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Abstract

When purified tissue transglutaminase (tTG) is immobilised on plasma fibronectin 

it forms an extracellular complex (FN-tTG), which partially restores attachment 

and spreading of human osteoblast cells and mouse Swiss 3T3 fibroblasts when the 

integrin mediated direct binding to FN is impaired using Arg-Gly-Asp (RGD) 

containing peptides. However, the molecular mechanism(s) and the physiological 

importance of this RGD-independent cell adhesion process, are not fully 

understood. The role of the FN-bound tTG complex in mediating the RGD- 

independent cell adhesion was investigated by characterisation of the FN-tTG 

matrix and the intracellular signals that lead to changes in protein phosphorylation 

during this process. The FN-tTG matrix compensated for the RGD inhibition of 

cell adhesion in different cell types, which was independent of the endogenous 

ECM protein synthesis. A physiological matrix composed of cell-assembled FN 

with increased levels of bound cell-secreted tTG supported RGD-independent cell 

adhesion of Swiss 3T3 fibroblasts. tTG bound to tissue culture plastic or N- 

terminal FN fragments, which contain a putative high affinity binding site for tTG, 

was not sufficient to sustain the RGD-independent cell adhesion, suggesting a 

requirement for the association of tTG with the entire FN molecule. The 

compensatory effect of the FN-tTG complex for the RGD-inhibition of cell 

adhesion did not require transamidating activity of tTG, or the binding of tTG to 

cuPi integrins, but was dependent on the interaction of tTG with cell-surface 

heparan sulphate chains and the activity of PKC-a. The RGD-independent cell 

adhesion to FN-tTG was linked to the activation of cell survival focal adhesion 

kinase, extracellular signal-regulated kinase and c-Jun-NH2-terminal kinase and 

also required the Raf-1 kinase activity. Apoptosis of tTG-null mouse dermal 

fibroblasts induced by inhibition of integrin function by RGD peptide (anoikis) 

could be rescued in response to FN-tTG, suggesting an extracellular survival role 

for tTG. The correlation between the externalisation and binding of tTG to FN in 

situations of cell stress and wounding supports the idea that extracellular tTG in 

complex with FN acts as a pro-survival adhesion factor for anchorage-dependent 

cells.
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Chapter 1: Introduction

Chapter 1: Introduction

Most cells reside in a protein network called the extracellular matrix (ECM), which 

they secrete and mould into the intercellular space. The associations between cells, 

their attachment to basement membranes, the migration of cells and the fonnation 

of cell projections, all require selective adhesion of cells either to one another 

and/or to the extracellular matrix. In recent years, advances in the understanding of 

the molecular basis of cell adhesion have revealed the existence of specific families 

of cell surface receptors. Molecular analyses of cell adhesion have revealed that 

adhesion has profound effects on cells that go far beyond merely sticking them 

together. The interaction of cell-surface adhesion receptors with the extracellular 

matrix components regulates various cellular functions, including differentiation, 

proliferation, and migration (Hynes, 1999). The specificity of cellular functions 

comes from the combinatorial expression and interactions between a large number 

of adhesion receptors. The major families of adhesion receptors, whose molecular 

functions are well defined at present, include the cadherins, selectins, integrins, and 

membrane-bound heparan proteoglycans such as syndecans, and glypicans 

(Petruzzelli et.al., 1999; Tumova et.al., 2000).

Adhesion to the extracellular matrix may also serve as a crucial survival signal for 

many anchorage dependent cells (Frisch and Screaton, 2001). A central component 

of the ECM which regulates adhesion dependent survival is the adhesive 

glycoprotein fibronectin (FN). Cell attachment to fibronectin mediates cell survival 

through interacting with cell surface receptors. One high affinity binding partner 

for FN, which also acts as a modulator of the fibronectin matrix is tissue-type 

transglutaminase (tTG, type II) (Aeschlimann and Thomazy, 2000), which belongs 

to a large family of calcium dependent transamidases. Accumulating evidence 

indicates that the tissue transglutaminase has a physiological role in cell adhesion 

and stabilisation of ECM. Due to the immensity of this area and to avoid the 

plethora of information, it is essential to summarise the present literature in the 

context of transglutaminases, the cell adhesion protein fibronectin, and cell surface 

receptors.
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Chapter I: Introduction

1.1 Transglutaminases

Transglutaminases (TGs) are a widely distributed family of proteins found in many 

tissues and body fluids of vertebrates as well as micro-organisms, plants and 

invertebrates. The first finding introducing an enzyme with transamidating activity 

from guinea pig liver was reported in 1957 by Clarke and co-workers (Clarke et.al., 

1957). To date many types of transglutaminases (Enzyme Commission System of 

Classification 2.3.2.13) have been characterised. Transglutaminases mediate post- 

translational modification of proteins by catalysing a wide range of aminolytic and 

hydrolytic reactions (Lorand and Conrad, 1984).

All mammalian transglutaminases catalyse a protein cross-linking reaction by 

mediating a calcium dependent acyl transfer reaction between the y-carboxamide 

group of a polypeptide-bound glutamine (Gin) and the s-amino group of a 

polypeptide bound lysine to form a e-(y-glutamyl)-lysine isopeptide bond (Pisano 

et.al., 1968; Lorand and Graham, 2003; figure 1.1a). The binding of calcium is 

essential, as it induces a conformational change that exposes a cysteine residue in 

the active site domain. The reaction results in the release of ammonia and the 

formation of the covalently cross-linked molecules resistant to mechanical and 

proteolytic breakdown (Griffin and Wilson, 1984; Melino et.al., 1994). The 

resulting supramolecular structure is a crucial component of important biological 

processes including blood coagulation, the differentiation of the epidermis of skin 

and ECM assembly (Griffin et.al., 2002).

TGs can also use primary amines and polyamines, such as putrescine, spermine, 

and histamine, as substrates for amine incorporation (Birckbichler et.al, 1977a; 

Folk and Finlayson, 1977; figure 1.1b). The reaction results in the fonnation of a 

(y-glutamyl)-polyamine bond through incorporation of a primary amine into a 

polypeptide-bound glutamine.

TGs are known to hydrolyse esters such as nitrophenyl and thiocholine esters (Folk 

and Finlayson, 1977). Biochemical studies also indicate that certain TGs can 

form an ester bond between specific glutamine residue of proteins like involucrin

2
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Transamidation
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Figure 1.1 Reactions catalysed by transglutaminases

Schematic presentation of various post-translational reactions between the acceptor 

glutamine residue of one protein (blue rectangle) and a,c the lysine donor residue of 

another (purple ellipse); b, an amine (H2NR); d, a ceramide (HOR ); e, water 

(H20). R’ represents a Gin-containing peptide, R and R represents the side 

chains in branched isopeptides (Lorand and Graham, 2003).
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and a ceramide such as co-hydroxyceramides (Nemes et.al, 1999; figure l.ld). The 

esterification of the protein bound glutamine residues plays an important role in the 

epidermal barrier formation.

It has been shown that transglutaminases can catalyse the hydrolysis (deamidation) 

of amide groups of protein- and peptide-bound glutamine residues (Mycek and 

Waelsch, 1960; Aleanzi et.al., 2001; figure l.le). This selective deamidation of 

glutamine residues has been proposed to act as the main factor contributing to the 

onset of celiac disease (Ciccocioppo et.al., 2003). Recent work has reported that 

TGs can break isopeptide linkages with high affinities for the y-branched substrates 

(figure 1 .If). Tissue type transglutaminase and Factor XHIa reportedly exhibit 

isopeptidase activity and hydrolyse the s-(y-glutamyl)-lysine isopeptide bond, 

suggesting a dynamic role for transglutaminases in cell biology by not only 

catalysing but also breaking of e-(y-glutamyl)-lysine bonds (Parameswaran et.al., 

1997).

Although the enzymatic reaction pathways of TGs can be outlined simply in figure

1.1, the actual mechanism is more complicated. After binding of the acceptor 

glutamine-containing substrate to the enzyme, the formation of a y- 

glutamylthiolester takes place with the active-centre cysteine (Cys) residue of the 

TG, known as the acylenzyme intermediate. This results in the release of ammonia 

(figurel.la-e). The acyl-enzyme complex then reacts with the donor amine 

substrate, which attacks the thiolester bond. As a result of this step, the active- 

centre Cys residue reverts back into its original form, allowing the enzyme to 

participate in another cycle of catalysis. Depending on the nature of the donor 

substrate various products are generated at the end of the reaction (Lorand and 

Graham, 2003; Griffin et.al, 2002; figure 1.1).

1.2 Different forms of transglutaminase enzymes in mammals

There is accumulating evidence to support the notion that several transglutaminases 

can be expressed in the same tissue and perform different functions 

(Aeschlimanne^.a/., 1998; Grenard et.al., 2001; Griffin et.al, 2002). To date, nine
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distinct TG forms have been identified at the genomic level in humans (Grenard 

et.al., 2001). As shown in table 1.1, the transglutaminase family includes, the 

circulating zymogen factor XIII (FXIII), the keratinocyte transglutaminase (TGI), 

the ubiquitous tissue transglutaminase (TG2), the epidermal transglutaminase 

(TG3), prostate transglutaminase (TG4), erythrocyte band 4.2, and the recently 

discovered transglutaminase X, Y and Z (TG5, TG6, TG7) (Aeschlimann et.al, 

1998; Grenard et.al., 2001).

Transglutaminases are encoded by a family of closely related genes that have a 

high degree of sequence similarity. All of the TG genes seem to be organised in a 

similar way with a notable conservation of intron distribution and splice sites 

(Grenard et.al., 2001). Alternative splice variants have been detected for several 

TGs, including TG2, TG4, TG5, and erythrocyte band 4.2 protein (Fraij and 

Gonzales, 1996; Monsonego et.al, 1997; Aeschlimann et.al, 1998; Candi et.al., 

2001; Citron et.al., 2001). Phylogenetic studies indicate that evolution of TG genes 

has taken place in two different lineages upon an early-gene duplication event. The 

first lineage comprises TG2, TG3, and erythrocyte band 4.2, while the second one 

consists of FXIIIa and TGI (Polakowska et.al, 1992; Grenard et.al., 2001).

All members of transglutaminase family share a common amino acid sequence of 

Tyrosine-Glycine-Glutamine-Cysteine-Tryptophan-Valine at the active site (Ikura 

et.al, 1988; Gentile et.al., 1991). The TGs do not undergo carbohydrate 

modification despite the presence of several potential sites for N-linked 

glycosylation. Although sequence analysis of TGs revealed many Cys residues, no 

formation of intra-moleeular disulphide bonds have been detected so far (Lorand 

and Graham, 2003). TGs, even those that are secreted, lack an amino-terminal 

hydrophobic leader sequence, which is characteristic of a secreted protein. Most 

transglutaminase enzymes are post-translationally modified by the removal of the 

initiator methionine residue, followed by N-acetylation.

TGs have been implicated to be involved in several human pathological states such 

as neurodegenerative diseases (Lesort et.al., 2000; Karpuj et.al, 2002; Selkoe, 

2002), autoimmune diseases (Piacentini and Colizzi, 1999; Aleanzi et.al, 2001), 

cancer (Birckbichler et.al, 1977b; Barnes et.al, 1985), and tissue fibrosis (Griffin 

et.al, 1979; Mirza et.al., 1997; Johnson et.al., 1997 and 2003).
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1.3 Factor XIII

Factor XIII is the final zymogen in the blood coagulation cascade, which is 

converted to the active transglutaminase enzyme (Factor XHIa) by thrombin 

cleavage (Takagi and Doolittle, 1974; Lorand et.al, 1980). FXIII of plasma is a 

tetramer consisting of two types of globular A subunits surrounded by two long 

thin flexible strand-like B subunits (A2B2), while cellular FXIII exists as a 

homodimer of potentially active A subunits (A2) in platelets, macrophages and 

other cells (Schwartz et.al., 1973; Takagi and Doolittle, 1974; Camell et.al., 1989). 

The subunit structure and complete amino acid sequence of plasma FXIII has been 

established by electron microscopy and a combination of cDNA cloning and amino 

acid sequence analysis (Ichinose et.al., 1986; Grundmann et.al., 1986; Camell 

et.al., 1989). The mRNA of FXIIIa is 3.9 kb in size, consisting of 2.2 kb of open 

reading frame for 731 amino acids with a molecular mass of approximately 83 kDa 

(Grundmann et.al., 1986; Ichinose et.al, 1986). Despite of its presence in the blood 

plasma, no hydrophobic leader sequence was identified in the primary structure of 

FXIIIa (Grundmann et.al, 1986). The mature molecule has six potential sites for 

glycosylation; however, no carbohydrate residue was detected (Takashi et.al., 

1986; Greenberg et.al., 1991). Gene studies for FXIIIa localised the thrombin 

cleavage site to exons 2 and 12, active site region to exon 7, and two putative 

calcium binding regions to exons 6 and 11 (Ichinose et.al., 1988; Hettasch and 

Greenberg, 1994; Hettasch et.al., 1997).

The FXIIIA subunit is present in hematopoetic cells such as monocytes, 

machrophages, megakaryocytes, platelets (Weisberg et.al., 1987; Kiesselbach and 

Wagner, 1972; Lopaciuk et.al., 1976). FXIIIA has also been identified in the 

placenta, uterus, prostate and liver (Greenberg et.al, 1991; Adany, 1996). The 

molecular mechanisms of FXIIIA release into the plasma and the extracellular 

matrix is not clear, however, recent data suggests that FXIIIA is released form cells 

of hematopoetic origin during cell destruction and is thought to unite with FXIIIB 

in the circulation (Kaetsu et.al., 1996; Nurminskaya et.al, 1998).

The amino acid sequence of the human FXIIIB subunit was deduced from nucleic 

acid sequences of the cDNA clones isolated from the human liver library (Bottenus
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et.al., 1990). The 2.2 kb mRNA of FXIIIB codes for a protein of 614 amino acids 

(Camell et.al., 1989). The mature FXIIIB is a typical mosaic glycoprotein 

containing 8.5% of charbohydrate and composed of 10 tandem repeats of 60 amino 

acids each with two disulfide bridges (Ichinose et.al., 1990).

The gene coding for FXIIIB is mapped to chromosome lq31-32.1 in linkage with 

the genes coding for complement factor H, peptidase C, and rennin (Bottenus et.al., 

1990; Muszbek et.al., 1999). The 28 kb-gene consists of 12 exons, the first of 

which encodes for the leader sequence common for secretory proteins (Bottenus 

et.al., 1990). While the last exon codes for the C-terminal region of the protein, the 

remaining exons (2-11) encodes for the 10 tandem repeats that demonstrate a high 

degree of internal homology and is likely to serve as a protein binding module 

(Aeschlimann and Paulsson., 1994).

The activation of FXIII occurs when thrombin cleaves the peptide bond near the N- 

terminus of the A subunit at Arg37-Gly38 (Takagi and Dolittle, 1974; Lorand, 

1986). Consequently, the activation peptide consisting of 37 amino acid residues is 

separated from the N-terminal end of A subunits (Schwartz et.al, 1973). Recently, 

radiocrystallographic analysis demonstrated that upon thrombin cleavage, the 

activation peptide remained attached to the molecule at its original position 

occluding the active-site cavity (Yee et.al, 1995). In the presence of calcium ions, 

the B subunits dissociate from the tetramer, and the active-site cysteine originally 

buried within the catalytic core domain becomes unmasked (Homyak et.al., 1989; 

Hornyak and Shafer, 1991). The presence of fibrinogen accelerates the proteolytic 

separation of active peptide by approximately 100-fold (Greenberg et.al, 1987). 

The cofactor activity of fibrinogen in this reaction can be attributed to the 

formation of a fibrin-plasma FXIII complex, which is processed by thrombin more 

efficiently (Naski et.al., 1991). The FXIIIB subunit is believed to regulate and 

stabilise the tetramer structure during the activation of zymogen in plasma 

(Aeschlimann and Paulsson., 1994). The inhibitory effect of purified plasma 

FXIIIB on contact activation of blood coagulation suggests a novel feed-back 

inhibition mechanism of blood coagulation (Halkier and Magnusson, 1988).

The transglutamination reaction catalysed by FXIIIa leads to the cross-linking of y- 

chains of two different fibrin molecules to form characteristic y-chain dimers
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followed by the polymerisation of the a-chains of fibrin (Schwartz et.al, 1973). 

The activation of FXIII leads to the cross-linking of two types of proteins, 

including proteins of the coagulation and fibrinolytic system, and also adhesion 

proteins. Fibrin is the main physiological of substrate for FXIIIa. The cross-linking 

reaction catalysed by FXIIIa between fibrin molecules increases the strength of 

fibrin clots (Doolittle et.al, 1979; Shainoff et.al, 1991). FXIIIa can also cross-link 

fibrin to thrombospodin to anchor the blood clot to the site of injury (Bale and 

Mosher, 1986). The cross-linking of ot2 antiplasmin, the main physiological 

inactivator of plasmin, to fibrin by the FXIIIa was shown to increase the resistance 

of the clot to fibrinolysis by plasmin (Booth, 1999; Sakata and Aoki, 1980; Reed 

et.al, 1991). The other coagulation substrates for FXIIIa include the blood 

coagulation factor V (Francis et.al, 1986), fibrinogen (Dyr et.al, 1989), von 

Willebrand factor (Hada et.al, 1986), type-2 plasminogen activator inhibitor 

(Jensen et.al., 1993; Ritchie et.al, 2000), and plasminogen (Benxiden et.al., 1993). 

Soluble fibronectin found in body fluids becomes cross-linked to fibrin and 

collagen during plasma clotting in a FXIIIa-catalysed reaction (Mosher and Schad, 

1979). In addition, plasma fibronectin attached to the surface of fibroblasts, as well 

as fibronectin synthesised by these cells are both proposed to be cross-linked by 

FXIIIa at ECM sites, which is then incorporated into the assembling ECM (Barry 

and Mosher, 1988 and 1990).

The deficiency in FXIII activity have been likened to a variety of diseases in three 

major areas: haemostasis, wound healing and maintaining pregnancy. Severe 

bleeding diathesis of most patients who are deficient in FXIII demonstrated the 

presence and functional integrity of FXIII is essential for maintaining normal 

haemostasis (Kitchens and Newcomb, 1979). The importance of FXIII in wound 

healing has been demonstrated in patients and animals with FXIII deficiency, who 

presented impaired healing of wounds (Muszbeck et.al, 1999). Pregnant women 

who are homozygous for FXIII deficiency are destined to lose their foetus at the 

early stage of gestation by miscarriage (Lorand et.al., 1980).

Recently FXIIIa has been reported to inhibit capillary tube formation in fibrin and 

mediate adhesion of endothelial cells in an integrin-dependent manner. The 

adhesive activity of FXIIIa was found not to be dependent on its transglutaminase

9
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activity, and did not involve the FXIIIB subunits (Dallabrida et.al, 2000). A 

following study has shown that endothelial cells bind to FXIIIa via their a vP3 

receptor, while FXIIIa binds platelet glycoprotein Ilb/IIIa receptor. FXIIIa, 

therefore, mediates the interaction of platelets with endothelial cells, which may be 

relevant for wound repair after vascular injury in FXIII-deficient patients (Dardik 

et.al, 2002).

1.4 Keratinocyte Transglutaminase

Transglutaminase type 1, the so- called “keratinocyte-type” transglutaminase 

(TGI) was identified and analysed as an intracellular enzyme in epidermal 

keratinocytes (Rice and Green, 1977; Thacher and Rice, 1985). The cDNA cloning 

of the TGI from human and rat epidermal keratinocytes revealed the enzyme as the 

largest of all the transglutaminase family members with a molecular mass of 89-90 

kDa (Phillips et.al., 1990). The full length of the enzyme was later shown to be 

larger, running as a band of 106 kDa as recognised by antibody in Western Blots 

obtained from proliferating keratinocytes (Kim et.al., 1994 and 1995).

Keratinocyte TG is primarily associated with the cytoplasmic side of the plasma 

membrane through fatty acylation at cysteine residues by thioester-linked palmitic 

and myristic acid (Chakravarty and Rice, 1989). Membrane-bound TGI exists in 

two forms; a full-length inactive zymogen form of 106 kDa or a proteolytically 

processed form of 67/33/10 kDa with high activity. The cytosolic enzyme exists as 

the full-length inactive form, the 67 kDa fragment and the 67/33 kDa complex 

(Thacher and Rice, 1985; Kim et.al., 1995). Keratinocyte TG is the major enzyme 

involved in the formation of the comified envelope during terminal differentiation 

of the epidermis. This comified envelope functions as the protective barrier in the 

skin and consists of a 10-20nm thick deposited layer of TGI -catalysed highly 

cross-linked proteins on the intracellular surface of the plasma membrane (Ta et.al., 

1990). The main substrates for the keratinocyte TG includes loricrin (Hohl, 1993), 

involucrin (Simon and Green, 1988), comifin (Marvin et.al., 1992), keratin, 

filaggrin and elafin (Steinert and Marekov, 1995; Simon et.al, 1996). Several 

mutations in the TGI gene leading to a deficiency in the keratinocyte TG were
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reported in some families with lamellar ichthyosis, an autosomal recessive skin 

disorder, which results in the thickening of epidermis with a high risk of sepsis and 

dehydration (Huber et.al, 1995; Hennies et.al, 1998). Recent studies with TG 1- 

deficient mice demonstrated the importance of keratinocyte enzyme in the 

development and the maturation of the stratum comeum as well as the neonatal 

adaptation to environment. The TG 1-/- mice had erythrodermic skin with 

abnormal keratinisation and impaired skin barrier function leading to an early 

neonatal stage death (Matsuki et.al., 1998).

1.5 Epidermal Transglutaminase

Epidermal transglutaminase (TG3) was the first epidermal enzyme to be isolated 

and characterised. Early studies reported a soluble protein of about 50 kDa purified 

from human callus and cow snout epidermis (Buxman and Wuepper, 1976; Ogawa 

and Goldsmith, 1976). However, biochemical analyses later revealed that TG3 is in 

fact a proenzyme with a molecular weight of 77 kDa. TG3 activation requires 

proteolytic cleavage of zymogen into a catalytically active 50 kDa amino-terminal 

fragment and a 27 kDa carboxyl-terminal peptide (Kim et.al., 1990). Although 

proteases responsible for the proteolytic activation of TG3 remain unknown, 

dispase, a protease from Bacillus polymyxa, is able to cleave the zymogen resulting 

in activation in vitro (Martinet et.al, 1988; Hitomi et.al, 1999).

Epidermal transglutaminase is believed to be involved in the formation of the 

cornified envelope of the epidermis during terminal differentiation (Buxman and 

Wuepper, 1975). For some substrates in the epidermis, TG3 favours intra­

molecular cross-linking whereas TGI prefers intermolecular reactions involving 

different lysine and glutamine residues (Kalinin et.al., 2002). 

Immunohistochemical analysis using monoclonal antibodies located human TG3 to 

the cytoplasm of the cultured terminally differentiating keratinocytes in the outer 

layer of epidermis (Hitomi et.al., 2003). In addition, TG3 is thought to be required 

for the cross-linking of the structural proteins trichohyalin and the keratin 

intermediate filaments to form a rigid structure within the inner root sheath cells 

during hair shaft formation (Lee et.al., 1993).
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Expression studies has shown that TG3 mRNA is expressed in a number of tissues 

besides epidermis including brain, testis, intestine, spleen, and kidney (Hitomi 

et.al., 1999). The physiological importance of this wide expression is yet to be 

determined. Recently, autoimmune antibodies against TG3 have been detected as 

the dominant autoantigens in patients with dermatitis herpetiformis, a blistering 

skin disease characterised by granular IgA deposits in the papillary dermis (Sardy 

et.al., 2002).

1.6 Prostate Transglutaminase

Prostate transglutaminase (TG4) was first purified and characterised in the dorsal 

prostate and coagulation gland of rats (Wilson and French, 1980; Seitz et.al., 

1990). Rat TG4 was reported to be highly glycosylated and to possess a lipid 

anchor which is retained during enzyme apocrine secretion. It is secreted as a 

homodimeric protein of 150 kDa with monomers consisting of a molecular weight 

around 75 kDa (Seitz et.al., 1991). In rodents, TG4 is present in the coagulating 

gland secretion and responsible for the formation of the copulatory plug in the 

female genital tract after coitus (William-Ashman, 1984). An additional role of this 

enzyme has been suggested by investigating TG4-catalysed polymeric forms of 

seminal vesicle proteins in the masking of the antigenity of the male gamate, 

thereby suppressing an immune response in female genital tract against sperm cells 

(Mukherjee et.al., 1983; Paonessa et.al., 1984).

The fluorescence in situ hybridisation analysis mapped a human TG4 gene at the 

chromosome 3 within the interval 3p21.33-p22 (Gentile et.al., 1995). Sequencing 

of cDNA-clones encoding the human TG4 showed a protein of 684 amino acids 

with a predicted molecular mass of 77 kDa (Dubbink et.al, 1996). The expression 

of human TG4 gene is limited to the prostate, exclusively to the luminal epithelial 

cells (Dubbink et.al., 1999). Although the expression and synthesis of the human 

TG4 is highly variable between individuals, it has been reported to be down 

regulated in most metastatic prostate cancer (An et.al., 1999). Like rat TG4, the 

human TG4 is also implicated in suppressing the sperm surface antigenicity (Porta
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1.7 Erythrocyte Band 4.2

Erythrocyte Band 4.2, or pallidin, is a major component of the human erythrocyte 

membrane accounting for approximately 5% of the total membrane protein mass 

(Korsgren and Cohen, 1986). Molecular cloning of human erythrocyte Band 4.2 

(Korsgren et.al., 1990; Sung et.al, 1990) and mouse erythrocyte Band 4.2 (Rybicki 

et.al, 1994) showed that the Band 4.2 is a transglutaminase-like molecule in 

erythrocytes but lacks the essential active site cysteine for the cross-linking 

activity. The Band 4.2 gene is approximately 20 kilo bases long and encodes for a 

77 kDa protein (Korsgren et.al, 1990 and 1991).

Band 4.2 is associated with the cytoplasmic surface of the erythrocyte membrane 

through binding to the erythrocyte anion transport protein band 3 (Korsgren et.al, 

1986). It also binds to structural membrane protein ankyrin in solution and may 

associate with band 4.1 protein (Korsgren and Cohen, 1988). Recently work done 

on Rhesus null (Rh-) cells suggested that human Band 4.2 protein interacts with 

Rh membrane complex member CD47 and is involved in the skeleton linkage 

and/or membrane translocation of the Rh complex (Mouro-Chanteloup et.al., 

2003). It is therefore likely that Band 4.2 plays an important role in membrane 

function or structure. Band 4.2 protein has also been detected in a number of 

nonerythroid cell types (Korsgren et.al., 1986; Friedrichs et.al, 1989) mostly 

localised in the intracellular vesicles, suggesting its involvement in the formation 

of intracellular storage vesicles (Risinger et.al., 1996).

Analysis of the amino acid sequence of human erythrocyte Band 4.2 revealed that 

Band 4.2 contains a nucleotide binding P-loop (Azim et.al., 1996) and a 

penultimate glycine residue, the usual site for myristylation (Risinger et.al., 1992). 

The nucleotide specificity of P-loop is restricted to ATP, however the functional 

significance of ATP binding is yet to be identified. A study of the myristylation of 

Band 4.2 protein showed that the process is required for the targeting of Band 4.2 

to specific intracellular locations (Risinger et.al., 1996).

Absence or deficiency of Band 4.2 results in haemolytic anaemia associated with 

spherocytic or elliptocytic erythrocytes (Kanzaki et.al, 1996; Hayette et.al, 1995). 

Protein Band 4.2 deficient -/- mice showed abnormal regulation of erythrocyte

13
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cation transport and loss of normal erythrocyte membrane surface (Peters et.al.,

1999). These findings suggest that Band 4.2 has an essential role in the regulation 

of erythrocyte shape and maintenance of membrane stability.

1.8 Transglutaminases X, Y, and Z

Of all the transglutaminase enzymes, transglutaminase X (TG5), transglutaminase 

Y (TG6), and transglutaminase Z (TG7) were the last members of the family to be 

discovered. The physiological functions of TG5, TG6, andTG7 have not been well 

defined. Nevertheless, cDNA analysis revealed the structure and location of the 

genes encoding for these novel members of the transglutaminase family 

(Aeschlimann et.al., 1998); Grenard et.al, 2001).

The first finding on TG5 has come from expression analysis of transglutaminase 

forms in human keratinocytes. The enzyme consists of 720 amino acid residues 

with a molecular weight of approximately 81 kDa. Comparison of the deduced 

amino acid sequence of TG5 to the other members of the TG family showed that 

the catalytic domain structure and active site residues required for enzymatic 

activity are conserved with an overall sequence identity around 35% (Aeschlimann 

et.al, 1998). The TG5 gene spans about 35 kb and encodes for four related 

transcripts with different length due to alternative splicing (Grenard et.al, 2001; 

Candi et.al, 2002). Detection of foil length TG5 during the early stages of 

keratinocyte differentiation suggests that TG5 may play a role in this process in 

parallel to TGI and TG3 (Candi et.al, 2002). Recently, abnormal levels of TG5 

have been linked with hyperkeratotic phenotype in ichthyosis and Darier’s disease 

(Candi et.al, 2002).

In attempt to sequence the chromosomal segments coding for tTG and TG3, a 

novel transglutaminase, called TG6, has been mapped on the 20qll region of 

chromosome 20 (Grenard et.al, 2001).

Expression studies carried out in human prostate carcinoma tissue revealed another 

novel transglutaminase, TG7, with a molecular mass of 80 kDa. The TG7 cDNA is 

approximately 2.3 kb long, and the resulting protein consists of 710 amino acids. 

Sequencing analysis revealed a number of aberrantly spliced gene products,

14
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unlikely to be of physiological significance. The genes encoding for TG5 and TG7 

have been localised in tandem with Band 4.2 gene on human chromosome 15. TG5 

and TG7 showed widespread expression, which overlapped with the expression 

pattern of tTG and TG3 in some tissues (Grenard et.al., 2001).

1.9 Tissue Transglutaminase

Tissue transglutaminase (tTG, or TG2) is a unique member of the transglutaminase 

family and is expressed in a wide variety of different cells and tissues including 

brain (Thomazy and Fesus, 1989). The tTG enzyme is a multifunctional protein 

with distinct and reciprocally regulated catalytic activities. The enzyme is localised 

in various parts of cell including cytosol, plasma, nucleus, nuclear membranes, cell 

surface and the extracellular matrix, which is the subject of this thesis.

Tissue transglutaminase is encoded by the TGM2 gene, which is 32.5 kb and 

contains 13 exons separated by 12 introns. Along with the gene for TG3, the 

TGM2 gene has been mapped to the chromosome 20 (Fraij et.al., 1992; Gentile 

et.al., 1994).The regulation of tTG gene expression can be controlled by retinoic 

acid (Moore et.al., 1984; Gentile et.al., 1991), as well as TNFa, IL-6 and TGFp-1 

(Lu et.al, 1995; Aeschlimann and Thomazy, 2000). Analysis of the genomic 

organisation of the TG2 gene showed that the alternative splicing of tTG mRNA is 

possible. Two additional forms of tTG (TGH and TGH2) and an alternatively 

spliced short form of the enzyme lacking the GTP-binding site were observed in 

erythroleukemia cells (Fraij et.al, 1992; Fraij and Gonzales, 1996) and in 

astrocytes (Monsonego et.al, 1997), respectively.

