equal cell numbers for each cell line were plated for 48 hours before lysing. For all 
Western blots equal protein was run as determined by the BCA protein assay. Duplicate 
SDS gels were run and stained with Coomassie blue or silver stain to check protein 
loading.

a) Blot comparing e-cadherin expression between H357, V3, VB6 and Cl cell lines.

b) Blot comparing e-cadherin expression between H357, V3 and VB6 cell lines at 
subconfluent (13.3 x 10̂  cells/cm^) and confluent (33.3 x 10̂  cells/cm^) cell 
densities. E-cadherin expression increases with cell density.

c) Blot comparing y catenin expression between H357, V3 and VB6 cell lines.

d) Blot comparing p catenin expression between H357, V3 and VB6 cell lines.
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Figure 6.10

Flow cytometry for e-cadherin.
Cells were detached from 75cm^ flasks using 0.1% trypsin containing ImM CaCli to 
prevent digestion of e-cadherin. Cells were stained with HEC-Dl anti-e-cadherin 
antibody and the standard protocol for flow cytometry was then followed (Section 2.2) 
The grey line shows the stained cell population and the shaded profile represents the 
negative control (secondary antibody only).
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Figure 6.11

Immunochemistry for e-cadherin. Cells were plated for 24 hours on fibronectin-coated 
glass coverslips. E-cadherin was detected with antibody HEC-Dl. Actin was detected by 
phalloidin-TRITC. Cells were examined on a confocal microscope and images collected 
digitally.

The 3 panels represent H357, V3 and VB6 cells from top to bottom respectively. Figure 
shows the actin (red) image (a, d, g), the e-cadherin (green) image (b, e, h), or the combined 
images (c, f, i). Magnification bar = 10pm.
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Function of avP3 and role of TGF-pi in regulating keratinocyte behaviour

Chapter 7

FUNCTION OF aVp3 IN ORAL CARCINOMA CELL LINES AND 
THE ROLE OF TGF-pi IN REGULATING KERATINOCYTE

BEHAVIOUR.

7.1 Introduction

The purpose of this chapter was to answer two questions:

1) Are the observed effects on cell behaviour avP6 specific or are they a simple 

consequence of upregulating an av integrin

2) Are the observed effects on cell behaviour by avp6 mediated through the mechanism 

of activating endogenous TGF-pl (Munger et al., 1999).

7.1.1 avp3

avpS is the most studied of all av integrins and has been shown to play a role in 

tumour invasion, proliferation and metastasis, bone resorption, development, cell 

survival, the immune response and protease production (Reviewed by Felding- 

Habermann and Cheresh, 1993; Gladson and Cheresh, 1994; Marshall and Hart, 1996). 

It is possible that avp6 performs the same multi-functional role in epithelial cells, avps 

is not generally expressed on epithelium and many of the functions attributed to it have 

been demonstrated in melanoma cell lines (since the early work which demonstrated 

that avpS plays an important role in the development and progression of this tumour). 

The p3 and P6 cytoplasmic tails share 64% homology up to cytodomain 3.

In order to test the avp6 specificity of the cell processes observed thus far 

(induction of MMP expression, increased cell migration, reduced differentiation) it was
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decided to create a cell line which expressed another av integrin at similarly high levels 

to avp6 in the VB6 cells. In view of the high degree of homology between avp3 and 

avp6, and the multifunctional role of avp3 in melanoma cells it was decided to insert 

P3 cDNA into the V3 cells using the same retroviral technology.

7.1.2 TGF-pi

P6 knockout (-/-) mice developed and reproduced normally and cutaneous 

wounds healed uneventfully (Huang et al., 1996). The mice were characterised by focal 

accumulation of activated lymphocytes and macrophages in the lungs and skin, 

suggesting that avp6 may play a role in downregulating local inflammation. A possible 

mechanism for avp6 mediated inflammation was recently described by Munger et al. 

(1999), who demonstrated that avP6 binds the latency-associated peptide of 

transforming growth factor beta -1 (TGF-pl) and activates it. P6-/- mice are resistant 

to bleomycin-induced pulmonary fibrosis and it appears that the fibrosis is mediated 

through activation of fibroblasts by TGF-p which is itself activated by avp6 expressing 

epithelial cells.

The TGF-P family of growth factors, TGF-pl, 2 and 3, are highly conserved 

ubiquitous peptides that control a variety of cell processes, notably the inhibition of 

epithelial cell growth. Prime et al. (1994) demonstrated that oral SCC cell lines 

(including H357) produce relatively high levels of endogenous TGF-P 1. It was 

therefore possible that the observed effects on cell behaviour by avp6 were mediated 

through the mechanism of activating endogenous TGF-p. However, previous studies 

have shown that many human squamous cell carcinoma cell lines are either completely 

insensitive or only partially responsive to the growth inhibitory effect of TGF-p
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(Herbert and Bimbaum, 1989; Ichijo et al., 1990; Reiss and Stash, 1990). This led to 

the concept that loss of TGF-p responsiveness is a critical step in epithelial 

carcinogenesis and results in unrestrained tumour cell growth.

TGF-p 1 has been shown to induce upregulation of MMP-9 and -2  in 

kératinocytes (Salo et al., 1991; Johansson et al., 1997). Nickoloff et al. (1988) found 

that TGF-P 1 stimulated the migration of normal epidermal kératinocytes. However a 

more recent study has found that TGF-p 1 altered re-epithelialisation in organotypic 

cultures of mucosal kératinocytes via its reducing effect on keratinocyte proliferation 

(Garlick et al., 1996). Oral keratinocyte terminal differentiation has also been 

associated with enhanced levels of cellular and secreted TGF-p (Min et al., 1999). This 

study also found that exogenous TGF-p 1 induced differentiation.

7.2 Investigation of avp3

7.2.1 Retroviral infection of p3 cDNA into V3 cells

Full length p3 cDNA was ligated into the EcoRl site of the retroviral plasmid 

pBabe puro by Dr John Marshall (ICRF)(Morgenstem et al., 1990). pBabe puro/ps 

DNA was transfected into the AM 12 amphotrophic retroviral packaging cell line. 

Transfected cells were selected in puromycin (1.75pg/ml). Flow cytometry confirmed 

surface expression of avpS in the AMI 2 cells. Retroviruses were harvested from the 

AM12-puroP3 cells following growth for 24 hours in puromycin-free medium. To the 

retrovirus-containing medium, hexadimethrine bromide (Sigma) was added (4pg/ml).

V3 cells which were 50-70% confluent were exposed to the conditioned medium for 16- 

24 hours. The medium was replaced with fresh medium for 24 hours before selecting 

cells in puromycin-containing medium (0.75pg/ml). Resistant cells expressing P3 were
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evident 3-4 days after puromycin selection. Control (Cl) cells containing the 

puromycin-resistance gene only, had been created at the same time as the VB6 cell line.

7.2.1.1 Selection of av(33 positive cells

Analysis by flow cytometry of the p3 infectants showed that infection of the V3 

cells with p3 cDNA had been more efficient than the original p6 infection, and that 

avp3 was already present at relatively high levels in the cells (Fig 7.1). The p3-infected 

cells were amplified and underwent one round of magnetic bead sorting for avp3- 

positive cells. Following the initial sort a cell population was isolated which expressed 

avp3 at a similarly high level to avp6 in the VB6 cells (Fig 7.1). Flow cytometry 

confirmed that expression of the other av integrins was unaltered by the infection 

process (Fig 7.2).

7.2.2 Growth on tissue culture plastic

The growth rate of V3B3 cells was compared to H357, V3, VB6 and Cl (null 

transfectants) cells on tissue culture plastic. G418 and puromycin were removed from 

the medium for the duration of the experiment. avp3 had no effect on cell growth.

Figure 7.3a shows the result of a representative experiment performed in triplicate in 

which the cell lines were grown over 140 hours.

7.2.3 Effect of avp3 on cell migration

To determine whether avp3 could modulate keratinocyte migration, haptotactic 

migration assays were performed using fibronectin-coated filters. No significant 

difference was detected in migration rates between the V3B3 cells and the V3 parental 

cell line (p=0.196). Figure 7.3b compares migration in V3, V3B3 and VB6 cells.
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7.2.4 Effect of avg3 on cell differentiation

Western blotting (on samples containing equal protein from equal cell densities) 

showed that V3B3 cells expressed involucrin at similarly high levels to V3 and Cl cells 

(Fig 7.3c). No reduction in differentiation was seen as in the VB6 cells.

7.2.5 Effect of avp3 on basal MMP expression on uncoated tissue culture
plastic

Cell supernatants were collected from cells plated for 24 hours on uncoated 

tissue culture plastic in additive-free medium. Following supernatant sampling the cells 

were counted. No differences in cell numbers between the cell lines were observed. 

Zymography on supernatant samples containing equal protein revealed that V3B3 cells 

produced similar amounts of MMP-9 and -2 to the V3 parentals (Fig 7.4a, b) and that 

the enzymes were present predominantly in proenzyme form.

7.2.6 Effect of av|33 on e-cadherin expression

Western blotting was carried out on samples containing equal protein from cells 

of equal densities. No difference in e-cadherin expression was observed (Fig 7.4c).

7.3 Investigation of the role of TGF-P 1

7.3.1 Analysis of endogenous TGF-P 1 production

Cell supernatants were collected from cells grown for 48 hours on uncoated 

plastic in serum-free medium. Following supernatant sampling the cells were counted. 

The supernatants were analysed by ELISA for endogenous TGF-P 1. The analysis was 

carried out by Dr Max Robinson of Bristol Dental School.
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VB6 cells produced significantly less TGF-P 1 than H357 and V3 cells (p=0.002, 

p=<0.001 respectively) (Fig 7.5). V3 cells also produced significantly more TGF-p 1 

than H357 cells (p=0.038).

7.3.2 Effect of TGF-pi on cell migration

To determine whether TGF-p 1 could modulate VB6 migration, haptotactic 

migration assays were performed using fibronectin-coated filters in the presence of 

TGF-p 1. Cells were incubated with TGF-p 1(1 Ong/ml) or blocking antibody against 

TGF-P 1 for 1 hour prior to plating. Over the 3 hour period of the assay TGF-p 1 caused 

no significant reduction in migration in the VB6 cells (p=0.191). Anti-TGF-pi 

antibody also had no effect on the degree of migration (p=0.102){¥ig 7.6a).

7.3.3 Effect of TGF-P 1 on cell differentiation

VB6 cells were incubated with activated TGF-P 1 (1 Ong/ml and 7.5ng/ml) for 48 

hours before lysing. Western blotting was carried out on samples containing equal 

protein from equal cell densities. TGF-p 1 did not effect involucrin expression in VB6 

cells (Fig 7.6b).

7.3.4 Effect of TGF-P 1 on MMP expression

7.3.4.1 Effect of TGF-pi on MMP expression on uncoated tissue culture
plastic

Cell supernatants were collected from cells grown for 24 hours on plastic in 

serum-ffee medium containing TGF-P 1 (1 Ong/ml) or anti-TGF-pi antibody. Following 

supernatant sampling the cells were counted. Over 24 hours no significant differences
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were observed in cell numbers between the cell lines and over this period TGF-P 1 did 

not appear to significantly affect cell numbers.

H357, V3 and VB6 cells showed marked induction of MMP-9 in the presence of 

TGF-p 1 (Fig 7.7a, b). There also appeared to be upregulation of MMP-2 although 

expression was low and variable (Fig 7.7a, b). Blocking antibody against TGF-P 1 had 

no effect on MMP-9 or -2  expression in any of the cells. This suggests that the 

increased expression of MMP-9 and -2  by VB6 cells on uncoated plastic is not 

mediated by endogenous TGF-P 1.

7.3.4.2 Effect of TGB-pi on MMP expression on fibronectin-coated tissue
culture plastic

Cell supernatants were collected from cells grown for 24 hours on fibronectin- 

coated plastic in serum-firee medium containing TGF-p 1 (1 Ong/ml) or anti-TGF-pl 

antibody. Following supernatant sampling the cells were counted. Over 24 hours no 

significant differences were observed in cell numbers between the cell lines and over 

this period TGF-P 1 did not appear to affect cell numbers.

H357, V3 and VB6 cells showed marked induction of MMP-9 on fibronectin in 

the presence of TGF-P 1 (Fig 7.8a, b, c). The degreee of upregulation was similar 

between cell lines. There also appeared to be upregulation of MMP-2 although again 

expression was low and variable (Fig 7.8a, b, c). Blocking antibody against TGF-P 1 

had no effect on MMP-9 or -2  expression in any of the cell lines and did not reduce 

expression of MMP-9 or -2  in the V3 or VB6 cells below the level of that on 

fibronectin alone (Fig 7.8b, c). This suggests that the upregulation of MMP-9 and -2  on 

fibronectin by the avp6 positive V3 and VB6 cells is not mediated through endogenous 

TGF-p 1.
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7.4 Discussion

The data from this chapter suggests that the effects observed in the VB6 cells 

(increased MMP-9 and -2 expression, increased migration towards fibronectin and 

reduced differentiation) are not a consequence of upregulating an av integrin non- 

specifically nor are they mediated through endogenous TGF-p 1. V3B3 cells (which 

express avp3 at similarly high levels to avp6 in the VB6 cells) showed no significant 

alterations in MMP expression, migration towards fibronectin or involucrin expression 

when compared to the V3 parentals or Cl null transfectants. It is probable that the 

multifunctional role of avP3 in melanoma is cell-type specific. However, avp3 is a 

promiscuous receptor with many ligands. We have not tested whether avp3 functions 

as a fibronectin receptor in V3B3 cells nor have we yet tested the various parameters 

described on another substrate such as vitronectin. This work is in progress.

Unexpectedly, the VB6 cells produced significantly less endogenous TGF-p 1 

than the H357 and V3 cells. Oral keratinocyte terminal differentiation has been 

associated with enhanced levels of cellular and secreted TGF-p (Min et al., 1999). This 

may possibly explain why V3 cells are more differentiated than VB6 cells since they 

produce much higher levels of endogenous TGF-P 1. However, adding activated TGF- 

pi to the VB6 cells did not induce higher levels of involucrin expression, suggesting 

that differentiation in the cell lines is not a simple reflection of TGF-P 1 levels.

TGF-p 1 stimulates the migration of normal epidermal kératinocytes (Nickoloff 

et al., 1988). However, in organotypic cultures of mucosal kératinocytes, TGF-P 1 

altered re-epithelialisation via its reducing effect on keratinocyte proliferation (Garlick 

et al., 1996). TGF-P 1 or anti-TGF-pi blocking antibody did not affect cell migration 

towards fibronectin in the VB6 cells in a manner to suggest that the effects observed
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were dependent on this cytokine. It is possible that if the migration assay was carried 

out over a longer time period or following a longer incubation with TGF-P 1 then 

discernable effects would be observed.

Addition of TGF-P 1 to the cells markedly upregulated MMP-9 both on plastic 

and fibronectin. This is consistent with previous findings and with the inducible nature 

of MMP-9 (Salo et al., 1991; Johansson et al., 1997). Anti-TGF-pi antibody had no 

effect on the basal expression of MMP-9 and -2 on plastic, nor did it block the 

upregulation of MMP-9 and -2 in the V3 and VB6 cells. This also suggests that the 

avP6-dependent differences in MMP expression between the cell lines are not mediated 

through endogenous TGF-p 1.

The role of TGF-pi in wound scarring is now well documented (reviewed by 

O’Kane and Ferguson, 1997) and foetal wounds which normally heal without scarring 

can be induced to scar by applying TGF-P 1 (Tanning et al., 1999). P6 -/- mice are 

resistant to bleomycin-induced pulmonary fibrosis (through inability to activateTGF-pi) 

and it is therefore possible that avp6 expression found in cutaneous wounds may induce 

scarring through activation of TGF-p 1. Further investigation of the role of avp6 in 

cutaneous wound healing may be interesting.
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Figure 7.1

Flow cytometry for avp3 integrin in cell lines. A, b and c show avpS expression in 
H357, V3 and VB6 cells, d shows initial avP3 expression in V3 cells following 
retroviral infection with p3 cDNA. The subsequent sorts for P3 using magnetic beads 
are also shown (e-h).

The grey line shows the stained cell population and the shaded profile represents the 
negative control (secondary antibody only).
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Figure 7.2

Flow cytometry showing the av integrin profile of V3B3 cells.

The grey line shows the stained cell population and the shaded profile represents the 
negative control (secondary antibody only).
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Figure 7.3

a) Growth curves for H357, V3, V3B3 and Cl cells. 20 x 10̂  cells were plated into 
3cm wells. Triplicate wells were counted at 5 time points up to 140 hours when 
cells were confluent. Results are expressed relative to the starting cell number for 
each cell line (=100). Figure shows a representative experiment. Error bars 
represent standard deviation

b) Cells were allowed to migrate towards fibronectin in haptotactic migration assays. 
After 3 hours the samples were fixed and the cells counted by microscopy. 
Comparison of migration of V3, V3B3 and VB6 cells towards fibronectin. Figure 
shows a representative experiment performed in triplicate. Error bars represent 
standard deviation.

c) Detection of involucrin by Western blotting. Equal cell numbers for each cell line 
were plated for 48 hours before lysing. For all Western blots equal protein was run 
as determined by the BCA protein assay. Duplicate SDS gels were run and stained 
with Coomassie blue or silver stain to check protein loading.
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Figure 7.4

a) Zymographic analysis of MMP expression by V3 and V3B3 cell lines on uncoated 
tissue culture plastic. Cells were grown for 24 hours on uncoated tissue culture 
plastic before supernatant sampling and cell counting. For all zymograms equal 
protein was loaded as determined by BCA protein assay.

b) Densitometric analysis of zymograms showing MMP-9 and MMP-2 expression by 
V3 and V3B3 cell lines on uncoated tissue culture plastic. Figure shows a 
representative experiment performed in triplicate. Error bars represent standard 
deviation.

c) Detection of e-cadherin by Western blotting. Equal cell numbers for each cell line 
were plated for 48 hours before lysing. For all Western blots equal protein was run 
as determined by the BCA protein assay. Duplicate SDS gels were run and stained 
with Coomassie blue or silver stain to check protein loading.
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Figure 7.5

ELISA analysis of endogenous TGF-P 1 production by H357, V3 and VB6 cells. 
Subconfluent cells were grown for 48 hours on uncoated tissue culture plastic before 
supernatant sampling and cell counting. Results are expressed as picograms /lO  ̂
cells/48 hours. Figure shows the results from 2 separate experiments performed in 
triplicate.
Error bars represent standard deviation. The ELISA analysis was carried out by Dr Max 
Robinson (Bristol Dental School).
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Figure 7.6

a) VB6 cells were allowed to migrate towards fibronectin in haptotactic migration 
assays following incubation with TGF-pi or anti-TGF-pl blocking antibody. After 
3 hours the samples were fixed and the cells counted by microscopy. Figure shows 
the results of two representative experiments performed in triplicate. Results 
expressed relative to cell migration towards fibronectin (=100). Error bars 
represent standard deviation.

b) Detection of involucrin by Western blotting. Equal numbers of VB6 cells were 
plated for 48 hours in the presence of TGF-p 1 (1 Ong/ml; 7.5ng/ml) before lysing. 
For all Western blots equal protein was run as determined by the BCA protein 
assay. Duplicate SDS gels were run and stained with Coomassie blue or silver stain 
to check protein loading. This blot was probed for p-actin as an additional control.
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Figure 7.7

a) Zymographic analysis of MMP expression on uncoated tissue culture plastic and 
following incubation with TGF-pl and anti-TGF-pi antibodies. Cells were grown 
for 24 hours on uncoated tissue culture plastic in the presence of TGF-pl and anti- 
TGF-pl blocking antibodies before supernatant sampling and cell counting. For 
each zymogram equal protein was loaded as determined by BCA protein assay.

b) Densitometric analysis of zymograms showing MMP-9 expression on uncoated 
tissue culture plastic and following incubation with TGF-pi and anti-TGF-pl 
antibody. Cells were grown for 24 hours on uncoated tissue culture plastic in the 
presence of TGF-pi and anti-TGF-pl antibody before supernatant sampling and cell 
counting. Figure shows a representative experiment performed in triplicate. Error 
bars represent standard deviation.
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Figure 7.8

a) Zymographic analysis of MMP expression on fîbronectin-coated tissue culture 
plastic and following incubation with TGF-pi and anti-TGF-pi antibody. Cells 
were grown for 24 hours on fibronectin-coated tissue culture plastic in the presence 
of TGF-pi and anti-TGF-pl blocking antibody before supernatant sampling and cell 
counting. For each zymogram equal protein was loaded as determined by BCA 
protein assay.

b) Densitometric analysis of zymograms showing MMP-9 and -2 expression by V3 
cells on fibronectin-coated tissue culture plastic and following incubation with TGF- 
pi and anti-TGF-pi antibody. Figure shows a representative experiment performed 
in triplicate. Error bars represent standard deviation.

c) Densitometric analysis of zymograms showing MMP-9 and -2  expression by VB6 
cells on fibronectin-coated tissue culture plastic and following incubation with TGF- 
pi and anti-TGF-pi antibody. Figure shows a representative experiment performed 
in triplicate. Error bars represent standard deviation.
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Discussion

Chapter 8 

DISCUSSION

8.1 Experimental approach

The purpose of this study was to investigate the expression and function of the 

avP6 integrin in oral epithelial cells derived from squamous cell carcinomas. The cell 

line H357, was deficient in the av subunit. V3 was transfected with the missing av 

subunit and expressed predominantly avps and a low level of avp6. V3 was infected 

retrovirally with p6 cDNA generating the VB6 cell line with high avp6 expression. V3 

was also infected with p3 cDNA as a further control to determine the specificity of 

avp6 function. Previous work with transfected cell lines has shown that expression of 

single integrins can have a profound effect on cell behaviour (Giancotti and Ruoslahti, 

1990; Qian et al., 1994).

8.2 Production of cell populations with required av integrin expression

Retroviral infection has an advantage over conventional transfection techniques 

in that it usually produces high levels of'introduced’ integrins on the cell surface and 

does not require overly vigorous sorting and selecting.

Introduction of the P6 (and P3) subunits did not alter surface expression of other 

intergins or e-cadherin by the cells. It is interesting that the infection of P6 cDNA into 

the cells increased expression of the av subunit. We have not investigated whether the 

increase in av expression occurs at the transcriptional level or whether there is a pool’ 

of cellular av waiting to be utilised. Transfection of the av subunit into the H357 cells
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did not affect P5 mRNA levels (Jones et al., 1996) and it is possible that the expression 

of av integrins on the cell surface is regulated through the transcription of p subunits.

8.3 Subcellular distribution of avp6

avp6 appears to have ubiquitous distribution and can be found in focal 

adhesions and extended filopodia, and at cell-cell borders in confluent monolayers. It is 

possible that avp6 distribution is time and cell-density dependent, although the varying 

distribution may reflect the multifunctional role in cell behaviour which has been 

demonstrated in this thesis.

8.4 Expression of MMP-9 and -2

The avp6 positive V3 and VB6 cells showed increased basal expression of 

MMP-9 and -2 paralleling their relative levels of avp6 expression. The increase in 

basal expression appeared to be ligand independent since it was seen on uncoated 

plastic and could not be blocked with anti- avp6 antibody. It is not apparent how avp6 

could have a ligand-independent effect but this finding does agree with Niu et al.

(1998).

In contrast to Niu et al. (1998) however, upregulation of MMP-9 and -2 in a 

ligand-dependent manner on fibronectin was observed in the avp6 positive cells. This 

upregulation could be blocked with a specific anti-avP6 antibody.

As discussed in Chapters 3 and 5 the effects observed on expression of MMP-9 

were far more consistent than those of MMP-2. MMP-2 is constitutively expressed by 

many cell types in culture, whereas MMP-9 is highly inducible and its expression more 

tightly controlled. This could possibly explain the variation in MMP-2 data.
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8.5 Migration

Migration towards fibronectin of the high avp6 expressing VB6 cells was 

significantly higher than the av negative H357 cells and the V3 parental cells. In turn 

the H357 cells showed significantly greater migration than V3 cells. Migration in the 

VB6 cells could only be blocked by a combination of antibodies against aSpi and 

avp6. This indicates that VB6 cells can migrate using both integrins. It is not clear 

whether the integrins co-operate or whether one is used preferentially, but the 

subcellular location of avp6 to elongated filopodia may indicate a functional role in cell 

migration.

It is likely that differentiating epithelial cells would be less migratory, and in 

support of this, the more differentiated V3 cells showed greatly reduced migration 

towards fibronectin compared with H357 or VB6 cells. However, VB6 cells also 

showed significantly higher migration than H357 cells which express similar involucrin 

levels. Also, migration towards collagen I was similar between the cell lines. Thus, 

avp6 expression does confer an advantage to the cells when migrating towards 

fibronectin which is not a simple consequence of altered differentiation, or of a general 

increase in motility. Interestingly, the V3 cells express the same levels of a5pi as the 

H357 line and it appears to be fully functional since similar levels of adhesion to 

fibronectin were seen in V3 and H357 cells. The reduced migratory capacity of V3 

cells on fibronectin appears to be a consequence of the de novo expression of avp5. 

Whether these effects are due to promoting the differentiation signalling pathway, 

indirectly affecting the migratory machinery of the cell, or whether avpS signalling 

directly inhibits aSpi dependent migratory signals remain to be determined.

The pattern of cell migration did not correlate with MMP expression. H357 

migrates at higher levels than V3 cells despite expressing less MMP-9 and -2. MMP-9
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and -2 are present in migration assays predominantly in proenzyme form and under 

serum-free conditions are not activated. Adding plasmin to the migration assay caused 

a 2-fold increase in migration towards fibronectin in the V3 and VB6 cells. This 

increase in migration could be blocked using antibody 6-6B which prevents activation 

of pro-MMP-9 (Ramos-DeSimone et al., 1999). These data suggest that while 

migration in the cell lines is not dependent on MMP-9 expression (and differences in 

cell migration are not due to the levels of MMP-9 expression), activating MMP-9 does 

confer a further migratory advantage to the cells. The subcellular distribution of MMP- 

9 to the terminal aspect of filopodia further suggests a functional role in cell movement.

8.6 Differentiation

Expression of avp6 leads to a less differentiated phenotype. In human 

kératinocytes, integrin occupancy by extracellular matrix ligands suppresses terminal 

differentiation and promotes proliferation (Adams and Watt, 1989,1990,1991). 

Transfection of av into the H357 cells restored their ability to undergo terminal 

differentiation (Jones et al., 1996) suggesting that regulatory signals transmitted through 

avpS are involved in differentiation. The VB6 cells express the same level of avpS as 

the V3 parentals but exhibit a reversion back to the less differentiated phenotype of 

H357 cells. Thus the increased avp6 expression appears to suppress and overide the 

avpS associated differentiation signal, although the mechanism is not known.

8.7 Relevance to keratinocyte behaviour in vivo

Normal oral kératinocytes express avp5 but in wound healing and squamous 

cell carcinoma expression of this integrin is downregulated and de novo expression of 

avp6 is seen. In wound healing keratinocyte movement and proliferation are tightly
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controlled (as is expression of avP6). In squamous cell carcinoma however these 

constraints are lost and this is accompanied by constitutive avp6 expression.

Expression of avp6 in our cell lines leads to a phenotype which is more 

migratory towards fibronectin, less differentiated and upregulates expression of MMP-9 

and MMP-2. These processes may be found in tumours in vivo and it is an interesting 

possibility that one integrin could co-ordinately modulate several aspects of cell 

behaviour which are associated with a tumorigenic phenotype. The dedifferentiation, 

increased migration and increased gelatinase secretion appear to be independent 

processes. Increased migration is not a result of reduced differentiation or of increased 

MMP expression (although activation of MMP-9 confers a further migratory advantage 

to the cells). However, it is not hard to imagine how these processes could contribute to 

cell movement in vivo.

8.8 Future work

We have demonstrated that de novo expression of avp6 in a malignant 

keratinocyte-derived cell line co-ordinately affects three aspects of epithelial cell 

behaviour: loss of differentiation, increased migration and MMP-9 upregulation. Thus 

these three aspects of epithelial cell behaviour all of which are involved in wound 

healing and cancer. Our studies suggest that avP6 plays a central role in these processes 

but the mechanisms of avP6 upregulation and signalling, the temporal and spatial 

expression remain to be elucidated.

8.8.1 P6 signalling

We have identified several aspects of malignant keratinocyte behaviour which 

are mediated through avP6 in vitro. How these disparate functions are mediated by the
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same receptor remains unknown, but it is probable that different signalling pathways 

mediate different functions, and that separate signalling pathways may be initiated by 

different domains of the p6 cytoplasmic tail.

Structural analysis of integrin function has utilised positional mutation, deletion 

or substitution of cytoplasmic residues. These studies have revealed that the three 

highly conserved 'cytodomain’ regions shared by p i, P2, p3, pS, P6 and p7 (Reszka et 

al., 1992) are critical in maintaining functionality of integrins (Simon and Burridge,

1994). The cyto2 and cyto3 domains, which may be represented by NPXY and NXXY 

respectively, are binding sites for talin. Alanine substitution of asparagine (N), or 

alanine substitution of tyrosine (Y) into the cyto2 domain of P3 inhibited adhesion and 

migration of melanoma cells (Filardo et al., 1995). Thus, although relatively small, 

integrin cytoplasmic tails clearly have sub-regions with specific functions, P6 is unique 

in also having an 11 amino acid extension at the C-terminal domain of the cytoplasmic 

tail.

Creating mutants of the p6 cytoplasmic tail, particularly of the 11 amino acid 

extension at the C-terminal domain may reveal the signalling mechanisms by which 

avp6 co-ordinates the multiple processes described in this thesis.

8.8.2 Identification of the p6 promoter

It is not clear how avP6 is switched on in pathological and physiological 

conditions, but it appears to be via the specific induction of P6 mRNA. avp6 

expression can be induced by cytokines such as EOF or TGF-P (Sheppard et al., 1992; 

Zambruno et al., 1995; Wang et al., 1996) although antibodies against these cytokines 

do not prevent avp6 expression in vitro (Dean Sheppard, personal communication).
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Once identified, linking of the P6 promoter to a reporter gene (such as Green 

Fluorescent Protein (OFF)) in vitro, would allow examination of promoter activity by 

monitoring OFF expression. Thus various cytokines and p6 ligands could be tested for 

inducing promoter activity. The spatial and temporal distribution of avp6 in migrating 

epithelial cells in ‘wounded’ monolayers could also be examined. These experiments 

should help ascertain the kinetics of p6 expression and the nature of activating cues in 

motile epithelial cells.

8.8.3 Transgenic experiments

My intention is to create a transgenic mouse in which controllable, constitutive 

avP6 expression is targeted to stratified squamous epithelia. This could be achieved by 

driving p6 expression off the human cytokeratin 5 promoter. Cytokeratin 5 is 

constitutively expressed by all stratified squamous epithelial basal cells (Fuchs and 

Green, 1980) and therefore human P6 will also be constitutively expressed in these 

cells. Huang et al. (1998) generated a transgenic mouse with constitutive avp6 

expression in respiratory epithelium by driving the human p6 gene off the human 

surfactant protein promoter. To further regulate avP6 expression, the cytokeratin 5 

promoter will be under the control of an inducibe tetracycline promoter and will only be 

activated on addition of doxycycline to the mouse diet.

In collaboration with Dr Dean Sheppard (UCSF, San Fransisco), I hope to cross 

this mouse with the P6 knockout mouse, creating an animal which contains only the 

human p6 transgene under doxycycline control.

The creation of a mouse homozygous for the endogenous P6 null alleles but 

containing the human transgene, would allow us to grow primary kératinocytes and
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develop immortalised cell lines in which avp6 expression is entirely controlled by the 

addition or removal of doxycycline to the culture medium. In this manner avp6 could 

be 'switched’ on or off. This will be an excellent opportunity to further examine the 

spatial and temporal expression of avp6 and to more accurately determine its functional 

role in keratinocyte behaviour.

The development of the transgenic mice would also further our understanding of 

the role of avp6 in development, wound healing and tumours. In particular we would 

be able to examine whether mice which constitutively express avp6 are more prone to 

develop spontaneous or chemically induced SCC, and further monitor the development 

of such tumours when avp6 is switched off. 'Switching off avP6 in cutaneous 

wounds would also determine its role in wound closure and scar formation.

8.7 Conclusion

In conclusion, integrins play an important role in regulating cell behaviour, both 

in normal and malignant kératinocytes. Unlike melanoma where avp3 has been shown 

to modulate several cell processes no such integrin has been identified in kératinocytes. 

De novo expression of avP6 by kératinocytes in vivo is seen in wounds and squamous 

cell carcinoma. A link has been demonstrated between expression of avp6 and reduced 

differentiation, increased migration towards fibronectin and upregulation of MMP-9 and 

MMP-2. It is not apparent whether these processes are regulated through a single 

signalling pathway and further work is required to establish whether separate regions of 

the p6 cytoplasmic tail are responsible for each process. The identification of a single 

integrin which co-ordinately affects several aspects of cell behaviour usually associated 

with a malignant phenotype, and which is not constitutively expressed by normal cells
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may give rise to the possibility of novel therapeutic interactions in the treatment of 

squamous cell carcinoma.
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Media, solutions and buffers

1.1 Tissue Culture Media and Solutions

Phosphate -Buffered Saline (PBSKICRF Central Cell Services!

NaCl - 8 g

KCi - 0.25g

Na2HP04 - 0.25g

KH2PO4 - 0.25G

Made up to 1 litre with distilled water, titrated to pH 7.2 and autoclaved.

PBS ABC consisted of PBS supplemented with ImM CaCh (B) and ImM MgCb (C)

Standard Keratinocyte Growth Medium
3 parts Dulbecco’s Modified Eagles Medium (DMEM)

1 part Ham’s F12 medium

10% fetal calf serum (Globepharm, Surrey)

lOOIU/1 penicillin

lOOpg/l streptomycin

2.5 pg/1 amphotericin B (Gibco BRL)

1.8 X IC^M adenine

5pg/ml insulin

1x10'^^ cholera toxin

0.5pg/ml hydrocortisone

lOng/ml epidermal growth factor (Sigma)
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1.2 Protein analysis

Recipe for SDS-Dolvacrvlamide gels 

Resolving gels (lOml)

6% 8% 10%

Distilled H2O 5.3ml 4.6 4.0

30% Acrylamide mix 2.0ml 2.7 3.3

1.5M Tris (pH 8.8) 2.5ml 2.5 2.5

10% SDS lOOpl 100 100

10% Ammonium persulphate lOOpl 100 100

TEMED 8pl 6 4

Stacking gel tSmll

Distilled H2O 3.4ml

30% Acrylamide mix 0.83ml

l.OM Tris (pH 6.8) 0.63ml

10% SDS 50jLil

10% Ammonium persulphate 50pl

TEMED 5pl
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12% gelatin- substrate acrylamide resolving gel for zymographv (lOmn

Distilled H2O 3.2ml

30% Acrylamide mix 4.0ml

1.5MTris(pH8.8) 2.5ml

10% SDS lOOjLil

10% Gelatin lOOpl

10% Ammonium persulphate 1 OOpl

TEMED 4pl

Stacking gel (for zvmographvl (5mll

Distilled H2O 3.0ml

30% Acrylamide mix 0.7ml

0.5M Tris (pH 6.8) 1.25ml

10% SDS 50pl

10% Ammonium persulphate 20pl

TEMED lOpl

Running buffer (10x1 (11)

Tris base 29g

Glycine 144g

SDS lOg

Distilled H2O to 1 litre
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IMTris (pH 6.8) 3.126ml

50% Glycerol 5.0ml

SDS Ig

1 % Bromophenol blue 1 ml

Distilled H2O 0.874ml

Reducing Samnle Buffer tlx) tlOml)

0.5M Tris (pH 6.8) 2.5ml

50% glycerol 4.0ml

10% SDS 2.0ml

0.4% Bromophenol blue 0.1ml

(3-mercaptoethanol 10% vol

Distilled H2O 1.2ml

Renaturing Buffer tzvmogranhv) tSOOml)

Triton X-100 12.5ml

Distilled H20 487.5ml

Develoning Buffer tzymogranhy) t200ml)

IM Tris (pH 7.5) 10ml

5MNaCl 8ml

IM CaC12 1.0ml

2.5% Triton X-100 1.6ml

Adjust to pH 7.5 with 0. IM HCL. Make up to 200ml with distilled H20
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Coomassie Blue Stain (500ml)

Methanol 150ml

Acetic acid 50ml

Coomassie Brilliant Blue R 2.5g 

Distilled H20 300ml

Appendix 1

Coomassie Destain (500ml)

Methanol 150ml

Acetic acid 

Distilled H2O

50ml

300ml

Lysis Buffer (lOmll

IM HEPES (pH7.8) 

10%NP40 

5MNaCl 

IMMgCli 

IMCaCli 

IM Sucrose 

Sodium azide 

Distilled H2O

200pl

1ml

lOOpl

30pl

lOjLll

3ml

lOmg

5.66ml

Protease inhibitors

PMSF (lOmg/ml) 

Aprotinin (2mg/ml) 

Leupeptin (lOmg/ml)

1:100

1:50

1:5000
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Western Blot Transfer Buffer

Glycine 

Tris base 

20% SDS 

Methanol

2.93g

5.81g

1.875ml

2 0 0 ml

Distilled H2O to 1 litre

Western blot blocking buffer (100ml)

Tween

Marvel skimmed milk powder 

Distilled H20

Western blot wash buffer tSOOmn

Distilled H20 500ml

Tween 250pl

Immunoprecipitaion Wash Buffers

5MNaCl 

IMTris (pH 8.0) 

20%NP40 

20% SDS

200mMEDTA(pH8.0) 

Distilled H20 

10% Sodium Azide

WABl

2 0 ml

1 0 ml

0.5ml

68.5ml

1 .0 ml

50pl

5g

1 0 0  ml

WAB2

2 ml

1 0 ml

5ml

1.5ml

WAB3

1ml

0.5ml

(0.5ml)*

80.5ml (80) 97.5ml

1.0ml 1.0ml

Some integrins are sensitive to EDTA eg Ilb/IIIa
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Immunoprécipitation wash protocol

Following incubation of samples with anti-integrin antibodies and protein A-sepharose 

beads overnight, beads are washed according to the following protocol.

i) Spin beads in microcentrifuge

ii) Resuspend in 700pl wash buffer 1 (WAB 1) and spin down

iii) Resuspend in 700pl WAB 2 and spin down

iv) Repeat steps i-iv

v) Resuspend in 700pl of WAB3 and transfer to a fresh tube. Spin down and

remove supernatant. Add sample to loading buffer.