1.9.1 Structure of tissue transglutaminase

Molecular cloning of tTG cDNA of human (Gentile et.al., 1991), bovine 

(Nakanishi et.al., 1991), mouse (Gentile et.al, 1991), guinea pig (Ikura et.al, 

1988), and chicken (Weraarchakul-Boonmark et.al, 1992) origin, revealed a 

monomeric protein of 685-691 amino acids with a molecular mass of 76-85 kDa 

(Aeschlimann and Paulsson, 1994).
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Analysis of the deduced amino acid sequence of tTG has revealed an active site 

with a cysteine residue located at position 276 in guinea pig liver tTG (Ikura et.al, 

1988), and 277 in human tTG (Gentile et.al, 1991). On the basis of the amino acid 

sequence from guinea pig liver, tTG molecule does not have any classical 

hydrophobic leader sequence and lacks carbohydrate glycosylation and disulphide 

bonds, despite the presence of six potential glycosylation sites and 17 cysteine 

residues, respectively (Ikura et.al, 1998). During the post-translational 

modification of tTG, the initiator methionine is removed, followed by subsequent 

acetlylation of the penultimate alanine residue. This N-acetlylation does not affect 

the transglutaminase activity of tTG enzyme, and is suggested to serve as an 

alternate signal for protein secretion (Ikura et.al., 1990; Muesh et.al., 1990). The 

calcium-binding site thought be responsible for the regulation of the enzyme’s 

transglutaminase activity, is located in two regions rich in glutamine residues 

around amino acids 450 and 470 (Ichinose et.al., 1990).

The three dimensional structure of tTG has been derived from that of FXIII, and 

consists of a N-terminal P-sandwich domain (residues 1-138), followed by a large 

a/pcatalytic core (residues 139-471), and two C-terminal barrels (residues 472- 

686) (Lorand and Graham 2003; figure 1.2a; Chen and Mehta, 1999; figure 1.2b). 

This organisation of four domains is highly conserved during the evolution of TG 

isoforms, such that the crystal structure of red sea bream liver transglutaminase 

demonstrates similar overall and active site structures with FXIII (Noguchi et.al., 

2001; Griffin et.al., 2002). The cysteine (C277), histidine (H335) and aspartic acid 

(D358) residues in the catalytic core are conserved among all enzymatically active 

members of the TG family (Griffin et.al, 2002). The C277 in tTG is crucial for the 

formation of the thioester bond with a substrate bound glutamine (Folk and Cole, 

1966; Lee et.al, 1993). Expression studies carried out on different functional 

constructs have revealed that the catalytic core domain alone is not enough for the 

TG activity; hence the flanking domains also play a role in modulation of the 

transamidating activity of TG. The N-terminal P-sandwich domain to the catalytic 

core is essential for the TG activity, while the core domain is required for the 

hydrolysis of GTP and ATP (Iismaa et.al, 1997). Point mutation analysis of
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Figure 1.2 Schematic structure and functional domains of tissue 

transglutaminase

a, Three dimensional crystal structure of tTG (Lorand and Graham, 2003); b, 

Schematic presentation of various binding and functional domains in tTG 

protein. BD, binding domain; AD, activity domain; ▲ , active site triad involving 

Cys277, His335, and Asp358; PLC, phospholipase C (Chen and Mehta, 1999).
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tryptophan residues in the core domain revealed that tryp241 is essential for tTG 

cross-linking activity (Murthy et.al, 2002). Recent work has localised the GTP- 

binding domain of tTG to a 15-amino acid segment between residues 159 and 173 

in the core domain of tTG (Iismaa et.al, 2000).

1.9.2 Regulation of tissue transglutaminase

Tissue transglutaminase catalyses both calcium dependent protein cross-linking 

and calcium-independent but magnesium-dependent GTP and ATP hydrolysis, 

implying that it could serve as a bi-functional enzyme (Lee et.al., 1989). Early in 

vitro studies performed by Folk and co-workers and by Achyuthan and Greenberg 

reported the requirement of calcium as an activator of tTG, and the modulation of 

the cross-linking activity by guanosine nucleotides, respectively (Folk et.al., 1967; 

Achyuthan and Greenberg, 1987).

The hydrolytic activity of tTG took on a new dimension when tTG was shown to 

be identical to a previously characterised GTP-binding protein, namely Gha, which 

was co-purified with rat-liver ai-adrenergic receptors (Nakaoka et.al., 1984). De 

novo purification of Gh indicated that the 74 kDa a  subunit (Gha) is associated 

with a 50 kDa p subunit (Ghp), which modulates the GTP binding and GTPase 

activity of Gha (Baek et.al, 1996). The sequence analysis of Gha was shown to 

have high similarity to tTG. The tTG cross-linking activity in the cell is tightly 

controlled by local concentrations of calcium ions and guanosine nucleotides 

(Smethurst and Griffin, 1996). The inhibition of cross-linking activity of the 

enzyme by guanosine nucleotides is non-competitive, and is believed to cause a 

conformational change that reduces the affinity of tTG for calcium. The inhibitory 

effect of GTP, however, can be partially reversed by the addition of calcium ions 

(Achyuthan and Greenberg, 1987; Smethurst and Griffin, 1996). Inside the healthy 

cell tTG remains latent unless the depletion of intracellular GTP or enhancement of 

calcium influx (3-4 calcium ions/enzyme) takes place (Folk and Finlayson, 1977; 

Zhang et.al, 1998).

As stated earlier, in addition to GTP, ATP has also been shown to be hydrolysed by 

tTG in a magnesium dependent manner (Lee et.al., 1989; Lai et.al, 1998). The
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studies by Lai et al. (1996 and 1998) have clearly established that magnesium 

(Mg2+)-nucleotide (GTP/ATP) complexes can modulate the protein cross-linking 

activity of tTG. Mg2+-GTP reversibly binds to gpl tTG and inhibits the 

transamidating activity of tTG by inducing a conformational change that can be 

reversed by calcium ions. In contrast, the Mg2+-ATP binding induces a 

conformational change in tTG that inhibits GTPase activity but has no effect on 

transamidating activity. In this sense, it is clear that the enzymatic activities of tTG 

are controlled by local concentrations of Mg2+, Ca2+, and nucleotides. Compared to 

the calcium activated form of tTG, the GTP-bound form of enzyme confers a 

resistance against proteolysis, suggesting that GTP-binding is important for the 

protection of tTG from intracellular proteases (Zhang et.al, 1998).

As the physiological levels of Ca2+ are insufficient to reverse the inhibition by 

GTP, a mechanism must exist to control the intracellular cross-linking activity of 

the tTG. In support of this hypothesis, Lai et al. (1997) has reported that in the 

absence of GTP, the membrane lipid sphingosylphophocholine can serve as a 

potent activator of tTG cross-linking activity by reducing the calcium requirement 

for the activation of tTG. Recently, Lai et al. (2001) proposed an interesting 

interplay between nitric oxide (NO) and tTG involving nitrosylation of active site 

cysteine residues by NO donors. The S-nitrosylation of tTG resulted in a marked 

inhibition of cross-linking activity and an increased sensitivity to the inhibitory 

effects of GTP.

A recent study suggested that tTG has protein disulphide isomerase (PDI) activity 

and can convert completely reduced/denatured inactive RNase A molecule to the 

native active enzyme by catalysing the formation of correct disulphide bonds 

(Hasegawa et.al, 2003). The PDI activity of tTG was found to be independent 

from its transamidating and hydrolytic activity since it did not require Ca+2 and was 

not inhibited by nucleotides.

A more recent report by Mishra and Murphy (2004) has proposed an intrinsic 

kinase activity for tTG. The tTG was detected in purified fractions of breast cancer 

cells containing insulin-like growth factor-binding protein-3 (IGFBP-3) kinase 

activity. The membrane fractions lost their IGFBP-3 activity when antisera to tTG 

was used to immunoprecipitate tTG from the membrane fractions. Moreover, the
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incubation of the breast cancer cells with tTG inhibitors abolished the ability of cell 

membrane preparation to phosphorylate IGFBP-3, suggesting that tTG can function 

as an ectokinase in breast cancer cells.

The majority of tTG is found in the cytoplasm, where it could interact with 

membrane, cytoplasmic, and cytoskeletal proteins. Although tTG does not 

comprise a hydrophobic leader sequence, the presence of the enzyme is detected in 

the cell membrane fractions (Griffin et.al., 1978; Bames et.al, 1985). Sub-cellular 

fractionation and electron microscopy studies revealed that tTG can exist as a 

membrane-associated protein, where it cross-links plasma membrane proteins to 

form sodium docecyl-insoluble aggregates (Slife et.al., 1988; Juprelle-Soret et.al, 

1988; Tyrell et.al, 1988a). Recent studies also placed tTG in the nucleus, both as a 

cross-linking enzyme and as a nuclear GTP-binding protein (Sigh et.al, 1995; 

Lesort et.al, 1998). As tTG has a high molecular weight, it is possible that enzyme 

is transported to the nucleus by importin-mediated nuclear transport (Kohler et.al, 

1997; Peng et.al, 1999), where it may be involved in the modification of its 

nuclear substrates such as histones (Ballestar et.al, 1996), retinoblastoma protein 

(Oliverio et.al., 1997) and transcription factor SP1 (Han et.al, 2000). 

Accumulating evidence over the past decade indicates tTG can be externalised 

from cells and deposited into the ECM. The mechanisms and the physiological 

importance of tTG in the ECM will be discussed in detail later on in the text.

1.9.3 Physiological functions of tissue transglutaminase

Although tTG was the first TG described (Clarke et.al., 1957) and one of the most 

extensively studied transglutaminases, its precise physiological functions still 

remain elusive. Emerging evidence indicates that tTG may have roles in diverse 

biological functions including cell growth and differentiation, cell signalling, 

receptor mediated endocytosis, insulin-secretion, cell death, adhesion, and wound 

healing.
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1.9.3.1 Role of tissue transglutaminase in cell growth and differentiation

Early investigations suggested a negative correlation between tTG activity and cell 

proliferation in different types of proliferating cells exhibiting low levels of tTG 

(Birckbichler and Patterson, 1978). Following studies using human fibroblasts, 

further demonstrated that treatment of cells with the non-specific tTG inhibitor 

cystamine, promoted cell growth (Birckbichler et.al., 1981). However, other lines 

of evidence reported comparable growth rates by cell lines over-expressing tTG, 

suggesting that the growth inhibition of tTG observed previously, might have been 

due to non-specific effects of inhibitors (Johnson et.al, 1994). Recent evidence has 

suggested that tTG may indirectly modulate cell growth through growth factors 

such as the potent growth inhibitor TGF(3, and hepatocyte growth factor (Kojima 

et.al, 1993; Katoh et.al, 1996). Findings showing the increase in tTG expression 

during maturation of human blood monocytes to macrophages, suggested the 

involvement of tTG in cell differentiation (Seiving et.al., 1991).

In its capacity as a signal transducing G protein Gha, tTG can mediate signal 

transduction similar to classical heterotrimeric G-proteins (Nakaoka et.al, 1994; 

Im et.al., 1997). The GDP-bound Gha associates with the Ghp protein to form the 

holoprotein Gh (Baek et.al., 1996). The binding of Gh(3 to Gha, decreases the 

affinity of Gha to GTP, and hence down-regulates the GTPase function of tTG 

(Baek et.al., 1996; Feng et.al., 1999). Tissue transglutaminase has been shown to 

interact with the oxytocin (Park et.al, 1998), and thromboxane A2 receptors (Vezza 

et.al., 1999), as well as the am and am  adrenergic receptors (Nakaoka et.al., 1994; 

Chen et.al., 1996). The latter interaction is responsible for the activation of 

phospholipase C (PLC) 61 activation (Feng et.al., 1996; Park et.al., 1998), which 

can hydrolyse phosphatidylinositol diphosphate (PIP2) to the second-messengers 

inositol triphosphate, a potent inducer of calcium release from intracellular pools, 

and diacylglycerol (DAG), activator of serine/threonine kinase protein kinase C. 

Although it is clear that tTG associates with these receptors and can activate PLC- 

61, the physiological contribution of tTG to these signalling pathways needs to be 

clarified.
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1.9.3.2 Tissue transglutaminase in receptor mediated endocytosis

Several lines of evidence have implicated tTG as a participant in a process known 

as receptor mediated endocytosis; whereby receptor bound proteins are intaken into 

the cell in clathrin-coated pits and vesicles. When the aggregation of a2- 

macroglobulin and its subsequent endocytosis into fibroblasts, were found to be 

inhibited by a diverse group of tTG inhibitors, the potential involvement of tTG in 

cross-linking the ligand into its receptor or stabilising the membrane for receptor 

aggregation was suggested (Davies et.al, 1980). However, later the authors 

showed that receptor mediated endocytosis was found to be normal in cells that are 

deficient in transglutaminases, suggesting that their previous observation might be 

due to the non-specific effects of the TG inhibitors used and that tTG is not 

obligatory for this process (Davies et.al, 1984). Although the role of tTG in 

receptor mediated endocytosis of fibroblast remains notorious, in macrophages 

Schroff et al. (1981) showed a direct correlation between levels of 

transglutaminases and endocytosis. Furthermore, activated macrophages 

characterised by enhanced phagocytosis were reported to exhibit marked increases 

in tTG activity than their non-activated counterparts (Murtaugh et.al., 1983). 

Recently, the endocytosis of immune complexes has also been reported to cause the 

activation of transglutaminases in mouse macrophages (Abe et.al., 2000).

1.9.3.3 Tissue transglutaminase involvement in Ca+2-mediated stimulus 

secretion coupling

tTG has also been implicated in stimulus secretion coupling of insulin. The 

endocrine release of insulin occurs by exocytotic fusion with the plasma membrane 

and is triggered by a rise in intracellular calcium (Matschinsky et.al, 1996). Early 

studies proposed a functional role for tTG in calcium-dependent glucose-stimulated 

insulin release from pancreatic p cells (Sener et.al., 1985; Bungay et.al., 1986). 

Highly cross-linked transglutaminase-mediated polymeric aggregates have been 

detected in sedimented material of islet homogenates during investigations into the 

endogenous substrate proteins of islet transglutaminase (Bungay et.al, 1986). Later
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studies implicated tTG in insulin receptor aggregation, internalisation and 

intracellular processing, through cross-linking receptors in the area of clathrin- 

coated pits, thereby participating in the regulation of insulin action in target tissues 

(Baldwin et.al, 1980; Haigler et.al, 1980). Recently work carried out on tTG null 

mice (tTG-/-) reported that the tTG -/- mice phenotype resembles the MODY 

(maturity-onset diabetes of young) patients, in that they show glucose intolerance 

with hyperglycaemia due to impairment in glucose-stimulated insulin secretion 

(Bemassola et.al, 2002).

1.9.3.4 Involvement of tissue transglutaminase in cell death

Apoptosis is one of the two mechanisms by which cell death occurs in an 

intrinsically programmed manner. Apoptosis is characterized by distinctive 

morphologic changes in the nucleus and cytoplasm, such as chromatin cleavage, 

and the packaging of the cellular contents into vesicles, which are phagocytosed by 

neighbouring cells or macrophages. This mode of cell death serves as a balance to 

mitosis in regulating the size of animal tissues and in mediating pathologic 

processes associated with tumour growth and tissue remodelling (Green and Reed,

1998). The initial report on tTG as a mediator of apoptosis came from Fesus et al 

(1987), where the levels of tTG mRNA, protein, and tTG-catalysed isopeptides 

were found to be increased in cells undergoing apoptosis during the involution of 

lead nitrate-induced liver hyperplasia. The detection of tTG-dependent cross- 

linking in the detergent insoluble apoptotic bodies has been shown in vivo and in 

vitro apoptosis models (Fesus et.al, 1989; Knight et.al, 1993). The activation of 

tTG is thought to be responsible for the stabilising the apoptotic cells by cross- 

linking the cytoplasmic and membrane proteins, prior to their clearance by 

phagocytotic cells (Fesus, 1998). The human neuroblastoma cells transfected with 

a tTG cDNA showed a marked increase in cell death, conversely stable 

transfectants with an anti-sense tTG cDNA demonstrated a pronounced decrease in 

apoptosis, confirming the involvement of tTG in cell death (Melino et.al., 1994). 

In another instance, however, over-expression of tTG in transfected fibroblasts 

under the control of inducible tetracycline regulatory system, did not lead to an
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increased rate of cell death in these cells (Verderio et.al, 1998). In addition, using 

tTG-/- mice, evidence has been obtained suggesting that tTG is not obligatory for 

the apoptotic mechanism, as these mice show no significant differences in 

induction of apoptosis (De Laurenzi and Melino, 2001; Nanda et.al., 2001). 

Contradicting these results were the recent finding that the increased tTG 

expression may function to provide protection against apoptotic insults, thus 

ensuring cell survival by preventing apoptosis via a GTP-binding mechanism 

(Antonyak et.al., 2001, 2002 and 2003). Together, these results indicate that tTG 

could be involved in apoptosis only in specific cell types, where it acts as a 

mediator for apoptosis. In other instances, the specific expression of tTG in dying 

cells seems to be an epiphenomenon due to disruption of calcium homeostasis.

The tTG enzyme has also been implicated in the pathological process of necrosis 

that occurs when the cell is deprived of its vital processes by physical or chemical 

lesions, induced by external factors such as acute physical or chemical damage. 

Necrosis results in loss of membrane integrity, swelling of the cell, and rupture 

release of the cellular contents into the extracellular environment inducing an 

intense inflammatory reaction. Gilad et al. (1985) reported an increase in the 

exogenous and endogenous tTG activity in sympathetic and sensory neurons during 

injury induced necrotic cell death. Later studies have implicated a correlation 

between elevated levels tTG-cross-linked proteins and liver cell necrosis (Zatloukal 

et.al, 1992; Fukuda et.al, 1993). Recently, using a model involving 

electroporation to cause necrotic cell death, tTG has been shown to lead the 

formation of highly cross-linked proteinaceous shells from intracellular proteins 

(Nicholas et.al., 2003). Formation of these structures was found to be dependent on 

elevated levels of intracellular calcium, but was independent of intracellular 

proteases. In the same study, the authors demonstrated that mechanical wounding 

of cell monolayers by scratching led to the redistribution of tTG activity to the 

extracellular matrix. The modification of proteins in the intracellular and 

extracellular spaces by tTG may serve to stabilize tissues post-trauma, and thus 

contribute to the maintenance of tissue integrity.
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1.9.4 Human diseases associated with tissue transglutaminase

In the past few decades, much attention has been focused on the potential role of 

tTG in the pathogenesis of several disease states. The inappropriate activation of 

tTG that leads to altered protein-cross-linking and GTPase/ATPase activity has 

been suggested to contribute to a number of different pathologies, including coeliac 

disease, fibrosis, cancer and neurodegenerative diseases in humans.

1.9.4.1 Tissue transglutaminase and coeliac disease

An increasing number of studies have been carried out in the last few years on the 

possible involvement of transglutaminase activity in coeliac disease (CD), which is 

an enteropathy caused by sensitivity to gliadin, the reactive component of wheat 

protein gluten. The disease is characterised by a T-cell mediated reaction to gliadin 

resulting in damage to the intestinal epithelium and ensuing effacement of villi to 

produce a flat mucosa (Trier, 1991). Consequently, patients with CD usually suffer 

from difficulty in absorption leading to malnutrition. Another factor that is always 

associated with CD is the presence of specific auto-reactive antibodies in the sera 

(Dieterich et.al, 1997). Tissue transglutaminase is expressed at low levels in the 

healthy small intestine, however, tTG expression in jejunal biopsies of CD patients 

is shown to be elevated by nearly three fold suggesting that this activity could be 

responsible for CD (Bruce et.al., 1985).

Since gliadin possesses a very large number of glutamine residues, it can acts as a 

good substrate to tTG. Porta et al. (1990) has shown that gliadin and its proteolytic 

fragments were capable of acting in vitro as substrates for guinea pig liver tTG. 

The enzyme catalysed the cross-linking reactions between glutamine endoresidues 

and either free amines or lysine endoresidues of gliadin. Thus, it is possible that 

tTG might cross-link itself with gliadin and act as a hapten for the formation of 

antibodies against gliadin. This hypothesis is plausible as previously detected 

specific auto-reactive antibodies were shown to be auto-antibodies targeted against 

tTG (Dieterich et.al, 1997). It has also been reported that the high levels of anti-
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tTG antibody titter is strictly dependent on the consumption of wheat products in 

the diet.

Based on a series of in vitro experiments, the possibility of deamidation of gliadin 

by tTG has been cited for generating neoepitopes of gliadin. The deamidation of 

gliadin can take place in the acidic environment of the stomach or alternatively can 

be catalysed by tTG in an environment bereft of amine donors. The in vitro 

deamidation of gliadin by tTG treatment significantly increases the ability of 

gliadin fragments to stimulate the proliferation of gliadin-specific T cells (Molberg 

et.al, 1998; Van de Wal et.al, 1998). From these findings, it is evident that tTG 

contributes to the development of coeliac disease on two levels. In the first of 

which, the enzyme forms immunoreactive complexes after forming a complex with 

gliadin initiating the T-cell and then B-cell responses. Alternatively, tTG mediates 

deamidation of glutamine residues in gliadin, which stimulates T-cell response 

against gliadin.

1.9.4.2 Tissue transglutaminase and fibrosis

Given that transglutaminases create covalent e-(y-glutamyl) lysine cross-links they 

are prime enzymes in the reconstitution of tissue integrity damaged by traumatic or 

other pathological injuries. In recent years, pioneering work indicated tTG to be 

involved in the extracellular matrix organisation which is important in cell-matrix 

interactions (Aeschlimann et.al., 1991; Barsigian et.al, 1991; Martinez et.al.,

1994). Perturbation in the formation of the extracellular matrix has been implicated 

in a number of pathological conditions including fibrosis, which is the production 

of fibrous connective tissue as a consequence of chronic inflammation or healing. 

Fibrosis replaces lost parenchymal tissue, resulting in scar formation. Recent 

evidence implicated tTG in fibrotic conditions of various tissues, such as the liver 

(Mirza et.al., 1997; Piacentini et.al, 1999; Grenard et.al., 2001), heart (Small 

et.al., 1999; Zhang et.al., 2003), and kidney (Johnson et.al., 1997, 1999 and 2003). 

The involvement of tTG in the fibrotic process was first reported in paraquat- 

induced pulmonary fibrosis with raised tTG levels (Griffin et.al, 1979). It has been 

suggested that tTG may be involved in stabilizing the fibrotic lesions formed
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during hepatic fibrogenesis, since an increase in tTG gene expression has been 

recorded during hepatic injury and fibrosis in rats (Mirza et.al., 1997). 

Immunohistochemical analysis of fibrotic livers has demonstrated that 

transglutaminase-mediated cross-linking occurs in the liver extracellular matrix 

during the early and inflammatory stages of liver fibrosis (Grenard et.al., 2001). In 

the heart, directed cardiac overexpression of Gh/tTG was shown to cause cardiac 

hypertrophy, diffuse interstitial fibrosis, and depressed ventricular function at rest 

(Small et.al., 1999; Zhang et.al., 2003). An association of tTG with fibrosis was 

further indicated by its upregulation in an experimental renal fibrosis model 

(Johnson et.al, 1997). It was proposed that the enzyme had important physiologic 

functions in disease development by stabilizing the increased ECM by protein 

cross-linking. Later work by same authors demonstrated that the tubular cells were 

the major site of tTG synthesis, however, both mesangial and interstitial cells also 

contributed the elevated levels of tTG in chronic renal disease (Johnson et.al., 1999 

and 2003). In general, it is likely that the leakage of tTG into extracellular 

environment can contribute to the development of fibrotic conditions by increasing 

the resistance of deposited matrix to breakdown which in turn leads to the 

increased deposition of extensive scar tissue.

1.9.4.3 Tissue transglutaminase and cancer

Alterations of tTG expression levels could also contribute to the development of 

tumour progression and the malignant phenotype. A comparison of neoplastic cells 

with their normal counterparts has identified a decrease in transglutaminase 

activity, which is reflected as a reduction in s-(y-glutamyl) lysine isopeptide bonds 

in malignant cells (Birckbichler and Patterson, 1980). Indirect immunofluorescence 

studies correlated the changes in enzyme activity with the reduced amount of tTG 

antigen in the particulate-fraction of transformed cells. Similarly, induction of 

hepatocellularcarcinomas in rats by treatment with chemicals resulted in a 

reduction in transglutaminase activity, which was accompanied by redistribution of 

the enzyme to the particulate fraction of the cell (Barnes et.al., 1985). A further 

decrease in tTG activity was detected in hamster osteosarcomas following their
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metastasis, indicating a reduced ability of cells to cross-link the basal membranes 

and thus facilitating the invasion of vascular system. Another study noted that 

transglutaminase activity was reduced by some 65% in chemically induced rat 

hepatocellular carcinomas when compared to normal rat livers. The ratio of the 

activity of the cytosolic tTG enzyme to that of the membrane-bound enzyme was 

shown to be higher in normal liver (Hand et.al., 1988). The inverse correlation 

between tTG activity and tumour metastatic potential, plus the redistribution of 

enzyme to the particulate fraction, has subsequently been confirmed by other 

workers (Delcros et.al., 1986; Hand et.al., 1990; Knight 1991; Beninati et.al,

1993).

Considering the reduced expression of tTG in both murine and human tumours, 

Johnson et al. (1994) investigated the role of tTG in tumour progression using 

cDNA transfection technology. The highly malignant hamster fibrosarcoma cell 

line, Met B, was transfected with a human tTG cDNA construct and the transfected 

cells were then reintroduced into the animal. In vitro, transglutaminase transfected 

clones showed no significant difference in their growth rate, cell morphology or 

levels of spontaneous apoptosis. However, when compared to non-transfected and 

transfected control cells, the Met B clones expressing exogenous tTG exhibited a 

reduced incidence of primary tumour formation, which is accompanied by an 

increase in cell adhesion to tissue culture plastic and fibronectin coated surfaces. 

This finding supports the hypothesis that low tTG levels may make the ECM 

susceptible to mechanical and proteolytic degradation, and such a destabilisation of 

ECM might favour tumour cell invasion.

The decline of tTG activity in tumours could potentially act as a prognostic 

biomarker (Birckbichler et.al, 2000); however, analysis of different tumour cell 

lines demonstrated no apparent correlation between tTG expression and the 

malignant potential of the cells (Takaku et.al., 1995). The investigation of tTG 

expression levels in various tumour cell lines has suggested that tTG may not be a 

tumour related marker as it is expressed in high levels in tumour cells including the 

liver neoplastic nodules (Denk et.al, 1984), and drug-resistant human breast 

carcinoma cells (Mehta, 1994). Given the conflicting evidence, the role of tTG in
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tumour growth and progression is difficult to depict, yet, tTG might be important in 

certain aspects of the process depending on the type and stage of the neoplasm.

1.9.4.4 Tissue transglutaminase and neurodegenerative diseases

Evidence has been beginning to emerge that tTG may also be important in 

neurodegenerative diseases. To date, there are eight genetically inherited 

neurodegenerative diseases that have been characterised by a progressive 

impairment of coordination and motor neuron degeneration associated with the 

expansion in (CAG)n repeats. The CAG tri-nucleotide repeat expansion within the 

affected gene results in proteins with abnormal polyglutamine (Qn) expansions. 

These proteins form insoluble intracellular and cytoplasmic inclusions which lead 

to neuronal death and progressive neurodegeneration (Kim et.al, 2002). Peptides 

containing polyglutamine stretches have been shown to be potent substrates for 

tTG (Kahlem et.al, 1996). Indeed, the ability of polyglutamines to act as a tTG 

substrate improves with the increasing polyglutamine length (Gentile et.al, 1998). 

These findings may support the notion that the cross-linking and/or polyamination 

of Qn domains by tTG is important in the cause of (CAG)n /(Qn) expansion 

diseases.

The involvement of tTG in Huntington’s disease (HD) has been suggested based on 

the demonstration of elevated tTG activity in affected regions of diseased brains 

(Lesort et.al, 1999). HD is an autosomal dominant disease that is caused by CAG 

expansions in the relevant gene encoding for huntingtin protein (Lesort et.al,

2000). Huntingtin is found in the aggregates that characterise HD (Becher et.al.,

1998) and acts as a substrate for tTG in vitro (Kahlem et.al., 1996). Karpuj et al. 

(1999) have proposed that tTG catalysed cross-linking of huntingtin protein may be 

involved in the formation of nonamyloidogenic nuclear inclusions found in the HD 

brain. Recent experiments on transgenic mice model of HD reported a prolonged 

survival and decreased abnormal movements in animals in response to the 

administration of the tTG inhibitor cystamine (Karpuj et.al, 2002). 

tTG has been found to be elevated in Alzheimer’s disease, the most common age- 

related neurodegenerative disorder. Alzheimer’s disease (AD) is characterised by
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the presence of two types of protein aggregates; extracellular neuritic senile 

plaques, and intra-neuronal neurofibrillary tangles. As different isoforms of TGs 

are found to co-localise with the plaques and tangles in the brains of AD patients, it 

is likely that TGs contribute to the formation of these aggregates (Lesort et.al,

1999). Later, this was confirmed by in vitro studies that have shown the 

components of plaques and tangles as the substrates for TGs. For example, tTG can 

utilise the (3-amyloid, which is found in fibrillular from in plaques, in the formation 

of insoluble polymers (Rasmussen et.al, 1994). In addition, tau the major 

component of neurofibrillary tangles was demonstrated to act as a substrate for tTG 

and form both filamentous and insoluble aggregates (Murthy et.al, 1998). These 

observations suggested that tTG might participate in the formation of plaques and 

tangles through cross-linking and/or polyamination, which in turn leads to the 

pathogenesis of AD.

With regard to the genetic basis of neurodegenerative disorders, it has been 

suggested that tTG, like many highly expressed genes in the central nervous 

system, undergoes alternative processing. The alternative splicing of tTG gene 

results in a short splice variant of tTG that encodes for a truncated enzyme lacking 

the GTP-binding site (Citron et.al, 2001). The short isoform of tTG has an 

increased cross-linking activity as it is not negatively regulated by GTP. The 

elevated expression of tTG and transcription of short splice variants result in 

unregulated cross-liking and are associated with increased neuronal loss in affected 

regions in the demented brain (Citron et.al, 2002). The full spectrum of tTG 

participation in neurodegeneration awaits further elucidation, however the 

alternative splicing might well be the critical transcriptional regulatory process that 

becomes disrupted in the early onset of the neurodegeneration.

1.9.5 Tissue transglutaminase in extracellular environment

Although tTG lacks the hydrophobic signal peptide which would indicate secretion 

by conventional endoplasmic reticulum and Golgi apparatus route, accumulating 

evidence points to its presence on the cell surface and in the ECM (Martinez et.al, 

1994; Aeschlimann and Paulson, 1994; Gaudry et.al, 1999a, b; Akimov et.al,
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2000 and 2001; Balklava et.al., 2002; Upchurch et.al, 1987; Lorand et.al, 1988; 

Aeschlimann et.al., 1991; Nunes et.al, 1997; Verderio et.al, 1999).

The physiological implication of tTG in the extracellular environment was 

proposed to be mainly reconstruction and/or stabilisation of the fine structure of 

ECM. Battaglia and Shaprio (1988) has suggested for the first time that cell surface 

tTG is likely to play an important role in the stabilisation of extracellular material 

as the transglutaminase inhibitors disorganised the fertilisation envelope in sea 

urchin eggs. Since then a number of the major matrix proteins have been identified 

as in vitro glutaminyl substrates for tTG, including fibronectin (Tamaki and Aoki, 

1981; Mosher et.al, 1991), fibrinogen (Chen and Doolittle, 1971; Cottrell et.al, 

1979; Guadiz et.al., 1997), osteonectin (Aeschlimann et.al, 1995; Hohenadl et.al, 

1995), osteopontin (Prince et.al, 1991; Sorensen et.al, 1994), osteocalcin 

(Kaartinen et.al, 1997), collagens (Mosher,1984; Juprelle-Soret et.al, 1988, 

Kleman et.al, 1995; Esterre et.al, 1998), vitronectin (Sane et.al, 1988), laminin- 

nidogen complex (Aeschlimann et.al, 1991), and elafin (Nara et.al, 1994). 

Although the extracellular space provides optimum conditions for tTG cross- 

linking activity such as high calcium concentration and low concentration of 

inhibitory factors such as GTP and zinc, it is not clear if all these potential 

substrates are cross-linked by tTG in vivo.

In a study by Aeschlimann and Paulsson (1991), the potential role of tTG 

transglutaminase in crosss-linking of laminin-nidogen complex was investigated 

using [3H]-putrescine as the amine donor substrate. Laminin is the most abundant 

non-collagenous protein of basement membrane and is present in the tissue as an 

equimolar complex with the protein nidogen (Paulsson et.al., 1987). A comparison 

of putrescine incorporation in nidogen and in tTG itself showed similar 

incorporation kinetics to that of N,N-dimethlycasein, the radioactive glutamyl 

donor substrate. The laminin-nidogen complex isolated from the basement 

membrane of the murine tumor was found to incorporate half as much amine as 

purified nidogen. SDS-PAGE analysis and electron microscopy of the reaction 

products showed that the covalently cross-linked aggregates formed by tTG 

treatment were organised in a head to head arrangement similar to that described 

for calcium-induced self-aggregation. Thus, it is likely that tTG action in vivo leads
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to a covalently cross-linked laminin-nidogen complex and participates in the 

stabilisation of the basement membrane underlying the epidermis.

The extracellular tTG has also a potential role in tissue mineralisation, stabilisation 

of dermo-epidermal junctions, cell-matrix interactions that affect cell spreading and 

migration and wound healing. Furthermore, the secreted enzyme contributes to the 

covalent modification and activation of several growth factors including 

transforming growth factor-Pi (TGF-pi) in the ECM (Lorand and Graham, 2003). 

The secretion of tTG into the ECM of skeletal tissues is strictly regulated and 

crucial for connective and bone tissue remodelling (Aeschlimann et.al, 1996). For 

example, the chondrocyte differentiation and cartilage calcification in 

endochondral bone formation and in maturation of tracheal cartilage were found to 

be correlated with the expression and the extemalisation of tTG (Aeschlimann 

et.al, 1993). In the development of endochondral bones, tTG initially appears 

intracellullarly in the proliferation/maturation zone, and is then externalised from 

hypertrophic chondrocytes and participates in cross-linking prior to mineralisation. 

In trachea, maturation of cartilage due to minerilisation is accompanied by 

expression of tTG at the border of the hydroxyapatite deposits. The authors later 

detected the y-glutamyl- e-lysine cross-link reaction product using a cross-link 

specific antibody in cryosections of rat bone and cartilage (Aeschlimann et.al,

1995). The incorporation of a synthetic transglutaminase substrate in cultured 

tracheal explants revealed enzyme activity in a ring-like pattern in the pericellular 

matrix of chondrocytes. The cross-linked osteonectin containing complexes from 

chondrocyte matrix revealed a similar molecular weight pattern to the in vitro 

cross-linking of osteonetin by tTG, suggesting the tTG-catalysed cross-linking, 

such as cross-linking of osteonectin in situ, is a physiological mechanism for 

cartilage and bone matrix stabilisation.

Elafin, a skin-derived inhibitor of serine proteases, contains a cementoin achoring 

sequence, which serve as a substrate for tTG in vitro and can be cross-linked to 

laminin. Nara et al. (1994) has reported the presence of covalently-cross-linked 

aggregates of cementoin-elafin in human trachea and in elastic fibres of various 

tissues. Given that elafin inhibits the elastase-mediated tissue proteolysis, the cross- 

linking of elafin by tTG is likely to protect the cartilage and elastic fibres from
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undesirable protease attacks, and increase the mechanical strength of these tissues. 

The involvement of tTG in stabilisation of connective tissue was also reported by 

Kleman et al. (1995) using human rhabdomycosarcoma cell cultures. This cell line 

was characterised by synthesising a highly insoluble ECM matrix of collagen V/XI 

fibrils. However, when the cells were cultured in the presence of tTG inhibitors, a 

drastic increase in collagen solubility was observed. The irreversible cross-linking 

of collagen V/XI fibrils by tTG observed in cell culture suggests that tTG may play 

a role in stabilisation of extracellular matrices in the early steps of collagen 

fibrillogenesis.

Tissue transglutaminase appears to play an important role in the stability of dermo- 

epidermal junctions, a specialised structure that fortifies the attachment of 

epidermis to dermis. The integrity of the dermo-epidermal junction is largely 

guaranteed by anchoring fibrils (Burgeson, 1993). The characterisation of 

anchoring fibrils identified type VII collagen as the major if not the sole structural 

component of anchoring fibrils. Analysis of biopsies from patients receiving 

keratinocyte autographs showed that collagen VII in anchoring fibrils is a potential 

substrate for tTG. The occurrence of tissue transglutaminase cross-linking sites on 

anchoring fibrils coincided with the clinical stability of skin graft, suggesting its 

importance in the stability of dermo-epidermal junctions (Raghunath et.al, 1996b). 

Tissue transglutaminase is operative at the dermo-epidermal junctions 

(Aeschlimann and Paulsson, 1991; Aeschlimann et.al, 1995) and underlying 

dermal structures, particularly the elastic fibrillar apparatus (Raghunath et.al, 

1996a; Trask et.al., 2001). The elastic fibers are composed of two morphologically 

distinct components; an amorphous core of elastin and a peripherial mantle of 10- 

12nm microfibrils (Qian and Glanville 1997). Microfibrils are found in many 

tissues and at dermo-epidermal junctions. In skin, microfibrils anchor the 

epidermal cells to elastic fibers in the dermis by forming a continuous link with the 

elastin-associated microfibrils (Davis, 1994). Microfibrillar proteins fibrillin-1, 

fibrillin-2 and micro-fibril-associated glycoprotein-1 (MAGP-1) have been 

identified as the constituents of microfibrils. The fibrillins are the major 

components of microfibrils and are characterised by an extended domain structure 

that includes blocks of epidermal-growth like repeats (Raghunath et.al, 1996b).
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The extraction of microfibrils from amniotic membranes revealed the presence of 

transglutaminase-derived y-glutamyl- s-lysine cross-links located at this extended 

domain structure, known to have a periodic pattern of amine acceptor sites (Oian 

and Glanville 1997). While these results established the presence of cross-linked 

homopolymers of fibrillins, the other component of microfibrils has also been 

shown to be a substrate of tTG. MAGP-1 is a small molecular weight protein 

associated with the extracellular matrix microfibrils. Biochemical studies have 

shown that MAGP-1 is a glutaminyl substrate for transglutaminase-catalysed cross- 

linking and forms high molecular weight aggregates, which are resistant to 

reduction or denaturation (Brown-Augsburger et.al, 1994). The final evidence for 

the role of tTG cross-linking in tissue interphases has come from the analysis of 

cryosections from human and monkey eyes, which revealed that the stability of 

ocular connective tissue correlated with the transamidation of zonular fibers 

(Raghunath et.al, 1999). In the light of these data it is likely that tTG may 

covalently stabilise the anchoring fibrils and microfibrils to form the dermo- 

epidermal junction that are resistant to mechanical and proteolytic break-down. 

Recent experiments indicate that tTG might be involved in the activation of latent 

transforming growth factor-[3 (TGF-P). TGF-p plays a pivotal role in a diverse 

range of cellular responses, including proliferation, differentiation, migration, and 

death (Zhu and Burgess, 2000). The cytokine TGF-P is synthesised from cells as a 

biological inactive precursor protein consisting of the mature TGF-p associated 

with a propeptide called latency associated peptide (LAP), and a latent TGF-p 

binding protein (LTBP). This physiologically inactive complex is referred to as 

large latent TGF-p complex and it is unable to bind to TGF-p receptors (Massague, 

1990). The dissociation of the mature enzyme from LAP is required for the release 

of activated form of TGF-p (Lyons et.al, 1988). The LTBP is not necessary to 

render the growth factor latent; however, it plays an important role in targeting 

TGF-p into the ECM (Taipale et.al, 1994). There are four members in the LTBP 

family that display characteristic EGF-like repeats, three protein domains 

containing eight conserved cysteine residues and a mixed domain (Zhu and 

Burgess, 2000). The structural similarity of LTBPs with microfibrillar proteins 

suggested the involvement of tTG in the storage and regulation of the extracellular
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pool of latent TGF-p. The study on bovine endothelial cells revealed that the 

activation of cell-associated latent TGF-p was inhibited by seven different 

inhibitors of transglutaminase as well as a neutralising antibody against bovine tTG 

(Kojima et.al, 1993). In vitro studies demonstrated that both large latent complex 

and LTBP-1 of large complex are substrates for tTG, and the inhibition of tTG 

severely attenuates the incorporation of LTBP-1 into the matrix. The amino 

terminal region of the LTBP-1 comprises the tTG reactive site and mediates its 

association with the extracellular matrix, whereas LAP interacts with the carboxy- 

terminal of LTBP-1 (Nunes et.al, 1997). The direct evidence for tTG and LTBP-1 

association came from a study which utilised a transfected cell system over­

expressing the tTG. Immunohistochemical data revealed that induced expression of 

tTG was accompanied by an increased rate of LTBP-1 deposition into the ECM. 

The co-distribution of two proteins, particularly at the cell surface and the cell-cell 

contacts, was further confirmed by electron microscopy (Verderio et.al, 1999). 

Recently, tTG was shown to participate in the incorporation of latent TGF-p into 

the extracellular matrix of aging chondrocytes (Le et.al, 2001). These results 

suggest that tTG might play an important role in targeting the latent TGF-p 

complex to the ECM by cross-linking the LTBP of the latent complex to the matrix 

proteins. Accordingly, a pool of cytokine can accumulate in the ECM, from which 

it is released by proteolysis. In support of this hypothesis, Szondy et al. (2003) 

reported that tTG -/- mice show a deficiency in TGF-p activation leading to the 

development of splenomegaly and glomerulonephritis.

1.9.5.1 Fibronectin

Fibronectin (FN) is a well-known substrate for tTG, however the interaction 

between fibronectin and tTG has shown to be independent from the enzyme’s 

cross-linking activity (Fesus et.al, 1986). Fibronectin is a major protein of blood 

and tissues. Being a principal component of the extracellular matrix, it is now clear 

that FN influences a variety of physiological processes such as tissue remodelling 

during embryogenesis and wound healing (Mosher, 1984). Fibronectin is a 

glycoprotein that exists in a soluble protomeric form in micromolar concentration
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in blood plasma and in an insoluble multimeric form in fibrillar extracellular 

structures and basement membranes of most tissues. Soluble fibronectin also exists 

in amniotic fluid, seminal fluid, joint fluid, and cerebrospinal fluid (Mosher, 1984). 

Fibronectin usually exists as a dimer, consisting of similar but not necessarily 

identical chains, each of which has a molecular size of 250 kDa. The FN dimer is 

formed by a pair of disulphide bonds that joins the carboxy terminal end of the 

chains. In each chain, there are about 30 intra-chain disulphide bonds as well as 

two sulfhydryl groups, which can participate in intermolecular disulphide bonding 

(Romberger, 1997). FN is a mosaic protein, which comprises a series of discrete 

repeating units of amino acid homology termed Type I, II, and III modules (figure 

1.3). The domain structure of FN contains 12 type I modules, 2 type II, 15 to 17 

(depending on splicing) type III, and a variable (V) sequence that is not 

homologous to other parts of fibronectin. These modules can be grouped into larger 

functional units that bind to cell surfaces, collagen, heparin, and fibrin. The 2 type 

III modules that undergo alternative splicing events are called ED-A (extradomain- 

A) and ED-B (Schwarzbauer, 1991). Cellular fibronectin is synthesised locally in 

tissues and contains variable amounts of either or both ED-A and ED-B. However, 

plasma fibronectin, synthesised by the liver hepatocytes, contains neither ED-A nor 

ED-B. Furthermore, the plasma dimers of fibronectin contain only one subunit with 

V region, whereas almost all cellular fibronectin subunits contain this region 

(Schwarzbauer, et.al., 1989).

Fibronectin functions from within a fibrillar extracellular matrix. Most adherent 

cells continuously produce FN and deposit it to the ECM. The deposition and 

assembly of FN in the ECM is a cell-mediated multistep process that proceeds from 

initiation through elongation to stabilisation (Schwarzbauer and Sechler, 1999; 

figure 1.4). Each step is highly regulated requiring multiple fibronectin domains for 

binding to cells, to other fibronectin molecules, and other ECM components.

In the first step, FN binds to specific sites on the surface of substrate-attached cells, 

which have been termed the matrix assembly sites. This binding depends on 

interactions between amino-terminal 70 kDa region of the protein (matrix-assembly 

domain of fibronectin) and cell surface integrin receptors as the removal of any of
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the modules at 70 kDa region or the monoclonal antibodies against integrins inhibit 

the assembly of FN (Sottile, 1991; Akiyama et.al., 1989). Fibronectin binds to ocspi 

and ociiBp3 integrins through a cell adhesive site comprising modules III8-III10 

(Aota et.al., 1991). Together the Arginine-Glycine-Aspartic acid (RGD) site in 

III10 and synergy site in III9 are the most critical sites in the integrin mediated 

matrix assembly (Schwarzbauer and Sechler, 1999). Recently, a novel RGD- 

independent fibronectin assembly pathway was shown to initiate in Ramos B 

lymphoma and CHO(B2) a4 cells. This novel pathway is initiated by <X4 pi integrin 

binding to the alternatively spliced V region of fibronectin (Sechler et.al, 2000) . 

The fibronectin molecule also comprises adhesive sites for fibrin, heparin, collagen 

and ot4 p7 integrins (figure 1.3). A glutamine residue close to amino-terminal site of 

FN serves as a transglutaminase site for activated plasma transglutaminase 

(FXIIIa). The cross-linking mediated by FXIIIa is important for the incorporation 

of fibronectin into fibrin clots during the blood clotting process (Muszbek et.al.,

1999).

The elongation step starts with integrin clustering and binding of additional 

fibronectin. Through interaction among or between fibronectin molecules, the cell- 

bound protomeric fibronectin is converted into disulphide-stabilised multimers 

(McKeown-Longo and Mosher, 1984; Chen and Mosher, 1996). Most of the 

fibronectin binding sites involved in fibril elongation have been mapped into 

amino-terminal repeats 11-5, the first two modules of type III repeat, and COOH- 

terminal heparin domain (Sottile et.al., 1991; Chemousov et.al, 1991; Bultmann 

et.al, 1998).

In the final step, the binding site on the cell surface is regenerated as mature fibrils 

are gradually converted into a detergent-insoluble form, yielding stable matrix 

(McKeown-Longo and Mosher, 1983). It is likely that the protomeric form of 

soluble fibronectin, an inactivated state, is activated by integrin binding and that 

leads conformational changes allowing fibronectin self-association at cell surface 

(Schwarzbauer and Sechler, 1999).



Chapter 1: Introduction

(a )  Soluble FN

FN dimer

(b) Integrin binding

Cell membrane

Integrins

(c ) FN activation

<d> Fibril formation, elongation

Cut rent Opinion in Coll Biology

Figure 1.4 A model for fibronectin assembly

Illustration of the multistep process of fibronectin assembly proceeding from 

initiation (a,b), through elongation (c-d), and stabilisation (d) (Schwarzbauer 

and Sechler, 1999).
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1.9.6 The cell surface tTG and cell adhesion

The mechanism of tTG secretion remains unknown, however, the enzyme appears 

to be secreted from the cells in a controlled manner (Gaudry et.al., 1999a; 

Upchurch et.al., 1987; Balklava et.al., 2002). The N-terminal p-sandwich domain 

and the presence of a non-proline cis peptide bond at Tyr274 as well as an intact 

active site, Cys277, are important in the extemalisation of tTG (Gaudry et.al., 

1999a; Balklava et.al., 2002).

Preliminary indications of tTG on cell surface came from cell fractionation studies 

using lung and liver tissues (Griffin et.al., 1979; Slife et.al., 1986; Tyrrell et.al., 

1988). Homogenates from lung tissue showed that a large amount of enzyme is 

present in particulate fractions (Griffin et.al, 1978 and 1979). The detergent- 

insoluble material isolated from confluent cultures of human lung fibroblasts also 

showed high amounts of tTG antigen and activity (Birckbichler and Patterson, 

1980). Later, the constituent of tTG particulate fractions has been revealed by 

electron microscopy. The pelleted fraction of recovered enzyme was found to 

consist of large membrane sheets with associated extracellular matrix and free 

collagen fibres (Juprelle-Soret et.al., 1988). The extemalisation of tTG into 

extracellular matrix of lung has been shown to take place before the maturation of 

the organ, suggesting the contribution of tTG to lung development (Schittny et.al., 

1997). The liver is the organ where tTG was first isolated (Sarkar et.al., 1957). 

Tissue homogenates from rat liver have shown that transglutaminase activity was 

predominantly associated with the plasma membrane fraction (Slife et.al, 1985). In 

a following study the authors have shown that this plasma membrane fraction 

contained substrates for tTG and that the substrates are part of a large molecular 

weight complex which is not dissociated by SDS and disulphide reducing agents 

(Slife et.al., 1986; Tyrrell 1988). Additional studies showed that the particulate tTG 

and the large molecular weight complex are specifically associated with membrane 

fragments derived from the lateral plasma membrane of the hepatocyte (Tyrrell 

et.al., 1986). Since these fragments were also enriched in junctional elements 

which contain sites of cell to cell interaction, it has been proposed that tTG may
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form covalently cross-linked protein matrices which can enhance the adhesiveness 

of the cells (Slife et.al, 1986; Tyrrell 1986). Evidence of cell surface tTG co­

ordinating the interaction between cells and ECM began to accumulate rapidly. 

Pioneer studies have shown that transglutaminase cross-linking of matrix proteins 

promoted cell adhesion (Fesus et.al., 1986; Sane et.al., 1991; Martinez et.al,

1994), and the induction of tTG in several cultured cell lines led to an increase in 

cell adhesives (Cai et.al, 1991; Gentile et.al., 1992). For example, the cross- 

linking of substrate-immobilised fibronectin by cell associated tTG served to firmly 

anchor the endothelial cells to the basement membrane (Martinez et.al., 1994). 

Furthermore, the tTG transfected fibroblasts cells exhibited an extended and much 

flattened morphology reflecting increased cell adhesion of cells to the substratum 

(Gentile et.al., 1992).

Other studies examined the importance of tTG in cell adhesion by down-regulating 

tTG synthesis (Martinez et.al., 1994; Jones et.al, 1997). The culturing of 

endothelial cells in the presence of non-peptidyl inactivators specific for 

transglutaminases rendered the cells susceptible to trypsin-induced detachment 

from the substratum (Martinez et.al, 1994). In a following study, Jones et al. 

(1997) clearly showed that induction of a decrease in tTG expression via 

transfecting a human umbilical endothelial cell line with an anti-sense RNA 

resulted in susceptibility to detachment by proteolytic enzymes and reduced cell 

spreading.

Recently, a close association of the cell-surface related tTG with pi and p3 integrins 

has been shown to happen in focal adhesion sites, where fibronectin fibril assembly 

is taking place (Gaundry et.al, 1999b; Akimov et.al, 2000; Takahashi et.al., 

2001; Akimov and Belkin, 2001).

Integrins are the major cell-surface receptors that mediate cell-extracellular matrix 

contact. The interaction between cells and the ECM is important in a wide range of 

biological phenomena, including cell proliferation, suppression of apoptosis, cell 

migration, regulation of gene expression, differentiation, blood doting, and wound 

healing (Critchley et.al., 1999). Structurally defined adhesion sites between 

cultured cells and the ECM were described using interference-reflection 

microscopy and termed as focal contacts or focal adhesions (Izzard and Lochner,
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1980). Focal contacts are elongated small regions along the ventral plasma 

membrane and associated with actin microfilaments at their cytoplasmic aspects. 

This association plays an important role in the regulation of actin organisation, 

thereby affecting cell spreading, morphogenesis and migration (Calderwood et.al, 

2000). Focal adhesions are complex structures containing large number of proteins 

that are involved in multiple signal transduction processes (Zamir and Geiger, 

2001; figure 1.5).

The major transmembrane ECM receptors in these sites belong to the integrin 

family of cell surface glycoproteins (Damsky et.al., 1985; Horwitz et.al., 1986). 

Integrins are heterodimers composed of an a  and p subunit, each of which has a 

large extracellular domain, and a shorter cytoplasmic domain (Petruzzelli et.al, 

1999). In vertebrates, there are at least 18 distinct a  and 8  p subunits. The 

association of the a  subunits (120 to 180 kDa) and p subunits (90 to 110 kDa) and 

the presence of divalent cations are essential for ligand binding (Gailit and 

Ruoslahti, 1988).

Most integrins bind a variety of large extracellular matrix proteins such as 

fibronectin, vitronectin, fibrinogen, laminin, collagen and the complement 

component iC3b (Etzioni, 1999). Integrins require activation to bind their 

physiological ligands. Activation is normally induced by the “inside-out” signalling 

pathway in which integrins undergo dynamic changes such as lateral mobility of 

subunits and conformational changes within domains (Detmers et.al, 1987; Sims 

et.al., 1991). This process can result in alterations in the affinity of integrin 

heterodimers or clustering of heterodimers into multimers. Once bound to a 

physiological ligand, integrins become clustered at focal contacts and transduce 

signals to cells through “outside-in” signalling pathway. Integrins transduce signals 

by associating with adapter proteins through their P-cytoplasmic tails (Giancotti 

and Ruoslahti, 1999).

In addition to integrins, other molecules such as proteoglycans (Woods and 

Couchman, 1994 and 1998, Zimmermann and David 1999; Woods et.al, 2000), and 

glycosaminoglycan receptors (Bono et.al., 2001) were shown to localise to focal 

adhesions. The molecular inventory of focal contacts is very complex and still not 

well-defined. The abundant literature on the components of focal adhesion revealed
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cytoskeletal proteins (i.e. tensin, vinculin, paxillin, a-actinin, parvin/actopaxin and 

talin), tyrosine kinases (i.e. Src, FAK, PYK2, Csk and Abl), serine/threonine 

kinases (i.e. ILK, PKC and PAK), modulators of small GTPases (i.e. ASAP1, Graf, 

PKL and PSGAP), tyrosine phosphatases (i.e. SHP-2 and LAR PTP), and other 

enzymes such as PI-3 kinase and the protease calpain-II (Zamir and Geiger, 2001; 

figure 1.5). The induction of serine/threonine and tyrosine kinases activates the 

mitogen-activated protein (MAP) kinase pathways, which is involved in alternation 

of gene expression, cellular proliferation and differentiation (Giancotti and 

Ruoslahti, 1999). The MAP kinases are common participants in signal transduction 

pathways from the membrane to the nucleus. The basic assembly of MAPK 

pathway is a three-component module composed of a MAPK kinase kinase 

(MKKK), a MAPK kinase (MKK) and MAPK. The MAPK is a serine/threonine 

kinase and has the ability to phosphorylate other protein kinases, phospholipases, 

cytoskeleton associated proteins and transcription factors (Widmann, 1999). To 

date, 12 members of the MAPK family have been identified and grouped into 5 

subfamilies on the basis of sequence homology and function. The first three 

subfamilies of MAPK family are composed of extracellular signal-regulated 

kinases (ERK) 1, 2, 3, 4, and 5 (Garrington and Johnson, 1999, figure 1.6). The 

ERKs are among the protein kinases most commonly activated in signal 

transduction pathways. They have been particularly linked to cell proliferation and 

differentiation (Boulton et.al, 1991), but have important roles in many other events 

including long-term potentiation in neurons (Grewal et.al, 1999), and cell 

migration (Howe et.al., 2002). The next subfamily was distinguished by its ability 

to phosphorylate c-Jun transcription factor at the amino-terminal sites following 

exposure of cells to UV light (Hibi M, 1993). Hence, this particular MAPK was 

termed as the c-Jun-NH2-terminal kinase, JNK. The JNK activity has been 

implicated in the response to cell stress, specifically apoptosis. Inhibition of JNK 

signalling showed that JNK is necessary for apoptosis in response to growth factor 

withdrawal stress, DNA damage, and ligation of Fas on the cell surface (Xia et.al,

1995). On the other hand, several reports have suggested that JNK activation may 

act to promote survival and growth in several cell lines (Smith et.al., 1997;
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Figure 1.6 The Mitogen-activated kinase modules

The schematic representation of MKKK, MKK and MAPK subfamilies, their 

upstream regulators and their target cellular responses (Garrington and 

Johnson, 1999)
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Potapova et.al, 1997; Almeida et.al, 2000). The last subfamily MAPK family 

consists of four homologous proteins, termed as p38a, p38(3, p38y, and p385 

(Widmann, 1999). The p38 group was discovered as a lipopolysaccharide (LPS)~ 

induced tyrosine phosphoprotein and as the target of a drug developed to inhibit 

LPS-induced tumour necrosis-factor-a biosynthesis. The inhibition of p38 kinase 

resulted in blockage of cytokines TNF-a and IL-2 in stimulated monocytes, 

suggesting that p38 is important for cytokine biosynthesis (Lee et.al., 1994). 

Similar to JNKs, p38 enzymes are often activated by cellular stress such as UV 

irradiation, osmotic shock, heat shock and protein synthesis inhibitors; thus, they 

are referred to as stress-activated protein kinases (Widmann, 1999). The p38 

MAPKs have also been implicated in death-receptor induced apoptosis as the 

inhibition of p38 activity impairs Fas-induced apoptosis in T cells (Brenner et.al., 

1997).

Current understanding on the adhesion-mediated signalling illustrates a complex 

and dynamic process. The cell adhesion and the formation of focal contacts are 

important for the structural stability of tissue architecture as well as induction of 

multiple signalling pathways that determine the cell’s destiny.

1.9.7 Tissue transglutaminase in wound healing

Wound healing is a dynamic process involving a series overlapping events that take 

place in three phases: inflammation, tissue rebuilding/matrix deposition, and tissue 

remodelling. Tissue injury activates the blood clotting cascade, which results in 

platelet aggregation and the formation of a dense cross-linked network of fibrin and 

fibronectin called the provisional matrix. This matrix not only acts to prevent 

excessive blood loss but also re-establishes haemostasis and supports cell adhesion 

and migration (Midwood et.al., 2004). Platelets within the thrombus release growth 

factors and adhesive proteins that stimulate the inflammatory response by the 

recruitment and activation of neutrophils, macrophages, and fibroblasts. The 

infiltrating neutrophils cleanse the wound area by solubilising cellular debris and 

pathogens, and macrophages phagocyte these remnants. Macrophages also serve to 

release growth factors and cytokines such as platelet-derived growth factor
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(PDGF), vascular endothelial growth factor (VEGF), and TGF-p, which initiate the 

transition between inflammation to tissue rebuilding/matrix deposition (Singer and 

Clark, 1999). In cutaneous wounds, keratinocytes move into the damaged area to 

re-establish the epithelial barrier. The matrix remodelling is initiated by the 

combinatory action of several matrix metalloproteases (MMPs) and tissue 

inhibitors of MMPs (TIMPs) through degradation of the existing matrix in and 

around the wound edge to create a path for cell migration. Formation of new matrix 

in the wound space is carried out by fibroblast through gradual replacement of the 

provisional matrix with a granulation tissue composed of FN and collagen 

(McCawley and Matrisian, 2001). As endothelial cells at the wound margin begin 

to proliferate and re-vascularise, fibroblasts differentiate into myofibroblasts and 

contract the matrix to bring the edges of the wound together. In translation from the 

granulation to scar tissue, the architecture of the new tissue is re-modelled as 

collagen fibrils are bundled and cross-linked. Finally, many of the fibroblasts 

undergo apoptosis, leaving the collagen-rich scar tissue behind.

Given that transglutaminases can catalyse c-(y-glutamyl)-lysine cross-links in the 

ECM, it is not surprising that TGs have been associated with inflammation and 

wound healing. While FXIIIa is clearly involved in stabilisation of fibrin clot 

during blood coagulation and in the deposition of granulation tissues (Muszbek 

et.al., 1999), the potential role of tTG in wound healing is confirmed by the 

observation that tTG -/- mice present delayed wound healing (Meams et.al., 2002). 

Increased tTG activity in wound healing was first implicated in herbicide-damaged 

rat lung during in an experimental model of pulmonary fibrosis (Griffin et.al, 

1979). hi experiments with wounded rat dorsal skin, tTG activity and antigen levels 

have been shown to increase in all skin layers in the period of one to five days 

(Bowness et.al., 1988). Other studies have reported that isopeptide linkage of 

aminopeptide of type III collagen, which occurs in wound healing (Bowness et.al, 

1987a), can be catalysed by liver transglutaminase (Bowness et.al, 1987b). 

Upchurch et al. (1991) has shown that endogenous tTG is localised in ECM around 

the wound area following puncture wounding of a fibroblast cell monolayer. 

Following studies showed that there is a dramatic increase in levels of tTG 

deposition to the ECM during tissue repair and cellular stress (Raghunath et.al,
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1996b; Johnson et.al, 1999; Haroon et.al., 1999). Examination of the wound 

healing process in punch biopsy wounds on rats has revealed that the expression of 

tTG by endothelial, skeletal muscle cells and macrophages has resulted in an 

increase in tTG antigen and activity at sites of neovascularisation in the provisional 

fibrin matrix within the wound. The tTG expression occurred in association with 

TGF-p, TNF-a, IL-6 , and VEGF production in the wound, which were shown to be 

present in the inflammation stage of wound healing. (Haroon et.al, 1999). The up- 

regulation of tTG during inflammation plays an important role in regulation of 

enzyme phospholipase A2, which is responsible from the indirect initiation of local 

vasodilation by regulating the release of arachidonic acid from the cell membrane. 

tTG enhances the activity of phospholipase A2 through the formation of an 

isopeptide bond within the secretory isoforms of phospholipase A2 (sPLA2) or by 

polyamination of the sPLA2 (Cordella-Miele et.al, 1990 and 1993). Consistent 

with this data, it was recently shown that in vivo application of transglutaminase 

inhibitors can inhibit tTG mediated modification of sPLA2 culminating in an anti­

inflammatory effect (Sohn et.al, 2003). The increase in tTG expression might also 

regulate the inflammatory response by reducing the leakage of intracellular 

contents of dying cells into the wound. In case of cellular damage, the Ca+2 influx 

will enable tTG to cross-link the intracellular proteins thereby preventing leakage 

of cellular components from the dying cells, which in turn helps to modulate 

prolonged inflammatory response (Nicholas et.al, 2003).

Evidence for the involvement of tTG in wound healing has also been obtained from 

the analysis of biopsies from patients receiving keratinocyte autografts (Raghunath 

et.al, 1996). The skin regenerating from keratinocyte autografts was found to be 

substantially cross-linked by tTG in a time-dependent fashion. The authors have 

speculated that the external application of purified tTG might accelerate the wound 

healing process. Haroon et al. (1999) showed that the topical application of 

recombinant tTG in an in vivo dorsal skin flap window chamber promoted 

angiogenesis in the wound and resulted in blood vessel length density. In support 

of this hypothesis, the use of tTG in experimental repair of rat optic nerves (Eitan 

et.al, 1994) and articular cartilage (Jurgensen et.al., 1997) has been reported. In 

the later study, tTG was shown to increase the adhesive strength at the cartilage-



Chapter 1: Introduction

cartilage interface when it was topically applied to the surface of cartilage-bone 

cylinders.

1.10 Aims

Initial studies showed that specific association of tTG with matrix FN results in the 

formation of an extracellular adhesion complex that can partially restore attachment 

and spreading of human osteoblast-like cells and mouse Swiss 3T3 fibroblasts 

when the integrin mediated direct binding to FN is impaired using Arg-Gly-Asp 

(RGD) containing peptides. In the following work, the first objective was to 

characterise this distinct FN-tTG extracellular adhesion complex and clarify the 

relative contributions of tTG and FN to the RGD-independent cell adhesion 

process. The second aim of this study was to investigate whether the RGD- 

independent cell adhesion could be mediated by a physiological matrix of cell- 

assembled FN and cell-secreted tTG and/or by tTG bound to N-terminal FN 

fragments, which contain putative high affinity binding site for tTG. A further part 

of this project was to investigate the potential role of FN-tTG matrix as a pro­

survival adhesion factor in inducing intracellular signals that rescue anchorage- 

dependent cells undergoing a detachment-induced programmed cell death due to 

loss of RGD-dependent cell adhesion.
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2.1 Materials

2.1.1 Chemicals

The deionised water (dtkO) used in experiments was obtained from an Elgastat 

system 2 water purifier (ELGA Ltd, High Wycombe, UK) or Milli Q water purifier 

(Millipore/Waters, Watford, UK).