1.3 RNA extraction and Agarose gel electrophoresis 

Guanidinium Thiocvanate (GIT). 4M

GIT 50g

N-lauroyl sarcosine 0.5g

Tri-sodium citrate (pH7) 2.5ml

30% antifoam A emulsion 0.33ml

made up to 50ml in distilled H20

pH was adjusted with lOOmM NaOH, then a further 50ml distilled H20 added and the 

solution filtered through Whatman No. 1 paper. 0.72ml P-mercaptoethanol was added 

and aliquots stored at -70°C.
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Tris-acetate buffer (TAE) (lOxKll)

Tris 48.4g

Glacial acetic acid 11.4ml

0.5MEDTA(pH8) 

Final pH 7.6

2 0 ml

Appendix 1

2% Agarose gel

Agarose 0.5g

Distilled H20 22.5ml

(heat to 56°C until agarose dissolves)

TAE buffer (1 Ox) 2.5ml

Ethidium bromide ( 1 Opg/ml) 1.25pl

DNA loading buffer (lOmH

Bromophenol blue 

Xylene cynol FF 

100 % Glycerol 

Distilled H20

25mg

25mg

3ml

7ml

1.4 Immunochemistrv 

Blocking and wash solution

10% ESA (heat inactivate at 60°C for 30 mins) 5ml

Sodium azide 0.5g

Distilled H20 495ml
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Blocking and Permeabilising cells

Fixed ceils on coverslips were blocked overnight with 0.1% BSA (see above) at 4°C. 

Cells were permeabilised by washing with 0.1% Triton X-100 for 15 minutes at room 

temperature with gentle agitation.
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Antibodies 

Table of Integrin Antibodies Used

Antibody subunit Blocking Source (reference)

TS2/7 a l NK TCS Biologicals, Ltd., Buckingham, UK

P1E6 a2 yes Life Technologies, Paisley, Scotland

P1B5 a3 yes Life Technologies, Paisley, Scotland

7.2 a4 yes Dr J. F. Marshall. ICRF

P1D6 a5 yes Life Technologies, Paisley, Scotland

G0H3 (rat) a6 yes Serotec Ltd, Oxford, UK

13C2 av Weak Dr M. A. Horton. UCL London (Davies et al., 
1989)

L230 av yes ATCC

LM609 av|33 yes Chemicon International, Harrow, UK. 
(Cheresh and Spiro, 1987)

P1F6 av|35 yes Life Technologies, Paisley, Scotland. 
(Weinacker et al. 1994)

R6G9 P6 no Dr D. Sheppard. UCSF, San Fransisco, USA. 
(Weinacker et al. 1994)

E7P6 avp6 no Dr D. Sheppard. UCSF, San Fransisco, USA. 
(Weinacker et al. 1994)

10D5 avP6 yes Dr D. Sheppard. UCSF, San Fransisco, USA.

P5D2 pi yes ATTC

TS2/16 pi Activating ATCC

3E1 p4 no Gibco BRL

All antibodies were of murine origin unless stated. NK: not known
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Table of Other Antibodies

Antibody Antigen Source (reference)

SY5 Involucrin Dr F. Watt. ICRF, Lincoln Inns Fields, London. 
(Hudson et al. 1992)

hVINl Vinculin Sigma, Poole, Dorset

8d4 Talin Sigma, Poole, Dorset

MAB240 TGF-pl R and D systems, Abington, Oxon.

6-6b MMP-9 Calbiochem, Beeston, Nottingham.

HEC-D9 E-cadherin Dr M. Takeichi, University of Kyoto, Japan.

P-catenin Affiniti Research Products Ltd, Nottingham.

y-catenin Affiniti Research Products Ltd, Nottingham.

IST4 Fibronectin Sigma, Poole, Dorset.
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Table of Secondary Antibodies

Antibody Species Source

FITC conjugated anti-mouse IgG Rabbit Dako Ltd. High Wycombe, 
Buckinghamshire, UK.

FITC conjugated anti-mouse IgG Goat Sigma, Poole, Dorset.

Alexa-488 conjugated anti-mouse IgG Goat Molecular Probes Europe BV, 
Leiden, The Netherlands

CY5 conjugated anti-mouse IgG Goat Jackson Labs (through Stratech 
Scientific Ltd. Luton, Beds.

FITC conjugated anti-rat IgG Rabbit Dako Ltd. High Wycombe, 
Buckinghamshire, UK.

FITC conjugated anti-rabbit IgG Goat Sigma, Poole, Dorset.

HRP conjugated anti-mouse IgG Goat Sigma, Poole, Dorset.

HRP conjugated anti-rabbit IgG Goat Sigma, Poole, Dorset.

TRITC conjugated Phalloidin Sigma, Poole, Dorset
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Chapter 3

Data for Figure 3.2

Appendix 3 

Data From Results Chapters 3-7

a l a l a3 a4 aS a 6 a v pi P4 avps a v p 6

H357 ND 142.4 181.8 ND 8.7 581.0 ND 270.1 199.0 ND ND

V3 ND 170.5 211.3 ND 8.18 662.3 12.6 346.3 201.0 5.3 1.8

IC6 ND 111.2 165.9 ND 4.6 420.0 ND 284.5 133.0 ND ND

Table of Data from Densitometric Analysis of Zymograms in Figure 3.4c

MMP-9 MMP-2

H357 100 +/- 6 122 +/- 3

V3 263 +/- 16 227 +/-13

IC6 114+/-6 115+/-17

Table of Data for ELISA assay in Figure 3.5 a and b

MMP-9
(pg/ml/lOOO
cells)

MMP-2
(pg/ml/lOOO
cells)

MMP-3
(pg/ml/1000
cells)

TTMP-1
(pg/ml/1000
cells)

TIMP-2
(pg/ml/1000
cells)

H357 1.075+/. 0.1 0.55+/-0.17 2.95+/-0.07 373 +/- 42 181+/-63

V3 3.63+/-0.38 1.73+/-0.12 3.8+/-1.83 391 +/- 353 247 +/- 148

IC6 0.39 +/- 0.07 0.95 +/- 0.33 2.8 +/- 0.7 287 +/- 7.8 95 +/- 43
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Table of Data for ELISA assay in Figure 3.8 a, b, c and d

MMP-9 
(pg/ml/1000 cells)

MMP-2 
(pg/ml/1000 cells)

TIMP-1
(pg/ml/1000 cells)

TIMP-2
(pg/ml/1000 cells)

Plastic Fibre Plastic Fibre Plastic Fibre Plastic Fibre

H357 0.64+/^.86 0.24+/-0.33 2.19+/-2.1 1.59+/-1.6 342+/-7.7 345+/-4.2 136+/-1.4 177+/-6.0

V3 1.18+/-0.45 2.1+/-0.14 2.18+/-0.87 8.0+/- 9.2 141+/-1.1 247+/-5.7 141+/-20 271+/-9.2

IC6 0.14+/-0.19 0.15+/-0.2 0.73+/- 0.5 0.81+/-0.6 281+/-16.2 354+/-2Ô.9 64.5+/-5.0 177+/-4.9

Data for Figure 3.10 a, b and c, and Figure 3.11 a, 1) and c are shown in Table 3.2 

(Chapter 3)

Chapter 4

Data for Figure 4.6

al a2 a3 a4 a5 a6 av pi P4 avpS avP6

H357 ND 142.4 181.8 ND 8.7 581.0 ND 270.1 199.0 ND ND

V3 ND 170.5 211.3 ND 8.18 662.3 12.6 346.3 201.0 5.3 1.8

VB6 ND 163.4 165.5 ND 9.1 689.7 157.1 383.2 229.7 6.8 174.6

Cl ND 146.4 210.9 ND 10.9 542.0 7.2 338.1 218.0 2.4 2.5

275



Appendix 3

Table of Data for Adhesion Assay in Figure 4.8 a, b, c and d

GOH3 L230 10D5 P1D6 L230+P1D6 10D5+P1D6

H357 100.0 +/- 5.3 100.1 +/- 9.9 103.0 +/- 5.4 —— -----

V3 100 +/- 9.8 84.6 +/- 8.5 76.2 +/- 22 2.4 +/- 0.5 ----- ----

VB6 100 .0+ /- 1.3 8 8 .6 + /- 1.3 97.5 +/- 15.7 90.0 +/- 6.9 ----

Cl 100 .0+ /-7 .1 1 1 1 .0 + /-3 .2 1 1 6 .9 + /-1 1 .4 ---- ■ ----

Chapter 5

Table of Data from Densitometric Analysis of Zymograms in Figure 5.1c

MMP-9 MMP-2

H357 93 +/- 6 113+/-3

V3 245 +/- 15 2 1 1 + / - 1 2

VB6 494 +/_ 48 272 +/- 34

Cl 199 +/- 40 109 +/- 20

Table of Data from Densitometric Analysis of Zymograms in Figure 5.2 c

MMP-9 MMP-2

H357 210+/-25 205+7-52

V3 569+/-91 199+7-28

VB6 888+7-31 406+7-51

Cl 589+7-89 105+7-40

276



i^pendix 3

Table of Data from Densitometric Analysis of Zymograms in Figure 5.3 b and c

MMP-9 MMP-2

Plastic Fibro Plastic Fibro

VB6 100 +/. 4 135 +/. 20 100 +/- 24 139 +/-50

Data from figures 5.5 d and e are shown in table 5.1 (Chapter 5)

Table of Data from Densitometric Analysis of Zymograms in Figure 5.8 a, b, c and d

MMP-9 MMP-2

Plastic 10D5 Plastic 10D5

V3 100+/. 13 93 +/- 3 100 +/- 5 139 + /-3 1

VB6 100+/-12 94 +/- 5 1 0 0 + /-4 0 101 + /-4 4

Table of Data from Densitometric Analysis of Zymograms in Figure 5.9 c and d

MMP-9 MMP-2

Plastic Fibre Plastic Fibro

Primary kératinocytes 100 +/- 9 209 +/- 90 100 + /. 25 106+ /-27

Table of Data for ELISA assay in Figure 5.10 a and b

MMP-9 
(pg/m l/1000 cells)

MMP-2
(pg/m l/1000 cells)

Plastic Fibro Plastic Fibro

Primary kératinocytes 1.25+/-0.2 5.10+/-0.25 5.5 +/- 0.2 1 5 .4 + /-0 .5
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Table of Data for ELISA assay in Figure 5.11 b

MMP-9
(pg/m l/1000 ceils)

Fibronectin Fibro+L230

H357 ND ND

V3 0.99+/-0.15 ND

VB6 5.8+/-0.13 1.04+/-0.1

Primary kératinocytes 5.01 +/- 0.25 2.5+/-0.1

Table of Data for ELISA assay in Figure 5.11c

MMP-9 
(pg/m l/1000 cells)

Fibronectin Fibro+10D5

Primary kératinocytes 40.2 +/- 4.9 21.7+/-1.2

Chapter 6

Table of Data from Cell Growth Assay in Figure 6 . la

0 25 49.5 75.5 115 161

H357 100 + /- 29 107 +/- 15 196 +/- 20 567 +/- 57 1020 +/- 85 3 1 8 0 + /- 137

V3 100 +/- 14 250 +/- 40 327 +/- 97 625 +/- 71 1 1 3 8 + /-9 0 2877 +/- 99

VB6 1 00+ /- 11 191 +/- 43 327 +/- 23 949 +/- 33 1236 +/- 46 3367 +/- 241

Cl 100 +/- 4 197 +/- 28 258 +/- 8 614 +/- 48 1006 +/- 125 3375 +/- 125
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Table of Data from Cell Growth Assay in Figure 6.1b

Appendix 3

0 25.5 48.5 73.5 96.5 170.5

H357 100 +/- 9 173 +/- 10 342 +/- 42 1 0 1 7 + /-3 1 1871 + /-2 9 6041 +/- 436

V3 100 +/- 4 1 5 1 + /-7 255 +/- 14 529 +/- 12 1021 +/- 25 5542 + /- 87

VB6 100 +/- 3 165 +/- 22 342 +/- 50 658 +/- 49 1404 +/- 145 7032 +/- 235

Cl 100 +/- 7 172 +/- 28 275 +/- 16 641 +/- 80 1 3 5 7 + /-4 4 6539 +/- 287

Table of Data from Cell Growth Assay in Figure 6 . Ic

0 38 61.5 83.5 106.5 155.5

H357 100 +/- 14 163 +/- 4 379 +/- 32 6 6 8 + /-  113 889 +/- 86 3 1 0 7 + /- 189

V3 1 0 0 + /-2 3 220 +/- 33 248 +/- 50 485 +/- 59 558 +/- 92 1283 +/- 38

VB6 100 +/- 16 1 3 8 + /-3 2 240 +/- 19 5 1 4 + /-4 2 661 + /-5 1 1885 +/- 74

Cl 100+ /- 16 137 +/- 25 238 +/- 56 444 + /. 46 531 + /-9 1 1363 +/- 52

Table of Data from Cell Growth Assay in Figure 6 . Id

0 22 49 94 119 142.5

H357 100 +/- 12 158+ /- 12 284 +/- 29 983 +/- 53 1318+ /- 111 2571 +/- 305

V3 100 +/- 23 1 5 5 + /-2 5 209 +/- 19 377 +/- 24 522 +/- 79 759 +/- 66

VB6 100 +/- 4 179+ /- 11 255 +/- 18 7 5 5 + /-  110 859 +/- 191 1 7 40+ /- 110

Cl 100 +/- 10 137 +/- 22 214 +/- 13 396 +/- 45 349 + /- 37 740 +/- 193
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Appendix 3

Table of Data from haptotactic cell migration assay towards fibronectin in Figure 6.2a

Cells/Field

H357 102 +/-4

V3 29 +/- 5

VB6 145 +/-4

Cl 20 +/-3

Table of Data from haptotactic cell migration assay towards collagen I in Figure 6.2c

Cells/Field

H357 25+/- 5

V3 25 +/-3

VB6 23 +/- 3

Table of Data from haptotactic cell migration assay towards fibronectin in Figure 6.3a, 

b, c and d

No Ab L230 P1F6 10D5 P1D6 L230+P1D6 10D5+P1D6

H357 100 +/- 21 104+ /-3 97+/-11 107 +/- 6 15+ /-2 15 +/- 4 1.2+/-1

V3 100 +/- 3 111 +/-11 107 +/- 6 105 +/- 6 2 1 + /-6 18 +/- 4 6 .1+ /-2

VB6 100 +/- 7 81 + /-4 91 +/- 5 48 +/- 4 69 +/- 3 17 +/- 3 2 +1-2

Cl 100 + /-12 95 +/- 8 93 + /-14 101 +/-13 32 +/- 8 15+ /-9 2 +1-2
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Appendix 3

Table of Data from haptotactic cell migration assay towards collagen I in Figure 6.4 a 

andb

No Ab Plasmin Anti-M M P-9 Plasm in + 
anti-M M P-9

V3 1 5 + /-4 38 +/- 12 14 +/- 2 1 5 + /-2

VB6 30 +/- 6 58 +/- 3 28 +/- 3 35 +/- 3

Table of Data from cell invasion assay Figure 6 . 8  a, b and c

H357 94 +/- 9 44 +/- 6 42 +/- 5

V3 93 +/- 4 22+/- 0.4 46 +/. 6

VB6 98 +/-1 39 +/-1.0 46 +/- 3

C l 93 +/- 5 ND ND

ND-not done

Chapter 7

Table of Data from Cell Growth Assay in Figure 7.3a

0 23 48 71 98 143

H357 1 0 0 + /-2 1 241 +/- 32 543 + /. 47 1111 + /-5 7 2406 +/- 279 5335 + /- 214

V3 100 +/- 4 2 1 0 + /-9 404 +/- 22 577 +/- 133 1313 + /-3 3 4894 +/- 76

V3B3 100+ /- 11 167 +/- 12 389 +/- 97 526 +/- 24 1065 +/- 47 4170 +/- 50

C l 100 +/- 7 239 +/- 38 437 +/- 25 700 +/- 87 1745 +/- 57 5775 +/- 253
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Appendix 3

Table of Data from haptotactic cell migration assay towards fibronectin in Figure 7.3b

Cells / Field

V3 15+/-4

V3B3 24 +/- 9

VB6 50 +/- 4

Table of Data from Densitometric Analysis of Zymograms in Figure 7.4b

MMP-9 MMP-2

V3 93 +/-16 35 +/-10

V3B3 8 6  +/-13 44 +/- 8

Table of Data from ELISA in Figure 7.5

pg/1 0  ̂cells/48hours

H357 2184 +/- 750

V3 3303 +/- 8 6 6

VB6 742 +/- 385

Table of Data from haptotactic cell migration assay towards fibronectin in Figure 7.6a

Fibronectin 
(Cells /  Field)

TGF-pi Anti-TGF-pi

VB6 1 0 0 + / - 2 1 83 +/-21 82 +/-15
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Appendix 3

Table of Data from Densitometric Analysis of Zymograms in Figure 7.7b

Uncoated plastic T G F -p l A nti-T G F -pi

H357 78 +/- 17 1907 +/- 102 109+ /- 115

V3 506 +/- 74 1970 + /. 162 640 +/- 218

VB6 789 +/- 68 2 5 1 0 + /-4 7 8 9 9 + /- 114

Table of Data from Densitometric Analysis of Zymograms in Figure 7.8 b and c

Fibronectin TGF-Pl Anti-TGF-pi

M M P-9 M M P-2 M M P-9 M M P-2 M M P-9 M M P-2

V3 1 5 3 + /-3 8 46 +/- 3 2044 +/- 306 1 3 6 + /-9 131 + /-2 0 49 +/- 7

VB6 405 +/- 81 89 +/- 32 1801 +/- 57 226 +/- 35 358 +/- 71 77 +/- 16

283



Acknowledgements

ACKNOWLEDGEMENTS

I would like to thank the many people who have helped me with this project at the Eastman 

Dental institute and the ICRF/Richard Dimblebey Department at St Thomas Hospital. 