The general chemical reagents and cell culture media were purchased from Sigma -  

Aldrich Company Ltd, Dorset UK unless otherwise stated. Other chemicals and 

reagents were obtained from the following suppliers:

Amersham Pharmacia Biotech. UK Ltd, Little Chalfont, UK:

The full range rainbow molecular markers and ECL Chemiluminescence 

development kit 

Bachem, Merseyside, UK:

The synthetic H-Gly-Arg-Gly-Asp-Thr-Pro-OH (GRGDTP) and H-Gly-Arg-Ala- 

Asp-Ser-Pro-OH (GRADSP) peptides 

BD Transduction Laboratories, Oxford, UK:

Anti-phosphotyrosine rabbit polyclonal and mouse monoclonal antibody 

Bio-Rad, Hemel Hempstead, UK:

Bio-Rad protein assay kit, and Bio-Rad 4-20% pre-cast gradient SDS-PAGE gel 

Calbiochem, Nottingham, UK:

The synthetic H-Gly-Arg-Gly-Asp-Thr-Pro-OH (GRGDTP), H-Gly-Arg-Ala-Asp- 

Ser-Pro-OH (GRADSP) peptides, G06976, and Fibroblast Growth Factor 

Chemicon International Ltd, Harrow, UK:

Anti-integrin alpha-4 mouse monoclonal antibody 

Dako A/S, Glostrop, Denmark:

Anti-mouse IgG -FITC, -TRITC and -HRP conjugates, anti-goat Immunoglubulins- 

HRP conjugate, and anti-rabbit IgG-TRITC conjugate 

Molecular Probes, Eugene (OR), USA:

Biotin-X-cadaverine
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Neomarkers, Fremont, USA:

Anti-tissue transglutaminase mouse monoclonal antibody Cub7402 

New England Biolabs Ltd, Hertfordshire, UK:

Anti-phospho-Akt (Ser473) rabbit polyclonal and anti-Akt rabbit polyclonal 

antibodies

Promega, Southampton, UK:

CaspACE™ Assay System, Colorimetric 

Roche Diagnostic Ltd, East Sussex, UK:

Cell proliferation assay kit II (XTT), and TUNEL apoptosis kit 

Santa Cruz Biotechnology Inc, Caine, UK:

Anti-phospho-ERK(E-4) mouse monoclonal antibody, anti-phospho-JNK(G-7) 

mouse monoclonal antibody, anti-PKCa(H-7) mouse monoclonal antibody, anti- 

phospho- PKCct(Ser657) rabbit polyclonal antibody, and anti-phospho-Syndecan- 

4(Ser 179) goat polyclonal antibody 

Seikagaku Corporation, Tokyo, Japan:

Chondroitinase ABC lyase

Sigma -  Aldrich Company Ltd, Dorset UK:

Human plasma fibronectin, fibronectin amino (N)-terminal fragments, guinea pig 

liver tTG, heparinase III (heparitinase) from Flavobacterium heparinum, protease 

inhibitor cocktail for mammalian tissues, phorbol-12-myristate-13-acetate (PMA), 

and extravidin-peroxidase 

Upstate Ltd, Buckingham, UK:

Anti-phospho-FAK(Tyr397) and anti-phospho-FAK(Try576) rabbit polyclonal 

antibodies

Vecta Laboratories Inc, Peterborough, UK:

Vectashield fluorescence mounting medium

2.1.2 Materials

Amersham Pharmacia Biotech. UK Ltd, Little Chalfont, UK:

Electrode paper (grade IF)
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BDH Laboratories suppliers, Milton Keynes, UK:

Coverslips, microscope slides 

Biosoft, Cambridge, UK:
Quantiscan densitometry analysis software 

Genetic Research Instrumentation Ltd, Essex UK:

Nitrocellulose membranes 

Improved Neubauer, Carlton, UK:

Haemocytometer

Lab-tek Brand Products, Naperville (IL), USA:

8 - well glass chamber slides

Nalgenunc International, Rochester (NY), USA:

Cryovials

Sarstedt Ltd., Leicester, UK:

0.5-, 1.5- and 2 - ml microcentrifuge tubes, 5 ml scintillation vial inserts and tops, 

15- and 50- ml sterile centrifuge tubes, 10 and 5 ml sterile pipettes, automatic 

pipette fillers, pipette tips, and disposable filters (0 . 2 0  pm pore size)

Scientific Laboratory Supplies, Nottingham, UK:

Tissue culture flasks T25, T75, T150, 10-cm and 6 -cm petri dishes, 6 - and 96- well 

plates, and Genex Beta automatic pipettes 

Whatman Ltd, Maidstone, UK:

Whatman electroblotting 3M filter paper

2.1.3 Equipment

Beckman Instrument (UK) Ltd, High Wycombe, UK:

Spectrophotometer Model DU-7, centrifuges Avanti J-30 I, MSE Centaur 2, 

GPKR, MSE Microcentaur, Optima TLX Tabletop ultracentrifuge and 

COULTER® EPICS® XL™ Flow Cytometer 

Bio-Rad, Hemel Hempstead, UK:

Protean III Minigel Vertical Electrophoresis Apparatus and Western Blot wet 

transfer system

B&L Systems, Maarssen, The Netherlands:

52



Chapter 2: Materials and Methods

Atto-minigel protein electrophoresis system 

Corning, Staffs, UK: 

pH meter, spectrophotometers 

Flow Laboratories, High Wycombe, UK:

Laminar flow cabinet Gelaire BSB 4A 

Grant Instruments, Cambridge, UK:

Water baths

Jouan, Tring Herts, UK:

C 0 2 incubator Model IG150

Leica Lasertechnik, Heidelberg, Germany:

TCSNT confocal laser microscope

MSE Scientific Instruments, Cambridge, UK:

Sonicator Model Soniprep 150

Nikon Inc, Badhoevedorp, The Netherlands:

Inverted Phase Microscope model TMS-F 

Olympus Optical Co (UK) Ltd, London, UK:

Inverted Phase Microscope model CK2 and BH2, OM4 Ti 35 mm camera and 

digital camera 3C JVC.

Sanyo Gallenkamp PLC, Loughborough, UK:

Harrier 18/80 refrigerated centrifuge, MCO-175M O2/CO2 Incubator 

Tecan UK Ltd, Goring-on-Thames:

SpectraFluor 96-well ELISA plate reader and XFluor4 software 

Walker Safety Cabinets Ltd, Derbyshire, UK:

Laminar flow class II series model 5142412

> . . . . . j .- -
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2.2 Methods

2.2.1 Methods in cell culture

2.2.1.1 Cells and culture conditions

The cells used in the project included primary human osteoblasts, Swiss Albino 

mouse embryo 3T3 fibroblast, human urinary bladder carcinoma cell line 

(ECV304), primary human dermal fibroblasts, Raf-1 wild type and knock out 3T3- 

like immortalised fibroblast cell lines. All cells were cultured in a humidified 

atmosphere at 37°C, 5% (v/v) CO2 , 95% (v/v) air.

The human osteoblast cell line (HOB), which was a kind gift by Dr. S. Anderson 

and Prof. S Downes (University of Nottingham, UK), was isolated from femoral 

heads of trabecular bone (DiSilvio et.al., 1995) and spontaneously immortalised. 

HOB cells were cultured in Dulbecco's modified Eagle's medium (DMEM) 

supplemented with 10% (v/v) heat inactivated fetal calf serum (FCS), 2 mM L- 

glutamine, 1 % (v/v) nonessential amino acids and penicillin/streptomycin ( 1 0 0  

U/ml and 100 pg/ml, respectively) and used for experiments between passages 48- 

52.

Swiss 3T3 albino fibroblasts were obtained from American Type Culture 

Collection (ATCC, USA) and maintained in the same medium as human 

osteoblasts. Swiss 3T3 fibroblasts (clone TG3) stably transfected with the tissue 

transglutaminase cDNA under the control of a tetracycline-regulated inducible 

promoter (Gossen and Bujard, 1992; Verderio et.al., 1998) were grown in DMEM 

containing 10% (v/v) heat inactivated FCS, 2 mM L-glutamine, 100 U/ml 

penicillin, 100 pg/ml streptomycin, 400 pg/ml active G418, 250 pg/ml xanthine, 15 

pg/ml hypoxanthine, 1 0  pg/ml thymine, 2  pg/ml aminopterin, 1 0  pg/ml 

mycophenolic acid, and 2 pg/ml tetracycline. Swiss 3T3 TG3 clone was cultured in 

tetracycline containing medium to express low endogenous levels of tissue 

transglutaminase. The medium was changed every 2 days and replaced with 

medium containing a fresh addition of tetracycline. To induce tTG expression, cells 

were grown in the absence of tetracycline for at least 72 hours. The wild type Swiss 

3T3 fibroblast and clone TG3 were used for experiments between passages 7-15.
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The human urinary bladder carcinoma cell line (ECV304), was obtained from the 

European Collection of Animal Cell Cultures (ECACC). The ECV304 were 

routinely cultured between passages 10-20 in DMEM containing the same 

supplements as the medium for human osteoblasts.

The primary human dermal fibroblasts were isolated from human foreskin by 

Panos Kotsakis (Nottingham Trent University, UK) and kindly donated to be used 

for experiments between passages 5-9. The cell line was maintained in DMEM 

containing 10% (v/v) heat inactivated FCS, 2 mM L-glutamine, 1% (v/v) 

nonessential amino acids, 100 U/ml penicillin, 100 pg/ml streptomycin.

Raf-1 wild-type and null 3T3-like immortalised fibroblast cell line was a kind gift 

from Dr. Baccarini (Institute of Microbiology and Genetics, Vienna, Austria) 

(Mikula M et. al., 2001). The cells were cultured between passages 5-20 in 

DMEM supplemented with 10% (v/v) heat inactivated FCS, 2 mM L-glutamine, 

1% (v/v) nonessential amino acids, 100 U/ml penicillin, and 100 pg/ml 

streptomycin.

2.2.1.2 Isolation of primary mouse dermal fibroblast

The mouse dermal fibroblasts (MDF) were isolated from wild type (Tg 2+/+) and 

knockout mice (Tg 2-/-) kindly donated by Prof. Melino and Dr. De Laurenzi (IDI- 

IRCCS, University Tor Vergata, Rome) (De Laurezi et.al., 2001). The primary 

cultures of dermal fibroblast were prepared from mouse skin as follows. Adult 

animals were sacrificed by neck dislocation and shaved on the back. A region of 

pelt was removed from the back of animal under aseptic conditions and placed into 

medium containing 25% penicillin/streptomycin for 5 minutes. Following three 

washes with DMEM, the pelt was transferred to a sterile tissue culture 60 mm dish 

and cut into small pieces (approximately 3x8 mm) using a combination of forceps 

and a sharp scalpel. The skin pieces were then transferred into DMEM containing 

0.2% Dispase and 100 U/ml penicillin, and 100 pg/ml streptomycin, and incubated 

at 4°C for 18 hours. Dispase ensures the removal of the epidermis from the 

underlying dermis by digesting the basal lamina.
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After the overnight incubation, skin samples were washed three times with DMEM, 

and the inner-dermis was scraped from the epidermis. The dermis was then minced 

into smaller pieces (3x3 mm) in a 60 mm dish and three to four pieces were placed 

per well of a 6 -well plate. Sterile coverslips were pressed-placed onto dermis 

pieces and 5 ml of growth medium were added into each well. The culture was 

finally placed in the incubator at 37°C in 5% CO2 , and incubated for one week in 

the same culture medium with regular checks for contamination. Any keratinocyte 

contamination was eliminated, as they do not persist in the culture for very long 

without regular feeding in the first week, leaving fibroblasts as the only cell type 

surviving. After one week, the medium was replaced with fresh growth medium 

every 3 days for three weeks. After examining the formation of colonies, the cells 

were harvested as described below (Section 2.2.1.3) and plated into T25 tissue 

culture flasks. The MDFTg2+/+ and -/- cells were maintained in the DMEM-F12 

HAM medium supplemented with 10% (v/v) heat inactivated FCS, 2 mM L- 

glutamine, 1 % (v/v) non essential amino acids up to passage 1 0 .

2.2.1.3 Cell passaging

Cells were passaged when they reached approximately 90% confluency for 

immortalised cell lines and 70% confluency for primary cell lines. The cell 

monolayer was rinsed once with PBS (pH 7.4) prior to treatment with 0.25% (w/v) 

trypsin, 5 mM EDTA solution in PBS, pH 7.4 at 37°C. The detached cells were 

collected in medium containing 7- 8 % (v/v) fetal calf serum to inactivate the 

trypsin and centrifuged at 300 x g  for 10 minutes. Cells were resuspended in the 

growth medium and seeded in tissue culture flasks to the desired confluency.

2.2.1.4 Determination of cell number

Cells were trypsinised and centrifuged as described above (Section 2.2.1.3) and 

resuspended in DMEM. lOpl aliquots of the cell suspension were applied to a 

haemoeytometer. The cells were counted in 4 separate fields using phase/contrast 

microscopy on an inverted light microscope (Olympus CK2). The cell number per
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millilitre of cell suspension was calculated according to the formula “counted 

number of cells x dilution factor / mm2 of counted area x chamber depth”.

2.2.1.5 Cryopreservation of the cell lines

Cells were trypsinised, counted as described in Section 2 .2 .1.4 and resuspended in 

10% (v/v) cell culture grade DMSO in heat inactivated FCS. Cells were then 

pipetted in 1 ml aliquots into cryogenic vials and slowly frozen at -70°C in a 

specialised cryogenic container overnight before transfer to a liquid nitrogen 

container for long-term storage.

2.2.1.6 Cell defrosting from storage

Cryogenic vials of cells stored in liquid nitrogen were removed and quickly placed 

in a water bath at 37°C. The cell suspension was carefully transferred into a sterile 

Falcon tube and 5 ml of serum supplemented growth medium was added drop wise, 

with mixing after each addition to ensure slow dilution. The diluted cell suspension 

was then centrifuged at 300 x g to eliminate the traces of DMSO present in the 

freezing mix. Cells were resuspended in the growth medium and transferred to a 

tissue culture flask. The medium was changed duringthe next 12-24 hours and cells 

were passaged at least once before using them in an experiment.

2.2.2 Preparation of a physiological extracellular matrix

2.2.2.1 Coating of plates with fibronectin and fibronectin fragments

The wells of a microtitre plate were coated with FN and amino-terminal FN 

fragments at concentrations previously optimised by an ELISA-based assay where 

polyclonal anti-FN antibody (Sigma-Aldrich, UK) was used in a stoichiometric 

excess (Verderio et.al., 2000). The concentrations of the fibronectin and proteolytic 

fragments used were optimised as follows:
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Full length FN 5 |ug/ml 

42 pg/ml 

54 |iig/ml 

54 pg/ml

70-kDa amino-terminal fragment of FN 

45-kDa amino-terminal fragment of FN 

30-kDa amino-terminal fragment of FN

The FN and N-terminal fragments were diluted in 50 mM Tris-HCl, pH 7.4 and 50 

pl/well used to coat the plate for either for one hour at 37°C or overnight at 4°C.

2.2.2.2 Immobilisation of tissue transglutaminase on FN matrices

The guinea pig liver tissue transglutaminase (gpl tTG) was purified and dialysed by 

Dr.Li (Leblanc et.al, 1999) under Nottingham Trent University facilities or 

purchased from Sigma-Aldrich, UK. For immobilisation of the enzyme on FN and 

N-terminal fragments, wells were washed once in 50 mM Tris-HCl, pH 7.4. In 

some cases, the wells were blocked with 3% (w/v) Marvel in PBS, pH 7.4 for 30 

minutes at 37 °C prior to tTG immobilisation. The 20 j-ig/ml tTG solution was 

prepared by dissolving the 1 mg/ml of gpl tTG in PBS containing 2 mM EDTA, pH

7.4 to inhibit Ca2+-dependent activity of the enzyme. The tTG solution was then 

added to the tissue culture plastic (TCP), or TCP coated with FN, and FN 

fragment-matrices for 1 hour at 37°C.

2.2.2.3 Formation of a native cell assembled extracellular matrix

Swiss 3T3 TG3 cells were cultured to 90% confluency for four days under non­

induced conditions. Cells were detached from the substratum with trypsin and 

seeded on 96-well plates at a density of lx l0 3 cells/well. The non-induced cells 

were cultured in a specially conditioned medium (Section 2.2.1.1) with 

tetracycline, while the induced cells were cultured in the medium without 

tetracycline. The medium was changed every two days to ensure the induction or 

suppression of transglutaminase activity in desired wells. Cells were allowed to 

deposit a cell-assembled extracellular matrix on tissue culture plastic for 16 to 18 

days. To further increase the levels of tTG in the deposited matrix, tTG was pre­

activated in 5 mM dithiothreitol (DTT) on ice for one hour. The pre-activated tTG
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was then diluted in the culture medium to 10 pg/ml reducing the DTT 

concentration to 0.05 mM, and 100 jul was added to the assigned wells. Cells were 

cultured in a humidified atmosphere at 37°C, 5% (v/v) CO2 , 95% (v/v) air for 16 

hours. On the day of the experiment cells were detached from wells using 5 mM 

EDTA, PBS, pH 7.4 leaving the native cell assembled extracellular matrix laid on 

tissue culture plastic.

2.2.3 Detection of relative levels of tTG in matrices 

2.2.3.I. Detection of tTG antigen by ELISA

The presence of tTG antigen on different substrata was detected by using a 

modified enzyme linked immunosorbent assay (Verderio et.al., 1999).

After coating the 96-well plate with 50 pi of FN and N-terminal fragments as 

described above (Section 2.2.2.1), the wells were washed once in 50 mM Tris-HCl, 

pH 7.4 and then blocked with 50 pi of 3% (w/v) BSA in PBS, pH 7.4 for an hour at 

room temperature. The tTG solutions at different concentrations were prepared by 

dissolving 1 mg/ml of tTG in PBS, 2 mM EDTA, pH 7.4. The tTG solutions were 

then added to the tissue culture plastic or BSA-blocked FN and FN fragment 

matrices. After a one-hour incubation at 37°C, the tTG solutions were removed and 

wells were washed once with 100 pi of 50 mM Tris-HCl, pH 7.4. Prior to the 

incubation with anti-tTG monoclonal antibody Cub 7402 (Neomarkers, UK), wells 

were blocked with 5% (w/v) Marvel in PBS, pH 7.4 (blocking buffer) for 30 

minutes at room temperature. After a two-hour incubation with Cub 7402 (200 

ng/ml in blocking buffer) at room temperature, the wells were washed three times 

(final wash for 20 minutes) with blocking buffer. To detect the antigen-antibody 

complex, the wells were incubated with 1 0 0  ng/ml of peroxidase labelled anti­

mouse IgG (Dako, Denmark) for two hours at room temperature. At the end of 

incubation, the wells were washed three times with blocking buffer and once with 

PBS, pH 7.4. The wells were then pre-equilibrated with the developing buffer, 

phosphate-citrate buffer with urea and hydrogen peroxide (Sigma-Aldrich, UK). 

Development of the reaction was performed by addition of developing buffer 

containing the substrate 7.5% (w/v) 3,3 ’ ,5,5 ’-tetramethyl benzidine in DMSO
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(TMB). The colour development was terminated by addition of 50 pi of 2.5M 

H 2 S O 4  and the absorbance read at 450 nm using a Spectrafluor plate reader. Results 

were expressed as absorbance at 450 nm.

2.2.3.2 Measurement of tTG activity by biotin-X-cadaverine incorporation

The activity of matrix-bound tTG was measured with a TG activity assay based on 

biotin-X-cadaverine (BTC) incorporation into fibronectin (Jones et.al., 1997). The 

linearity of FN-bound tTG activity has been shown previously by Verderio et al. 

(2000).

The wells of microtitre plate were coated with 50 pi of human plasma FN and 

blocked with 3% (w/v) BSA in PBS, pH 7.4 for 30 minutes at room temperature. 

After three washes with PBS, pH 7.4, the wells were incubated with 100 pi of tTG 

at a concentration of 20 pg/ml (dissolved in PBS, 2 mM EDTA, pH 7.4) for one 

hour at 37°C. In control wells, 100 pi of PBS, 2 mM EDTA, pH 7.4 was added. 

Meanwhile the Tris-based buffer containing 5 mM CaCl2 , 5 mM DTT, 0.132 mM 

BTC in 50 mM Tris-HCl, pH 7.4 was prepared. To confirm the Ca2+ dependent 

cross-linking activity, 5 mM CaCh was substituted with 5 mM EDTA in the Tris- 

based. Following tTG immobilisation, the wells were washed once with 50 mM 

Tris-HCl, pH 7.4, and 100 pi of Tris-based was pipetted into the wells. The plate 

was incubated for one hour at 37°C and then the reaction was terminated by 

addition of 100 pi of 10 mM EDTA, pH 7.4. After two washes in TBS-Tween, pH

7.4 (100 mM Tris-HCl, 0.9% NaCl, 0.05% (v/v) Tween), the incorporated BTC 

was revealed by addition of 100 pi of extravidine peroxidase (EXAP) (dissolved 

1/5000 in 3% (w/v) BSA in PBS, pH 7.4) for 1 hour at 37 °C. Following the 

removal of EXAP and three washes with TBS-Tween (pH 7.4), wells were pre­

equilibrated with the developing buffer, and 1 0 0  pi of developing buffer containing 

TMB were added to each well. The reaction was stopped by 2.5 M H2 SO4 and 

absorbance values measured at 450 nm as indicated before (Section 2.2.3.1).
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2.2.4 Visualisation of FN-tTG matrix with double immuno-fluorescent staining

8 -well glass chamber slides were coated with 125 pi per well of 5 pg/ml of human 

plasma FN dissolved in 50 mM Tris-HCl, pH 7.4 overnight at 4°C. After 

incubation, 20 pg/ml of tTG in PBS, 2 mM EDTA, pH 7.4 (250pl/well) was 

immobilised on FN coated and non-coated wells for 1 hour at 37°C. To investigate 

the potential induction of a rearrangement or change in FN and FN-tTG matrices, 

human osteoblast cells were seeded on assigned wells and allowed to attach and 

spread. The wells with and without cells were then fixed using 3.7% (w/v) 

paraformaldehyde in PBS, pH 7.4 for 15 minutes at room temperature. Fixed wells 

were washed 3 times with PBS, pH 7.4 and blocked with blocking buffer (3% 

(w/v) BSA in PBS, pH 7.4) for one hour at room temperature. After blocking, wells 

were incubated with 0.6 pg/ml of anti-mouse monoclonal antibody Cub7402 

(Neomarkers, UK) and/or 0.6 pg/ml of anti-FN rabbit polyclonal antibody (Sigma- 

Aldrich, UK) overnight at 4°C. Non-specific anti-mouse monoclonal IgGl and 

anti-rabbit IgG antibodies were also used to serve as negative controls. Following 

three-washes with PBS, pH 7.4, wells were incubated with anti-rabbit IgG-TRITC 

(raised in swine) (Dako, Denmark) and anti-mouse IgG-FITC (raised in sheep) 

(Dako, Denmark) diluted 1 in 500 in blocking buffer for 2 hours at room 

temperature. The slide was then washed three times with PBS, pH 7.4 and 

mounted with Vectashield mounting medium (Vector Laboratories, UK). The 

stained matrices were viewed by confocal microscopy using a Leica TCSNT 

system (Leica Lasertechnik, UK) equipped with an argon crypton laser.

2.2.5 Cell adhesion assay

2.2.5.1 Inhibition of RGD-mediated cell adhesion

Exponentially growing cells were trypsinised and collected into medium containing 

approximately 7% (v/v) fetal calf serum. After a five-minute centrifugation at 300 

x g  the cell pellet was washed twice in serum free medium to remove the traces of 

serum proteins. In the experiments performed with HOB and ECV304 cells, a 

suspension of 2 x l 0 5 cell/ml and in experiments done with fibroblast cells a cell
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solution of 1.75xl05 cell/ml were prepared in serum free medium, and incubated 

with GRGDTP and GRADSP synthetic peptides (Calbiochem or Bachem, UK) at 

concentrations of 50 pg/ml (-75 pM), 100 pg/ml (~150 pM), 150 pg/ml (-225 

pM), and 200 pg/ml (-300 pM) for 20 minutes at 37°C, in a 5% (v/v) CO2, 95% 

(v/v) air atmosphere. Meanwhile coated wells were washed once with 50 mM Tris- 

HCl, pH 7.4 and serum free medium. Cells (100 pl/well) were seeded on wells 

coated with FN or FN fragments, with and without immobilised tTG and allowed 

to attach in the presence of the synthetic peptides. The FN coated wells were coated 

with gpl tTG (purified and dialysed by Dr.Li) in the third repeats of cell adhesion 

assays analysing the adhesion of Swiss 3T3, ECV304, HDF, and MDFTg2+/+ and 

-/- cells. The time was limited to 20-40 minutes to minimise the secretion of any 

endogenous proteins.

2.2.5.2 Cell fixation and permeablisation

Following cell adhesion and spreading, the medium was carefully removed and 

wells were gently washed once with PBS, pH 7.4. Cells were then fixed with 100 

pi of 3.7% (w/v) paraformaldehyde dissolved in PBS, pH 7.4 for 15 minutes at 

room temperature and washed twice with PBS, pH 7.4. Following fixation, cells 

were permeabilised with 100 pi of 0.1% (v/v) Triton-X in PBS, pH 7.4 for 15 

minutes at room temperature. The wells were then washed twice with PBS, pH 7.4.

2.2.5.3 May-Grunwald and Giemsa co-staining

To visualise the attached cells, a two-step staining process was employed to stain 

both cytoplasm and nucleus. Following fixation and permeablisation (Section 

2.2.5.2), 100 pi of May-Grunwald stain (Sigma-Aldrich, UK) was added to the 

wells to stain the cell cytoplasm for 15 minutes at room temperature. The stain was 

then removed and wells were washed once with PBS, pH 7.4. The wells were then 

incubated with 100 pi of 5% (v/v) Giemsa stain (Sigma-Aldrich, UK) in dH20  to 

co-stain the nucleus for 20 minutes at room temperature. The plate was finally 

washed twice with dH20  and left to dry.
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2.2.5.4 Quantification of cell adhesion

Digital images of three non-overlapping fields covering the centre of the well were 

acquired using a video digital camera (Olympus DP 10) at 40 x magnification. The 

cell attachment and spreading were quantified using the Scion image analysis 

programme (http://www.scioncorp.com), which is developed at the National 

Institute of Health (Washington DC, USA). The number of cells per image was 

assessed through threshold and particle analysis settings with a minimum particle 

size of 50 pixels. Spread cells were discriminated from non-spread by their two- 

colour appearance (dark purple nucleus, pink cytoplasm). These were quantified by 

density slicing and particle analysis settings. The spread cell particles were 

selectively highlighted through the adjustment of the Lut intensity. The number of 

attached cells per well was calculated by summing up the number of cells from the 

three imagines of non-overlapping fields. Cell attachment on FN without RGD 

peptide was considered as the control value for the most of the experiments. The 

mean number of attached cells from three wells was calculated and that of control 

was considered as 100%. The mean number of attached cells (cell attachment) for 

each sample was then expressed as the percentage of cell attachment on FN. The 

mean percentage of attached cells that are spread (cell spreading) for each sample 

was determined separately, and the mean percentage of spread cells on FN control 

was expressed as 100%. The mean percentage of spread cells for each sample was 

then normalised against that of FN control. Cell spreading was defined as the 

process whereby a rounded cell is flattened as a consequence of ECM-mediated 

signal transduction leading to the rearrangement in the actin cytoskeleton.

2.2.6 Preparation of total cell lysates

A 6 -well plate was coated with 1.5 ml of 5 pg/ml human plasma FN or heat- 

inactivated 3% (w/v) BSA in PBS, pH 7.4 by incubation at 4°C for overnight. The 

FN matrix was further coated with 3 ml of 20 pg/ml tTG as described previously 

(Section 2.2.2.2). Cells detached by trypsinisation were then plated onto wells at a 

density of 6xl05 cells/well (Section 2.2.5.1). Following cell adhesion and

http://www.scioncorp.com
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spreading, the medium was removed, wells were washed once with ice-cold PBS, 

pH 7.4 and samples were centrifuged at 300 x g  for 10 minutes in order to collect 

non-adherent cells. The adherent cells were lysed by addition of 50 pi of 

solubilisation buffer. The solubilisation buffer was composed of 1% (v/v) Nonidet, 

0.5% (w/v) sodium deoxycholate, 0.1% (w/v) SDS, 1 mM benzamidine, 1 mM 

NaF, 1 mM Na3V0 4 , 0.1 mM PMSF and 1% (v/v) protein inhibitor cocktail 

(Sigma-Aldrich, UK). The plate was then placed on ice and lysates were collected 

with a scraper to be mixed with the corresponding cell pellet from non-adherent 

cells. Cell extracts were clarified by further centrifugation at 300xg for 5 minutes at 

4°C. The supernatants were stored at -70°C until required for protein content 

estimation and electrophoresis.

2.2.7 Determination of protein concentration by the Lowry Method

The protein content of cellular extracts was determined using the commercial kit 

from Bio-Rad based on the Lowry method (Lowry et.al., 1951). The

determinations were made following the manufacturers instructions using BSA as 

the standard. Briefly, 5 pi of BSA solution ranging from 0.1-1.5 mg/ml, and lpl of 

cell extract dissolved in 4pi of dH2 0 , were added to wells of a microtitre plate in 

duplicate and triplicate, respectively. The wells were then incubated with 25 pi of 

Reagent A (BioRad, UK), followed by 200 pi of Reagent B (BioRad, UK) for 15 

minutes at room temperature. The absorbance values were recorded at 750nm using 

a SpectraFluor plate reader to produce the calibration graph.

2.2.8 Sodium Dodecyl-Sulphate Polyacrylamide Gel Electrophoresis

The protein extracts were resolved by the SDS-PAGE method, which was a 

modification of that described by Laemmli et.al (1970), using the Atto-minigel 

system. The gels consisted of a 3% (w/v) polyacrylamide stacking gel and a 8  or 

10% (w/v) resolving gel. The stacking gel was made using 0.25 M Tris, 0.2% (w/v) 

SDS stock solution, pH 6 . 8  and resolving gel contained 0.75 M Tris, 0.2% (w/v) 

SDS stock solution, pH 8 .8 . The polymerisation reaction was initiated by the
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addition of the indicated volumes of freshly prepared 1 0 % (w/v) ammonium 

persulphate and N,N,N’,N’-tetramethylethylenediamine (TEMED). The stacking 

and resolving polyacrylamide gels were prepared according to table 2 .1 .

Resolving gels (80 x 60 x 0.75) were cast in Atto-mini gel plates stabilised with 

two gel clamps and a U-gasket. To provide an even upper surface water-saturated 

butan-2-ol was poured on the top of the gel to an approximate depth of 5 mm. The

Stock solution Final % (w/v) acrylamide

3% 8 % 1 0 %

30% (w/v) acrylamide/0.8% 

(w/v) bis-acylamide

0.65 ml 4 ml 5 ml

Tris-SDS pH 6 . 8 1.25 ml - -

Tris-SDS pH 8 . 8 - 3.75 ml 3.75 ml

Distilled H20 3.05 ml 7.25 ml 6.25 ml

1 0 % (w/v) ammonium 

persulphate

25 pi 50 pi 50 pi

TEMED 5 pi 1 0  pi 1 0  pi

Table 2.1 The recipe for the preparations of various percentages of polyacrylamide 

gels

gel was then left to polymerise for 45 minutes at room temperature. Following 

polymerisation water-saturated butan-2 -ol was discarded, and the top surface of the 

gel was washed three times with distilled water. The excess water was gently 

removed from the edges of the plate using a filter paper. The stacking gel was then 

prepared and poured gently on the resolving gel by avoiding of the formation of air 

bubbles. A 10-well sample comb was gently placed and the gel was allowed to 

polymerise for 30 minutes at room temperature. After polymerisation the sample 

comb was gently removed from the stacking gel and wells were washed with Tris- 

glycine electrode running buffer, pH 8.5 (25 mM Tris-Base, 192 mM glycine and 

0.1% (w/v) SDS). The clamps and the U-gasket were carefully removed and the gel 

plate was then placed into Atto-mini gel tank.