Working with people with such enthusiasm, interest and ability has made this project a 

great learning experience but also tremendous fun,

I would especially like to thank

Professor Paul Speight who first suggested that I work towards a PhD and who developed 

my interest in Oral Pathology. His constant support, encouragement and good humour are 

greatly appreciated.

Profesor Ian Hart for all of his advice and support and for allowing me to carry out much of 

this work in his laboratories.

Dr John Marshall for his major input into this project. His enthusiasm for cell biology is 

catching.

Dr Mark Lewis for his input, support and advice (and for almost making me computer 

literate). Thanks also for sharing his enthusiastic (but misinformed) rugby opinions.

Dr Simon Whawell for his help, advice and constant good humour.

I would finally like to thank the Medical Research Council for funding this project.

284



References

References

Adams J. C. and Watt F. M. (1989). Fibronectin inhibits the terminal differentiation of 
human kératinocytes. Nature. 340: 307-309.

Adams J. C. and Watt F. M. (1990). Changes in keratinocyte adhesion during terminal 
differentiation: reduction in fibronectin binding precedes aSpi loss from the cell surface. 
Cell. 63:425-435.

Adams J. C. and. Watt F. M. (1991). Expression of pi, P3, p4 and p5 integrins by human 
epidermal kératinocytes and non-differentiating kératinocytes. J. Cell Biol. 115: 829-841.

Adams J. C. and Watt F. M. (1993). Regulation of development and differentiation by 
the extracellular matrix. Development. 117: 1183-1198.

Agrez M., Chen A., Cone R I., Pytela R. and Sheppard D. (1994). The avp6  integrin 
promotes proliferation of colon carcinoma cells through a unique region of the p6  

cytoplasmic domain. J. Cell Biol. 127: 547-556.

Agrez M., Bates R. C., Mitchell D., Wilson N., Ferguson N., Anseline P. and Sheppard 
D. (1996). Multiplicity of fibronectin-binding alpha v integrin receptors in colorectal 
cancer. Brit. J. Cancer. 73: 887-892.

Airola K., Johansson N., Kariniemi A-L., Kahari V-M. and Saarialho-Kere U. (1997b). 
Human collagenase-3 is expressed in malignant epithelium of the skin. Journal of 
Invest. Dermatol. 109: 225-231.

Akiyama S. K., Hasegawa B., Hasegawa T. and Yamada K. M. (1985). The interaction of 
fibronectin fragments with fibroblastic cells. J. Biol. Chem. 260: 13256-13260.

Akiyama S. K., Yamada S. S., Yamada K. M. and LaFlamme S. E. (1994). 
Transmembrane signal transduction by integrin cytoplasmic domains expressed in 
single-subunit chimeras. J. Biol. Chem. 269: 15961-15964.

Albelda S. M., Mette S. A., Elder D. E., Stewart R., Damjanovich L., Herlyn M. and 
Buck C. A. (1990). Integrin distribution in malignant melanoma: association of the P3 
subunit with tumor progression. Cancer Res. 50: 6757-6764.

Aota S., Nagai T. and Yamada K. M. (1991). Characterisation of regions of fibronectin 
besides the arginine-glycine-aspartic acid sequence required for adhesive function of the 
cell-binding domain using site-erected mutagenesis. J. Biol. Chem. 266:15938-15943.

Apte S. S., Mattei M. G. and Olsen B. R. (1994a). Cloning of the cDNA encoding 
human tissue inhibitor of metalloproteinase-3 (TIMP-3) and mapping of the TIMP3 
gene to chromosome 22. Genomics. 19: 86-90.

Apte S. S., Hayashi K., Seldin M. F., Mattei MG, Hayashi M, Olsen BR. (1994b). Gene 
encoding a novel murine tissue inhibitor of metalloproteinases (TIMP), TIMP-3, is 
expressed in developing mouse epithelia, cartilage, and muscle, and is located on mouse 
chromosome 10. Dev. Dyn. 200: 177-197.

285



References

Arap W., Pasqualini R. and Ruoslahti E. (1998). Cancer treatment by targetted drug 
delivery to tumour vasculature in a mouse model. Science. 279: 377-380.

Aviezer D., Levy E., Safran M., Stahn C., Buddeche E., Schmidt A., David G., 
Vlodavsky I. and Yagou A. (1994). Differential structural requirements of heparin and 
heparan sulphate proteoglycans that promote binding of basic fibroblast growth factor to 
its receptor. J. Biol. Chem. 269: 114-121.

Bader B., Rayburn H., Crowley D. and Hynes R. (1998). Extensive vasculogenesis, 
angiogenesis, and organogenesis precede lethality in mice lacking all av integrins. Cell. 
95: 507-519.

Baramova E. N., Bajou K., Remade A., L'Hoir C., Krell H. W., Weidle U. H., Noel A. 
and Foidart J. M. (1997). Involvement of PA/plasmin system in the processing of pro- 
MMP-9 and in the second step of pro-MMP-2 activation. FEBS letters. 405: 157-162.

Barrandon Y. and Green H. (1985). Cell size as a determinant of the clone-forming 
ability of human kératinocytes. Proc. Natl. Acad. Sci. USA. 82: 2302-2306.

Basbaum C. B. and Werb Z. (1996). Focalized proteolysis: spatial and temporal 
regulation of extracellular matrix at the cell surface. Curr. Top. Cell Biol. 8 : 731-738.

Bazzoni G., Shih D-W., Buck C. and Hemler M. (1995). Monoclonal antibody 9EG7 
defines a novel beta 1 integrin epitope induced by soluble ligand and manganese but 
inhibited by calcium. J. Biol. Chem. 270: 25570-25577.

Bigg H.F., Shi Y.E., Liu Y., Steffensen B. and Overall C M. (1997). Specific, high 
affinity binding of tissue inhibitor of metalloproteinases-4 (TIMP4) to the COOH- 
terminal hemopexin-like domain of human gelatinase A - TIMP-4 binds progelatinase A 
and the COOH-terminal domain in a similar manner to TIMP-2. J. Biol. Chem. 272: 
15496-15500.

Birkedal-Hansen H. (1995). Proteolytic remodeling of extracellular matrix. Current 
Topics in Cell Biology. 7: 728-735.

Birkedal-Hansen H, Moore W. G. I., Bodden M. K., Windsor L. J., Birkedal-Hansen B., 
DeCarlo A. and Engler J. A. (1993). Matrix metalloproteinases: a review. Crit. Rev. in 
Oral Biol, and Med. 4: 197-250.

Blystone S. D., Lindberg F. P., Williams M. P., McHugh K. P. and Brown E. J. (1996). 
Inducible tyrosine phosphorylation of the p3 integrin requires the av cytoplasmic tail.
J. Biol. Chem. 271: 31458-31462.

Bodary S. C. and McClean J. W. (1990). The integrin pi subunit associates with the 
vitronectin receptor av subunit to form a novel vitronectin receptor in a human 
embryonic kidney cell line. J. Biol. Chem. 265: 5938-5941.

286



References

Bodary S. C., Lipari T., Muir C., Napier M., Pitti R. and McClean J. S. (1991).
Deletion of the cytoplasmic and transmembrane domains of GPIIbllla results in a 
functional receptor. J. Cell Biol. 115: 289a.

Borden P. and Heller R. A. (1997). Transcriptional control of matrix metalloproteinases 
and the tissue inhibitor of matrix metalloproteinases. Crit. Rev. Eukaryot. Gene Expr. 7: 
159-178.

Bossy B. and Reichardt L. F. (1990). Chich integrin av subunit molecular analysis 
reveals high conservation of structural domains and association with multiple P subunits 
inembiyo fibroblasts. Biochemistry. 29: 10191-10198.

Bossy B., Bossy-Wetzel E. and Reichardt L. F. (1991). Characterisation of the integrin 
a 8  subunit: a new integrin pi-associated subunit, which is prominently expressed on 
axons and on cells in contact with basal laminae in chick embryos. EMBO J. 10: 2375- 
2385.

Boukerche H., Berthier-Vergnes O., Dore J. F., Leung L. L. K. and McGregor J. L.
(1989). A monoclonal antibody (LYP18) directed against the blood platelet 
glycoprotein Ilb/IIIa complex inhibits melanoma growth in vivo. Blood. 74: 909-912.

Breuss J. M., Gillett N., Lu L., Sheppard D. and Pytela R. (1993). Restricted 
distribution of integrin beta 6  mRNA in primate epithelial tissues. J. Histochem. 
Cytochem. 41: 1521-1527.

Breuss J. M., Gallo J., DeLisser H. M., Klimanskaya I. V., Folkesson H. G, Pittet J. F., 
Nishimura S. L., Aldape K., Landers D. V., Carpenter W., Gillet N., Sheppard D., Matthay 
M. A., Albelda S. M., Kramer R. H., Pytela R. (1995). Expression of the p6  subunit in 
development, neoplasia and tissue repair suggests a role in epithelial remodelling. J. Cell 
Sci. 108,2241-2251.

Briggaman R. A. and Wheeler C. E. J. (1975). The epidermal-dermal junction. J. Invest. 
Dermatol. 65: 71-84.

Brooks P. C., Clark R. A. F. and Cheresh D. A. (1994). Requirement of vascular integrin 
avp3 for angiogenesis. Science. 264: 569-571.

Brooks P. C., Montgomery A. M. P., Rosenfeld M., Reisfeld R. A., Hu T., Klier G. and 
Cheresh D. A. (1994). Integrin avP3 antagonists promote tumour regression by inducing 
apoptosis of angiogeneic blood vessels. Cell. 79: 1157-1164.

Brooks P.C., Stromblad S., Sanders L.C., Von Schalscha T.L., Aimes R.T., Stetler- 
Stevenson W.G., Quigley J.P. and D. A. (1996). Localisation of matrix metalloproteinase 
MMP-2 to the surface of invasive cells by interaction with integrin avp3. Cell. 85: 683- 
693.

Brown C. Stenn K. S., Falk R. J. Woodley D. T. and O'Keefe E. J. (1991). Vitronectin: 
effects on keratinocyte motility and inhibition of collagen-induced motility. J. Invest. 
Dermatol. 96: 724-728.

287



References

Brunner K. T., Enger H. D. and Cerottini J-C. (1976). The ^^Cr-release assay as used 
for the quantitative measurement of cell-mediated cytolysis in vitro. In: In vitro 
methods in cell-mediated and tumour immunity. Editors, B. R. Bloom and J. H. R. 
David. Academic Press, New York. p423-436.

Burke E. M. and Danner D. B. (1991). Changes in fibronectin messenger-RNA splicing 
with in vitro passage. Biochem. Biophys. Res. Commun. 178: 620-624.

Burridge K. (1981). Are stress fibres contractile? Nature. 294: 691-692.

Burridge K., Path K., Kelly T., Nuckolls G. and Turner C. (1988). Focal adhesions: 
transmembrane junctions between the extracellular matrix and the cytoskeleton. Ann. 
Rev. Cell Biol. 4: 487-525.

Burridge K. and Chrzanowska-Wodnicka M. (1996). Focal adhesions, contractility and 
signalling. Ann. Rev. Dev. Biol. 12: 463-519.

Burton-Wurster N., Lust G. and MacLeod, J. N. (1997). Cartilage fibronectin isoforms: 
in search of fimctions for a special population of matrix glycoproteins. Matrix Biology. 
15:441-454.

Busk M., Pytela R. and Sheppard D. (1992). Characterisation of the integrin avp6  as a 
fibronectin-binding protein. J. Biol. Chem. 269: 5790-5796.

Cabanas C. and Hogg N. (1993). Ligand intercellular adhesion molecule-1 has a 
necessary role in activation of intergin lymphocyte function-associated molecule 1 .
Proc. Natl. Acad. Sci. USA. 90: 5838-5842.

Carter W. G., Wayner E. A., Bouchard T. S. and Kaur P. (1990a). The role of integrins 
a2pi and a3pi in cell-cell and cell-substrate adhesion of human epidermal cells. J. Cell 
Biol. 110: 1387-1404.

Carter W. G., Kaur P., Gil S. G., Gahr P. J. and Wayner E. A. (1990b). Distinct 
fimctions for integrins a3p i in focal adhesions and a6p4/bullous pemphigoid antigen in 
a new stable anchoring contact (SAC) of kératinocytes: relation to hemidesmosomes. J. 
Cell Biol. 111:3141-3154.

Carter W. G., Ryan M. C. and Gahr P. J. (1991). Epiligrin, a new cell adhesion ligand 
for integrin a3pl in epithelial basement membranes. Cell. 65: 599-610.

Cavani A., Zambruno G., Marconi A., Manca V., Marchetti M. and Giannetti. (1993). 
Distinctive integrin expression in the newly forming epidermis during wound healing in 
humans. J. Invest. Dermatol. 101: 600-604.

Chan B. M. C., Matsura N., Takada Y., Zetter B. R. and Hemler M  E. (1991). In vitro and 
in vivo consequences of VLA-2 expression on rhabdomyosarcoma cells. Science. 251: 
1600-1602.

288



References

Charous S. J., Stricklin G. P., Nanney L. B., Netterville J. L. and Burkey B. B. (1997). 
Expression of matrix metalloproteinases and tissue inhibitor of metalloproteinases in 
head and neck squamous cell carcinoma. Ann. Otol., Rhinol. Laryngol. 106: 271-278.

Chen J., Maeda T., Sekiguchi K. and Sheppard D. (1996). Distinct structural requirements 
for interaction of the integrins o5pl, avp5, and avp6  with the central cell binding domain 
in fibronectin. Cell Adh. Comm. 4: 237-250.

Chen J. D., Kim J. P., Zhang K., Saret Y., Wynn K. C., Kramer R. H. and Woodley D. T.
(1993). Epidermal growth factor (EOF) promotes human keratinocyte locomotion on 
collagen by increasing the alpha 2 integrin subunit. Exp. Cell Res. 209:216-223.

Chen W. S. and Culp L. A. (1996). Adhesion mediated by fibronectins alternatively 
spliced ED(B) (EfUB) and its neighbouring type-IU repeats. Exp. Cell Res. 223: 9-19.

Cheresh D. A. and Spiro R. (1987). Biosynthetic and fimctional properties of an Arg-Gly- 
Asp-directed receptor involved in human melanoma cell attachment to vitronectin, 
fibrinogen and von Willebrand factor. J. Biol. Chem. 262: 17703-17711.

Chiquet-Ehrisman R. (1991). Anti-adhesive molecules of the extracellular matrix. Curr. 
Opin. Cell Biol. 3: 800-804.

Ciambrone G. J. and McKeown-Longo P. J. (1992). Vitronectin regulates the synthesis 
and localisation of uorkinase-type plasminogen activator in HT-1080 cells. J. Biol. Chem. 
267: 13617-13622.

Clark R. A. F. (1985). Cutaneous wound repair: basic biological considerations. J. Am. 
Acad. Dermatol. 13: 701-725.

Clark R. A. F. (1990). Fibronectin matrix deposition and fibronectin receptor expression 
in healing and normal skin. J. Invest. Dermatol. 94 (Suppl): 128-140.

Clark R. A. F., Lanigan J. M., Dellepella P., Manseau E., Dvorak H. F. and Colvin R. B. 
(1982). Fibronectin and fibrin provide a provisional matrix for epidermal cell migration 
during wound reepithelialisation. J. Invest. Dermatol. 79: 264-269.

Clark R. A. F., Ashcroft G. S., Spencer M-J., Laijava H. and Fer^son M. W. J. (1996). 
Re-epithelialization of normal human excisional wounds is associated with a switch 
from avP5 to avp6  integrins. Brit. J. Dermatol. 135: 46-51.

Collier I. E., Wilhelm S. M., Eisen A. Z., Manner B. L., Grant G. A., Selzer J. L., 
Kronberger A., He C., Bauer E. A. and Goldberg G. I. (1988b). H-ras oncogene- 
transformed human bronchial epithelial cells (TBE-1) secrete a single metalloproteinase 
capable of degrading basement membrane collagen. J. Biol. Chem. 263: 6579-6587.

Collier I. E., Bruns G. A. P., Goldberg G. I and Gerhard D. S. (1991). On the structure 
and chromosome location of the 72- and 92- kDa human type IV collagenase genes. 
Genomics. 9: 429-434.

289



References

Cone R. L, Weiacker A., Chen A. and Sheppard D. (1994). Effects of beta subunit 
cytoplasmic domain deletions on the recruitment of the integrin alpha v beta 6  to focal 
contacts. Cell Ad. and Comm. 2: 101-113.

Conforti G., Zanetti A , Pasquali-Ronchetti I., Quaglino J. D., Neyroz P. and Dejana E.
(1990). Modulation of vitronectin receptor binding by membrane lipid composition. J. 
Biol. Chem. 265:4011-4019.

Cooper H. M., Tamura R. N. and Quaranta V. (1991). The major laminin receptor of 
mouse embryonic stem cells is a novel isoform of the alpha 6  beta 1 integrin. J. Cell 
Biol. 115: 843-850.

Copollino M., LWoodside M. J., Demaurex N., Grinstein S., St-Arnaud R. and Dedhar 
S. (1997). Calreticulin is essential for integrin-mediated calcium signalling and cell 
adhesion. Nature. 386: 843-847.

Cortesina G., Sacchi M., Bussi M., Panizzut B., Ferro S., Carlevato M. T, and Marchisio P.
C. (1995). Integrin expression in head and neck cancers. Acta. Otolaryngol. 115: 328-330.

Dahlback K., Lofberg H., Alumets J. and Dahlback B. (1989). Immunohistochemical 
demonstration of age-related deposition of vitronectin (S-protein of complement) and 
terminal complement complex on dermal elastic fibres. J. Invest. Dermatol. 92: 727- 
733.

Damsky C. H. and Werb Z. (1992). Signal transduction by integrin receptors for 
extracellular matrix : cooperative processing of extracellular information. Curr. Opin. Cell 
Biol. 4: 772-781.

Dana N., Fathallah D. M., and Amaout M. A. (1991). Expression of a soluble and 
functional form of the human p2 integrin CDl lb/CD 18. Proc. Natl. Acad. Sci. USA. 
88:3106-3110.

Danen E. H. J., Jansen C. F. J., Van Kraats A., Comelissen I. M. H. A., Ruiter D. J. and 
Van Muijen G. N. P. (1995). Alpha-v integrins in human melanoma: gain of avg3 and 
loss of avp5 are related to tumor progression in situ but not to metastatic capacity of 
cell lines in nude mice. Int. J. Cancer. 61: 491-496.

Davies J., Warwick J., Totty N., Philip R., Helfnch M. and Horton M. (1989). The 
osteoclast finctional antigen, implicated in the regulation of bone resorption, is 
biochemically related to the vitronectin receptor. J. Cell Biol. 110: 481-489.

De Luca M., Tamura R. N., Kajiji S., Bondanza S., Rossino P., Cancedda R., Marchisio P.
C. and Quaranta V. (1990). Polarised integrin mediates human ketarinocyte adhesion to 
basal lamina. Proc. Natl. Acad. Sci. USA. 87: 6888-6892.

DeClerk, Y. A. and Laug, W. E. (1996). Co-operation between matrix metalloproteinases 
and the plasminogen activator-plasmin system in tumour progression. Enzyme and 
Protein, 49: 72-84.

290



References

Dedhar S. and Saulnier R. (1990). Alterations in integrin receptor expression on 
chemically transformed human cells: specific enhancement of laminin and collagen 
receptor complexes. J. Cell Biol. 110:481-489.

Dedhar S., Robertson K. and Gray V. (1991). Induction of expression of the avgl and 
avp3 integrin heterodimers during retinoic acid-induced neuronal differentiation of 
murine embryonal carcinoma cells. J. Biol. Chem. 266: 21846- 21852

Dedhar S. and Hannigan G. E. (1996). Integrin cytoplasmic interactions and 
bidirectional transmembrane signaling. Curr. Opin. Cell Biol. 8: 657-669.

Delannet M., Martin F., Bossy B., Cheresh D. A., Reichardt L. F. and Duband J-L.
(1994). Specific roles of the avpi, avpS and avp5 integrins in avian neural crest cell 
adhesion and migration on vitronectin. Development. 120: 2687-2702.

Denhardt DT, Feng B, Edwards DR, Cocuzzi, ET, Malyankar UM. (1993). Tissue 
inhibitor of metalloproteinases (TIMP, aka EPA): structure, control of expression and 
biological functions. Pharm. Therap. 59: 329-341.

DiPersio C. M., Hodivala-Dilke K. M., Jaenisch R., Kreidberg J. A. and Hynes R. O. 
(1997). Alpha 3 beta 1 integrin is required for normal development of the epidermal 
basement membrane. J. Cell Biol. 137: 729-742.

Dittel B. N., McCarthy J. B., Wayner E. A. and LeBein T. W. (1993). Regulation of 
human B-cell precursor to bone marrow stromal cells by cytokines that exert opposing 
effects on the expression of vascular cell adhesion molecule-1 (VCAM-1). Blood. 81: 
2272-2282.

Dixit R. B., Chen A. and Sheppard D. (1996). Identification of a sequence within the 
beta 6 subunit cytoplasmic domain that is required to support the specific effect of alpha 
V beta 6 on proliferation in three-dimensional culture. J. Biol. Chem. 271: 25976-25980.

dOrtho M. P., Will H., Atkinson S. Butler G., Messent A., Gavrilovic J., Smith B., 
Timpl R., Zardi L. and Murphy G. (1997). Membrane-type matrix metalloproteinases 1 
and 2 exhibit broad-spectrum proteolytic capacities comparable to many matrix 
proteinases. Eur. J. Biochem. 250: 751-757.

Downer C., Watt F. M. and Speight P. M. (1993). Loss of oe and B4 integrin subunits 
coincides with loss of basement membrane components in oral squamous cell carcinoma. 
J. Pathol. 171: 183-190.

Dunsmore S. E., Rubin J. S., Kovacs S. O., Chedid M., Parks W. C. and Welgus H. G.
(1996). Mechanisms of hepatocyte growth factor stimulation of keratinocyte 
metalloproteinase production. J. Biol. Chem. 271: 24576-24582.

Edwards G. M. and Streuli C H. (1999). Activation of integrin signalling pathways by 
cell interactions with extracellular matrix. In: Advances in Molecular and Cell Biology. 
Editors, D. Garrod, A. North and M. Chidgey. JAI Press Inc. p237-268.

291



References

Eichner R. T., Sun T. T. and Aebi U. (1986). The role of keratin subfamilies and keratin 
pairs in the formation of human epidermal intermediate filaments. J. Cell Biol. 102: 
1767-1777.

Elias P. M. and Menon G. K. (1991). Structural and biochemical correlates of the 
epidermal permeability barrier. In: Advances in Lipid Research. Editor, P. M. Elias, 
New York Academic Press, pl-26.

Elices M. J., Osborn L., Takada Y, Crouse C., Lubkowskyi S., Hemler M. E. and Lobb R. 
R. (1990). VCAM-1 on activated endothelium interacts with the leukocyte integrin VLA- 
4 at a site distinct from the VLA-4/fibronectin binding site. Cell. 60: 577-584.

Eveson J. W. and Scully C. (1995). Normal anatomy and development. In: Colour Atlas 
of Pathology. Editors, J. W. Eveson and C. Scully. Mosby-Wolfe, London. pl3-22.

Fadok V. A., Savill J. S., Haslett C., Bratton D. I., Doherty D. E., Campbell P. A. and 
Henson P. M. (1992). Different populations of macrophages use either the vitronectin 
receptor or the phosphatidylserine receptor to recognise and remove apoptotic cells. J. 
Immunol. 149: 4029-4035.

Felding-Habermann B., Mueller B. M., Romerdahl C. A., Cheresh D. A. (1992). 
Involvement of integrin av gene expression in human melanoma tumorigenicity. J. Clin 
Invest. 89,2018-2022.

Felding-Habermann B and Cheresh D. A. (1993). Vitronectin and its receptors. Curr. 
Opin. Cell Biol. 5: 864-868.

Fenczik C., Sethi T., Ramos J., Hughes P. and Ginsberg M. (1997). Complementation 
of dominant suppression implicates CD98 in integrin activation. Nature. 390: 81-85.

fifrench-Constant C. (1995). Alternative splicing of fibronectin-many different proteins but 
few different functions. Exp. Cell Res. 221: 261-271.

Filardo E. J., Brooks P. C., Deming S. L., Damsky C. and Cheresh D. A. (1995). 
Requirement of the NPXY motif in the intergin p3 subunit cytoplasmic tail for 
melanoma cell migration in vitro and in vivo. J. Cell Biol. 130: 441-450.

Fini M. E., Parks W. C., Rinehart W. B., Girard M. T., Matsubara M., Cook J. R., West- 
Mays J. A., Sadow P. M., Burgeson R. E., Jeffry J. J., Raizman M. B., Krueger R. R. 
and Zieske J. D. (1996). Role of matrix metalloproteinases in failure to re-epithelialise 
after comeal injury. Am. J. Pathol. 149: 1287-1302.

Fleckman P., Dale B. A. and Holbrook K. A. (1985). Profilaggrin, a high-molecular 
weight precursor of filaggrin in human epidermis and cultured kératinocytes. J. Invest. 
Dermatol. 85: 507-512.

Fleischmayer R. and Timpl R. (1984). Ultrastructural localisation of fibronectin to 
different anatomic stmctures of the human skin. J. Histochem. Cytochem. 32: 315-321.

292



References

Fridman R., Kibbey M. C., Royce L. S., Zain M., Jicha D. L., Yanelli J. R., Martin G. 
R. and Kleinman H. K. (1991). Enhanced tumour growth of both primary and 
established human and murine tumour cells in athymic mice after coinjection with 
matrigel. J. Natl. Cancer Inst. 83 : 769-774

Friedlander M., Brooks P. C., Shaffer R. W., Kincaid C. M., Varner J. A. and Cheresh
D. A. (1996). Definition of two angiogenic pathways by distinct av  integrins. Science. 
270: 1500-1502.

Fuchs E. (1990). Epidermal differentiation: The bare essentials. J. Cell Biol. I l l :  
2807-2814.

Fuchs E., and Green H. (1980). Changes in keratin gene expression during terminal 
differentiation of the keratinocyte. Cell. 19: 1033-1042.

Fujita H., Mohri H., Kanamori H., Iwamatsu A. and Okubo. T. (1995). Binding site in 
human plasma fibronectin to HI-60 cells localises in the C-terminal heparin-binding 
region independently of RGD and CSl. Exp. Cell Res. 217: 484-489.

Gage J. P., Francis M. J. O. and Triffit J. T. (1989). Periodontal ligament, gingiva and 
oral mucosa. In: Collagen and Dental Matrices. Editors, J. P. Gage, M. J. O. Francis and 
J. T. Triffit. Wright, London. p91-116.

Gailit J., Welch M. P. and Clark R. A. F. (1994). TGF-pi stimulates expression of 
keratinocyte integrins during re-epithelialisation of cutaneous wounds. J. Invest. 
Dermatol. 103: 221-227.

Garlick J. A., Parks W. C., Welgus H. G. and Taichman L. B. (1996). Re
epithelialisation of human oral kératinocytes in vitro. J. Dent. Res. 75: 912-918.

Gehlsen K.R, Argraves W.S., Pieschbacher M.D. and Ruoslahti E. (1988). Inhibition of 
tumor cell migration by Arg-Gly-Asp containing synthetic peptides. J Cell Biol. 106: 925- 
930.

Gehlsen K. R., Davis G. E. and Sriramarao P. (1992). Integrin expression in human 
melanoma cells with differing invasive and metastatic properties. Clin. Exp. Metastasis. 
10: 111- 120.

George E. L., Georges-Labouesse E. N., Patel-King R. S., Rayburn H. and Hynes R. O. 
(1993). Defects in mesoderm, neural tube and vascular development in mouse embryos 
lacking fibronectin. Development. 119: 1079-1091.

Georges-Labouesse E. N., George E. L., Rayburn H. and Hynes R. O. (1996). 
Mesodermal development in mouse embryos mutant for fibronectin. Dev. Dyn. 207: 145- 
156.

Giancotti F. G. and Ruoslahti E. (1990). Elevated levels of the a5pl fibronectin receptor 
suppress the transformed phenotype of Chinese hamster ovary cells. Cell. 60: 849-859.

293



References

Giancotti F. G. and Mainiero F. (1994). Integrin-mediated adhesion and signalling in 
tumorigenesis. Biochim. Biophys. Acta. 1198: 47-64.

Giannelli G., Falk-Marzillier J., Schriraldi O., Stetler-Stevenson W. G. and Quaranta V.
(1997). Induction of cell migration by matrix metalloproteinase-2 cleavage of laminin-5. 
Science. 277: 225-228.

Gladson C. L. and Cheresh D. A. (1991). Glioblastoma expression of vitronectin and the 
avp3 integrin. Adhesion mechanism for transformed glial cells. J. Clin. Invest. 88: 1924- 
1932.

Gladson C. L. and Cheresh D. A. (1994) In: Integrins: the biological problems. Editor, 
Y. Takada. CRC Press, Boca Raton, p83-99.

Goldberg G. I., Manner B. L., Grant G. A., Eisen A. Z., Wilhelm S. and He C. (1989). 
Human 72-kilodalton type IV collagenase forms a complex with a tissue inhibitor of 
metalloproteinases designated TIMP-2. Proc. Natl. Acad. Sci. USA. 86: 8207-8211.

Gray S. T., Wilkins R. J. and Yun K. (1992). Interstitial collagenase gene expression in 
oral squamous cell carcinoma. Am. J. Pathol. 141: 301-306.

Grinnell F. (1990). The activated keratinocyte: upregulation of cell adhesion and 
migration during wound healing. J. Trauma. 30: 144-149.

Guo M , Toda K-I. and Grinnell F. (1990). Activation of human keratinocyte migration on 
type I collagen and fibronectin J. Cell Sci. 96: 197-205.

Guo M., Kim L. T., Akiyama S. K., Gralnick H. R , Yamada K. M. and Grinnell F.
(1991). Altered processing of integrin receptors during keratinocyte activation. Exp. 
Cell Res. 195:315-322.

Haapasalmi K., Zhang K., Tonnesen M , Olerud J., Sheppard D., Salo T., Kramer R , Clark 
R. A. F., Uitto V-J and Laijava H. (1996). Kératinocytes in human wounds express avg6 
integrin. J. Invest. Dermatol. 106:1-7.

Hall P. A. and Watt F. M. (1989). Stem cells: the generation and maintenance of 
cellular diversity. Development. 6: 619-633.

Hamidi S., Salo T., Kainulainen T., Epstein J., Lemer K. and Laijava H. (1998). 
Transition of normal oral mucosa to squamous cell carcinoma involves induction of 
avP6 integrin. In: Epithelial adhesion molecules and matrix metalloproteinases in oral 
precancers and squamous cell carcinoma. T. Kainulainen. Annales Universitatis 
Turkuensis D. 455. Medica Odontologica.

Herbert C. D. and Birmbaum L. S. (1989). Lack of correlation between sensitivity to 
growth inhibition and receptor number for transforming growth factor p in human 
squamous carcinoma cell lines. Cancer Res. 49: 3196-3202.

Hertle M. D., Adams J. C. and Watt F. M. (1991). Integrin expression during human 
epidermal development in vivo and in vitro. Development. 112: 193-206.

294



References

Hertle M. D., Kubler M-D, Leigh I. M. and Watt F. M. (1992). Aberrant integrin 
expression during epidermal wound healing and in psoriatic epidermis. J. Clin. Invest. 
89: 1892-1901.

Hodivala-Dilke K. M., DiPersio C. M., Kreidberg J. A. and Hynes R. O. (1998). Novel 
roles for alpha 3 betal 1 integrin as a regulator of cytoskeletal assembly and as a trans
dominant inhibitor of integrin receptor function in mouse kératinocytes. J. Cell Biol. 
142:1357-1369.

Hodivala-Dilke K. M., McHugh K. P., Tsakiris D. A., Rayburn H., Crowley D., 
Ullman-Cullere M., Ross F. P., Coller B. S., Teitelbaum S. and Hynes R. O. (1999). 
Beta 3-integrin-deficient mice are a model for Glanzmann thrombasthenia showing 
placental defects and reduced survival. J. Clin. Invest. 103: 229-238.

Hormia M., Ylanne J. and Virtanen 1. (1990). Expression of integrins in human gingiva. 
J. Dent. Res. 69: 1817-1823.

Hotchin N. A., Kovach N. L. and Watt F. M. (1993). Functional downregulation of 
integrins is reversible but commitment to terminal differentiation is not. J. Cell Sci. 106: 
1131-1138.

Huang X. Z., Chen A , Agrez M. and Sheppard D. (1995). A point mutation in the 
integrin beta 6 subunit abolishes both alpha v beta 6 binding to fibronectin and receptor 
localisation to focal contacts. Am. J. Respir. Cell Mol. Biol. 13:245-51.

Huang X-Z., Wu J., Cass D., Erie D. J., Corry D., Young S. G., Farese R. V. and Sheppard
D. (1996). Inactivation of the integrin p6 subunit gene reveals a role of epithelial integrins 
in regulating inflammation in the lungs and skin. J. Cell Biol. 133: 921-928.

Huang X , Wu J., Spong S. and Sheppard D. (1998). The integrin alpha v beta 6 is critical 
for keratinocyte migration on both its known ligand, fibronectin and on vitronectin. J. Cell 
Sci. 111:2189-2195.

Huang X , Wu J., Zhu W., Pytela R. and Sheppard D. (1998). Expression of the human 
integrin p6 subunit in alveolar type 11 cells and bronchiolar epithelial cells reverses lung 
inflammation in P6 knochout mice. Am. J. Respir. Cell Mol. Biol. 19: 636-642.

Hudson D. L., Weiland K. L., Dooley T. P., Simon M. and Watt F. M. (1992). 
Characterisation of eight monoclonal antibodies to involucrin. Hybridoma, 11: 367- 
379.

Hughes P.E., O'Toole T. E., Ylanne J., Shattil S. J. and Ginsberg M. H. (1995). The 
conserved membrane-proximal region of an integrin cytoplasmic domain specifies 
ligand binding affinity. J. Biol. Chem. 270: 12411-12417.

Hughes P.E., Diaz-Gonzalez F., Leong L., Wu C., McDonald J. A., Shattil S. J. and 
Ginsberg M. H. (1996). Breaking the integrin hinge. A defined structural constraint 
regulates integrin signalling. J. Biol. Chem. 271: 6571-6574.

295



References

Hughes P. E., Renshaw M. W., Pfaff M., Forsyth J., Kievens V. M., Schwartz M. A, 
and Ginsberg M. H. (1997). Suppression of integrin activation: a novel function of a 
ras/raf-initiated MAP kinase pathway. Cell. 88: 521-530.

Huhtala P., Tuuttila A., Chow L. T., Lohi J., Keski-Oja J. and Tryggvason K. (1991). 
Complete structure of the human gene for 92-kDa type IV collagenase. Divergent 
regulation of expression for the 92- and 72- kilodalton enzyme genes in HT-1080 cells. 
J. Biol. Chem. 266: 16485-16490.

Huhtala P., Humphries M. J., McCarthy J. B., Tremble P. M., Werb Z. and Damsky C.
H. (1995). Cooperative signaling by a5pi and a4pi integrins regulates 
metalloproteinase gene expression in fibroblasts adhering to fibronectin. J. Cell Biol. 
129: 867-879.

Humphries M.J., Olden K. and Yamada K. (1986). A synthetic peptide from fibronectin 
inhibits experimental metastasis of murine melanoma cells. Science. 233: 467-470.

Humphries M. J., Komiyama A., Akiyama S. K., Olden K. and Yamada K. M. (1987). 
Identification of two distinct regions of the type III connecting segment of human plasma 
fibronectin that promote cell type-specific adhesion. J. Biol. Chem. 262: 6886-6892.

Humphries M. J. (1990). The molecular basis and specificity of integrin-ligand 
interactions. J. Cell Sci. 97: 585-592.

Hynes R.O. (1992). Integrins: versatility, modulation, and signaling in cell adhesion. 
Cell. 69: 11-25.

Ichijo H., Momose F. and Miyazono K. (1990). Biological effects and binding 
properties of transforming growth factor p on human oral squamous-cell carcinoma 
cells. Exp. Cell Res. 187: 263-269.