Chapter 2: Materials and Methods

Equal amounts of protein from cell lysates were dissolved using a 1:1 ratio in 2x 

strength reducing-Laemmli buffer (125 mM Tris-HCl, pH 6.8, 20% (v/v) glycerol, 

4% (v/v) SDS, 10% (v/v) 2-13-mercaptoethano 1 and 0.004% bromophenol blue) 

(Laemmli et.al., 1970), denatured at 95°C for 5 minutes, and then cooled on ice. A 

maximum of 50 pg of protein was loaded into each well, along with full range 

rainbow molecular markers (Amersham, UK). Electrophoresis was performed at a 

constant voltage of 100V through the stacking gel, and then at 150 V until the 

Bromophenol Blue tracking dye reached the bottom of the resolving gel.

2.2.9 Western Blotting of proteins from polyacrylamide gels

Proteins separated by SDS-PAGE were electorphoretically blotted on a 

nitrocellulose membrane (Gelman Biosciences, UK) using a Bio-Rad wet blot 

system following the protocol of Towbin et al. (1979). The fibre pads, 

electroblotting papers and nitrocellulose sheets were soaked in ice-cold transfer 

buffer, pH 9.2 (48 mM Tris-HCl, 39 mM glycine, 0.0375% (w/v) SDS, and 20% 

(v/v) methanol). The protein gel was carefully removed from the cast and 

equilibrated in the transfer buffer for 10 minutes. The coloured gel holder cassette 

was opened and the pre-soaked filter pad was placed on the black side of the 

cassette. Next, four layers of wetted electrode paper were laid on the filter pad and 

bubbles were removed with a glass roller. The gel was then carefully flattened upon 

the paper and the soaked nitrocellulose was laid onto the gel. Another four layers of 

wetted electrode paper were placed on the top of the nitrocellulose membrane 

followed by the second pre-soaked filter pad, again removing any trapped air 

bubbles. The blotting cassette was then assembled and inserted into the blotting 

apparatus so that the membrane side of the assembly faced the anode electrode. The 

electroblotting apparatus was filled with 1 litre of ice cold transfer buffer and a 

frozen ice container was placed inside the tank to prevent the overheating of the 

system. The electrotransfer of the proteins was then performed at 150 mA for 90 

minutes. The transfer of proteins was verified by the transfer of high weight 

molecular markers on the nitrocellulose membrane. The membrane was washed 

once with PBS, pH 7.4, and incubated in the blocking solution, 5% (w/v) Marvel in
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TBS-Tween, pH 7.4, with gentle agitation for 45 minutes at room temperature to 

prevent the non-specific binding of antibodies.

2.2.10 Immuno-development of Western Blots

Following blocking, the membranes were incubated with the appropriate antibody 

diluted in a blocking buffer with gentle agitation at 4°C overnight. The blots were 

then washed three times for 15 minutes in the blocking buffer with agitation. 

Incubation with the suitable secondary antibody (conjugated to Horseradish 

Peroxidase), diluted 1: 1000 in the blocking buffer, was performed for 90 minutes 

at room temperature on a shaker. After incubation with the secondary antibody, 

another set of washes was performed in TBS-Tween, pH 7.4. Finally membranes 

were rinsed once with PBS-Tween, pH 7.4 (PBS, pH 7.4, 0.05% (v/v) Tween) 

followed by a wash in PBS, pH 7.4.

The immunodetection of blots was completed using the Amersham ECL 

Chemiluminescence system kit following the manufacturers instructions. Briefly, 

equal quantities of Reagent A and B (1 ml of each per blot) were mixed and put on 

the blots for one minute. The developing solution was then discarded and the blots 

were carefully wrapped in a cling film avoiding formation of air bubbles before 

placing in an autoradiography cassette. Immunodetection was carried out in the 

dark room with Kodak X-Omat films exposed to the immuno-probed blots for 5 to 

30 minutes depending on the intensity of the signal. The film was developed in 

GBX developer (Sigma-Aldrich, UK), washed with water and then fixed with GBX 

fixer (Sigma-Aldrich, UK) followed by another extensive wash with water. The 

films were finally left to air dry.

To ensure equal protein loadings, primary and secondary antibodies were removed 

from membranes with stripping buffer (100 mM 2-mercaptoethanol, 2% (w/v) 

SDS, 50 mM Tris-HCl, pH 6.7). The membrane was submerged in stripping buffer 

and incubated at 50°C for 30 minutes with occasional agitation. After four sets of 

15-minute washes in TBS-0.5%Tween(v/v), pH 7.4, the membrane was blocked in 

the blocking buffer for one hour at room temperature. The immunodetection was 

then performed as described above using a control mouse monoclonal anti-tubulin
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antibody (Sigma-Aldrich, UK), diluted 1:1000 in the blocking buffer, followed by 

peroxidase conjugate monoclonal anti-mouse IgG (Dako, Denmark) (diluted 

1 : 2 0 0 0  in the blocking buffer).

2.2.11 Densitometric analysis of blots

The images of blots were captured by a Cosmicar camera through the annotating 

image capture system, Grab IT. The densitometry analysis of the bands was 

performed with QuantiScan software (Biosoft, UK). The net area values of bands 

obtained from the blot of the kinase of interest were normalised against values from 

corresponding tubulin bands using the negative control sample from the tubulin 

blot as a reference value. The differences between data sets were analysed by the 

paired-t test at 95% level of significance using the Mini-Tab statistical analysis 

programme (Mini-Tab Inc, USA).

2.2.12 Analysis of Protein Kinase Cot Translocation to Membrane

The 6 -mm Petri dishes were sequentially coated with 22.5 pg of FN (in 50 mM 

Tris.HCl pH 7.4) and with 90 pg of tTG (in PBS, 2 mM EDTA) as stated before 

(Section 2.2.2). The HOB cells were grown to 70% confluency and serum starved 

for 18 hours before the experiment. Cells were trypsinised and resuspended in 1 

mg/ml of trypsin soybean inhibitor (diluted in PBS, pH 7.4) for every millilitre of 

trypsin solution used for dissociation. Cells were then plated onto the FN and FN- 

tTG matrices at a density of 1.8xl06 cells/dish (Section 2.2.5.1). Following the 

treatment with RAD/RGD containing peptides, cells were allowed to attach for 30 

min. In some cases, cells were treated with 50 nM PMA (dissolved in DMSO) for 

10 minutes. The supemants of non-adherent cells were collected and pelleted at 

300 x g  for 10 minutes. Meanwhile, adherent cells were washed once with PBS 

(pH 7.4), collected by gentle scraping into 50 pi of ice-cold homogenisation buffer 

and mixed with the corresponding cell pellet from non-adherent cells. The 

homogenisation buffer consisted of 20 mM Tris-HCl, pH 7.4, 10 mM EGTA, 2 

mM EDTA, 1 mM NaF, 1 mM Na3V0 4 , 50 nM okadaic acid, 0.1 mM PMSF and
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1% (v/v) protein inhibitor cocktail (Sigma-Aldrich, UK). Cells were lysed by 

sonication three times for 15 seconds and centrifuged to pellet the nuclei and 

unbroken cells at 1300 x g  for 10 minutes. The supemants were collected and 

further centrifuged at 1 0 0 , 0 0 0  x g  for 60 minutes to separate cytosolic and 

membrane fractions. The resulting supemants were considered to be the cytosolic 

fraction. The pellet was resuspended in 30 pi of the homogenisation buffer and was 

considered to be the membrane (particulate) fraction. Protein concentrations of the 

fractions were determined using the Bio-Rad assay (Section 2.2.7). Equal amounts 

of protein from the cell fractions were diluted in Laemmli Buffer and separated on 

8 % polyacrylamide gel by SDS-PAGE as described (Section 2.2.8). Proteins were 

electrophoretically transferred to a nitrocellulose membrane, which is sequentially 

probed with mouse monoclonal anti-PKCa (Santa-Cruz, UK) and a peroxidase 

conjugate monoclonal anti-mouse IgG (Dako, Denmark) as mentioned before 

(Section 2.2.10).

2.2.13 Immuno-fluorescence visualisation of tyrosine phosphorylation levels

8 -well glass chamber slides were coated with 5 pg/ml of human plasma FN 

overnight at 4°C and 20 pg/ml of tTG was immobilised on FN for 1 hour at 37°C as 

mentioned above (Section 2.2.4). The monolayer of sub-confluent HOB cells were 

serum-starved for 16 hours and then harvested as described before (Section 

2.2.5.1). Following detachment of the cells, a cell suspension of 2xl05 cell/ml in 

DMEM was prepared and incubated with 100 pg/ml GRGDTP and GRADSP 

synthetic peptides for 20 minutes. Cells were seeded on FN or FN-tTG matrices 

(5xl04 cells/well) and allowed to attach and spread for 40 to 60 minutes. The wells 

were then washed with PBS, pH 7.4 once and cells were fixed using 3.7% (w/v) 

paraformaldehyde in PBS, pH 7.4 for 15 minutes at room temperature. Fixed cells 

were washed 3 times with PBS, pH 7.4 with 5 minute intervals and permeabilised 

in 0.5% (w/v) TritonX-100 in PBS, pH 7.4 for 5 minutes at room temperature. 

Following another set of washes, wells were blocked with 5% (w/v) Marvel in 

PBS, pH 7.4 for 30 minutes at room temperature. The cells were then incubated 

with rabbit polyclonal anti-phosphotyrosine antibody diluted 1 : 1 0 0  in blocking

69



Chapter 2: Materials and Methods

buffer, overnight at 4°C. The wells were washed three times with PBS, pH 7.4 and 

incubated with goat anti-mouse IgG-FITC (Dako, Denmark) diluted 1:200 in the 

blocking buffer for 2 hours at room temperature. The negative control wells were 

incubated with only with goat anti-mouse IgG-FITC. After three PBS (pH 7.4) 

washes, the slides were mounted with Vectashield mountant containing propidium 

iodide (Vector Laboratories, UK) and examined by a confocal fluorescent 

microscopy (Leica, UK). Five random images per sample were acquired using the 

Leica LCS software using constant PMT and section depth settings.

2.2.14 Measurement of cell viability

The viability of MDFTg2-/- cells was assessed by a non-radio active colorimetric 

assay system using tetrazolium salt XTT (sodium 3’-[l-(phenylamino-carbonyl)- 

3,4-tetrazolium}-bis (4-methoxy-6-nitor) benzene sulfonic acid hydrate). The XTT 

cell proliferation kit (Roche, UK) uses metabolically active cells to reduce the 

reaction mixture, composed of the tetrazolium salt XTT and the electron coupling 

reagent PMS (N-methyl dibenzopyrazine methyl sulfate), to orange coloured 

compounds of formazan. The assay is based on principle that intensity of the dye is 

proportional to the number of metabolic active cells and can be measured at a given 

wavelength with a spectrophotometer.

The MDFTg2-/- cells were pre-treated with RGD and RAD synthetic peptides and 

seeded on (2xl05 cell/well) FN and FN/tTG coated 96-well plates. Following 

sixteen-hour incubation at 37°C in a 5 %C0 2  atmosphere, the cells were further 

incubated with the reaction mixture for 4 hours. Absorbance was then measured at 

492 nm wavelength to detect the formazan product, and 750 nm to detect the 

background absorbance. Cell viability is expressed as absorbance 492 nm after 

subtraction of values at 750 nm.

2.2.15 Detection of caspase-3 catalytic activity

The activity of caspase-3, a member of the cysteine aspartic acid-specific protease 

family, was studied using the CaspACE™ Assay, Colorimetric (Promega, UK)
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system. The CaspACE™ Assay system is based on the colorimetric measurement 

of chromophore p-nitroaniline (pNA) after cleavage from the AC-labelled peptide 

substrate DEVD-pNA by caspase-3. The amount of yellow colour produced upon 

cleavage is proportional to the amount of caspase-3 activity in the sample.

6 -well plates were coated with FN and FN-tTG as described previously (Section 

2.2.2). MDFTg2-/- cells were seeded in duplicate onto FN and FN-tTG matrices in 

the presence and absence of RGD peptide, and incubated for 16 hours at 37°C in a 

5% CO2 atmosphere. In some cases, cells were treated with 1 pM of the protein 

kinase inhibitor staurosporine and/or with 50pM of cell-permeable pan-caspase 

inhibitor Z-VAD-FMK for 4 hours. As staurosporine is a known inducer of 

apoptosis and leads to the activation of caspace-3, the sample treated with 

staurosporine acted as a positive control. The sample treated with staurosporine 

and Z-VAD-FMK was considered as negative control, since Z-VAD-FMK blocks 

the activity of caspase-3 by irreversible binding to the cleavage site of the protease. 

Following incubation, the cells were harvested and washed in ice-cold PBS, pH 7.4 

and resuspendend in cell lysis buffer provided in the assay kit. The protein content 

of the cell extracts was determined using the Bio-Rad assay (Section 2.2.7). Equal 

amounts of proteins from cell extracts were used (70 pg protein/sample) to prepare 

the reaction mixture containing 32% (v/v) caspase assay buffer, 2% (v/v) DMSO, 

10 mM DTT, and 2% DEVD-pNA substrate. Following a 4-hour incubation at 

37°C, the caspase-3 activity was measured by absorbance at 450 m.

2.2.16 Analysis of Anoikis by Flow Cytometry and Fluorescent Microscopy

The MDFTg2-/- cells were examined for the induction of anoikis through in situ 

labelling with the terminal deoxynucleotidyl transferase-uridine nucleotide nick- 

end labelling (TUNEL) method followed by flow cytometry or fluorescent 

microscopy. The TUNEL method is based on the ability of terminal 

deoxynucleotidyl transferase (TdT) to incorporate nucleotides coupled to a 

fluorescent molecule into 3’-strand breaks that occur in DNA during apoptosis.

The MDFTg2-/- cells (6xl05 cells/well) were seeded on FN and FN-tTG coated 

plates in the presence and absence of RGD peptide and incubated 16 hours at 37°C
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in a 5% CO2 atmosphere. The attached cells along with cells in suspension were 

then collected and washed twice in PBS, pH 7.4 at the final concentration of 

1.2xl07 cells/ml. Following the fixation of cells with 4% (w/v) paraformaldehyde 

in PBS, pH 7.4 for one hour at room temperature, the pellet was washed twice as 

before and cells were permeabilised in 0.1% (w/v) TritonX-100 in 0.1% sodium 

citrate for 2 minutes on ice. After another set of washes, samples were labelled with 

50 pi of the reaction mixture containing TdT and FITC-dUTP at 37°C for 60 

minutes by following the manufacturer protocol (Roche, UK). The cell samples 

were washed twice in PBS, pH 7.4 and diluted to a final volume of 500 pi and 

analysed by flow cytometry using a Beckman Counter EPICS XL. The percentage 

of apoptotic cells was evaluated using the WinMDI 2.8 software.

Cell death was also detected by in situ labelling of apoptosis induced DNA strand 

breaks using a confocal fluorescent microscopy (Leica, UK). In this experiment 

only non-adherent cells were labelled with propidium iodide and the reaction 

mixture, and fixed on 6.4 mm glass slide wells in triplicate (~5x 104 cells/well). 

The percentage of cells undergoing apoptosis was determined through three 

random images per well acquired with the Leica LCS software using constant PMT 

and section depth settings.

2.2.17 Statistical analysis

The differences between data sets in cell adhesion assays were analysed by the 

Mann-Whitney test at 95% level of significance, while paired-t test was used to 

determine the statistically significant absorbance and net area values at 95% level 

using the Mini-Tab statistical analysis programme (Mini-Tab Inc, USA). When 

p<0.05, the differences between sets of data was considered to be statistically

significant and represented with the *, s, and o symbols on the graphs.
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Chapter 3: Characterisation o f fibronectin bound tissue 

transglutaminase complex

3 . 1  I n t r o d u c t i o n

Human plasma fibronectin is a dimeric protein with a molecular weight of 550kDa. 

It exists in a soluble form in plasma with a concentration of 300pg/ml and is a 

substrate for tTG and FXIIIa (Lorand and Conrad, 1984; Greenberg et.al, 1992). 

Liver plasma membranes contain transglutaminase activity and a large molecular 

weight protein complex which serves as a substrate for the enzyme (Slife et.al, 

1986). Upon the solubilisation of liver plasma membranes in sodium dodecyl 

sulphate and disulphide reducing agents, this complex was recovered in the 

detergent-insoluble fraction (Tyrrell et.al., 1988b). Further analysis of this 

detergent-insoluble complex identified fibronectin as the major component of the 

transglutaminase substrate complex (Tyrrell et.al, 1988a). The cell surface 

expressed tTG on the intact rabbit hepatocytes has shown to act as a binding site 

for fibronectin and fibrinogen and form high molecular weight complexes by 

covalently incorporating itself into these glycoproteins (Fellin et.al., 1981; 

Barsigian et.al, 1991).

The binding of tTG to the extracellular matrix and specifically to FN was shown by 

Upchurch et al. (1987 and 1991). Following the permeabilisation of WI-38 human 

lung fibroblasts, tTG was found to co-localise with FN in the pericellular matrix. 

The binding of tTG to the cell matrix was disrupted when cells were previously 

treated with an anti-fibronectin antibody (Upchurch et.al, 1987). In addition, 

endogenous tTG was shown to persist in the ECM several hours after puncture 

wounding of the lung fibroblasts (Upchurch et.al, 1991). As the tTG was believed 

to be an intracellular enzyme, the authors suggested that the intracellular tTG 

interacts with extracellular fibronectin following cell rupture and release of the 

enzyme to the extracellular environment. Lorand et al. (1988) suggested that FN 

might act as a specific carrier for tTG and prevent the undesirable cross-linking of 

plasma proteins in pathological situations in which tTG becomes discharged into
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the plasma. Using non-denaturating gel electrophoresis a change in mobility of the 

tTG found in the membrane depleted erythrocyte lysate was brought about by 

mixing with isolated plasma fibronectin, clearly indicating formation of a tight FN- 

tTG complex. In their follow-up study using non-denaturating electrophoresis, tTG 

was shown to bind to plasma FN in the absence of calcium, suggesting neither 

homologous nor heterologous cross-linking by s-(y-glutamyl)lysine or by 

disulphides occurred during the binding of tTG to FN (Turner and Lorand, 1989). 

A later study, using a microtiter plate-based immunochemical method to assay 

tTG-FN interactions, reported the inhibition of the binding with the reducing agents 

such as dithiothreitol and 2 -mercaptoethanol and by treatment with chloride salts of 

sodium, barium, copper and zinc (Achyuthan et.al, 1995).

Affinity binding studies identified a 42-kDa gelatin-binding domain of human 

plasma fibronectin as the tTG binding site (Turner and Lorand, 1989; Radek et.al, 

1993). The electron microscopy studies of erythrocyte tTG and liver tTG 

interaction with FN revealed that the enzyme binds within 5 to 10 nm of the N- 

terminus of the thin fibronectin strand, consistent with its proximity to the gelatin 

binding domain (LeMosy et.al, 1992). In an attempt to investigate the FN-binding 

site of liver tTG, using peptide fragments of tTG, Jeong et al. (1995) demonstrated 

that the first 7 N-terminal amino acids residues of liver tTG are important for its 

association with FN. This was later confirmed by Gaudry et al. (1999) using the N- 

terminal deletion mutants of tTG.

These indications of the close relationship between tTG and FN, call for further 

investigations about the possible role of tTG in ECM stabilisation and in cell 

adhesion. It is now consolidated that tTG is important in cell-matrix interactions. 

Based on the findings that tTG can bind and form a tight complex with human 

plasma FN and can enhance cell adhesion, the following chapter describes the 

formation and characterisation of a tTG rich-FN matrix, which will be used in cell 

adhesion studies.
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3 . 2  M e t h o d s

3.2.1 Detection of relative levels of tTG in cell assembled extracellular matrix

Induced and non-induced Swiss 3T3 TG3 cells were cultured for 16-18 days in 96- 

well plates and harvested as described previously (Section 2.2.2.3). Following the 

detachment of the cells, the matrix was blocked with 3% (w/v) Marvel in PBS, pH

7.4 for 30 minutes at room temperature. The wells were washed with PBS, pH 7.4, 

and ELISA and TG activity assays were performed on the matrices. In the ELISA 

assay, the wells were incubated with anti-tTG monoclonal antibody Cub7402 

followed by peroxidase labelled anti-mouse IgG as indicated in Section 2.2.3.2. In 

the TG activity assay, wells were incubated with the Tris-based buffer (5 mM 

CaCl2, 5 mM DTT, 0.132 mM BTC in 50 mM Tris-HCl, pH 7.4) for one hour at 

37°C. The negative control wells were incubated with Tris-based buffer containing 

5 mM EDTA instead of 5 mM CaCl2 . The cross-linking reaction was terminated by 

addition of 10 mM EDTA, pH 7.4, and the reaction was revealed as described in 

Section 2.2.3.1. The absorbance values were measured at 450 nm using a 

Spectrafluor plate reader. The differences between data sets were analysed by the 

paired-t test at 95% level of significance using the Mini-Tab statistical analysis 

programme (Mini-Tab Inc, USA).

3.2.2 Measurement of immobilised tTG activity

The activity of fibronectin (FN)-bound guinea pig liver tissue transglutaminase 

(tTG) was measured by incorporation of biotinylated cadaverine into fibronectin as 

described previously in Section 2.2.3.1. The activity of enzyme was analysed in 

serum free culture medium DMEM, DMEM with 5 mM Ca+2, DMEM with 5mM 

DTT, and DMEM supplemented with 5 mM Ca+2 and 5 mM DTT. The detection of 

FN-bound enzyme activity in the Tris-based buffer (5 mM CaCl2 , and/or 5 mM 

DTT, 0.132 mM BTC in 50 mM Tris-HCl, pH 7.4), was undertaken as a positive 

control. The Ca2+ dependency of cross-linking activity was shown by substitution 

or addition of 5 mM EDTA to the incubating medium. The absorbance values were
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measured at 450 nm. The paired-t test was used to determine the statistically 

significant absorbance values at 95% level using the Mini-Tab statistical analysis 

programme (Mini-Tab Inc, USA).

3.2.3 The inhibition of FN-bound tTG activity

To inhibit the enzyme activity of FN-immobilised tTG, the irreversible active-site 

directed inhibitor R283, a 2-[(2-oxopropyl)thio]imidazolium derivative (Freund 

et.al., 1994), was used. The tTG was immobilised on FN coated wells for 1 hour at 

37°C as described previously (Section 2.2.2.2). The wells were washed once with 

50 mM Tris-HCl, pH 7.4 and then incubated with increasing concentrations of 

R283 (10 pM , 50 pM, 100 pM, 500 pM, and 1000 pM in dH20 , pH 7.4) for 10 

minutes at room temperature. After removal of the inhibitor, the TG activity assay 

was performed as described in Section 2.2.3.1. Results were obtained by measuring 

the absorbance at 450 nm. The paired-t test with 95% confidence interval was 

employed to determine the statistical difference between data sets.

3.2.4 The detection of relative levels of FN after blocking FN-tTG matrix with 

Cub7402 and the control antibody IgGlk

The wells of a 96-well plate were coated with FN (5 pg/ml in 50 mM Tris-HCl, pH 

7.4) and incubated overnight at 4°C. The 20 pg/ml tTG solution was then placed on 

the coated FN matrices for 1 hour at 37°C as described in Sections 2.2.2.1 and 

2.2.22. Following tTG immobilisation, the wells were washed once with 50 mM 

Tris-HCl, pH 7.4, and incubated with 40 pg/ml Cub 7402 and mouse IgGl (in PBS, 

2 mM EDTA, pH 7.4) for 1 hour at 37°C. The control wells were incubated only 

with PBS containing 2 mM EDTA, pH 7.4. After another wash, wells were blocked 

with 5% (w/v) Marvel in PBS, pH 7.4 (blocking buffer) for 30 minutes at room 

temperature. The wells were then incubated with 50 ng/ml of anti-FN rabbit 

polyclonal antibody (Sigma-Aldrich, UK), diluted in the blocking buffer, for two 

hours at room temperature. The wells were then washed three times with blocking 

buffer for 30 minutes. To detect the antigen-antibody complex, the wells were
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incubated with 50 ng/ml of peroxidase labelled anti-rabbit IgG (Sigma-Aldrich, 

UK) diluted in the blocking buffer for 2 hours at room temperature. The wells were 

washed three times with the blocking buffer and once with PBS, pH 7.4. The wells 

were then pre-equilibrated with the developing buffer (phosphate-citrate buffer 

with urea and hydrogen peroxide) and 100 pi of developing buffer containing 7.5% 

(w/v) 3,3’,5,5’-tetramethyl benzidine (TMB) were added to each well. The reaction 

was stopped by 2.5 M H2 SO4 and absorbance values were measured at 450 nm as 

indicated previously (Section 2.2.3.1). The differences between data sets were 

analysed by the paired-t test at 95% level of significance using the Mini-Tab 

statistical analysis programme (Mini-Tab Inc, USA).
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3 . 3  R e s u l t s

3.3.1 Immobilisation and detection of FN-bound tTG

The optimum concentration of guinea pig liver tissue transglutaminase (gpl tTG) to 

be immobilised on fibronectin (FN) was determined and compared to that of tTG 

bound directly onto tissue culture plastic (TCP) using an ELISA type assay. The 

FN pre-coated wells of a microtitre plate were incubated with increasing 

concentrations of tTG, 10 pg/ml, 20 pg/ml, 30 pg/ml, 40 pg/ml and 50 pg/ml, 

dissolved in PBS containing 2 mM EDTA, pH 7.4. Similar concentrations of tTG 

were used to coat the TCP (figure 3.3.1). The relative levels of FN and TCP-bound 

tTG were detected with the monoclonal antibody Cub7402, which binds to a site 

close to the cysteine active site of the enzyme.

When 10 pg/ml of tTG was immobilised on matrices, a 2- and 4- fold increase in 

tTG antigen levels on FN and TCP, respectively, was detected. Immobilisation of 

20 pg/ml tTG showed a further increase in the levels of matrix bound-tTG antigen 

with a 4- and 7-fold increase in FN and TCP matrices when compared to 

background values. The amount of tTG bound to both surfaces appeared to become 

saturated at the tTG concentration 20 pg/ml as no further statistically significant 

increase in the tTG antigen levels were detected when the matrices were incubated 

with 30 pg/ml, 40 pg/ml, and 50 pg/ml of the guinea pig liver enzyme. This result 

indicates that 20 pg/ml of tTG is the optimum concentration to be immobilised 

onto 5 pg/ml of TCP-coated FN, which was used in all further experiments.

3.3.2 Analysis of a native cell assembled extracellular matrix

As previously established (Verderio et.al, 1998), the Swiss 3T3 TG3 cell line is 

capable of inducible expression of tTG using the tetracycline-regulated system. The 

physiological cell-assembled ECM was prepared by long-term culture of tTG 

induced and non-induced Swiss 3T3 TG3 cells with or without further addition of 

pre-activated tTG to cells 16 hours before their detachment. The level of tTG 

antigen and its activity in the deposited matrices were then determined.
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Figure 3.3.1 The ELISA detection of the relative levels of tTG 

bound to FN and plastic

The levels of tTG bound to FN and tissue culture plastic (TCP) at 

increasing concentrations were measured by incubation with 

monoclonal antibody Cub7402 using a modified ELISA assay as 

described in the Methods (Section 2.2.3.1). Data are expressed as mean 

± S.D. absorbance values at 450 nm and are from three separate 

experiments, each performed in quadruplicate. The background readings 

were subtracted from the mean absorbance values to obtain the final 

values. The * and ** represent the statistical difference (p<0.05) in the 

increase of tTG levels for the bound tTG at 10 pg/ml and 20 pg/ml 

concentrations, compared to background levels.
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Figure 3.3.2a ELISA analysis of the relative levels of tTG in the 

physiological cell assembled matrix

The relative levels of tTG in the ECM assembled by non-induced cells 

(TG3+tet Matrix) and tTG-induced cells (TG3-tet Matrix) without 

(ECM) or with the further addition of free gpl tTG (ECM+tTG) to the 

ECM were detected by an ELISA-type assay described under Methods 

section 2,2.3.1. The data represents the mean ± S.D. absorbance values 

from three separate experiments, each performed in 8 replicates. The 

background readings, obtained from wells incubated only with the 

secondary antibody, were subtracted from the mean absorbance values 

to obtain the final values. The * indicates the statistically significant 

(p<0.05) absorbance value of TG3-tet Matrix when compared to 

TG3+tet Matrix. The statistically significant difference (p<0.05) 

between individual matrices upon addition of free gpl tTG was indicated 

with s symbol.
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Figure 3.3.2b TG activity assay of the relative levels of tTG in the 

physiological cell assembled matrix

Biotin cadaverine incorporation by cell secreted tTG (ECM) and by free 

gpl tTG (ECM+tTG) added into non-induced cell assembled (TG3+tet) 

and induced cell assembled (TG3-tet) matrix was tested by a modified 

Elsa assay as described in Section 2.2.3.2. The results are expressed as 

mean ± S.D. absorbance values of three independent experiments done 

in 8 replicates. The background values were obtained from wells 

incubated with an inactive buffer, and subtracted from the mean 

absorbance values. The * indicates the statistically significant (p<0.05) 

absorbance value of TG3-tet Matrix when compared to TG3+tet Matrix. 

The statistically significant difference (p<0.05) between individual 

matrices upon addition of free gpl tTG was indicated with s symbol.
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The ELISA assay shown in figure 3.3.2a demonstrates a statistically significant 

difference in the tTG antigen levels between the ECM of cells over expressing tTG 

and those with background tTG, such that the induced cells deposited 3.5 fold more 

tTG into the matrix compared to the non-induced cells. This increase was 

confirmed with the detection of tTG activity in the two different matrices by 

incorporation of biotinylated cadaverine into FN (figure 3.3.2b). The tTG activity 

was found to be higher in the ECM assembled by the tTG-induced Swiss 3T3 TG3 

cells.

The incubation of both cell populations with pre-activated gpl tTG overnight led to 

the incorporation of the enzyme into pre-existing matrices. The results from the 

ELISA and TG activity assays depicted a 2 fold increase in the relative levels of 

tTG antigen and activity in the non-induced, and a 1 fold increase in that of the 

induced cell assembled ECM after the addition of tTG.

3.3.3 Measurement of tTG bound to amino-terminal FN fragments

In order to determine the optimum concentration of tTG to be immobilised on the 

fibronectin amino terminal fragments containing the putative tTG binding site, the 

wells were coated with 70 kDa (42 pg/ml), 45 kDa (54 pg/ml), and 30 kDa (54 

pg/ml) in stoichiometric excess (Verderio et.al, 2000). The fragments were 

compared for their ability to associate with increasing concentrations of tTG (5 

pg/ml, 10 pg/ml, 20 pg/ml and 30 pg/ml).

The 70 kDa fragment verified the highest affinity for tTG with an average 

absorbance value significantly higher than the other two shorter fragments. There is 

no statistically significant difference detected between the affinity of the 45 kDa 

and 30 kDa fragments for tTG (figure 3.3.3).