Imren S., Kohn D. B., Shimada H., Blavier L. and De Clerck Y. A. (1996). 
Overexpression of tissue inhibitor of metalloproteinase-2 by retroviral-mediated gene 
transfer in vivo inhibits tumor growth and invasion. Cancer Research. 56: 2891-2895.

Ingber D. E., Madri J. A. and Jamieson J. D. (1981). Role of basal lamina in neoplastic 
disorganisation of tissue architecture. Proc. Natl. Acad. Sci. USA. 78: 3901-3905.

Irie A., Kamata T., Puzon-McClaughlin W. and Takada Y. (1995). Critical amino acid 
residues for the ligand binding are clustered in a predicted beta-tum of the third N- 
terminal repeat in the integrin alpha 4 and alpha 5 subunits. EMBO J. 14: 5550-5556.

Itoh T., Tanioka M., Yoshida H., Yoshioka T., Nishimoto H. and Itohara S. (1998). 
Reduced angiogenesis and tumor progression in gelatinase A-deficient mice. Cancer 
Res. 58: 1048-1051.

Jensen P. J. and Wheelock M  J. (1995). pi integrins do not have a major role in 
keratinocyte intercellular adhesion. Exp. Cell Res. 219: 322-331.

296



References

Johansson N., Airola K., Grenman R., Kariniemi A-L., Saarialho-Kere U. and Kahari 
V-M. (1997a). Expression of collagenase-3 (matrix metalloproteinase 13) in squamous 
cell carcinoma of the head and neck. Am. J. Pathol. 151: 499-508.

Johansson N., Saarialho-Kere U., Airola K., Herva R., Nissenen L., Westermarck J., 
Vuorio E., Heino J. and Kahari V-M. (1997b). Collagenase-3 (matrix 
metalloproteinase-13) is expressed by hypertrophic chondrocytes, periosteal cells, and 
osteoblasts during human fetal bone development. Dev. Dyn. 208: 387-397.

Johansson N., Westermarck J., Leppa S., Hakkinen L., Koivisto L., Lopez-Otin C., 
Peltonen J., Heino J. and Kahari V-M. (1997). Collagenase-3 (matrix metalloproteinase 
13) gene expression by HaCaT kératinocytes is enhanced by tumor necrosis factor a  
and transforming growth factor (J. Cell Growth Differentiation. 8: 243-250.

Johnson N. W. (1990). Oro-facial neoplasms: global epidemiology, risk factors and 
recommendations for research. Final report of working group of the comission on oral 
health, research and epidemiology. Federal Dentaire Internationale. London

Jones J. (1996). The expression and function of integrins in malignant oral epithelium. 
PhD thesis. University of London.

Jones J., Sugiyama M., Watt F. M. and Speight P. M. (1993). Integrin expression in 
normal, hyperplastic, dysplastic and malignant oral epithelium. J. Pathol. 169: 235-243.

Jones J., Sugiyama M., Speight P. M. and Watt F. M. (1996). Restoration of avp5 integrin 
in neoplastic kératinocytes results in increased capacity for terminal differentiation and 
suppression of anchorage independent growth. Oncogene. 12: 119-126.

Jones J., Watt F.M. and Speight P.M. (1997). Changes in the expression of av integrins 
in oral squamous cell carcinoma. J. Oral Pathol. Med.26: 63-68.

Jones P. H. and Watt F. M. (1993). Separation of human epidermal stem cells from transit 
amplifying cells on the basis of differences in integrin function and expression. Cell. 73: 
713-724.

Juarez J., dayman G., Nakajima M., Saya K. K, Nicolson G. L. and Boyd D. (1993). 
Role and regulation of expression of 92-kDa type- IV collagenase (MMP-9) in 2 
invasive squamous cell carcinoma cell lines of the oral cavity. Int. J. Cancer. 55: 10-18.

Juliano R. L. (1993). The role of pi integrins in tumours. Cancer Biol. 4:277-283.

Juliano R. L (1996). Co-operation between soluble factors and integrin-mediated cell 
anchorage in the control of cell growth and differentiation. Bioessays. 18: 911-917.

Kahari V-M. and Saarialho-Kere U. (1997). Matrix metalloproteinases in skin. Exp. 
Dermatol. 6: 199-213

Kashiwagi H., Schwartz M., Eigenthaler M., Davis K. and Ginsberg M. (1997).
Affinity modulation of platelet integrin aHbp3 by p3-endonexin, a selective binding 
partner of the P3 cytoplasmic tail. J. Cell Biol. 137: 1433-1443.

297



References

Kemperman H., Wijnands Y. M. and Roos E. (1997). a v  integrins on HT-29 colon 
carcinoma cells: adhesion to fibronectin is mediated soley by small amounts of avp6, 
and avps is co-distributed with actin fibres. Exp. Cell Res. 234: 156-164.

Kim J. P., Zhang K., Chen J. D., Wynn K. C., Kramer R. H. and Woodley D. T. (1992a). 
Mechanism of human keratinocyte migration on fibronectin: unique roles of ROD site and 
integrins. J. Cell Physiol. 151:443-450.

Kim J. P., Zhang K., Kramer R. H., Schall T. J., and Woodley D. T. (1992b). Integrin 
receptors and ROD sequences in human keratinocyte migration: unique anti-migratory 
function of alpha 3 beta 1 epiligrin receptor. J. Invest. Dermatol. 98: 764-770.

Kim J. P., Zhang K., Chen J. D., Kramer R. H. and Woodley D. T. (1994). Vitronectin- 
driven human keratinocyte locomotion is mediated by the alph v beta 5 integrin receptor. J. 
Biol. Chem. 269: 26926-26932.

Kimmel K. A. and Carey T. E. (1986). Altered expression in squamous carcinoma cells of 
an orientation restricted antigen detected by monoclonal antibody A9. Cancer Res. 46: 
3614-3623.

Klein C., Steinmayer T., Mattes J,. M., Kaufmann R. and Weber L. (1990). Integrins of 
normal epidermis: differential expression, synthesis and molecular structure. Br. J. 
Dermatol. 123: 171-178.

Klemke R. L., Yebra M., Bayna E. M. and Cheresh D. A (1994). Receptor tyrosine 
kinase signaling required for integrin alpha v beta 5- directed cell motility but not 
adhesion on vitronectin. J. Cell Biol. 127: 859-866.

Kloczewiak M., Timmons S., Bednarek M. A., Sakon M. and Howiger J. (1989).
Platelet receptor recognition domain on the y-chain of human fibrinogen and its 
synthetic peptide analogues. Biochemistry. 28: 2915-2919.

Kobayashi T., Hattori S., Nagai Y., Sakuraoka K. and Nishikawa T. (1997).
Secretion of different types of gelatinases from cultured human kératinocytes. J. 
Dermatol. 24: 213-216.

Kobayashi T., Hattori S., Nagai Y., Tajima S. and Nishikawa T. (1998). Differential 
regulation of MMP-2 and MMP-9 gelatinases in cultured human kératinocytes. 
Dermatology. 197: 1-5.

Komoriya A., Green L., Mervic M., Yamada S., Yamada K. M. and Humphries M. J. 
(1991). The minimal essential sequence for a major cell type-specific adhesion site 
(csl) within the alternatively spliced type III connecting segment domain of fibronectin 
is leucine-aspartic acid-valine. J. Biol. Chem. 266: 15075-15079.

Koretz K., Schlag P., Boumsell L. and Moller P. (1991). Expression of a2„ a6 and pi 
chains in normal mucosa and in adenomas of the colon, colon carcinomas and their liver 
métastasés. Am. J. Pathol. 139: 741-750.

298



References

Korhonen M., Laitinen L., Ylanne J., Koukoulis G. K., Quaranta V., Juusela H., Gould V.
E. and Virtanen I. (1992). Integrin distribution in renal cell carcinomas of various grades 
of malignancy. Am. J. Pathol. 141: 1161-1171.

Komblihtt A. R., Vibe-Pedersen K., Baralle F. E. (1984). Human fibronectin: molecular 
cloning evidence for two mRNA species differing by an internal segmant coding for a 
structural domain. EMBO J. 3: 221-226.

Kosmehl H , Bemdt A., Katenkamp D., Mandel U., Bohle R , Gabier U. and Caleda D.
(1995). Integrin receptors and their relationship to cellular proliferation and differentiation 
of oral squamous cell carcinoma. J. Oral Pathol. Med. 24: 343-348.

Koukoulis G. K , Virtanen I., Korhonen M., Laitinen L., Quaranta V. and Gould V. E. 
(1991). Immunohistochemical localisation of integrins in the normal, hyperplastic and 
neoplastic breast. Am. J. Pathol. 139: 787-799.

Kusukawa J., Sasaguri Y., Shima I ,  Kameyama T. and Morimatsu M. (1992). 
Production of matrix metalloproteinase 2 (gelatinase/type IV collagenase and 3 
(stromelysin) by cultured oral squamous cell carcinoma. J. Oral Pathol. Med. 21: 221- 
224.

Kusukawa J., Sasaguri Y., Shima I., Kameyama T. and Morimatsu M. (1993). 
Expression of matrix metalloproteinase-2 related to lymph node metastasis of oral 
squamous cell carcinoma. A clinicopathologic study. Am. J. Clin. Pathol. 99: 18-23.

Kusukawa J., Sasaguri Y , Morimatsu M. and Kameyama T. (1995). Expression of 
matrix metalloproteinase- 3 in stage I and II squamous cell carcinoma of the oral cavity. 
J. Oral Max. Surg. 3: 530-534.

Kwaan, H. C. (1992). The plasminogen-plasmin system in malignancy. Cancer and 
Metastasis Reviews. 11: 291-311.

Laemmli U. K. (1970). Cleavage of structural proteins during the assembly of the head 
of bacteriophage T4. Nature. 227: 680-685.

Lange T., Kirchberg J., Bielinsky A., Leuker A., Bank I., Ruzicka T. and Scharffetter- 
Kochanek K. (1995). Divalent cations (Mg^\ Ca^^ differentially influence the beta 1 
integrin-mediated migration of human fibroblasts and kératinocytes to different 
extracellular matrix proteins. Exp. Dermatol. 4: 130-137.

Languino L. R., Gehlsen K. R., Wayner E., Carter W. G., Engvall E. and Ruoslahti E. 
(1989). Endothelial cells use a2pl integrin as a laminin receptor. J. Cell Biol. 109: 
2455-2462.

Lanning D. A., Nwomeh B. C., Montante S. J., Yager D. R., Diegelmann R. F. and 
Haynes J. H. (1999). TGF-betal alters the healing of cutaneous fetal excision wounds. 
J. Ped. Surg. 34: 695-700.

Laijava H. (1991). Expression of pi integrins in normal human kératinocytes. Am. J. 
Med. Sci. 301: 63-68.

299



References

Laijava H., Peltonen J , Aldyama S. K., Yamada S. S., Gralnick H. R., Uitto J. and 
Yamada K. M. (1990). Novel function for Pi integrins in keratinocyte cell-cell 
interactions. J. Cell Biol. 110: 803-815.

Laijava H., Lyons J. G., Salo T., Makela M., Koivisto L., Birkedal-Hansen H., Akiyama 
S., Yamada K. M. and Heino J. (1993). Anti-integrin antibodies induce type-IV 
collagenase expression in kératinocytes. J. Cell. Physiol. 157:190-200.

Laijava H, Salo T, Haapasalmi K., Kramer R. H. and Heino J. (1993). Expression of 
integrins and basement membrane components by wound keratinoyctes. J. Clin. Invest., 
92: 1425-1435.

Laijava H., Haapasalmi K., Salo T., Wiebe C. and Uitto, V. J. (1996). Keratinocyte 
integrins in wound healing and chronic inflammation of the human periodontium. Oral 
Diseases. 2: 77-86.

Laurie G. W , Kleinman H. K., Hassell J. R., Margin G. R. and Feldman R. J. (1985). 
Basement membrane organisations suggested by combination of laminin and heparan 
proteoglycan binding sites with open network’ and 'polyclonal’ models of type IV 
collagen. J. Cell Biol. 101: 59a.

Law D. A., Alaimo-Nannizzi L. and Phillips D. R. (1996). Outside-in signal 
transduction. J. Biol. Chem. 271: 10811-10815.

Leco K. J., Apte S. S., Taniguchi G. T., Hawkes S. P., Khokha R., Schultz G. A. and 
Edwards D. R. (1997). Murine tissue inhibitor of metalloproteinases-4 (TIMP-4): 
cDNA isolation and expression in adult mouse tissues. FEBS Lett. 401: 213-217.

Leco K.J., Khokha R., Pavloff N., Hawkes S.P. and Edwards D R. (1994). Tissue 
inhibitor of metalloproteinases-3 (TIMP-3) is an extracellular matrix-associated protein 
with a distinctive pattern of expression in mouse cells and tissues. J. Biol. Chem. 269: 
9532-9360.

Leung-Hagesteijn C. Y., Milankov K., Michalak M., Wilkins J. and Dedhar S. (1994). 
Cell attachment to extracellular matrix substrates is inhibited upon downregulation of 
expression of calreticulin, an intracellular integrin a-subunit binding protein. J. Cell 
Sci. 107: 589-600.

Liotta L. A , Mandler R., Murano G., Katz D., Gordon R., Chiang P. and Schiffinann E. 
(1986a). Tumor-cell motility factor. Proc. Natl. Acad. Sci. USA. 83: 3302-3306.

Liotta L. A , Rao C. N. and Wewer M. (1986b). Biochemical interactions of tumour cells 
with the basement membrane. Ann. Rev. Biochem. 55:1037-1057.

Liu Z., Shipley J. M., Vu T. H., Zhou X., Diaz L. A., Werb Z. and Senior R. M. (1998). 
Gelatinase B-deficient mice are resistant to experimental bullous pemphigoid. J. Exp. Med. 
188: 475-482.

300



References

Lohi J., Lehti K., Wesrermarck J., Kahari V-M. and Keska-Oja J. (1996). Regulation of 
membrane type matrix metalloproteinase-1 expression by growth factors and phorbol 
12-myristate 13-acetate. Eur. J. Biochem. 239-247.

Loike J. D., Sodeik B., Cao L. Leucona S., Weitz J, I., Detmers P. A., Wright S. D. and 
Silverstein S. C. (1991). CDl 1 c/CD 18 on neutrophils recognises a domain at the N- 
terminus of the Aa chain of fibrinogen. Proc. Natl. Acad. Sci. USA. 88: 1044-1048.

Lukashev M. E., Sheppard D. and Pytela R. (1994). Disruption of integrin function and 
induction of tyrosine phosphorylation by the autonomously expressed pi integrin 
cytoplasmic domain. J. Biol. Chem. 269: 18311-18314.

Lyons J. G., Lin H-Y., Salo T., Laijava H., DeCarlo A. A., Birkedal-Hansen B. and 
Birkedal-Hansen H. (1991). Expression of collagen-cleaving matrix metalloproteinases 
by kératinocytes. Effect of growth factors and cytokines and of microbial mediators. 
In: Periodontal Disease: Pathogens and Host Immune Responses. Editors, S. Hamada, 
S. C. Holt, J. R. McGhee. Tokyo: Quintessence Publishing Co., Ltd. p 291-305.

Mackie E. J., Halfter W. and Liverani D. (1988). Induction of tenascin in healing 
wounds. J. Cell Biol. 107: 2757-2767.

Makela M., Laijava H , Pirila E., Maisi P., Salo T., Sorsa T. and Uitto V-J. (1999). 
Matrix metalloproteinase -2 (Gelatinase A) is related to migration of kératinocytes. 
Exp. Cell Res. 251:67-78.

Marchisio P. C., Bondanza S., Cremona O., Cancedda R. and De Luca M. (1991). 
Polarised expression of integrin receptors (a6p4, o2pi, o3pl and avp5) and their 
relationship with the cytoskeleton and basement membrane matrix in cultured human 
kératinocytes. J. Cell Biol. 112: 761-763.

Marinokovich M. P., Lunstrum G. P., Keene D. R. and Burgeson R. E. (1992). The 
dermal-epidermal junction of human skin contains a novel laminin variant. J. Cell Biol. 
119:695-703.

Marinokovich M. P., Keene D. R., Rimberg C. S., and Burgeson R. E. (1993). Cellular 
origin of the dermal-epidermal basement membrane. Dev. Dyn. 197: 255-267.

Marshall J. P., Nesbitt S. A., Helfrich M. H , Horton M. A., Polakova K. and Hart I. R. 
(1991). Integrin expression in human melanoma cell lines: Heterogenicity of vitronectin 
receptor composition and function. Int. J. Cancer, 49; 924-931.

Marshall J. P., Rutherford D. C., McCartney A. C. E., Mitjans P., Goodman S. L. and 
Hart I. R. (1995). avpl is a receptor for vitronectin and fibrinogen and acts with a5pi 
to mediated spreading on fibronectin. J. Cell Sci. 108: 1227-1238.

Marshall J. P. and Hart I. (1996). The role of avp integrins in tumour progression and 
metastasis. Seminars in Cancer Biology. 7: 129-138.

301



References

Massia S. P. and Hubbell. (1991). An RGD spacing of 440nm is sufficient for integrin 
avps mediated fibroblast spreading and 140nm for focal contact and stress fibre 
formation. J. Cell Biol. 114: 1089-1100.

Masson R., Lefebre O., Noel A., El Fahime M., Chenard M-P., Wendling C., Kebers F., 
LeMeur M., Dierich A., Foidart J-M., Basset P. and Rio M-C. (1998). In vivo evidence 
that the stromelysin -3 metalloproteinase contributes in a paracrine manner to epithelial 
cell malignancy. J. Cell Biol. 40: 1535-1541.

Masumaoto A. and Hemler M. (1993). Mutation of putative divalent cation sites in the 
alpha 4 subunit of the integrin VLA-4: distinct effects on adhesion to CSl/fibronectin, 
VCAM-1 and Invasin. J. Cell Biol. 123: 245-253.

Matrisian L. M. (1990). Metalloproteinases and their inhibitors in matrix remodelling. 
Trends Genet. 6: 121-125.

Mauch C., Krieg T. and Bauer E. A. (1994). Role of the extracellular matrix in the 
degradation of connective tissue. Arch. Dermatol. Res. 287: 107-114.

Mayer U., Nischt R., Poschl E., Mann K., Fukuda K., Gerl M., Yamada Y. and Timpl 
R. (1993). A single EGF-like motif of laminin is responsible for high affinity nidogen 
binding. EMBO. J. 12:1879-1885.