The detection of the relative levels of tTG by ELISA showed that the incubation of 

the amino-terminal FN fragments with 20 pg/ml tTG resulted in saturating levels of 

tTG immobilised on all fragments. That is, the amount of tTG bound to each 

fragment after incubation with 20 pg/ml tTG was not significantly different from 

the level bound using 30 jag/ml tTG.
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Figure 3.3.3 ELISA detection of the relative levels of tTG bound to 

the amino-terminal FN fragments

The relative levels of tTG bound to the amino-terminal FN fragments 

(70, 45, and 30 kDa) immobilised on TCP, at increasing concentrations 

of immobilised tTG was measured following the addition of monoclonal 

Cub 7402 antibody (Section 2.2.3.2). Each data point corresponds to the 

mean percentage of absorbance (Relative Absorbance 450nm) values ± 

S.D. of four separate experiments undertaken in quadruplicate. The 

ordinate represent the mean percentage absorbance value expressed as 

the mean percentage of absorbance value obtained for 30 pg/ml tTG 

bound to 70 kDa fragment (which represents 100%). The *, g, and o 

correspond to the statistically significant (p<0.05) difference in the 

increase of tTG levels bound to 70 kDa, 45 kDa, and 30 kDa 

respectively at 5 pg/ml, 10 pg/ml and 20 pg/ml concentrations.
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3.3.4 The measurement of tTG cross-linking activity in culture medium

The measurement of the transamidating activity of FN-bound tTG in a Tris-based 

buffer containing calcium and 5 mM reducing reagent DTT (to reduce the active 

site Cys276) has been previously performed (Verderio et.al., 2000). However, the 

activity status of FN-bound and cell secreted tTG in the cell culture medium 

DMEM was yet to be determined.

The activity of FN-bound tTG was demonstrated by measuring the enzyme activity 

in DMEM alone or DMEM supplemented with Ca+2 and DTT. The results were 

compared to the FN-bound enzyme activity measured in the presence of the Tris- 

based buffer containing Ca+2 and/or DTT. In Figure 3.3.4 it is shown that the 

activity of tTG once bound to FN was negligible when measured in DMEM, 

despite the medium containing an activating concentration of calcium of 1.9 mM. 

The transamidating activity does not alter upon an addition of further 5 mM 

calcium to the culture medium, instead it is substantially boosted about 4 fold by 

the addition of 5 mM DTT. When the culture medium was supplemented with both 

5mM calcium and DTT, a further 2 fold increase in the tTG activity was observed 

confirming the calcium dependency of the transamidating reaction. Similar results 

were obtained when DMEM was substituted with the Tris-based buffer containing 

calcium and/or DTT.

The tTG activity in the induced and non-induced cell assembled matrix was 

measured in the presence of DMEM alone or DMEM with 5 mM DTT. As can be 

seen from the figure 3.3.5, there is no statistically significant difference between 

the activity of tTG in the non-induced and the induced matrix, when the TG 

activity assay was performed with DMEM alone. Upon addition of DTT to the 

culture medium, an approximately 2 fold increase in the tTG activity of induced 

matrix was observed. However, the incubation of the non-induced matrix with 

DMEM supplemented with DTT did not lead to a significant increase in the tTG 

activity.
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Figure 3.3.4 The measurement of FN-bound tTG activity

The activity of FN-bound tTG was measured by incorporation of 

biotinylated cadaverine into FN in either the culture medium DMEM, or 

DMEM with 5 mM Ca+2, or DMEM with 5 mM of Ca+2 and DTT, or 

the activity buffer containing 5 mM Ca+2 or 5 mM Ca+2 and 5 mM DTT. 

Values represent the mean ± S.D. absorbance at 450 nm of three 

experiments each undertaken in quadruplicate. The final values were 

obtained by subtracting the background values (the absorbance values 

obtained from wells where 5 mM Ca+2 is substituted with 5 mM EDTA) 

from the mean absorbance values. The * presents the statistical 

difference (p<0.05) between absorbance value obtained from the wells 

incubated with DMEM only and wells incubated with DMEM or Tris- 

based buffer containing DTT and/or Ca+2.
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Figure 3.3.5 The measurement of tTG activity in physiological cell 

assembled matrix

The activity of cell secreted tTG in non-induced cell assembled 

(TG3+tet) and induced cell assembled (TG3-tet) matrix was analysed by 

incorporation of biotinylated cadaverine into FN in either the culture 

medium DMEM, or DMEM with 5 mM Ca+2 and 5 mM DTT. The 

results are expressed as mean ± S.D. absorbance at 450 nm of three 

independent experiments done in 8 replicates. The background values 

were obtained from wells incubated with an inactive buffer, and 

subtracted from the mean absorbance values. The * represent the 

statistical difference (p<0.05) when the absorbance values of non- 

induced and induced matrices were incubated with DMEM containing 

DTT, compared to the ones incubated with DMEM only.
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3.3.5 Inhibition of the cross-linking activity of FN-bound tTG

The efficacy of the irreversible site directed tTG inhibitor R283 to silence the 

cross-linking ability of tTG immobilised on FN was established by measuring the 

bound tTG activity in the presence of increasing concentrations of the inhibitor.

As seen in Figure 3.3.6, the inhibitor reduced the transamidating activity of FN- 

bound tTG down to 50% at a concentration of 10 pM. When a concentration of 50 

pM was used, a 70% decline was observed in enzyme activity. The maximum 

inhibition of the cross-linking activity, approximately 97%, was recorded at 

concentrations starting from 100 pM to 1000 pM.

3.3.6 The availability of FN after blocking the FN-tTG matrix

In order to determine whether tTG is important in the FN-tTG mediated cell 

adhesion, the matrix bound tTG was blocked by specific monoclonal Cub7402 in 

cell adhesion experiments. The accessibility of fibronectin bound to tTG after 

blocking with Cub7402 antibody was tested using an ELISA type assay. The 

matrix was also incubated with a non-specific control antibody sharing the same 

isotype IgGl as the monoclonal Cub7402.

The absorbance 450 nm values obtained from each matrix shared similar values 

(figure 3.3.7). The change in the relative levels of tTG bound and unbound FN after 

blocking the FN-tTG matrix by Cub 7402 and IgGl, was found to be statistically 

insignificant. Thus, the obstruction of tTG by Cub7402 neither affects the 

accessibility of FN nor abolishes its availability in this complex.

3.3.7 The three dimensional detection of FN-tTG matrix

The immunohistochemical analysis of FN-tTG matrix was performed by 

visualising the FN, tTG and their association in the complex. The human osteoblast 

cells were used to detect any change in the FN-tTG complex when the cells were 

seeded on the matrix.
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Figure 3.3.6 Inhibition of FN-bound tTG activity by R283

The inhibition of the crosslinking activity of FN-bound tTG in response 

to increasing concentrations of active site inhibitor R283 was performed 

as described previously in Section 3.2.3. Values represent the mean ± 

S.D. absorbance at 450 nm from three independent experiments, each of 

which was performed in 4 replicates. The final values were acquired by 

subtracting the background values obtained from the wells incubated 

with an inactive buffer from the mean absorbance values. The * 

represents the statistically significant difference (p<0.05) for the 

crosslinking activity of FN-bound tTG, when compared to FN-tTG 

coated wells incubated with 1000 pM R283 concentration.
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Figure 3.3.7 ELISA detection of FN levels after blocking the FN- 

tTG matrix with antibodies

The relative levels of FN were measured after blocking the tTG bound 

to the FN matrix, with Cub7402 and the control antibody IgGl through 

an ELISA-type assay as explained in the Section 3.3.4. Data are 

expressed as mean ± S.D. absorbance values from three independent 

experiments, carried in quadruplicate. The background readings, 

obtained from wells incubated only with the secondary antibody, were 

subtracted from the mean absorbance values to obtain the final values.
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Figure 3.3.8 The immuno-staining of FN and FN-bound tTG in the 

presence and absence of cell attachment

The FN-tTG matrix in the presence and absence of HOB cells was 

double-stained with anti-mouse monoclonal antibody Cub7402 and/or 

anti-FN rabbit polyclonal antibody. The double-staining was visualised 

using anti-rabbit IgG-TRITC (raised in swine) and anti-mouse IgG- 

FITC (raised in sheep) and viewed by confocal microscopy as described 

in Methods Section 2.2.4. The bar is equal to 10 pm.
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Detection of FN and tTG showed a uniform pattern of staining (figure 3.3.8). Upon 

addition of cells, no apparent change in association between FN and tTG was 

observed. This result showed first of all that FN-tTG association is detectable in the 

matrix and second, the addition of cells does not cause a change in the appearance 

of the matrix.
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3 . 4  D i s c u s s s i o n

Evidence that tissue type transglutaminase is involved in the stabilisation of the 

extracellular matrix has been reported by several studies (Griffin et.al., 2002). 

Fibronectin is a central component of the ECM and a high affinity binding partner 

for tTG (Mosher et.al., 1991; Lorand et.al, 1988; Achyuthan et.al., 1995). Starting 

with the hypothesis that the non-enzymatic function of tTG in the extracellular 

environment is strictly dependent on its association with FN, a model matrix has 

been developed by immobilising tTG onto FN coated tissue culture plastic. The 

aim of this study was to assess the importance of this FN-tTG matrix in RGD- 

independent cell adhesion and in induction of intracellular signals that leads cell 

survival. For this purpose, it was essential to characterise the model fibronectin 

bound tissue transglutaminase matrix, before using it for the cell adhesion studies. 

Previous studies have shown that tissue type transglutaminase can bind to human 

plasma fibronectin in the absence of calcium (Turner and Lorand, 1989; LeMosy 

et.al., 1992). The complexing of the two proteins was non-covalent in nature and 

did not involve the cross-linking of the proteins either to themselves or to each 

other (Turner and Lorand, 1989). In the light of these findings, tTG was 

immobilised on FN coated tissue culture plastic in the presence of 2 mM EDTA. 

The efficient binding of gpl tTG to human plasma FN was demonstrated with an 

ELISA type assay and immunohistochemistry. The fibronectin, immobilised on 

tissue culture plastic at the concentration of 5 pg/ml, appeared to bind a saturating 

amount of tTG when it was incubated with 20 pg/ml free tTG. These represent the 

concentrations of FN and tTG solutions used to coat the wells, not the amount of 

immobilised FN and tTG actually bound. Analysis of the complex between purified 

tTG from human erythrocytes and human plasma fibronectin revealed a molecular 

ratio of 1.95 mol of tTG to 1 mol of FN (Turner and Lorand, 1989). The 

examination of complexes of erythrocyte tTG and plasma FN by rotary shadowing 

electron microscopy confirmed that erythrocyte tTG bound to FN with a 

stoichiometry of about 2:1. However, liver tTG appeared to bind FN with a lower 

affinity than erythrocyte tTG such that to achieve the binding of one FN molecule 

to two liver tTG, the molar ratio of liver tTG in the complex mixture was increased
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up to 40:1. Similarly in this study, ELISA analysis of the model matrix showed that 

the fibronectin matrix was saturated with liver tTG at a molar ratio of 28:1. Given 

that, 100 jul of 20 pg/ml of tTG (77 kDa) that is added on the well previously 

incubated with 50 pi of 5 pg/ml FN (550 kDa), gives the molar ratio of 28:1.

To obtain another matrix system that is more closely related to the ECM in vivo, a 

transfected fibroblast cell line (Swiss 3T3 TG3), which is capable of inducible 

expression of tTG under the control of a tetracycline-regulated promoter, was used. 

Depending on the presence or absence of tetracycline in the medium, Verderio et 

al. (1998) showed that these cells can express high or low levels of tTG in 

association with FN at their cell surface. The ELISA and TG activity analysis of 

the ECM of long-term cultures of induced and non-induced Swiss 3T3 TG3 

fibroblasts indicated that induced cells deposit FN-rich matrix with increased levels 

of tTG compared to the low background levels deposited by non-induced cells. 

This data signifies that this physiological matrix of cell assembled-FN and cell- 

secreted tTG can be used as an alternative matrix in the future cell adhesion 

studies.

In vitro binding studies have located the putative high affinity binding site(s) for 

human tTG to the N-terminal tail end of FN (LeMosy et at, 1992), in particular to 

the gelatin binding FN fragment (Turner and Lorand, 1989; Radek et.al., 1993). 

Therefore, it was decided to determine whether the putative tTG high affinity 

binding site on the N-terminal of FN molecule could substitute for full length FN in 

the model FN-tTG matrix in future cell adhesion assays. tTG was immobilised on 

the tissue culture plates coated with the 70 kDa (matrix assembly, heparin and 

gelatin binding), 45 kDa (gelatin binding) and 30 kDa (first type I repeats, matrix 

assembly, heparin binding) N-terminal FN fragments. The concentrations of FN 

fragments utilised were the optimal found to saturate plastic and not necessarily 

equimolar as judged from measurements using an ELISA based assay with a 

polyclonal anti-FN antibody (Verderio et.al., 2000). Detection of the relative levels 

of tTG by ELISA showed that incubation of the N-terminal FN fragments with 20 

pg/ml tTG resulted in saturating levels of tTG immobilised on all fragments, 

suggesting this concentration of tTG to be used in the future cell adhesion assays.
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tTG was immobilised on the FN matrix in the presence of EDTA, as it was 

important to establish its potential role as a novel transamidating-independent 

protein in cell adhesion assays. However, the calcium concentration (1.9 mM) in 

the culture medium might lead to the activation of the FN-bound enzyme. The 

activity of tTG immobilised on the FN matrix was therefore measured in cell 

culture medium, simulating the experimental conditions of a cell adhesion assay. 

The transamidating activity of the enzyme was found to be negligible in the cell 

culture medium, and did not alter upon addition of further calcium, but was 

significantly boosted by the addition of reducing agent dithiothreitol to the 

medium. Similarly, the ECM with increased level of cell-secreted tTG (TG3-tet 

Matrix) did not exhibit enzymatic activity above background levels (TG3+tet 

Matrix) when incubated with DMEM, unless in the presence of DTT. Hence under 

the conditions used, FN-bound and cell-secreted tTG are not active in the presence 

of the cell culture medium, unless its cysteine residues, which account for 2.6% of 

total amino acids, and in particular the active-site cysteine-277, are kept in a 

reduced state. This is in keeping with the data of Jones et al. (1997), which 

described that cell surface related tTG did not mediate the incorporation of biotin 

cadaverine into fibronectin unless the assay was performed in the presence of the 

reducing agent, dithiothreitol. The transamidating independent role of tTG was 

further investigated by utilising a 2-[(2-oxopropyl)thio]imidazolium derivative 

(R283), the inhibitor of tTG. It was necessary to determine the most effective R283 

concentration needed to knock down the activity of FN-bound tTG without causing 

cell toxicity when used to provide an inactive FN-tTG matrix in the future cell 

adhesion studies. The activity of tTG immobilised on FN was shown to be blocked 

by the inhibitor R283 at the minimal concentration of lOOpM, suggesting that 

concentration of the tTG inhibitor to be enough to completely inhibit the 

transamidation reactions mediated by tTG bound to FN.

With the model for the FN-tTG matrix established, it was important to assess the 

role of tTG in cell-surface interactions by blocking the FN-bound tTG with the 

monoclonal anti-tTG antibody Cub7402. In this chapter, it was demonstrated that 

the incubation of FN-tTG matrix with Cub7402 antibody fully preserved the
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availability of FN in this complex, since no change in antibody recognition of FN 

was detected in the ELISA assay (figure 3.3.7).

In conclusion, characterisation of the in vitro FN-bound tTG matrix using both the 

full length FN and amino-terminal FN fragments, in addition to a physiological 

cell-secreted matrix sets the ground work on which the rest of the project can be 

accomplished. The effects of these matrices upon cell adhesion are subsequently 

investigated extensively in the following chapter.
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Chapter 4: The role o f fibronectin bound tissue 

transglutaminase in RGD-independent cell adhesion

4 . 1  I n t r o d u c t i o n

Matrix assembly results from orderly homophilic and heterophilic interactions of 

ECM molecules with themselves and with other molecules and the cell surface. 

This process results in a homopolymeric or a heteropolymeric complex of defined 

biochemical composition and architecture (Hynes and Zhao, 2000). A common 

theme in matrix assembly is that the initial non-covalent interactions are often 

followed by formation of disulfide bonds, such as the disulphide bonds formed 

between protomeric FN molecules during FN matrix assembly. Under the normal 

extracellular physiological conditions, FN matrices form only on the surface of 

certain cells in vitro, and specified sites during embryogenesis in vivo (Mosher, 

1993). Only with wounding, or frequently during tumorigenesis and fibrosis, is 

fibronectin expressed locally and deposited into the ECM (Gailit and Clark, 1994). 

The interactions of cells with the pericellular fibronectin matrix play critical roles 

in cell adhesion, migration, growth, survival, differentiation, and gene expression. 

At least two components contribute “specificity” to this important recognition 

system; the FN matrix assembly and the cell surface receptors. The assembly of 

pericellular FN matrix must be properly controlled. In addition, responsive cells 

must express suitable receptors recognising the FN matrix. The main cell surface 

receptors that recognise the FN matrix are the integrins. FN binds integrins through 

a cell adhesive site comprising modules III8-III10. The most critical site in the 

interaction of FN with integrins is the Arg-Gly-Asp (RGD) sequence in the III 10 

module (Mosher, 1984). The amino acid sequence RGD was also identified in 

other adhesive proteins including, vitronectin, fibrinogen, laminin, entactin, 

denatured collagens, and osteopontin (Ruoslahti and Pierschbacher, 1987). Given 

that the RGD sequence is the key cell adhesion sequence recognised by nearly half 

of the over 20 known integrins, RGD containing synthetic peptides appeared to get 

a widespread use as the modulators of cell adhesion.
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The first studies that used the RGD containing peptides coated a solid surface with 

the peptides, and thereby promoted cell adhesion (Koivunen et.al., 1994). 

Recently, Kantlehner et al. (2000) confirmed that, the coating of bone implant 

surfaces with cyclic RGD pentapeptides stimulated the osteoblast adhesion and 

proliferation as well as the bone formation. The other line of work was focused on 

the role of soluble RGD peptides in cell adhesion and tumour biology. The 

presentation of RGD containing peptides to cells in solution mimicked the cell 

attachment signal of fibronectin and inhibited the attachment of cells to fibronectin 

(Pierschbacher and Ruoslahti, 1984), but not to collagen (Hayman et.al., 1985). 

Screening of a number of RGD synthetic peptides revealed that the nature of the 

amino acid following the aspartic acid is important for the determination of the 

binding specificity of the peptide to adhesion receptors. For example, FN-derived 

GRGDSP peptide inhibited the binding of the fibronectin and vitronectin receptors 

to their ligands (Pytela et.al., 1985a,b). The GRGDNP peptide showed a similar 

specificity but was about six-fold more active than the GRGDSP peptide at 

inhibiting the attachment of cells to fibronectin compared to vitronectin 

(Pierschbacher and Ruoslahti, 1987). The GRGDTP peptide, unlike the other 

peptides, inhibited the attachment of oesteosarcoma cells to type I collagen, as well 

as to fibronectin and vitronectin (Dedhar et.al, 1987).

The RGD recognition of FN is believed to be active for bone cell and fibroblast 

attachment. These cells can bind to FN principally or entirely through the cell- 

binding region of FN (Puleo and Bizios, 1991; Verderio et.al., 1998 and 2000). 

Previous work demonstrated a close association of FN with tTG at the cell 

surface/pericellular matrix, consistent with the in vitro specific binding of human 

plasma FN with the enzyme (Verderio et.al, 1998; Gaudry et.al, 1999; LeMosy 

et.al, 1992). Recent findings suggested a new important role for FN-bound tTG in 

cell adhesion. In these studies the effect of the hexapeptide GRGDTP on HOB and 

Swiss 3T3-fibroblast cell adhesion to FN and FN/tTG complex was studied. The 

results showed that tTG once bound to fibronectin supports an RGD-independent 

cell adhesion (Verderio et.al., 2000).
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The work contained in this chapter has the main objective of gaining a deeper 

insight into the molecular mechanism(s) and physiological importance of the RGD- 

independent cell adhesion brought about by tTG when immobilised on FN. Human 

osteoblast cells were selected as the main cell model since they preferentially 

adhere on FN and biomaterials coated with FN-tTG in vitro (Heath et.al., 2002), 

and comprise a well defined pattern of integrin cell-surface receptors, including 

mainly the RGD-binding Pi subunit paired with oti, <X2 , 0 ,3 , as, and av subunits 

(Gronthos et.al., 1997).
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4 . 2  M e t h o d s

4.2.1 Inhibition of protein synthesis

To inhibit the protein synthesis, the antibiotic cycloheximide produced by 

Streptomyces griseus, was used in the cell adhesion assays. In cell adhesion 

experiments, HOB cells and Swiss 3T3 fibroblasts were pre-treated with 20 pg/ml 

of cycloheximide for 2 hours and resuspended in SFM containing 10 pg/ml of 

cycloheximide prior to the pre-incubation with increasing concentrations of RAD 

and RGD (0-200 pg/ml) synthetic peptide (Akimov et.al, 2000). Cells were then 

seeded (2xl04 HOB cells/well or 1.75xl04 Swiss 3T3 cells/well) on the microtiter 

plate coated with FN (5 pg/ml) or FN with immobilised tTG (20 pg/ml) and were 

allowed to attach between 20 to 40mins. Following the cell attachment and 

spreading, the cells were fixed and stained as described previously under Methods 

Sections 2.2.5. The quantitative assessment of cell attachment and spreading was 

performed as mentioned before (Section 2.2.5.4). The differences between data sets 

were analysed at 95% level of significance by the Mann-Whitney test using the 

Mini-Tab statistical analysis programme (Mini-Tap Inc, USA).

4.2.2 The inhibition of RGD-mediated cell adhesion of Swiss 3T3 fibroblasts to 

the cell assembled matrix

Transfected Swiss 3T3 fibroblasts, displaying inducible expression of tTG (clone 

TG3), were cultured in 96-well plates and induced as depicted by Verderio et al. 

(1998). After a 3-week growth, cells were detached using a non-enzymatic method 

as described earlier (Section 2.2.2.3). Following the detachment of the cells, wells 

were washed twice with PBS, pH 7.4 and the third wash was kept in the wells until 

Swiss 3T3 fibroblasts (wild type) were prepared for the cell adhesion assay. A cell 

suspension of 2xl05 cell/ml was prepared, and incubated with GRGDTP and 

GRADSP synthetic peptides. Swiss 3T3 fibroblasts were then seeded on cell- 

deposited ECM and allowed to adhere for 16 hours in the presence of the synthetic 

peptides. The medium was then carefully removed and cells were fixed,

100
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permeabilised, and stained as mentioned earlier (Section 2.2.5). The cell attachment 

and spreading of Swiss 3T3 fibroblasts 011 the cell assembled matrix in the presence 

of RAD synthetic peptides were assessed as described previously (Section 2.2.5.4). 

To assess the cell adhesion of Swiss 3T3 fibroblasts on the cell assembled matrix in 

the presence of RGD synthetic peptides, digital images of nine non-overlapping 

fields covering most of the well, acquired using a video digital camera Olympus 

DP 10 at 10 x magnification. The number of cells per image was quantified using 

the Scion image analysis programme (National Institute of Health,Washington DC, 

USA). Mann-Whitney test with 95 % confidence interval was employed to 

determine the statistical difference between the data sets.

4.2.3 The inhibition of FN-bound tTG in cell adhesion assay

The cross-linking activity of FN-immobilised tTG was inhibited by incubation with 

the active-site specific inhibitor 2-[(2~oxopropyl)thio]imidazolium derivative, R283 

(Freund et.al, 1994) at the concentration of 100 pM, for 10 minutes in DMEM as 

mentioned earlier (Section 3.2.3). Meanwhile, for the cell adhesion assay on the 

inactivated FN-tTG matrix, the HOB cells at 2xl0 5 cell/ml concentration were also 

incubated with 100 pM R283 for 10 minutes. The medium containing R283 was 

then removed from the FN-tTG matrix and replaced with R283-supplemented 

DMEM containing the HOB cells in suspension. Cells were allowed to attach and 

spread for 20 minutes, the assay was then terminated and the cell adhesion of HOB 

cells were finally analysed as described previously (Section 2.2.5).
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4 . 3  R e s u l t s

4.3.1 The fibronectin bound-tTG supports cell adhesion

In the previous chapter a matrix model of immobilised FN with bound tTG was 

developed. In the following experiments, the role of FN-tTG matrix in supporting 

the RGD-independent cell adhesion was examined in the perspective of cell 

attachment and spreading. In the following chapters, the term cell adhesion was 

used to refer to both the attachment and spreading status of the cells. The term 

“cell attachment” is used to describe the total number of cells that are anchored to 

the relevant matrices. Cell spreading was defined as the process whereby a rounded 

cell is flattened through transmission of the signals generated by the extracellular 

adhesive associations. The pictures showing cell adhesion on FN-tTG matrix with 

and without RGD peptide, along with control cell adhesion on FN were printed for 

each cell line. However, the pictures of cell adhesion on FN-tTG were not shown 

due to limitation in space.

4.3.1.1 The FN-tTG matrix compensates for RGD inhibition of cell adhesion 

independently from endogenous ECM protein synthesis

Since tTG when immobilised on FN can restore cell attachment and spreading in 

HOB cells and Swiss 3T3 fibroblasts after inhibition by the RGD containing 

synthetic peptides, it was decided to rule out any effects of endogenous secreted 

adhesion molecules using the protein synthesis inhibitor, cycloheximide.

HOB cells were grown under sub-confluency and pre-treated with cycloheximide 

for 2 hours prior to harvesting, as described in the Methods (Section 4.2.1). The 

effect of the hexapeptide GRGDTP on the cycloheximide treated HOB cells was 

examined. HOB cells were treated with increasing concentrations of GRGDTP (or 

RGD) peptide and seeded on FN and FN-tTG matrices. To rule out a non-specific 

inhibition in cell attachment due to the presence of toxic levels of an exogenous 

hexapeptide, equivalent concentrations of the control GRADSP peptide were used
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Figure 4.3.1 Adhesion of cycloheximide-treated HOB cells to FN- 

and FN-tTG matrices in the presence of RAD and RGD peptides

a, Visualisation of cycloheximide treated HOB cells on FN and FN-tTG 

matrices in the presence of RGD peptide; b, effect of RAD peptide; c, 

effect of RGD peptide on the cell adhesion of cycloheximide treated 

HOB cells to FN and FN-tTG matrices. The cell adhesion assay was 

performed and the attachment and spreading of cyloheximide treated 

HOB cells were assessed as described in Sections 2.2.5 and 4.2.1. White 

arrows point to spread cells, whereas black arrows point to non-spread 

cells. Each data point corresponds to the mean percentage of attached 

cells (cell attachment) or the mean percentage of spread cells (cell 

spreading) ± S.D. of three separate experiments performed in triplicate. 

The ordinates in the top graphs represent the mean cell attachment 

expressed as mean percentage of control attachment to FN (which 

represents 100%) ± S.D. The mean number of cell attachment ± S.D. on 

FN in the 3 experiments was 174 ± 3, 200 ± 6 , and 183 ± 5. The 

ordinates in the lower graphs indicate the mean percentage of spread 

cells where the mean percentage spreading value ± S.D. on FN was 

considered as 100%. The cell spreading was thereby expressed as the 

mean percentage of control spreading on FN ± S.D. The statistically 

significant difference (p<0.05) between FN control and cells seeded on 

the FN-tTG matrix in the presence or absence of RAD synthetic peptide 

was indicated with * symbol. The § symbol indicates the statistically 

different cell adhesion values (p<0.05) of RGD treated cells on FN 

when compared to the FN control.
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to treat the HOB cells. Once attached and spread, HOB cells had a cuboidal 

appearance. However, non-spread HOB cells displayed a round-like morphology 

(figure 4.3.1a). Results obtained from cell adhesion assays showed that the 

treatment of HOB cells with 50 to 150 pg/ml of RAD peptide resulted in a cell 

adhesion to FN, comparable to cell adhesion to FN without RAD peptide (FN 

control) (figure 4.3.1b). That is, no statistical difference was detected in cell 

attachment and cell spreading between the FN control and RAD treated cells at 

these low concentrations. Approximately a 34% increase in cell attachment and a 

23% increase in cell spreading were observed when HOB cells were seeded on FN- 

tTG matrix in the absence of RGD peptide. The treatment of HOB cells with RGD 

peptide led a significant decrease in cell adhesion to FN (figure 4.3.1c). At 50 and 

100 pg/ml RGD peptide, attachment on FN was significantly reduced (typically to 

50-65% of control values on FN) (figure 4.3.1c, upper), but attachment to FN-tTG 

was not significantly inhibited at these same RGD peptide concentrations. Cell 

adhesion to FN-tTG, in the presence of 50 and 100 pg/ml RGD peptide, was 84- 

87% of control cell attachment to FN without RGD peptide. The treatment of cells 

with 150 pg/ml RGD peptide farther decreased cell attachment and spreading to 

FN down to approximately 75% of control values on FN. In contrast, cell 

attachment and spreading on FN-bound tTG by inclusion of RGD peptide at 150 

pg/ml concentration, was found to be 88% of the control. Only at 200 pg/ml, cell 

adhesion on FN-tTG was reduced to 65% in comparison to control FN without 

RGD peptide, indicating the non-specific effect of the hexapeptide at this 

concentration (figure 4.3.1b).

Swiss 3T3 fibroblasts displayed a comparable response to HOB cells. The attached 

and spread Swiss 3T3 cells demonstrated a flattened spindle-like morphology, 

while non-spread fibroblasts were either rounded in morphology or displayed a 

diamond-like appearance (figure 4.3.2a). The treatment of Swiss 3T3 fibroblasts 

with 50-150 pg/ml of RAD peptide did not affect their cell adhesion pattern, 

compared to that of FN control (figure 4.3.2b). However, when these cells were 

seeded on FN-tTG matrix in the presence or absence of RAD peptide, a typical 

18% increase in cell attachment and spreading was detected in comparison to their
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Figure 4.3.2 Adhesion of cycloheximide-treated Swiss 3T3 

fibroblasts to FN-and FN-tTG matrices in the presence of RAD and 

RGD peptides

a, Visualisation of cycloheximide treated Swiss 3T3 fibroblasts on FN 

and FN-tTG matrices in the presence of RGD peptide; b, effect of RAD 

peptide; c, effect of RGD peptide on the cell adhesion of cycloheximide 

treated Swiss 3T3 fibroblasts to FN and FN-tTG matrices. The cell 

adhesion assay was undertaken and the attachment and spreading of 

cyloheximide treated Swiss 3T3 fibroblasts were analysed as described 

previously (Sections 2.2.5 and 4.2.1.). Spread cells were indicated with 

white arrows, while non-spread cells were shown with black arrows. 

Each data point represents the mean percentage of attached cells (cell 

attachment) or the mean percentage of spread cells (cell spreading) ± 

S.D. of three separate experiments performed in triplicate. Data are 

expressed as percentage of control values on FN, which represents 

100%, Mean number of cell attachment and spreading values ± S.D. on 

FN control were 190 ± 14 and 154 ± 4. The mean percentage of control 

spreading on FN ± S.D. was assessed as 81 ± 2 , which was taken as 

100%. The * symbol represents significant difference (p<0.05) between 

FN control and cells seeded on the FN-tTG matrix in the presence or 

absence of RAD synthetic peptide. The s symbol indicates the 

statistically different cell adhesion values (p<0.05) of RGD treated cells 

on FN when compared to FN control.
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adhesion to FN. At 200 pg/ml of RAD peptide, cell attachment and spreading on 

FN and FN-tTG was found to be 79-84% of the control values on FN due to non­

specific effect of the hexapeptide. The inhibition of attachment and spreading on 

FN by the RGD synthetic peptide was estimated as 50% at a concentration of 50 

pg/ml (figure 4.3.2c). The cell attachment was further decreased to 44-26% of 

control FN levels at concentrations of 100 pg/ml and 150 pg/ml RGD peptide. 