McCawley L. J., O'Brien P. and Hudson L. G. (1998). Epidermal growth factor (EGF)- 
and scatter factor/hepatocyte growth factor (SF/HGF)-mediated keratinocyte migration 
is coincident with induction of matrix metalloproteinase (MMP)-9

Mehrel T., Hohl D., Rothnagel J. A., Longley M. A., Bundman D., Cheng C., Lichti U., 
Bisher M. E., Steven A. C., Steinert P. M., Yuspa S. H. and Roop D. R. (1990). 
Identification of a major keratinocyte cell envelope protein, loricrin. Cell. 61: 61103- 
1112.

Michiels F., Habets G. G. M., Stam J. C., van der Kammer R. A. and Collard J. G.
(1995). A role for rac in tiam-1 induced membrane ruffling and invasion. Nature. 375: 
338-340.

Milner R. and fïfench-Constant C. (1994). A developmental analysis of 
oligodendroglial integrins in primary cells: changes in av-associated P subunits during 
differentiation. Development. 120: 3497-3506.

Milner R., Edwards G., Strueli C. and ffrench-Constant C. (1996). A role in migration 
for the alpha v beta 1 integrin expressed on oligodendrocyte precursors. J.
Neuroscience. 16: 7240-7252.

Min B. M., Woo K. M., Lee G. and Park N. H. (1999). Terminal differentiation of 
normal human oral kératinocytes is associated with enhanced cellular TGF-P and 
phospholipase C-gamma 1 levels and apoptotic cell death. Exp. Cell Res. 249: 377-385.

Miyamoto S. Akiyama S. K. and Yamada K. M. (1995). Synergistic roles for receptor 
occupancy and aggregation in integrin transmembrane function. Science. 267: 883-884.

302



References

Miyamoto S. Teramoto H., Coso O. A., Gutkind J. S., Burbelo P. D., Akiyama S. K. 
and Yamada K. (1995b). Integrin function; Molecular heirarchies of cytoskeletal and 
signaling molecules. J. Cell Biol. 131:791-805.

Montgomery A. M. P., Reisfeld R. A. and Cheresh D. A. (1994). Integrin alpha v beta 3 
rescues melanoma cells from apoptosis in three-dimensional dermal collagen. Proc. Natl. 
Acad. Sci. USA. 91: 8856-8860.

Morgan P. R., Shirlaw P. J., Johnson N. W., Leigh I. M. and Lane B. B. (1987).
Potential applications of anti-keratin antibodies in oral diagnosis. J. Oral Pathol. 16: 
212- 222 .

Morgenstem J. P. and Land H. (1990). Advanced mammahan gene transfer: high titre 
retroviral vectors with multiple drug selection markers and a complementary helper-free 
packaging cell line. Nucleic Acids Research. 18: 3587-3596.

Morla A. Zhang Z. and Ruoslahti E. (1994). Superfibronectin is a functionally distinct 
form of fibronectin. Nature. 367: 193-196.

Mosher D. F. (1984). Physiology of fibronectin. Ann. Rev. Med. 35: 561-575.

Moss-Salentijn L. and Klyvert M. (1980). Oral mucosa-connective tissue proper. In: 
Dental and Oral Tissues. Editors L. Moss-Salentijn and M. Klyvert. Henry Kimpton, 
London. p53-74.

Mould A. P. and Humphries M. J. (1991). Identification of a novel recognition 
sequence for the integrin a4bl in the carboxy-terminal heparin-binding domain of 
fibronectin. Embo J. 10: 4089-4095.

Mould A. P., Komoriya A., Yamada K. and Humphries M. J. (1991). The CS5 peptide 
is a second site in the IQCS region of fibronectin recognised by the integrin alpha 4 beta
1. Inhibition of alph 4 beta 1 by RGD peptide homologs. J. Biol. Chem. 266: 3579- 
3585.

Mould A., Akiyama S. and Humphries M. (1995). Regulation of integrin aSpi- 
fibronectin interactions by divalent cations. Evidence for distinct classes of binding 
sites for Mg^+and J. Biol. Chem. 270: 26270-26277.

Mould A. P., Askari J. A., Aota S., Yamada K. M., Irie A., Takada Y., Mardon H. and 
Humphries M. J. (1997). Defining the topology of integrin alpha 5 beta 1-fibronectin 
interactions using inhibitory anti-alpha 5 and anti-beta 1 monoclonal antibodies. J. Biol. 
Chem. 272: 17283-17292.

Moyle M., Napier M. A. and McLean J. W. (1991). Cloning and expression of a 
divergent integrin subunit P8. J. Biol. Chem. 266: 19560-19658.

Muller D., Wolf C., Abecassis J., Millon R., Engelmann A., Bronner G., Rouyer N., Rio 
M-C., Eber M., Methlin G., Chambon P. and Basset P. (1993). Increased stromelysin 3 
gene expression is associated with increased local invasiveness in head and neck 
squamous cell carcinomas. Cancer Res. 53: 165-169.

303



References

Munger J. S., Huang X., Kawakatsu H., Griffiths M. J. D., Dalton S. L., Wu J., Pittet J-
F., Kaminski N., Garat C., Matthay M. A., Rifkin D. B. and Sheppard D. (1999). The 
integrin avp6 binds and activates latent TGF-pl : a mechanism for regulating 
pulmonary inflammation and fibrosis. Cell. 96, 319-328.

Murphy G., Ward R., Hembry R. M., Reynolds J. J., Kuhn K. and Trygvasson K. 
(1989b). Characterisation of gelatinase from pig polymorphonuclear leukocytes. A 
metalloproteinase resembling tumour type IV collagenase. Biochem. J. 258: 463-472.

Murphy G., Cockett M. I., Ward R. V. and Docherty A. J. P. (1991a). Matrix 
metalloproteinase degradation of elastin, type IV collagen and proteoglycan. A 
quantitative comparison of the activities of 95 kDa and 72 kDa gelatinases, 
stromelysins-I and -2 and punctuated metalloproteinase (PUMP). Biochem J. 277: 277- 
279.

Myohanen H. T., Stephens R. W., Hedman K., Tapiovaara H., Rone E., Hoyerhansen G., 
Dano K. and Vaheri A. (1993). Distribution and lateral mobility of the urokinase-receptor 
complex at the cell surface. J. Histochem. Cytochem. 41: 1291-1301.

Nagai T., Yamakawa N., Aota S., Yamada S. S., Akiyama S. K., Olden K. and Yamada K. 
(1991). Monoclonal antibody characterisation of two distinct sites required for function of 
the central cell-binding domain of fibronectin in cell adhesion, cell migration, and matrix 
assembly. J. Cell Biol. 114: 1295-1305.

Nelson W. and Sun T. T. (1983). The 50- and 58- kdalton keratin classes as molecular 
markers for stratified squamous epithelia: cell culture studies. J. Cell Biol. 97: 244-251.

Nermut M. V., Green N. M., Bason P., Yamada S. S. and Yamada K. M. (1988).
Electron microscopy and structural model of human fibronectin receptor. Embo J. 7: 
4093-4099.

Newham P. and Humphries M. J. (1996). Integrin adhesion receptors: structure, 
function and implications for biomedicine. Mol. Med. Today 2: 304-313,

Nicholson L. J. and Watt F. M. (1991). Decreased expression of fibronectin and the 
a5pi integrin during terminal differentiation of human kératinocytes. J. Cell Sci. 98: 
225-232.

NickoloffB. J., Mitra R. S., Riser B. L., Dixit V. M. and Varani J. (1988). Modulation 
of keratinocyte motility. Correlation with production of extracellular matrix molecules 
in response to growth promoting and antiproliferative factors. Am. J. Pathol. 132: 543- 
551.

Niessen C. M., Hogervorst F., Jaspars L. H., De Melker A. A., Delwel G. O., Hulsman E. 
H. M., Kuikman I. and Sonnenberg A. A. (1994). The a6g4 integrin is a receptor for both 
laminin and kalinin. Exp. Cell Res. 211: 360-367.

Nip J., Shabata H., Loskutoff D. J., Cheresh D. A. and Brodt P. (1992). Human melanoma 
cells derived fi*om lymphatic métastasés use integrin avp3 to adhere to lymph node 
vitronectin. J. Clin. Invest. 90: 1406-1413.

304



References

Nip J., Rabbani S. A., Shibata H. R. and Brodt P. (1995). Coordinated expression of the 
vitronectin receptor and the urokinase-type plasminogen-activator receptor in metastatic 
melanoma cells. J. Clin. Invest. 95:2096-2103.

Nishimura S. L., Dheppard D. and Pytela R. (1994). Integrin avp8. J. Biol. Chem. 269: 
28708-28715.

Niu J., X. Gu, J. Turton, C. Meldrum, E. W. Howard and M. Agrex. (1998). Integrin 
mediated signalling of gelatinase B secretion in colon carcinoma cells. Biochem. 
Biophys. Res. Comm. 249: 287-291.

Nobes C. and Hall A. (1995). Rho, rac and cdc42 GTPases regulate the assembly of 
multimolecular focal complexes associated with actin stress fibres. Cell. 81: 53-62.

O’Kane S. and Ferguson M. W. (1997). Transforming growth factors betas and wound 
healing. Int. J. Biochem. and Cell Biol. 29: 63-78.

O'Toole T. E., Katagiri Y., Faull R. J., Peter K., TamuraR., Quaranta V., Loftus J. C., 
Shattil S. J. and Ginsberg M. H. (1994). Integrin cytoplasmic domains mediate inside- 
out signal transduction. J. Cell Biol. 124: 1047-1059.

O'Toole T. E., Ylanne J. and Culley B. M. (1995). Regulation of integrin affinity states 
through an NPXY motif in the beta subunit cytoplasmic domain. J. Biol. Chem. 270: 
8553-8558.

Office of Population Censuses and Surveys (OPCS). (1994). Cancer Statistics 
Registrations: Series MBl No. 21, London HMSO.

Oikarinen A., Kylmaniemi M., Autio-Harmainen H , Autio P. and Salo T. (1993). 
Demonstration of 72-kDa and 92-kDa forms of type IV collagenase in human skin: 
variable expression in various blistering diseases, induction during re-epithelialisation, 
and decrease by topical glucocorticoids. J. Invest. Dermatol. 101: 205-210.

Ojakian G. K. and Schwimmmer R. (1994). Regulation of epithelial cell surface polarity 
reversal by pi integrins. J. Cell Sci. 107: 561-576.

Okada Y., Morodomi T., Enghild J. J., Suzuki K., Yasui A., Nakanishi I., Salvesen G. 
and Nagase H. (1990a). Matrix metalloproteinase 2 from human rheumatoid synovial 
fibroblasts. Purification and activation of the precursor and enzymatic properties. Eur. J. 
Biochem. 194: 721-730.

Okada Y., Bellocq J-P., Rouyer N., Chenard M-P., Rio M-C., Chambon P. and Basset 
P. (1995a). Membrane type matrix metalloproteinase (MT-MMP) gene is expressed in 
stromal cells of human colon, breast and head and neck carcinomas. Proc. Natl. Acad. 
Sci. USA. 92: 2730-2734.

Okahara H., Yagita H., Miyake K. and Okimura K. (1994). Involvement of very late 
antigen (VLA-4) and vascular cell adhesion molecule 1 (VCAM-1) in tumour necrosis 
factor and enhancement of experimental metastasis. Cancer Res. 54: 3233-3236.

305



References

Palacek S. P., Loftus J. C., Ginsberg M. H., Lauffenberger D. A. and Horwitz A. F. (1997). 
Integrin-ligand binding properties govern cell migration speed through cell-substratum 
adhesiveness. Nature. 385: 537-540.

Parkin D. M., Pisani P. and Ferlay J. (1993). Estimates of the worldwide incidence of 
eighteen major cancers in 1985. Int. J. Cancer. 54: 594-606.

Pasqualini R. Bodorova J., Ye S. and Hemler M. B. (1993). Study of the structure, fuction 
and distribution of p5 integrins using novel anti-P5 monoclonal antibodies. J. Cell Sci. 
105: 101-111.

Pasqualini R. and Hemler M. E. (1994). Contrasting roles for integrin pi and P5 
cytoplasmic domains in subcellular localisation, cell proliferation and cell migration. J. 
Cell Biol. 125: 447-460.

Paulus W. and Tonn J. C. (1994). Basement membrane invasion of glioma cells mediated 
by integrin receptors. J. Neurosurg. 80: 515-519.

Peltonen J., Laijava H., Jaakkola S., Gralnick H., Akiyama S. K., Yamada S. S., 
Yamada K. M. and Uitto J. (1989). Localisation of integrin receptors for fibronectin, 
collagen and laminin in human skin. Variable expression in basal and squampus cell 
carcinomas. J. Clin. Invest. 84: 1916-1923.

Phillips D. R., Charo I. F. and Scarborough R. M. (1991). GPIIb-IIIa: the responsive 
integrin. Cell. 85: 61-69.

Pierschbacher M. D. and Ruoslahti E. (1984). Variants of the cell recognition site of 
fibronectin that retain attachment-promoting activity. Proc. Natl. Acad. Sci. USA. 81: 
5985-5988.

Pignatelli M., Smith M. E. F. and Bodmer W. F. (1990). Low expression of collagen 
receptors in moderate and poorly differentiated colorectal adenocarcinoma. Br. J. Cancer. 
61: 636-638.

Pignatelli M., Cardillo M. R , Hanby A. and Stamp G. W. H. (1992). Integrins and their 
accessory adhesion molecules in mammary carcinomas: loss of polarisation in poorly 
differentiated tumours. Hum. Pathol. 23:1169-1176.

Pilcher, B. K., Dumin J. A , Sudbeck B. D., Krane S. M., Welgus H. G. and Parks W. C. 
(1997). The activity of collagenase-1 is required for keratinocyte migration on a type I 
collagen matrix. J. Cell Biol. 137:1445-1457.

Plantefaber L. C. and Hynes R. O. (1989). Changes in integrin receptors on oncogenically 
transformed cells. Cell. 56: 281-290.

Platz H , Fries R. and Hudec M. (1986). Prognosis of oral cavity carcinomas, results of a 
multicentric retrospective observational study. Munich: Carl Hanser.

306



References

Polette M., Clavel C., Muller D., Abecassis J., Binninger I. and Birembaut P. (1991). 
Detection of mRNAs encoding collagenase 1 and stromelysin 2 in carcinomas of the 
head and neck by in situ hybridisation. Inv. Met. 11: 76-83.

Polette M., Clavel C., Birembaut P. and De Clerck Y. A. (1993). Localisation by in 
situ hybridisation of mRNAs encoding stromelysin 3 and tissue inhibitors of 
metalloproteinases TIMP-1 and TIMP-2 in human head and neck carcinomas. Pathol. 
Res. Prac. 189: 1052-1057.

Potten C. S. and Morris R. J. (1988). Epithelial stem cells in vivo. J. Cell Sci. Supp. 
10:45-62.

Prieto A .L., Edelman G. M. and Crossin K.L. (1993). Multiple integrins mediate cell 
attachment to cytotactin/tenascin. Proc. Natl Acad. Sci. USA. 90: 10154-10158.

Prime S. S., Nixon S. V. R., Crane I. J., Stone A., Matthews J. B., Maitland N. J., Remnant 
L., Powell S. K., Game S. M. and Scully C. (1990). The behaviour of human oral 
squamous cell carcinoma in cell culture. J. Pathol. 160: 259-269.

Prime S. S., Matthews J. B., Patel V., Game S. M., Donnelly M., Stone A., Paterson I. C., 
Sandy J. R. and Yeudall W. A. (1994). TGF beta receptor regulation mediates the 
response to exogenous ligand but is independent of the degree of cellular differentiation in 
human oral kératinocytes. Int. J. Cancer. 56: 406-412.

Pujuguet P., Hammann A., Moutet M., Samuel J. L., Martin F. and Matrin M. (1996). 
Expression of fibronectin ED-A+ and ED-B+ isoforms by human and experimental 
colorectal cancer. Am. J. Pathol. 148: 579-592.

Putnins E. E., Firth J. D. and Uitto V-J. (1995). Keratinocyte growth factor stimulation 
of gelatinase (matrix metalloproteinase-9) and plasminogen activator in histiotypic 
epithelial cell culture. J. Invest. Dermatol. 104: 989-994.

Pyke C., Ralfkioer E., Huhtala P., Hurskainen T., Dano K. and Tryggvason K. (1992). 
Localisation of mRNA for Mr 72,000 and 92,000 type IV collagenases in human skin 
cancers by in situ hybridisation. Cancer Res. 52: 1336-1341.

Qian F., Vaux D. L. and Weissman I. L. (1994). Expression of integrin a4pi on 
melanoma cells can inhibit the invasive stage of metastasis formation. Cell. 77: 335- 
347.

Ramos D. M., Chen B. L., Boylen K., Stem M., Kramer R. H., Sheppard D., Nishimura 
S. L., Greenspan D., Zardi L. and Pytela R. (1997). Stromal fibroblasts influence oral 
squamous-cell carcinoma cell interactions with tenascin-C. Int. J. Cancer. 72: 369-376.

Ramos-DeSimone N., Hahn-Dantona E., Sipley J., Nagase H., French D and Quigley J. 
P. (1999). Activation of matrix metalloproteinase-9 (MMP-9) via a converging 
plasmin/stromelysin-1 cascade enhances tumor cell invasion. J. Biol. Chem. 274: 
13066-13076.

307



References

Reiss M. and Stash E. B. (1990). High frequency of resistance of human squamous 
carcinoma cells to the anti-proliferative action of transforming growth factor p. Cancer 
Comm. 2: 363-369.

Repesh L. A., Fitzgerald T. J. and Furcht L. T. (1982). Changes in the distribution of 
fibronectin during limb regeneration in newts using immunohistochemistry. 
Differentiation. 22: 125-131.

ReponenP., Sahlberg C., Munaut C., Thesleff I. and Tryggvason K. (1994). High 
expression of 92-kDa type IV collagenase (gelatinase B) in the osteoclast lineage during 
mouse development. J. Cell Biol. 124: 1091-1102.

Reszka A. A., Hayashi Y. and Horwitz A. F. (1992). Identification of amino acid 
sequences in the integrin pi cytoplasmic domain implicated in cytoskeletal association.
J. Cell Biol. 117: 1321-1330.

Ridley A. and Hall A. (1992). The small GTP-binding protein rho regulates the 
assembly of focal adhesions and actin stress fibres in response to growth factors. Cell. 
70: 389-399.

Ridley A., Paterson H., Johnston C., Diekman D. and Hall A. (1992). The small GTP 
binding protein rac regulates growth factor induced membrane ruffling. Cell. 70: 401- 
410.

Rojiani M. V., Finlay B. B., Gray V. and Dedhar S. (1991) In vitro interaction of a 
polypeptide homologous to human Ro/SS-A antigen (calreticulin) with a highly 
conserved amono acid sequence in the cytoplasmic domain of integrin subunits. 
Biochemistry. 30: 9859-9866.

Ross L., Hassman F. and Moloney. (1992). Inhibition of Molt-4 endothelial adherence 
by synthetic peptides from the sequence of ICAM-1. J. Biol. Chem. 267: 8537-8540.

Ross F. P., Chappel J., Alvarez J. I., Sander D., Butler W. T., Farach-Carson M. C., Mintz 
K. A., Gehron Robey P., Teitelbaum S.L and Cheresh D. A. (1993). Interactions between 
the bone matrix proteins osteopontin and bone sialoprotein and the osteoclast integrin 
avp3 potentiate bone resorption. J. Biol. Chem. 268: 9901-9907.

Saarialho-Kere U. K., Kovacs S. O., Pentland A. P., Birkeda-Hansen H , Welgus H. G. 
and Parks W. C. (1993). Cell-matrix interactions modulate interstitial collagenase 
expression by human kératinocytes actively involved in wound healing. J. Clini. Invest. 
92: 2858-2866.

Saarialho Kere U. K., Pentland A. P., Birkedal-Hansen H., Parks W. C. and Welgus H.
G. (1994). Distinct populations of basal kératinocytes express stromelysin-1 and 
stromelysin-2 in chronic wounds. J. Clin. Invest. 94:79-88.

Saik I., Murata J., Ida J., Nishi N., Sigimura K. and Azuma I. (1989). The inhibition of 
murine lung metastasis by synthetic polypeptides of cell adhesion molecules. Br. J. Cancer. 
59: 194-197.

308



References

Salo T., Lyons J. G., Rahemtulle F., Birkedal-Hansen H. and Laijava H. (1991). 
Transforming growth factor- pi upregulates type IV collagenase expression in cultured 
human kératinocytes. J. Biol. Chem. 266: 11436-11441.

Salo T., Makela M., Kylmaniemi M., Autio-Harmainen H. and Laijava H. (1994). 
Expression of Matrix Metalloproteinase-2 and -9  during early human wound healing. 
Lab. Invest. 70: 176-182.

Sastry S. K. and Horwitz A. F. (1993). Integrin cytoplasmic domains: Mediators of 
cytoskeletal linkages and extra- and intracellular initiated transmembrane signaling.
Curr. Opin. Cell Biol. 5: 819-831.

Schoenwaelder M. and Burridge K. (1999). Bidirectional signalling between the 
cytoskeleton and integrins. Curr. Opin. Cell Biol. 11: 274-286.

Schreiner C., Fisher M., Hussein S. and Juliano R. L. (1991). Increased tumorgenicity of 
fibronectin receptor deficient Chinese hamster ovary cell variants. Cancer Res. 51: 1738- 
1740.

Schwartz M. A. (1994). Integrins as signal transducing receptors. In: Integrins; 
Molecular and Biological Responses to the Extracellular Matrix. Editors, D. A. 
Cheresh and R. P. Mecham. Academic Press. p33-47.

Schwarzbauer J. E., Tamkun J. W., Lemischka 1. R. and Hynes R. O. (1983). Three 
different fibronectin mRNAs arise by alternative splicing witin the coding region. Cell. 35: 
421-431.

Seftor R. E. B., Seftor E. A., Stetler-Stevenson W. G. and Hendrix M. J. C. (1993). The 
72kDa type IV collagenase is modulated via differential expression of alpha v beta 3 and 
alpha 5 beta 1 integrins during human melanoma cell invasion. Cancer Res. 53: 3411- 
3415.

Seltzer J. L., Eisen A. Z., Bauer E. A., Morris N. P., Glanville R. W. and Burgeson R. E. 
(1989). Cleavage of type VQ collagen by interstitial collagenase and type IV collagenase 
(gelatinase) derived from human skin. J. Biol. Chem. 264: 3822-3826.

Senior R. M., Griffin G. L., Fliszar C. J., Shapiro S. D., Goldberg G. 1. and Welgus H. G. 
(1991). Human 92- and 72-kilodalton type IV collagenases are elastases. J. Biol. Chem. 
266: 7870-7875.

Sheppard D., Cohen D. S., Wang A. and Busk M. (1992). Transforming growth factor p 
differentially regulates expression of integrin subunits in guinea pig airway epithelial 
cells. J. Biol. Chem. 267,17409-17414.

Simon K. O. and Burridge K. (1994). Interactions between integrands and 
cytoskeleton: structure and regulation. In: Integrins: Molecular and Biological responses 
to the Extracellular Matrix. Editors, D. A. Cheresh and R. P. Mecham. Academic Press, 
p49-78.

309



References

Sires U. L, Griffin G. L., Broekelman T. J., Mecham R. P., Murphy G., Chung A. E., 
Welgus H. G. and Senior R. M. (1993). Degradation of entactin by matrix 
metalloproteinases: susceptibility to matrilysin and identification of cleavage sites. J. 
Biol. Chem. 268: 2069-2074.

Smith J. and Cheresh D. A. (1990). Integrin avpS-ligand interaction. Identification of 
a heterodimeric RGD binding site on the vitronectin receptor. J. Biol. Chem. 265: 
2168-2172.

Sonnenberg A. (1986). Development of mouse mammary gland: identification of stages 
in differentiation of luminal and myoepithelial cells using monoclonal antibodies and 
polyvalent antiserum vs keratin. J. Histochem. Cytochem. 43: 1037-1046.

Speight P. M., Farthing P. M. and Bouquot J. E. (1996). The pathology of oral cancer 
and precancer. Current Diagnostic Pathol. 3: 165-176.

Staatz W. D., Fok K. F., Zutter M. M., Adams S. P., Rodriguez B. A. and Santoro S. A. 
(1991). Identification of a tetrapeptide recognition sequence for the a2pi integrin in 
collagen. J. Biol. Chem. 266: 7363-7367.

Stanley J. R , Foidart J-M., Murray J. C., Martin G. R. and Katz S. I. (1980). The 
epidermal cell which selectively adheres to a collagen substrate is the basal cell. J. 
Invest. Dermatol. 74:54-58.

Stepp M. A., Spurr-Michaud S., Tisdale A., Elwell J. and Gipson I. J. (1990). a6p4 
integrin heterodimer is a component of hemidesmosomes. Proc. Natl. Acad. Sci. USA. 87: 
8970-8974.

Stetler-Stevenson W. G., Liotta L A. and Kleiner D.E. (1993). Extracellular matrix 6: 
Role of matrix metalloproteinases in tumor invasion and metastasis. FASEB J. 7: 1434- 
1441.

Sugiyama M, Speight PM, Prime SS, Watt FM. (1993). Comparison of integrin expression 
and terminal differentiation capacity in cell lines derived from oral squamous cell 
carcinoma. Carcinogenesis 1993,14. 2171-2176.

Sutinen M., Kainulainen T., Hursaiken T., Vesterlund E., Alexander J. P., Overall C. 
M., Sorsa T. and Salo T. (1998). Expression of matrix metalloproteinases (MMP-1 and 
-2  and their inhibitors (TIMP-1, -2 and -3) in oral premalignant lesions, oral squamous 
cell carcinoma and lymph node metastasis. B. J. Cancer. 77: 2239-2245.

Symington B. E. and Carter W. G. (1995). Modulation of epidermal differentiation by 
epiligrin and integrin a3pl. J. Cell Sci. 108: 831-838.

Takada Y., Kamata., Irie A., Puzon-Mclaughlin W. and Zhang X-P. (1997). Structural 
basis of integrin-mediated signal transduction. Matrix Biol. 16: 143-151.

Tamura R. N., Cooper H. M., Collo G. and Quaranta V. (1991). Cell type-specific 
integrin variants with alternative alpha chain cytoplasmic domains. Proc. Natl. Acad.
Sci. USA. 88: 10183-10187.

310



References

Tawil N., Wilson P. and Carbanetto S. (1993). Integrins in point contacts mediate cell 
spreading : Factors that regulate integrin accumulation in point contacts vs. focal 
contacts. J. Cell Biol. 120: 261-271.

Tenchini M. L., Adams J. C., Gilberty C., Steel J., Hudson D. L., Malcovati M., Watt F. 
M. (1993). Evidence against a major role for integrins in calcium dependent intercellular 
adhesion of epidermal kératinocytes. Cell Ad. Comm. 1: 55-66.

Toda K-L, Tuan T-L., Brown P. J. and Grinnell F. (1987). Fibronectin receptors of 
human kératinocytes and their expression during cell culture. J. Cell Biol. 105: 3097- 
3104.

Tomasini B. R. and Mosher D. (1991). Vitronectin. Prog. Hemost. Thromb. 10: 269-305.

Tomson A. M., Scholma J., Meijer B., Koning J. G., de Jong K. M., van der Werf M
(1996). Adhesion properties, intermediate filaments and malignant behaviour of head and 
neck squamous cell carcinoma cells in vitro. Clin, and Exp. Metastasis, 14: 501-511.

Tremble P. M., Chiquet-Ehrismann R. and Werb Z. (1994). The extracellular matrix 
ligands fibronectin and tenascin collaborate in regulating collagenase gene expression in 
fibroblasts. Mol. Biol. Cell. 5: 439-453.

Tremble P., Damsky C. H. and Werb Z. (1995). Components of the nuclear cascade 
that regulates collagenase gene expression in response to integrin-derived signals. J. 
Cell Biol. 129: 1707-1720.

Tuckwell D.S, Brass A. and Humphries M.J. (1992). Homology modelling of integrin 
EF-hands. Evidence for widespread use of a conserved cation-binding site. Biochem. J. 
285:3250-3331.

Tuckwell D. S., Humphries M. J. and Brass A. (1994). A secondary structure model of 
the integrin alpha subunit N-terminal domain based on analysis of multiple alignments. 
Cell Adhs. Commun. 2: 385-402.

Tuckwell D. S., Calderwood D., Green L. and Humphries M. (1995). Integrin a2 1- 
domain is a binding site for collagens. J. Cell Sci. 108: 1629-1638.

Tuckwell D. S., and Humphries M. (1997). A structure prediction for the ligand- 
binding region of the integrin beta subunit: evidence for the presence of a von 
Willebrand factor A domain. FEBS Lett. 400: 297-303.

Verrando P., Blanchet-Bardon C., Pisani A., Thomas L., Cambazard F., Eady R. J., 
Schofield O. and Ortonne J-P. (1991). Monoclonal antibody GB3 defines a widespread 
defect of several basement membranes and keratinocyte dysfimction in patients with 
lethal junctional epidermolysis bullosa. Lab. Invest. 64: 85-91.

Vu T. H., Shipley J. M., Bergers G., Berger J. E., Helms J. 1., Hanahan D., Shapiro S. 
D., Senior R. M. and Werb Z. (1998). MMP-9/gelatinase B is a key regulator of growth 
plate angiogenesis and apoptosis of hypertrophic chondrocytes. Cell. 93: 411-422.

311



References

Wallon U. M. and Overall C. M. (1997). The hemopexin-like domain (C domain) of 
human gelatinase A (matrix metalloproteinase-2) requires Ca^  ̂for fibronectin and heparin 
binding. Binding propertiies of recombinant gelatinase A C domain to extracellular matrix 
and basement membrane components. J. Biol. Chem. 272: 7473-7481.

Waltz D.A. and Chapman H. A. (1994). Reversible cell adhesion to vitronectin linked to 
urokinase receptor occupancy. J. Biol. Chem. 269: 14746-14750.

Wang A., Yokashi Y., Ferrando R., Balmes J. and Sheppard D. (1996). Differential 
regulation of airway epithelial integrins by growth factors. Am. J. Resp. Cell Mol. Biol. 
15: 664-672.

Watt F. M. (1984). Selective migration of terminally differentiating cells from the basal 
layer of cultured epidermal cells. J. Cell Biol. 98: 16-21.

Watt F. M. and Green H. (1981). Involucrin synthesis is correlated with cell size in 
human epidermal cultures. J. Cell Biol. 90: 738-742.

Watt F. M. and Green H. (1982). Stratification and terminal differentiation of cultured 
epidermal cells. Nature. 295: 436-442.

Watt F. M., Jordan P. W. and O'Neil C. H. (1988). Cell shape controls differentiation of 
human epidermal kératinocytes. Proc. Natl. Acad. Sci. USA. 85: 5576-5580.

Watt F. M. and Jones P. H. (1993). Expression and function of the keratinocyte 
integrins. Dev. Suppl. 185-192.

Watt F. M., Kubler M-D., Hotchin N. A., NicholsonL. J. and Adams J. C. (1993). 
Regulation of keratinocyte terminal differentiation by integrin-extracellular matrix 
interactions. J. Cell Sci. 106: 175-182.

Wayner E. A. and Carter W. G. (1987). Identification of multiple cell adhesion 
receptors for collagen and fibronectin in human fibrosarcoma cells producing unique a  
and p subunits. J. Cell Biol. 105: 1873-1884.

Wayner E. A., Orlando R. A. and Cheresh D. A. (1991). Integrins avp3 and avp5 
contribute to cell attachment to vitronectin but differentially distribute on the cell 
surface. J. Cell Biol. 113: 919-929.

Wei Y., Lukashev M., Simon D., Bodary S., Rosenberg S., Doyle M. and Chapman H.
(1996). Regulation of integrin function by urokinase receptor. Science. 273: 1551- 
1555.

Weinacker A , Chen A , Agrez M., Cone R. I., Nishimura S., Wayner E. A , Pytela R. 
and Sheppard D. (1994). Role of the integrin alpha v beta 6 in cell attachment to 
fibronectin. Heterologous expression of intact and secreted forms of the receptor. J. 
Biol. Chem. 269: 6940-6948.

312



References

Weinacker A., Ferrando R., Elliot M., Hogg J., Balmes J. and Sheppard D. (1995). 
Distribution of integrins avp6 and a9pl and their known ligands, fibronectin and tenascin, 
in human airways. Am. J. Resp. Cell Mol. Biol. 12: 547-556.

Werb, Z. (1997). ECM and cell surface proteolysis: regulating cellular ecology. Cell. 
91:439-442.

Werb Z., Tremble P. M., Behrendtsen O., Crowley E. and Damsky C. H. (1989). Signal 
transduction through the fibronectin receptor induces collagenase and stromelysin gene 
expression. J. Cell Biol. 109: 877-889.

Wilhelm S. M., Collier I. E., Manner B. L., Eisen A. Z., Grant G. A. and Goldberg G. I. 
(1989). SV40 transformed human lung fibroblasts secrete a 92-kDa type IV collagenase 
which is identical to that secreted by normal human macrophages. J. Biol. Chem. 264: 
17213-17221.

Woessner J. F. (1991). Matrix metalloproteinases and their inhibitors in connective 
tissue remodelling. FASEB. 5: 2145-2154.

Wolf G. T., Carey T. E., Schmatz S. P., McClatchey K. D., Poore J., Glaser L., Hayashida 
D. J. S. and Hsu S. (1990). Altered antigen expression predicts outcome in squamous cell 
carcinoma of the head and neck. J Natl. Cancer Inst. 82: 566-572.

Xia P. and Culp L. A. (1994). Adhesion activity in fibronectin's alternatively spliced 
domain EDA (EIILA) and its neighbouring type m  repeats: oncogene dependent 
regulation. Exp. Cell Res. 312: 253-265.

Yamada K. M. (1989). Fibronectins: structure, functions and receptors. Curr. Opin. Cell 
Biol. 1: 956-963.

Yamada K. M. and Kennedy D. W. (1984). Dualistic nature of adhesive protein 
function: fibronectin and its biologically active peptide fragments can autoinhibit 
fibronectin function. J. Cell Biol. 99: 29-36.

Yamada K. M. and Kennedy D. W. (1985). Amino acid sequence specificities of an 
adhesive recognition signal. J. Cell Biochem. 28: 99-104.

Yamada K. M. and Miyamoto S. (1995). Integrin transmembrane signalling and 
cytoskeletal control. Curr. Opin. Cell Biol. 7: 681-689.

Yebra M., Filardo E. J., Bayna E. M., Kawahara E., Becker J. C. and Cheresh D. A. 
(1995). Induction of carcinoma cell line migration of vitronectin by NF-kappa B- 
dependent gene expression. J. Biol. Chem. 271: 29393-29399.

Yebra M., Parrg G., Stromblad S., Mackman N., Rosenberg S., Mueller B. and Cheresh 
D. (1996). Requirement of receptor-bound urokinase type plasminogen activator for 
integrin avP5-directed cell migration. J. Biol. Chem. 271: 29393-29399.

Yokosaki Y., Palmer E. L., Prieto A. L., Crossin K. L., Bourdon M. A., Pytela R. and 
Sheppard D. (1994). The integrin a9pl mediates cell attachment to a non-RGD site in the 
third fibronectin type m  repeat of teneascin. J. Biol. Chem. 269: 26691-26696.

313



References

Yoshizaki Y., Sato H., Maruyama Y., Murono S., Fumkawa M., Park C-S. and Seiki M.
(1997). Increased expression of membrane type-1 matrix metalloproteinase in head and 
neck carcinoma. Cancer. 79:139-144.

Zambruno G., Manca V., Santantonio M. L., Sotigo D. and Giannetti A. (1991). VLA 
expression on epidermal cells (kératinocytes, langerhans cells, melanocytes): a light and 
electron microscopic immunohistochemical study. Br. J. Dermatol. 124: 135-145,

Zambruno G., Marchisio P. C., Marconi A., Vaschieri €., Melchiori A., Giannetti A. 
and De Luca M. (1995). Transforming growth factor pi modulates pi and P5 integrin 
receptor and induces de novo expression of the avP6 heterodimer in normal 
kératinocytes: implications for wound healing. J. Cell Biol. 129: 853-865.

Zhang K. and Kramer R. H. (1996). Laminin 5 deposition promotes keratinocyte 
motility. Exp. Cell Res. 227: 309-322.

Zhang Z., Morla A. O., Vuori K., Bauer J. S., Juliano R. L. and Ruoslahti E. (1993). 
The avpi integrin functions as a fibronectin receptor but does not support fibronectin 
matrix assembly and cell migration on fibronectin. J. Cell Biol. 122: 235-242.

Zhang Z., Vuori K., Wang H-G., Reed J. and Ruoslahti E. (1996). Integrin activation 
by R-Ras. Cell. 85:61-69.

Zhou L., Lee D., Plescia J., Lau C. and Altieri D. (1994). Differential ligand binding 
specificities of recombinant CDl lb/CD 18 integrin I-domain. J. Biol. Chem. 269: 
17075-17079.

Zutter M. M. and Santoro S. A. (1990). Widespread histologic distribution of the 
a2pi integrin cell-surface collagen receptor. Am. J. Pathol. 137: 113-120.

3 i y  EIBL 
[LONDON: 

UNIV.