Incubation of cells with 100 pg/ml and 150 pg/ml RGD peptide, also significantly 

reduced cell spreading on FN, typically to 31-35% of the control value. At 200 

pg/ml concentration, the RGD peptide inhibited the cell attachment and spreading 

up to 80% of that of control FN levels. The attachment and spreading of Swiss 3T3 

cells was restored to between 85-90%, once seeded on the FN-tTG matrix at 50, 

100, and 150 pg/ml RGD peptide. These results indicate that HOB and Swiss 3T3 

cells, pre-treated with cycloheximide, were capable of RGD-independent cell 

attachment and spreading on the FN-tTG matrix comparable to that of their non­

treated cell counterparts.

4.3.1.2 The fibronectin bound tTG supports RGD independent cell adhesion in 

different cell types.

To assess whether the RGD-independent cell-adhesion pathway mediated by FN- 

tTG can be used with different cell types, experiments were also carried on an 

epithelial-like human urinary bladder carcinoma cell line (ECV304), primary 

human dermal fibroblast, and mouse dermal fibroblasts isolated from Tg2 wild 

type and knock out transgenic mice.

Exponentially growing ECV304 cells were trypsinised, washed once in DMEM 

medium with serum and twice with medium without serum as described previously 

(Section 2.2.5). The ECV304 cells were then treated with increasing concentrations 

of control inactive RAD (0-200 pg/ml) and active RGD peptide (0-200 pg/ml), and 

plated on FN and FN-tTG matrices for 4 hours. Cell adhesion of ECV304 cells to 

FN and FN-tTG matrices in the presence or absence of the synthetic peptides was 

compared.
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Figure 4.3.3 The RGD-independent cell-adhesion of ECV304 cells 

cells in response to FN-tTG matrix

a, Visualisation of ECV304 cells on FN and FN-tTG matrices in the 

presence of RGD peptide; b, effect of RAD peptide; c, effect of RGD 

peptide on the cell adhesion of ECV304 cells to FN and FN-tTG 

matrices. The cell adhesion assay was performed and the attachment and 

spreading of ECV304 cells were assessed as described in Sections 2.2.5 

and 4.2.1. White arrows point to spread cells, whereas black arrows 

point to non-spread cells. Data was represented as the mean percentage 

of attached cells (cell attachment) or the mean percentage of spread cells 

(cell spreading) ± S.D. of three separate experiments carried out in 

triplicate. Each data point was expressed as a percentage of control 

values on FN, which represents 100%. Mean number of cell attachment 

± S.D. on FN in the 3 experiments was calculated as 324 ± 10, 308 ± 3, 

and 441 ± 18. The mean percentage of spreading ±S.D. on FN in the 3 

experiments was 94 ± 2, 88 ± 2, and 90 ± 1, which was considered as 

100%. The statistically significant difference (p<0.05) between FN 

control and cells seeded on the FN-tTG matrix in the presence or 

absence of RAD synthetic peptide was indicated with * symbol. While, 

the § symbol was used to indicate the statistically different cell adhesion 

values (p<0.05) of RGD treated cells on FN when compared to the FN 

control.
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When plated on FN coated wells, ECV 304 cells showed a flattened appearance 

with a dark purple nucleus and a pink surrounding cytoplasm. The RGD treatment 

demonstrated its effect on cells seeded on the FN matrix by changing the cell 

morphology to a more rounded, crenated shape (figure 4.3.3a). Upon seeding 

RGD-inhibited ECV304 cells onto the FN-tTG matrix, the cell morphology was 

restored to that of the FN control. ECV304 cells treated with 50-200 pg/ml of RAD 

peptide demonstrated no significant difference in cell adhesion compared to that of 

FN alone (figure 4.3.3b). On the FN-bound tTG matrix, ECV304 cells showed a 

significant 18% increase in cell attachment and a 15% increase in cell spreading, 

regardless of the RAD treatment. The treatment of ECV304 cells with 50 pg/ml of 

RGD peptide resulted in an approximately 40% decrease in cell adhesion to FN in 

comparison to control FN without RGD peptide. Increase in RGD peptide 

concentration to 100 pg/ml led to a further significant 10% decrease in cell 

attachment and spreading (figure 4.3.3c). At concentrations of 150 and 200 pg/ml, 

cell adhesion was approximately 35% and 25% of that of control cell adhesion to 

FN in the absence of RGD peptide. The levels of cell attachment and spreading was 

restored to nearly control levels (95% of control values on FN), when cells were 

seeded onto FN-tTG at all RGD peptide concentrations used. This experiment 

indicated that ECV304 cells can mediate an RGD-independent cell adhesion in 

response to tTG in complex with FN.

So far the presence of an RGD-independent pathway mediated by fibronectin 

bound tTG was shown to exist in the immortalised cell lines. To investigate 

whether this pathway is also a common mechanism in primary cell lines, dermal 

fibroblasts from human and mouse origin were used in the inhibition experiments. 

Primary human dermal fibroblasts were incubated with competitive concentrations 

of the RGD peptide, in parallel with equal concentration of the inactive control 

RAD peptide, and then seeded on FN with or without immobilised tTG. On the FN 

matrix, in the absence of RGD peptide, human dermal fibroblasts displayed a very 

flat, almost rectangular appearance. By the treatment of RGD peptide, cells 

exhibited an impaired cell attachment with a decreased ability to spread (figure 

4.3.4a). Cell attachment to FN in the presence of 50-150 pg/ml of RAD peptide 

was not affected negatively, however at the highest concentration of 200 pg/ml,
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Figure 4.3.4 The RGD-independent cell-adhesion of human dermal 

fibroblasts to FN with immobilised tTG

a, Visualisation of human dermal fibroblasts on FN and FN-tTG 

matrices in the presence of RGD peptide; b, effect of RAD peptide; c, 

effect of RGD peptide on the cell adhesion of human dermal fibroblasts 

to FN and FN-tTG matrices. The cell adhesion assay was carried out and 

the attachment and spreading of human dermal fibroblasts were 

analysed as described previously (Sections 2.2.5 and 4.2.1). Spread cells 

were indicated with white arrows, while non-spread cells were shown 

with black arrows. The percentage of cell attachment (cell attachment) 

or the percentage of cell spreading (cell spreading) ± S.D. shown are the 

mean values from three separate experiments performed in triplicate. 

The mean cell attachment and spreading values were expressed as 

percentage of control values on FN (which represents 100%). Mean 

attachment and spreading values ± S.D. on FN control were 320 ±17  

and 244 ± 6. The mean percentage of control spreading on FN ± S.D. 

was assessed as 75 ± 2, which was taken as 100%. Mean number of 

attached cells ± S.D. on FN in the 3 experiments was calculated as 267 

± 18, 349 ±10 ,  and 345 ± 22. The * symbol represents significant 

difference (p<0.05) between FN control and cells seeded on the FN-tTG 

matrix in the presence or absence of RAD synthetic peptide. The 8 

symbol indicates the statistically different cell adhesion values (p<0.05) 

of RGD treated cells on FN when compared to FN control.
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cell attachment and spreading on FN showed a 30% decrease (figure 4.3.4b). When 

cells were plated on FN-tTG, human dermal fibroblasts demonstrated an enhanced 

cell adhesion with a 20% increase in the cell attachment and spreading. 

Comparison of the cell adhesion to FN in the absence of RGD peptide and cell 

adhesion to FN at 50 and 100 pg/ml RGD peptide showed that RGD treatment of 

cells at these concentrations brought about a 60-75% decrease in cell attachment, 

and a 50-60% decrease in cell spreading (figure 4.3.4c). Further increase in the 

RGD concentration to 150 pg/ml did RGD concentration to 150 pg/ml did not lead 

to a further significant decrease in cell attachment, but decreased the levels of cell 

spreading by another 10%. The cell attachment and spreading values on FN was 

dropped to their lowest levels, 12% and 26% of control FN levels, by the treatment 

of primary fibroblasts with 200 pg/ml of RGD peptide. The defective cell 

attachment and spreading due to the RGD inhibition was restored when cells were 

seeded on the FN-tTG matrix. At 50-150 pg/ml RGD peptide, attachment on FN- 

tTG was determined as 80% of the control values found on FN. The cell spreading 

on FN-tTG appeared to be enhanced more than attachment by around 5% at these 

same RGD peptide concentrations. Only at 200 pg/ml was the cell attachment to 

FN-tTG significantly lower in comparison to control FN levels without RGD 

peptide, due to toxic effect of the hexapeptide at high concentrations.

Using the same approach the effect of the RGD peptide on primary mouse dermal 

fibroblasts (MDFs) was examined. Primary mouse dermal fibroblasts (MDFs) were 

isolated from the skin of tTG-deficient (Tg2-/-) and wild type (Tg2+/+) 9-months 

old mice and maintained as described before (Section 2.2.1.2). Non-confluent 

cultures of mouse dermal fibroblasts wild type for tTG (MDFTg2+/+) were plated 

on FN or FN-tTG, and incubated with RAD and RGD peptides under serum-free 

conditions. Once attached and spread MDFTg2+/+ were very flattened giving the 

appearance of an irregularly shaped circle, however, non-spread MDFTg2+/+ cells 

displayed a smaller round-like morphology (figure 4.3.5a). The treatment of these 

cells with RAD peptides at concentrations of 50 to 150 pg/ml resulted in no 

changes in cell adhesion when compared to non-treated cells seeded on FN (figure 

4.3.5b). However, at 200 pg/ml RAD peptide cells demonstrated a 25% decrease of
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Figure 4.3.5 Adhesion of MDFTg2+/+ cells to FN-and FN-tTG 

matrices in the presence of RAD and RGD peptides

a, Visualisation of MDFTg2+/+ cells on FN and FN-tTG matrices in the 

presence of RGD peptide; b, effect of RAD peptide; c, effect of RGD 

peptide on the cell adhesion of MDFTg2+/+ cells to FN and FN-tTG 

matrices. The cell adhesion assay was performed and the attachment and 

spreading of cyloheximide treated HOB cells were assessed as described 

in Sections 2.2.5 and 4.2.1. White arrows point to spread cells, whereas 

black arrows point to non-spread cells. Each datum point represents the 

mean percentage of attached cells (cell attachment) or the mean 

percentage of spread cells (cell spreading) ± S.D. of three separate 

experiments performed in triplicate. The ordinates in the top graphs 

represent the mean cell attachment expressed as mean percentage of 

control attachment to FN ± S.D., which represents 100%. The mean 

number of cell attachment ± S.D. on FN in the 3 experiments was 202 ± 

7, 303 ± 8, and 281 ± 12. The ordinates in the bottom graphs indicate 

the mean percentage of spread cells, expressed as the mean percentage 

of control spreading on FN±S.D. The mean percentage spreading value 

± S.D. on FN in the 3 experiments was 77 + 1, 76 ± 6, 80 ± 3, which 

was normalised to 100%. The statistically significant difference 

(p<0.05) between FN control and cells seeded on the FN-tTG matrix in 

the presence or absence of RAD synthetic peptide was indicated with * 

symbol. While, the g symbol was used to indicate the statistically 

different cell adhesion values (p<0.05) of RGD treated cells on FN 

when compared to FN control.
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cell attachment on FN and FN-tTG. Interestingly, RAD peptide at this 

concentration did not affect the MDFTg2+/+ cell spreading, as the level of cell 

spreading was not found to be statistically different from the level observed on 

control FN. Approximately a 20% increase in cell adhesion, was observed when 

MDFTg2+/+ cells were seeded on the FN-tTG matrix, in the absence of RDG 

peptide. The treatment of MDFTg2+/+ cells with 50 and 100 pg/ml of RGD 

peptide caused a significant 45% and 60% decrease in cell adhesion when 

compared to the FN matrix, but the cell attachment and spreading values on FN- 

tTG were not considerably inhibited at these same RGD peptide concentrations 

(figure 4.3.5c).

When MDFTg2+/+ cells were seeded on the FN-tTG matrix in the presence of 

RGD peptide at 50 and 100 pg/ml concentrations, they displayed a comparable cell 

attachment and spreading to the FN control without RGD peptide. Further 

increasing the concentrations of RGD peptide (150 and 200 pg/ml), led to a 20- 

30% decrease in the number of attached and spread cells on the FN matrix. Even at 

these high concentrations of RGD peptide, cell adhesion was rescued when the 

MDFTg2+/+ cells were seeded on the tTG bound FN matrix. Cell adhesion on FN- 

tTG in the presence of 150 and 200 pg/ml RGD peptide was, respectively, 95% and 

70% of control cell adhesion value recorded on FN alone.

To further explore the role of FN-bound tTG in mediating the RGD-independent 

cell adhesion of MDFs, mouse dermal fibroblasts devoid of tTG (MDFTg2-/-) were 

used as a cell model in the adhesion assay. MDFTg2-/- cells were grown to sub- 

confluency and pre-treated with the hexapeptide GRGDTP in serum free 

conditions. MDFTg2-/- cells treated with increasing concentrations of GRGDTP 

(or RGD) peptide, were seeded on FN and FN-tTG matrices. As before, MDFTg2- 

/- cells were also treated with equivalent concentrations of the control GRADSP 

peptide to exclude any non-specific inhibition of cell adhesion due to the presence 

of toxic levels of an exogenous hexapeptide peptide. Figure 4.3.6a shows the 

typical morphology of MDFTg2-/- cells on FN and FN-tTG matrices in the 

presence and absence of RGD peptide. Once attached and spread MDFTg2-/- cells 

appeared as very large and flattened cells, while non-attached fibroblasts were of 

untidy appearance, displayed either a rounded morphology or a crenated-like
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Figure 4.3.6 Adhesion of MDFTg2-/- cells to FN-and FN-tTG 

matrices in the presence of RAD and RGD peptides

a, Visualisation of MDFTg2-/- cells on FN and FN-tTG matrices in the 

presence of RGD peptide; b, effect of RAD peptide; c, effect of RGD 

peptide on the cell adhesion of MDFTg2-/- cells to FN and FN-tTG 

matrices. The cell adhesion assay was carried out and the attachment 

and spreading of MDFTg2-/- cells were analysed as described 

previously (Sections 2.2.5 and 4.2.1.). Spread cells were shown with 

white arrows, while non-spread cells were indicated with black arrows. 

Data was represented as the mean percentage of attached cells (cell 

attachment) or the mean percentage of spread cells (cell spreading) ± 

S.D. of three separate experiments carried out in triplicate. Each data 

point was expressed as percentage of control values on FN, which 

represents 100%. Mean number of attached cells ± S.D. on FN in the 3 

experiments was calculated as 140 ± 17, 178 ± 8, and 158 ± 14. The 

mean percentage of spreading ±S.D. on FN in the 3 experiments was 73 

± 2, 76 ± 1, and 75 ± 1, which was considered as 100%. The * symbol 

represents significant difference (p<0.05) between FN control and cells 

seeded on the FN-tTG matrix in the presence or absence of RAD 

synthetic peptide. The s symbol indicates the statistically different cell 

adhesion values (p<0.05) of RGD treated cells on FN when compared to 

FN control.
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appearance. As can be seen in figure 4.3.6b, the treatment of MDFTg2-/- cells with 

50 to 150 pg/ml of RAD peptide resulted in a cell adhesion to FN comparable to 

that of FN alone, since no statistical difference was detected in attachment and cell 

spreading between FN control and RAD treated cells at these low concentrations. 

The use of the RAD peptide at concentrations higher than 150 pg/ml, however, 

gave rise to an unspecific inhibition of cell adhesion with a 10% decrease below the 

control values found on FN. In the absence of RDG peptide, on the FN-bound tTG 

matrix MDFTg2-/- cells showed a significant 20% increase in cell attachment and 

cell spreading in comparison to their adhesion to FN alone. The treatment of 

MDFTg2-/- cells with RGD peptide brought about a significant decrease in cell 

adhesion to FN (figure 4.3.6c). The inhibition of attachment and spreading on FN 

by the RGD synthetic peptide was only 40% of control values recorded on FN at 

the concentration of 50pg/ml, but a steeper decrease in cell adhesion was observed 

at the peptide concentrations of 100-200 pg/ml (typically to 60-85% of control FN 

levels without RGD). In the presence of RGD peptides, cell adhesion on the FN- 

tTG matrix was significantly different to the cell adhesion on FN, as the values for 

cell attachment and spreading were restored to that of control levels. At the non­

toxic concentrations of RGD peptide, cell adhesion on FN-tTG was around 88% of 

the non-treated control cells on FN. Only at 200 pg/ml was the cell adhesion on 

FN-tTG reduced to 66% of that of the control FN levels without RGD peptide 

(figure 4.3.1b). These experiments indicated that tTG, once immobilised on FN, 

can rescue RGD-impaired cell adhesion of primary dermal fibroblasts of human 

and mouse origin.

4.3.1.3 A cell assembled matrix of FN and tTG restores RGD inhibition of cell 

attachment.

Having established that exogenously provided gpl tTG bound to FN supports an 

RGD-independent mechanism, a tTG rich FN matrix assembled by the transfected 

fibroblasts cell line, Swiss 3T3 TG3, was used as an alternative matrix system in 

cell adhesion assays. Such an ECM was prepared by long-term

i
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Figure 4.3.7 Adhesion of Swiss 3T3 fibroblasts to the cell assembled 

matrix

The physiological cell assembled matrix was prepared and the cell 

adhesion assay was performed as described in Sections 2.2.23 and 4.2. 

2. The attachment and spreading of Swiss 3T3 cells were assessed as 

mentioned previously (Methods 2.2.5). Data represent the mean 

percentage of attached cells (cell attachment) or the mean percentage of 

spread cells (cell spreading) ± S.D. of three separate experiments 

performed in triplicate. The cell attachment was expressed as the mean 

percentage of attachment to the induced-matrix (ECM TG3-tet) ± S.D, 

which represents 100%. The mean number of cells attached ± S.D. on 

the induced-matrix was 239 ± 10. The mean number of spread cell ± 

S.D. on the induced-matrix was found to be 217 ± 7, indicating a 90 + 3 

mean percentage of control spreading on induced-matrix ± S.D, which 

was taken as 100%. The * symbol represents significant difference in 

cell adhesion (p<0.05) following further addition of gpl tTG to the 

induced and non-induced matrix. The g symbol indicates the statistically 

different values (p<0.05) of cell adhesion on induced matrix compared 

to non-induced (ECM TG3+tet) matrix.
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culture of tTG induced (ECM TG3-tet) and non-induced Swiss 3T3 TG3 cells 

(ECM TG3+tet) without or with further addition of pre-activated tTG (ECM TG3- 

tet and ECM TG3+tet, plus tTG) to cells 16 hours before their detachment. Cells 

were then removed from both matrices, and in their place wild-type Swiss 3T3 

fibroblasts were seeded in the presence of increasing concentrations of RGD 

peptide. Cells were then allowed to adhere for 16 hours in the presence of the RGD 

synthetic peptide. RAD peptide (100 pg/ml) was used to treat cell as a positive 

control, to rule out any non-specific inhibition of cell adhesion due to toxicity. 

Comparison of cell attachment and spreading on the induced ECM and non- 

induced ECM demonstrated a significant difference in cell adhesion values (figure 

4.3.7). When Swiss 3T3 fibroblasts were seeded on the ECM TG3-tet matrix, the 

cell attachment and spreading was 30% more than the values observed on the ECM 

TG3+tet matrix. The treatment of cells with the RAD peptide did not exhibit any 

inhibitory effect on cell adhesion to both conditioned matrices. The cell attachment 

and spreading to non-induced matrix with additional tTG (ECM TG3+tet plus tTG) 

was found to be comparable to the cell adhesion on the induced matrix. On the 

ECM TG3-tet plus tTG matrix, cells displayed a 25% increase in their attachment 

and spreading, when compared to their attachment to the induced matrix alone. 

Similar results were obtained when cells were seeded on these matrices comprising 

additional tTG in the presence of the RAD peptide.

The treatment of Swiss 3T3 fibroblasts with increasing concentrations of RGD 

synthetic peptide resulted in the impairment of cell attachment of these cells to the 

non-induced cell assembled matrix. This impairment was not observed on the 

induced cell assembled matrix (figure 4.3.8). Cell attachment on the ECM TG3+tet 

matrix in the presence of 30 pg/ml of RGD peptide, was 65% less than the one 

observed on the ECM TG3-tet matrix. However, cell attachment was significantly 

increased, when cells were seeded on the very same matrix containing additional 

tTG. At 50 pg/ml RGD peptide, attachment on the ECM TG3+tet matrix was 

further reduced by another 10%, when compared to cell attachment on the ECM 

TG3-tet matrix at the same RGD concentration. Nevertheless, on the ECM TG3+tet 

matrix containing increased amounts of tTG, the cell attachment levels were found
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Figure 4.3.8 RGD-independent cell adhesion of Swiss 3T3 fibroblasts to the cell 

assembled matrix

The physiological cell assembled matrix was prepared and the cell adhesion assay 

was performed as described previously (Sections 2.2.2.3 and 4.2.2). The RDG- 

dependent cell attachment of Swiss 3T3 cells to physiological cell assembled matrix, 

was challenged with increasing concentrations of RGD synthetic peptide (30- 

lOOpg/ml) (RGD 30-100). The result was assessed as described under the Section 

4.2.2. Each data point represents the mean number of attached cells (cell attachment) 

± S.D. of three separate experiments performed in triplicate. The statistically 

significant difference (p<0.05) in cell attachment of RGD-treated Swiss 3T3 

fibroblasts to induced and induced+tTG matrices is indicated with the * symbol. The 

s symbol indicates the same for RGD-treated Swiss 3T3 fibroblasts when compared 

to non-induced and non-induced+tTG matrices.
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be similar to the levels on the induced matrix. The treatment of Swiss 3T3 

fibroblast with 75 pg/ml of RGD peptide resulted in a 75% inhibition in attachment 

of cells to the non-induced matrix, but cell attachment to the tTG rich non-induced 

matrix was inhibited only by 30% when compared to cell attachment levels on the 

induced matrix at this same RGD peptide concentration. At 100 pg/ml RGD 

peptide, no further significant decrease in cell attachment levels on the non-induced 

matrix was detected. The cell attachment was rescued once cells were seeded on 

the tTG rich ECM TG3+tet matrix.

The RGD-independent cell adhesion on the ECM TG3-tet matrix could be 

significantly increased when gpl tTG was incorporated on this matrix. At all RGD 

peptide concentrations (30-100 pg/ml), the cell attachment was increased 10-20% 

on the ECM TG3-tet matrix with the additional tTG, when compared to the cell 

attachment on the induced matrix alone.

4.3.2 tTG can support the RGD-independent cell adhesion only in complex 

with full length FN

4.3.2.1 The importance of tTG bound to FN to mediate RGD-independent cell 

adhesion

To eliminate the possible interaction of tTG bound to tissue culture plastic with cell 

surface receptors during RGD-independent cell adhesion, FN coated plates were 

blocked with 3%(w/v) nonfat milk protein Marvel, before the immobilisation of gpl 

tTG. HOB cells were seeded onto the unblocked and marvel-blocked matrices, in 

the presence of 150 pg/ml of RAD and RGD synthetic peptides.

The treatment of HOBs with RAD peptide at the concentration of 150 pg/ml did 

not lead to any non-specific inhibition in cell adhesion. The cell attachment and 

spreading was shown to be enhanced by 21% by the FN-tTG matrix regardless of 

marvel blockage in the presence or absence of the RAD peptide. As shown in 

figure 4.3.9, HOB cell adhesion to FN was decreased to 48% of control values on 

FN in the presence of the RGD peptide. The cell adhesion of RGD-treated cells 

was restored to 90% of control values on the unblocked FN-tTG matrix as well as
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Figure 4.3.9 Comparison of the RGD-independent cell adhesion of 

HOB cells to unblocked and marvel-blocked FN-tTG matrices

The unblocked and blocked FN-tTG matrix was prepared and the cell 

adhesion assay was performed as described in Sections 222 .2  and 

2.22.3. The attachment and spreading of HOB cells were assessed as 

mentioned previously (Methods 2.2.5). Each data point corresponds to 

the mean percentage of attached cells (cell attachment) or the mean 

percentage of spread cells (cell spreading) ± S.D. from three separate 

experiments each performed in triplicate. The ordinate in the upper 

graph represents the mean cell attachment, expressed as the mean 

percentage of control attachment to un-blocked FN (which represents 

100%) ± S.D. The mean number of attached cells ± S.D. on control FN 

matrix in the 3 experiments was 353 ± 6, 289 ± 3, and 332 ± 6. The 

ordinate in the lower graph indicates the mean percentage of spread 

cells, expressed as mean percentage of control spreading on FN ± S.D. 

The mean percentage spreading value ± S.D. on FN in the 3 experiments 

was 82 ± 1, 77 ± 1, 75 ± 1, which was considered as 100%. The * 

symbol represents significant difference (p<0.05) in cell adhesion on 

marvel blocked matrix when compared to cells seeded on the FN matrix 

in the presence or absence of RGD synthetic peptide. The s symbol 

indicates the statistically different values (p<0.05) for cell adhesion 

found between the cells seeded on FN and the cells seeded on the FN- 

tTG matrix in the presence or absence of RGD synthetic peptide.
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Figure 4.3.10 Comparison of RGD-independent cell adhesion of 

HOB cells to FN-tTG and TCP-tTG matrices

The tTG rich FN and tissue culture plastic (TCP) matrix was prepared as 

described in Section 2.22.2. Cell adhesion assay was performed and the 

attachment and spreading of HOB cells were analysed as described 

previously (Sections 2.2.5 and 4.2.1.). Data are presented as the mean 

percentage of attached cells (cell attachment) or the mean percentage of 

spread cells (cell spreading) ± S.D. from three separate experiments 

performed in triplicate. Data are expressed as a percentage of control 

values on FN, which represents 100%. Mean number of attachment and 

spreading values ± S.D. on FN control were 281 ± 15 and 211 ± 12. The 

mean percentage of control spreading on FN ± S.D. was assessed as 81 

± 4, and normalised to 100%. The statistically significant difference 

(p<0.05) between FN control and cells seeded on tTG rich FN matrices 

in the presence or absence of RGD synthetic peptide, is indicated with * 

symbol.
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on the marvel-blocked FN-tTG matrix, indicating that tTG bound to FN mediates 

the RGD-independent cell adhesion of HOBs.

To confirm the above finding, increasing concentrations of gpl tTG (0-50 pg/ml) 

were immobilised on tissue culture plastic (TCP) with or without prior coating of 

FN. The effect of the RGD peptide on HOB cell adhesion in tTG rich FN and TCP 

matrices was investigated using the cell adhesion assay (figure 4.3.10). The 

immobilisation of 20 pg/ml of tTG on FN resulted in a 20% increase in cell 

attachment and spreading in comparison to cell adhesion on FN without RGD 

peptide. The further increase in tTG concentration bound to FN did not increase the 

cell attachment and spreading values more than the 20%. The tTG coated TCP (0- 

50 pg/ml of tTG) failed to support cell adhesion of HOB cells during the 30- 

minutes time period of the cell adhesion assay. As expected, the RGD treatment of 

HOB cells impaired the cell adhesion on FN by about 60%. In agreement with the 

previous data, cell attachment and spreading on FN-bound tTG matrices was not 

significantly inhibited by the treatment of the RGD peptide. Regardless of the 

amount of tTG present in the FN-tTG matrix, the cell adhesion to FN-tTG in the 

presence of RGD peptide was shown to be no more than 90% of the values 

obtained on FN control. When cells were seeded on the tTG rich TCP in the 

presence of RGD peptide, cell attachment and spreading were found to be 

negligible, suggesting that tTG supports RGD-independent cell adhesion only 

when it is in complex with FN.

4.3.2.2 tTG immobilisation on amino-terminal FN fragments is not sufficient 

to support RGD-independent adhesion

Since tissue transglutaminase when immobilised on FN can restore cell attachment 

and spreading after inhibition by RGD peptides, it was decided to determine 

whether peptides containing the putative tTG high affinity binding site on the N- 

terminal of FN molecule could substitute for FN in supporting the tTG mediated 

RGD-independent cell adhesion. tTG was therefore immobilised on the N-terminal 

FN fragments and the adhesion of HOB cells were then examined in the presence 

and absence of RGD peptides.
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Figure 4.3.11 The RGD-inhibition of HOB cell adhesion on amino 

terminal FN fragments with and without immobilised tTG

The matrix of FN amino-terminal fragments were prepared as described 

previously (Section 2.2.2.1) with (+tTG) or without (-tTG) further 

immobilisation of tTG. The assessment of HOB cell adhesion in 

response to amino-terminal FN fragments and tTG was done as 

described under Sections 2.2.5. Each data point corresponds to the mean 

percentage of attached cells (cell attachment) or the mean percentage of 

spread cells (cell spreading) ± S.D. of three separate experiments 

performed in triplicate. The mean number of cells attached and 

spreading values were expressed as a percentage of control values on 

FN (which represents 100%). Mean number of cells attached ± S.D. on 

control FN in the 3 experiments was 365 ± 20, 464 ±17, and 407 ±10. 

The mean percentage of spreading ± S.D. on control FN was assessed as 

91 ± 2, 88 ± 6, and 86 ± 2, which was taken as 100%. The * symbol 

represents significant difference (p<0.05) between the FN control and 

cells seeded on the FN amino-terminal fragments in the presence or 

absence of RGD synthetic peptide. The 8 symbol indicates the 

statistically different values (p<0.05) for the RGD treated cells, when 

compared to the FN control.
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As can be seen on figure 4.3.11, cells adhered efficiently on the 70 kDa fragment 

alone, as both cell attachment and spreading were approximately 80% of the values 

obtained on FN. Cells adhered very poorly on the 45 kDa and 30 kDa fragments 

with cell attachment and cell spreading around 10% and 3% of that of FN control, 

therefore these fragments were undesirable to show the effect of RGD inhibition on 

cell adhesion. In the presence of the RGD peptide, cell attachment and spreading 

values on the 70 kDa fragment were significantly inhibited by 40% of that of FN 

control. The RGD inhibition of cells seeded on 45 kDa and 30 kDa fragments did 

not show a significant decrease when compared with the cell adhesion values on 

these fragments without the RGD treatment. The immobilisation of tTG on the 

fragments failed to restore cell adhesion but bestowed a further inhibition on both 

cell attachment and spreading. In the presence of the RGD peptide, a further 

decrease (approximately 15%) in cell adhesion was observed for the cells seeded 

on the 70 kDa+tTG matrix. Similarly, tTG immobilisation on 45 kDa and 30 kDa 

fibronectin fragments did not appear to enhance cell adhesion to these matrices. 

This result indicates that immobilisation of tTG on amino-terminal FN fragments is 

not sufficient to support RGD-independent adhesion.

4.3.3 tTG cross-linking activity is not required to restore impaired cell 

adhesion

The importance of the Ca2+-dependent s-(y-glutamyl) lysine cross-linking activity 

of tTG in stimulating RGD-independent cell adhesion was examined by the 

inhibition of the enzymatic activity of tTG immobilised on FN with the active site 

directed inhibitor R283. RGD-treated HOB cells were incubated with 100 pM of 

R283 and plated on the FN matrix coated with either catalytically active or inactive 

gpl tTG.

The level of cell attachment and spreading observed on the R283-treated FN-tTG 

matrix did not significantly differ from that observed on FN-tTG alone. That is, the 

FN-tTG matrix bestowed a 15% enhancement in HOB cell adhesion irrelevant of 

its active status (figure 4.3.12). The incubation of HOB cells with 100 pM of R283
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Figure 4.3.12 The RGD-independent cell adhesion of HOB cells to 

FN-tTG following inactivation of tTG

The control (-R283) and inactive (+R283) FN-tTG matrix was prepared 

and the cell adhesion assay was performed as described in Sections 3.2.3 

and 4.2.3. The attachment and spreading of HOB cells was assessed as 

mentioned previously (Methods 2.2.5). Data are represented as the mean 

percentage of attached cells (cell attachment) or the mean percentage of 

spread cells (cell spreading) ± S.D. from three separate experiments 

performed in triplicate. The mean cell attachment and spreading values 

were calculated as percentage of control values on FN, which represents 

100%. Mean attachment and spreading values ± S.D. on FN control 

were assessed as 285 ±16 and 226 ± 3. The mean percentage of control 

spreading on FN ± S.D. was calculated as 79 ± 1, and normalised to 

100%. The statistically significant difference (p<0.05) between FN 

control and cells seeded on control and inactive FN/tTG matrix in the 

presence or absence of RGD synthetic peptide, is indicated with the * 

symbol.
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did not confer any toxic effects to the cells since their level of cell adhesion was 

comparable to that of non-treated cells. The number of cells that attached in the 

presence of RGD peptide on FN-bound control and inactive tTG was found to be 

87% of the control cells adhered on the FN matrix alone. Similarly, after the RGD 

inhibition, the spreading of cells was restored by either control FN-tTG or inactive 

tTG immobilised on FN.

4.3.4 Evidence for a direct role of FN-associated tTG in RGD-independent 

binding to cells

To elucidate whether the availability of tTG in the FN-tTG complex could affect 

the RGD-independent cell adhesion process, FN-bound tTG was blocked by using 

the monoclonal Cub7402 antibody. The obstruction of tTG by Cub7402 would 

block any interaction of the enzyme with the cell surface. Any possible non­

specific toxic effect of antibody incubation was excluded by use of a control 

antibody sharing the same isotype, IgGl, as Cub7402. Using this approach, the FN- 

tTG matrix was incubated with Cub7402 and IgGl and the contribution of tTG to 

RGD-independent cell adhesion was examined.

An increase of approximately a 25% in cell attachment and cell spreading was 

observed when HOB cells were seeded on the FN-tTG matrix, but cell adhesion 

was not significantly increased above the control FN levels when cells were seeded 

on the FN-tTG matrix blocked by Cub7402. The compensation of RGD inhibition 

by the FN-tTG matrix, was completely abolished when cells were seeded on the 

Cub7402 hindered FN-tTG matrix. The incubation of the FN-tTG matrix with the 

control IgGl antibody did not lead to any significant change in cell attachment and 

spreading of HOB cells on this control matrix in the presence or absence of the 

RGD peptide.
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Figure 4.3.13 The importance of tTG in the support of the RGD- 

independent cell adhesion when immobilised on FN

The FN-bound tTG was incubated with Cub7402 and the control 

antibody IgGl as described in Section 3.2.4. The cell adhesion assay 

was performed and adhered HOB cells then examined for cell 

attachment and spreading as described under Methods 2.2.5. Data 

represent the mean percentage of attached cells (cell attachment) or the 

mean percentage of spread cells (cell spreading) ± S.D. from three 

separate experiments performed in triplicate. The ordinate in the top 

graph represents the mean cell attachment expressed as mean percentage 

of control attachment to FN (which represents 100%) ± S.D. The mean 

number of cell attachment ± S.D. on FN in the 3 experiments was 231 ± 

10, 193 ± 2 , and 229 ±13. The ordinate in the bottom graph indicates 

the mean percentage of spread cells, expressed as the mean percentage 

of control spreading on FN ± S.D. The mean percentage spreading value 

± S.D. on FN in the 3 experiments was 81 ± 1, 71 ± 2, 72 ± 2, which 

was taken as 100%. The * symbol indicates the statistically different 

values of cells (p<0.05) seeded on different matrices other than FN 

control in the presence or absence of RGD synthetic peptide. The § 

symbol represents the statistically significant difference (p<0.05) 

between cells seeded on control FN-tTG matrix and cells seeded on 

IgGl and Cub 7402-incubated FN-tTG matrices, in the presence or 

absence of RGD synthetic peptide.
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4 . 4  D i s c u s s s i o n

The preparation of an in vitro tTG rich FN matrix presents the opportunity to study 

tTG function in the ECM and in cell adhesion. Although the initial findings 

revealed the involvement of FN-bound tTG enzyme in the RGD-independent cell 

adhesion of HOB and Swiss 3T3 cells (Verderio et.al., 2000), the molecular 

mechanism and the physiological significance of this finding still remained to be 

answered. In this chapter the molecular mechanisms underlying this novel RGD- 

independent cell adhesion process were further investigated.

In the cell adhesion assays the contribution of immobilised tTG on FN to cell 

adhesion was examined by inhibiting integrin-mediated RGD-dependent cell 

adhesion with competitive concentrations of soluble RGD peptides. Assaying for 

inhibition of cell attachment by RGD synthetic peptides suffers from the drawback 

that impurities in peptides may make them non-specifically active in inhibition 

assays. Hence, to avoid the non-specific inhibition, the cell adhesion assays should 

include a control peptide. In this project, since the hexapeptide GRGDTP was 

employed in inhibition studies, an inactive hexapeptide GRADSP was chosen to be 

used as a control against toxicity and non-specific effects in all cell adhesion 

assays.

Initial experiments investigated the effect of RGD peptide on HOB and Swiss 

fibroblast by seeding the cells onto the FN-tTG matrix for 20 to 30 minutes. 

Although keeping the assay period short would help to minimise the secretion of 

endogenous ECM proteins, the risk of contaminating the supplied in vitro FN and 

FN-tTG matrices still exists. To rule out the possibility that the previously observed 

RGD-independent cell adhesion was due to binding of cells to cell-secreted 

proteins rather than the supplied FN-tTG matrix, the adhesion assay was performed 

in the presence of the protein synthesis inhibitor, cycloheximide. Cycloheximide 

inhibits protein translation in eukaryotes resulting in the inhibition of protein 

synthesis leading to cell growth arrest. Therefore, pre-treatment of cell monolayer 

prior to cell adhesion assay would lead to an inhibition in endogenous ECM protein 

synthesis by cells and prevent the contamination of the provided FN and FN-tTG 

matrices. Under these conditions, the HOB and Swiss 3T3 cells demonstrated an
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enhanced cell attachment and spreading on the FN-tTG matrix without RGD 

peptide, confirming the role of FN-bound tTG as an adhesion-promoting complex 

(Heath et.al, 2002). The examination of the RGD-independent cell adhesion of 

cycloheximide pre-treated HOB and Swiss 3T3 cells on FN-bound tTG showed 

that the inhibition of protein synthesis/secretion does not alter the response of cells 

to the FN-tTG matrix.

In an attempt to confirm these observations and to examine whether this RGD- 

independent novel cell adhesion pathway was common to other cell types, the 

effect of various concentrations of RGD peptide on the inhibition of cell attachment 

and spreading was examined using ECV304 cells, human dermal fibroblasts, and 

mouse dermal fibroblast wild type and knockout for tTG. The levels of attachment 

and spreading appeared to be enhanced in each cell line when they were seeded on 

the FN-tTG matrix in the absence of the inhibitory peptide. Although RGD peptide 

bestowed different levels of inhibition in each cell line, the inhibitory effect was 

largely attenuated when cells were seeded on the FN-tTG matrix in the presence of 

RGD peptide. For example, the attachment and spreading of MDFTg2+/+ and 

human dermal fibroblasts on FN was significantly decreased with excess peptide, 

in a more sensitive way than other cell types. On the other hand, the FN-tTG 

supported cell adhesion with comparable values to that of the FN control for 

ECV304 and MDFTg2+/+ cells. These results suggest that tTG immobilised on 

plasma FN supports cell adhesion of different cell types via an RGD-independent 

cell adhesion mechanism.

At this stage, the role of tTG in this novel adhesion pathway was further 

investigated using a matrix system more closely related to the ECM in vivo. 

Recently, it was shown that over-expression of tTG in Swiss 3T3 cells increased 

the deposition of enzyme into the ECM (Verderio et.al., 1999; Balklava et.al., 

2002). Preliminary experiments showed that a matrix of cell-assembled FN with 

bound cell-secreted tTG can be obtained through long term culturing of induced 

and non-induced Swiss TG3 fibroblasts (Section 3.3.2). The data reported here 

shows that the FN-rich ECM with increased amounts of cell-secreted tTG could 

support a better cell adhesion in comparison to the ECM with background levels of 

tTG. The treatment of fibroblasts with increasing concentrations of RGD peptide
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resulted in a significant decrease in cell attachment to the non-induced cell 

assembled ECM matrix, but not to the induced ECM matrix. The further 

incorporation of gpl tTG in both conditioned cell deposited ECM further increased 

the cell attachment levels in the presence and absence of the RGD peptide. 

Therefore, these data have confirmed the existence of a tTG-mediated RGD- 

independent cell adhesion pathway in a more physiological matrix system, which is 

closer to the in vivo model.

Given that FN and tTG is sequentially immobilised to the tissue culture plastic 

surface, it remains possible that the two proteins are immobilised directly and 

independently onto the plastic. It was therefore desirable to block the FN matrix 

prior to tTG immobilisation and detect how the blocked matrix can affect the RGD- 

independent cell adhesion. The RGD-independent cell adhesion on blocked matrix 

was found not to be different to that on the un-blocked FN-tTG matrix. In the 

follow-up experiment, the FN matrix and TCP was coated with increasing 

concentrations of tTG and the cell adhesion assay was performed with RGD-treated 

HOB cells. Negligible cell adhesion was observed when cells were seeded on tTG 

coated TCP, indicating that only tTG bound to FN, not tTG bound to plastic, 

supports the RGD-independent cell adhesion. In addition, further increase in tTG 

concentrations immobilised on FN did not bring about an increase in the level of 

compensation of cell adhesion, confirming that 20 pg/ml of tTG was enough to 

saturate 5 pg/ml of FN matrix.

In vitro binding studies have located the putative high affinity binding site(s) for 

human tTG on the N-terminal end of FN, either on type I3.5 repeats included in the 

30 kDa fragment (LeMosy et. al., 1992) or within the 45 kDa gelatin binding 

fragment (Jeong et al, 1995). In this report, the ability of tTG immobilised on FN 

amino terminal fragments, to mediate RGD-independent cell adhesion was 

examined using HOB cells. In the absence of the RGD peptide cells adhered 

efficiently on the 70 kDa fragments, however cells adhered very poorly on the 45 

kDa and 30 kDa N-terminal FN fragments. This result is in disagreement with the 

finding showing that tTG-over-expressing transfected fibroblasts adhered and 

spread on surfaces coated with 42 kDa FN fragment (Akimov et.al., 2000). 

However, at this work the authors used BSA as the blocking reagent, which might
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contain FN due to impurity and if so could contaminate the 42 kDa matrix resulting 

in the observed cell adhesion. Interestingly, in the presence of the RGD peptide, a 

decrease in cell adhesion levels was detected on the 70 kDa fragment, although this 

fragment does not constitute the RGD sequence. This data is consistent with the 

previous finding that the amino-terminal FN fragments and RGD peptides cross- 

compete for binding to the integrin a 5pi (Hocking et.al, 2000). The quantitative 

assessment of RGD inhibition on the fibronectin fragments indicated that the 

immobilisation of tTG not only failed to compensate RGD-dependent cell 

adhesion; but it further inhibited cell attachment and spreading. As a consequence, 

tTG when bound to the amino-terminal proteolytic fragments of FN is not 

sufficient to support the RGD-independent cell adhesion, suggesting the 

requirement for the entire FN molecule.

Whilst the tTG has been implicated in cell adhesion of multiple cell types, the 

significance of transamidation activity of the enzyme in this process still remains 

controversial. Previous studies have established the importance of the Ca+2- 

dependent s-(y-glutamyl)lysine cross-linking activity of tTG in ECM 

deposition/stabilisation (Gentile et.al, 1992; Martinez et.al., 1994; Aeschlimann 

and Thomazy 2000) However, recent findings indicate a novel transamidating- 

independent role for tTG in cell adhesion (Akimov et.al, 2000; Takahashi et.al, 

2000; Balklava et.al., 2002). In this study, under the conditions used to immobilise 

tTG onto the FN matrix, the aim was to reduce the transamidating activity of the 

enzyme to a minimum. The transamidation-free role played by FN-bound tTG in 

RGD-independent cell adhesion was confirmed by utilising the active-site directed 

tTG inhibitor in the cell adhesion studies. Data showed that the level of cell 

adhesion to FN with immobilised inactivated tTG was comparable to the FN-bound 

tTG not treated with the inhibitor, with or without pre-treatment of cells with the 

RGD synthetic peptide. This finding clearly indicates that the FN-bound tTG does 

not have to be catalytically active to support the RGD-independent cell adhesion.

In the light of these results it is temping to speculate that tTG when complexed 

with FN exposes a cryptic site in fibronectin initiating an RGD-independent cell 

adhesion process. However, it is equally possible that once tTG is bound on FN, it 

undergoes a conformational change, which leads to its recognition by a cell surface
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receptor as a “bona fide” cell adhesion protein, and potentiates a cell adhesion 

process independently from the RGD-mediated direct binding to fibronectin. The 

importance of tTG in complex with FN in its interaction with the cell surface was 

investigated by using an enzyme specific monoclonal antibody Cub 7402. It was 

recently demonstrated that the blocking of cell-surface related tTG in stably 

transfected Swiss 3T3 fibroblasts with monoclonal antibody Cub 7402 was found 

to decrease cell adhesion in both induced and non-induced cells (Verderio et. al., 

1998). Using a similar approach FN-bound tTG was blocked in conditions that 

fully preserved the availability of FN in this complex (Section 3.3.6). The 

obstruction of tTG bound to FN not only cancelled the role of the FN-bound tTG as 

an adhesion-promoting complex but also completely abolished the compensation of 

RGD-impaired cell adhesion. This result suggests a direct role for tTG in complex 

with FN in the RGD-independent binding to cells.
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Chapter 5: The characterisation o f intracellular signalling 

in the RGD-independent cell adhesion pathway

5 . 1  I n t r o d u c t i o n

Within recent years it has been realised that in the absence of appropriate ECM 

contact, anchorage-dependent cells may undergo a detachment-induced 

programmed cell death. This form of apoptosis was first documented by Meredith 

et cil (1993), and was termed as anoikis, an ancient Greek word meaning 

‘homelessness’, by Frisch and Francis (1994). In these initial studies, anoikis was 

studied in cells from endothelial and epithelial origin. Following reports described 

anoikis occurring in numerous adherent cell types such as fibroblasts (McGill et.al, 

1997; Hadden and Henke, 2000) neuronal cells (Bonfoco e1.al, 2000), pancreatic 

islet cells (Wang and Rosenberg, 1999), as well as in mammary epithelial cells 

(Boudreau et.al, 1995), bronchial epithelial cells (Aoshiba et.al, 1997), kidney 

epithelial cells (van de Water et.al„ 1999), intestinal epithelial cells (Strater et.al, 

1996), and keratinocytes (Haake and Polakowska, 1993). Anoikis seems to play an 

important physiological role in tissue and cell homeostasis during development, 

renewal, and regression (Michel, 2003).

The intracellular signalling leading to apoptosis attributable to the loss of matrix 

contact, as well as signals propagated from cell-ECM adhesion complexes have 

been explored over the last two decades. The intracellular mechanisms of anoikis 

involve the repression of anti-apoptotic bcl- 2  proteins, the activation of caspases 

and the impediment of anchorage-induced survival kinases, such as focal adhesion 

kinase (FAK), Ras-Raf kinase complex, extracellular signal-regulated kinase 

(ERK), phosphoinositide-3 kinase (PI3K)/Akt, and c-Jun-lSEE-terminal kinase 

(JNK) (Frisch and Screaton, 2001). In addition, the substantial differences in 

cytoskeletal structures between attached and non-attached cells suggest a possible 

role for the cytoskeletal filaments and Rho GTPases in the regulation of anoikis 

signalling.
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Focal adhesion kinase, a 125 kDa non-receptor tyrosine kinase, is a component of 

focal contacts and is phosphorylated following integrin-mediated adhesion or 

integrin clustering (Lyman et.al., 1997). The activation of FAK is not well 

understood, but evidence suggests that FAK may be recruited to nascent focal 

adhesions via its interaction with the cytoskeletal proteins talin and paxillin, and 

the cytoplasmic tail of integrin {3 subunits (Schlaepfer et.al., 1999). Once activated, 

FAK is auto-phosphorylated at tyrosine 397 (Y-397), which creates a binding site 

for the Src homology 2 (SH2) domain of Src or Fyn kinase (Schaller et. al, 1994; 

Shi and Boettiger, 2003). The Src kinase then activates a number of proteins, 

including the docking protein pl30CAS, adapter proteins Crk and Nek, which leads 

to the activation of JNK (Schlaepfer et.al, 1999; Miyamoto et.al, 1995; Oktay 

et.al, 1999). FAK is also implicated in direct or Src-kinase mediated activation of 

PI3K (Chen et.al, 1996). Integrin-FAK signalling complexes have been shown to 

play a role in the regulation of anchorage-dependent cell survival. A high level of 

apoptosis results if FAK expression is attenuated by anti-sense technology or anti- 

FAK antibodies (Xu et.al., 1996; Hungerford et.al, 1996; Duxbury et. al, 2003). 

Conversely, constitutive expression of FAK by tethering it to the plasma membrane 

confers resistance against anoikis in epithelial cells (Frisch et.al, 1996).

Among the signals generated by integrin-mediated cell adhesion is the activation of 

Ras/Raf/MEK/ERK cascade. There is evidence that Src kinase phosphorylates 

FAK at tyrosine 925. When phosphorylated, FAK is capable of activating ERK 

through recruitment of an adaptor protein-guanine nucleotide exchange factor 

complex, Grb2-mSOS, and GTP loading and activation of small GTPase Ras 

(Schlaepfer et.al, 1994). The integrin mediated Ras activation may also occur 

through a FAK-independent pathway, which includes integrin coupling with 

caveolin and activation of Fyn/Shc kinase, resulting in the recruitment of Grb- 

mSOS complex (Wary et.al, 1996, and 1998). The Ras-GTP complex, in turn, 

binds to the serine/threonine kinase Raf-1 and recruits it to membrane where it 

becomes active. The Raf protein kinases are shown to link Ras to mitogen and 

extracellular regulated kinase 1 (MEK) and mitogen-activated protein kinase ERK1 

and ERK2 (Kolch, 2000). Recent reports have pointed a role for the ERK pathway 

in anoikis. The enhanced expression of ERK by the activation of the EGF receptor
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is associated with protection against anoikis in suspended keratinocytes (Jost et.al, 

2001). Anoikis rescue by ERK has also been demonstrated by the expression of 

active Raf in fibroblast and epithelial cells (Le Gall et.al, 2000).

To study the function of FN in the anchorage mediated cell survival, RGD- 

containing synthetic peptides have been used extensively as inhibitors of integrin- 

ligand interaction. The observation that RGD-like peptides induce inhibition of 

adhesion and trigger apoptosis has been reported for many cell lines, including 

fibroblasts (Hadden and Henke, 2000), endothelial (McGill et.al, 1997), mesangial 

(Chen et.al, 1997), thyroid (Vitale et.al, 1998), and epithelial cells (Firsch and 

Francis, 1994). However, it has been recently shown that the RGD-binding domain 

alone has a limited ability to rescue cells from anoikis, indicating that activation of 

integrins might not itself be sufficient to regulate cell survival (Jeong et.al, 2001). 

Emerging evidence suggests that the heparin-binding domain of fibronectin, which 

is known to synergistically interact with heparan sulphate proteoglycans and 

integrin oupi integrin, also plays an important role in cell survival (Kapila et.al, 

1999; Jeong et.al, 2001).

The major group of heparan sulphate proteoglycans are the syndecans, which are 

composed of a single transmembrane domain, a short cytoplasmic domain, and a 

larger extracellular domain that bears 3-5 glycosaminoglycan chains, mostly 

heparan sulphate (Zimmermann and David, 1999). The four mammalian syndecans 

have a distinctive pattern of expression characterised with the individual cell types, 

tissues and developmental stages (Woods, 2001). Briefly, syndecan-1,-2, and -3 

are the major syndecans of epithelial, fibroblastic, and neuronal cells, respectively, 

whereas syndecan-4 is distinctively present in a wide range of cells that form stable 

adhesions (Woods and Couchman, 2 0 0 0 ). Of the four members of the family, 

syndecan-4 is the one that is consistently present in focal adhesions (Woods and 

Couchman, 1994). There is much evidence to implicate syndecan-4 in partnership 

with integrins in the formation of focal adhesions. Initial studies have shown that 

primary fibroblasts seeded on substrates coated with the cell binding domain of 

fibronectin did not form focal adhesions or stress fibres unless they were incubated 

with clustering antibodies against syndecan-4 ectodomain (Woods et.al, 1986; 

Bloom, et.al, 1999; Saoncella et.al, 1999). On activation, phosphatidylinositol
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4,5-biphosphate binds to the cytoplasmic domain of syndecan-4 and induces the 

translocation and activation of PKC-a (Bass and Humphries, 2000). There is a 

possible role for syndecan-4 in stimulating the rearrangement of the actin 

cytoskeleton into ordered stress fibers by Rho-family GTPases. Syndecan-4 

interacts with the cytoplasmic protein syndesmos via its cytoplasmic domain. 

When over-expressed in fibroblasts, syndesmos enhances cell spreading and actin 

stress fiber formation. The connection of syndecan-4 with syndesmos may 

implicate a role for syndecan-4 in the activation of Rho GTPases and in the 

assembly of actin stress fibers (Baciu et.al., 2000). Collectively, these reports 

implicate syndecan-4 as a key receptor for focal adhesion formation on FN.

The results from the previous chapter (Chapter 4) have shown that RGD-dependent 

cell adhesion on FN could be interrupted with small concentrations of RGD peptide 

(50-150 pg/ml), and FN-tTG complex alone is sufficient to sustain an RGD- 

independent cell adhesion. In view of these findings it was therefore important to 

demonstrate whether this novel cell adhesion complex might potentiate 

intracellular signals that might rescue cells from a possible RGD-dependent 

anoikis.
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5 . 2  M e t h o d s

5.2.1 Inhibition of oupi integrin mediated cell adhesion

To inhibit the ot4pi integrin mediated cell adhesion in Swiss 3T3 fibroblast, the 

function blocking anti-ou integrin mouse monoclonal antibody, and the CS-1 FN 

fragment (H-Glu-Ile-Leu-Asp-Val-Pro-Ser-Thr-OH) were used. In the first line of 

experiments, Swiss 3T3 fibroblasts resuspended in DMEM (1.75xl05 cells/ml) 

were pre-treated with 30 pg/ml of anti-a4 integrin antibody for 15 minutes in the 

presence of 100 p.g/ml of GRADSP or GRGDTP peptides. The control cells were 

incubated with mouse IgGl antibody (30 jig/ml) in the presence of GRADSP or 

GRGDTP peptides at the same concentrations. In the second line of experiments, 

Swiss 3T3 fibroblasts were treated with 75 pg/ml CS-1 FN fragment with or 

without addition of 75 |Ug/ml GRGDTP peptide. The cells incubated with 150 

pg/ml GRADSP were used as a positive control to check the toxicity levels of the 

exogenous peptide-treatment. Cells were then seeded on the 96-well plate coated 

with FN (5 Mg/ml) or FN with immobilised tTG (20 jag/ml) and were allowed to 

attach for 40min. Following the cell attachment and spreading, the cells were fixed, 

permeabilised and stained as described previously (Section 2.2.5). The quantitative 

assessment of cell attachment and spreading was performed as mentioned earlier 

under Methods Section 2.2.5.4. The differences between data sets were analysed by 

the Mann-Whitney test at 95% level of significance using the Mini-Tab statistical 

analysis programme (Mini-Tab Inc, USA).

5.2.2 The digestion of cell-surface heparan sulphate chains of HOB cells

The HOB cells were cultured to sub-confluency and detached from their 

substratum as described previously (Section 2.2.5). Following the detachment of 

the cells, a cell suspension of 2x105 cell/ml in DMEM was prepared and incubated 

with 15 mU/ml of heparitinase (dissolved in lOOmM Tris-HCl, pH 7.0) or protease- 

free chondroitinase ABC (dissolved in lOOmM Tris-HCl, pH 8 ) for 40 minutes at
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3 ?°C The ceqs were then further treated with GRGDTP and GRADSP synthetic 

peptides for another 20 minutes. HOB cells were then seeded on FN and FN-tTG 

matrices and allowed to adhere for 20 to 30 minutes. The medium was then 

carefully removed and cells were fixed, permeabilised, and stained as depicted 

earlier (Section 2.2.5). Digital images of three non-overlapping fields were 

acquired and the number of cells per image was quantified using the Scion image 

analysis programme (National Institute of Health, Washington DC, USA) as 

described before (Section 2.2.5,4). The Mann-Whitney test was employed to 

determine the statistical difference between the data sets at 95% confidence 

interval.

5.2.3 The inhibition of PKC-a activity in HOB cells

The monolayer of sub-confluent HOB cells were serum-starved for 16 hours and 

then incubated in DMEM containing 5 pM of PKC-a inhibitor Go6976 (dissolved 

in DMSO) or with an equal volume of DMSO for 30 minutes. HOB cells were 

then harvested as described before (Section 2.2.5.1 ) and incubated with 100pg/ml 

GRGDTP and GRADSP synthetic peptides for 20 minutes. Cells were seeded on 

FN or FN-tTG matrices and allowed to attach and spread for 30 to 40 minutes. The 

assay was then terminated and the cell adhesion of HOB cells were finally analysed 

as described previously (Section 2.2.5.4). The statistical differences between the 

data sets at 95% level of significance were analysed using the Mann-Whitney test.
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5 . 3  R e s u l t s

5.3.1 RGD-independent cell adhesion does not require the activation of OC4P1 

integrin

To investigate the possibility that RGD-independent cell adhesion to FN-tTG might 

be mediated by o^Pi integrin, Swiss 3T3 fibroblasts were treated with the function 

blocking anti-a,4 integrin mouse monoclonal antibody P1H4. To eliminate any non­

specific inhibition in cell adhesion due to the presence of toxic levels of an 

exogenous antibody, equivalent concentrations of the control IgGl antibody, 

sharing the same isotype as anti-0 C4 antibody, were used to treat the Swiss 3T3 

fibroblasts. Blocking of ot4 subunit of ot4Pi integrin did not lead to a significant 

reduction in cell attachment and spreading of Swiss 3T3 fibroblasts on either FN or 

FN-tTG matrices (figure 5.3.1). The cell adhesion of P1H4 treated fibroblasts to 

FN and FN-tTG was, respectively, 100% and 116% of control cell adhesion to FN 

in the presence of RAD (100 pg/ml) peptide. A similar result was obtained when 

cells were treated with control IgGl antibody and seeded on these matrices. The 

treatment of Swiss 3T3 cells with 100 pg/ml of RGD peptide resulted in a 60% 

decrease in attachment (figure 5.3.1a) and a 50% decrease in spreading on FN 

matrices (figure 5.3.1b). No further decrease in cell adhesion was detected in 

adhesion of IgGl or P1H4 pre-treated cells on FN in the presence of RGD peptide. 

When seeded on FN-tTG matrix, the inhibition in cell adhesion was restored to 

nearly normal levels with a 85% of control cell attachment to FN. Cells treated 

with IgGl or P1H4 antibodies in the presence of RGD peptide displayed a 

comparable response to the FN-tTG matrix, in that a 85-90% compensation in cell 

adhesion was observed when antibody-treated cells were seeded on the FN-tTG 

matrix with RGD peptide.

To confirm any potential role of ou(3i integrin in RGD-independent pathway cell 

adhesion assays were performed in the presence of soluble CS-1 peptide. Swiss 

3T3 fibroblasts were treated with equal amounts (75 pg/ml) of RGD and/or CS-1

162



Chapter 5: The characterisation o f  intracellular signalling in the RGD-independent cell adhesion pathway

Figure 5.3.1 Importance of integrin function in the support of 

the RGD-independent cell adhesion of Swiss 3T3 fibroblasts.

The treatment of Swiss 3T3 cells with the control IgGl and the anti-a4 

integrin antibody, and the analysis of cell adhesion were performed as 

described in Sections 2.2.5 and 5.2.1. Each data point corresponds to the 

mean percentage of attached cells (cell attachment) or the mean 

percentage of spread cells (cell spreading) ± S.D. of three separate 

experiments performed in triplicate. The ordinates in the top graphs 

represent the mean cell attachment expressed as the mean percentage of 

control attachment to FN in the presence of RAD peptide (which 

represents 100%) ± S.D. The mean number of attached cells ± S.D. of 

control in the 3 experiments was 172 ± 16, 129 ± 6 , and 177 ± 8 . The 

ordinates in the lower graphs indicate the mean percentage of spread 

cells, expressed as mean percentage of spreading on FN in the presence 

of RAD ± S.D. The mean percentage spreading values ± S.D on FN in 

the presence of RAD were 81 ± 3, 72 ± 2, 75 ± 2 in the 3 experiments, 

which was taken as 100%. The * symbol represents the statistically 

significant values of cell attachment and spreading (p<0.05) compared 

to that recorded for the RAD control.
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Figure 5.3.2 Effect of FN CS-1 fragment on the cell adhesion of 

Swiss 3T3 fibroblasts to FN and FN-tTG matrices

The Swiss 3T3 fibroblasts were treated with RAD/RGD peptides and 

FN CS-1 fragment as described before (Section 5.2.1). The attachment 

and spreading of Swiss 3T3 fibroblasts were evaluated as mentioned in 

Section 2.2.5.4. Data are presented as the mean percentage of attached 

cells (cell attachment) or the mean percentage of spread cells (cell 

spreading) ± S.D. of three separate experiments carried out in triplicate. 

The cell attachment was expressed as the mean percentage of 

attachment of RAD treated cells to the FN matrix (RAD control) ± S.D., 

which represents 100%. The mean number of attached cells ± S.D. on 

RAD control was 583 ± 13. The mean percentage of RAD control 

spreading on FN ± S.D. was found to be 73 ± 5, which was then 

normalised to 100%. The statistically significant different (p<0.05) cell 

adhesion values other than the RAD control (100%) is represented with 

* symbol.
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peptide and seeded on FN or FN-tTG matrices. Any possible non-specific toxic 

effect of exogenous peptide incubation was excluded by use of 150 pg/ml of RAD 

peptide.

The treatment of Swiss 3T3 fibroblasts with 75 pg/ml of CS-1 peptide did not 

affect their cell adhesion pattern compared to that of FN with RAD peptide (figure 

5.3.2). The effect of FN-tTG matrix as an enhancer of cell attachment and 

spreading was also observed when these cells were seeded on FN-tTG matrix in the 

presence CS-1 peptide. A typical 2 0 % increase in cell attachment and spreading on 

the FN-tTG matrix was detected in cells treated with RAD or CS-1 peptides, in 

comparison to their adhesion on FN. The inhibition of attachment and spreading 

(figure 5.3.2) of Swiss 3T3 fibroblasts on FN by the RGD peptide was analysed as 

60%. The double treatment of fibroblasts with 75 pg/ml of RGD and CS-1 peptides 

did not cause a further reduction in the inhibition of cell adhesion on FN. The 

attachment and spreading of Swiss 3T3 cells was restored to between 85-90%, once 

seeded on the FN-tTG matrix in the presence of RGD or RGD/CS-1 peptides. 

These results indicate that Swiss 3T3 cells, treated with the function blocking anti- 

integrin ou antibody or the CS-1 soluble peptide, were capable of RGD- 

independent cell attachment and spreading on FN-tTG.

5.3.2 The digestion of cell-surface heparan sulphate chains abolish RGD- 

independent cell adhesion

The importance of cell-surface proteoglycans in FN-tTG mediated RGD- 

independent cell adhesion pathway was investigated by cell adhesion assays using 

glysosaminoglycan-degrading enzymes. HOB cells were grown under sub- 

confluency and pre-treated with protease-free chondroitinase ABC lyase and 

heparitinase for 1 hour, as described in the Methods (Section 5.2.2). The effect of 

chondroitinase ABC lyase and heparitinase on the cell adhesion of RAD and RGD 

treated-HOB cells to FN and FN-tTG matrices was assessed. Results obtained from 

cell adhesion assays showed that the treatment of HOB cells with 15 mU/ml of 

chondroitinase ABC lyase resulted in a cell adhesion to FN comparable to the
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Figure 5.3.3 Role of cell-surface heparan sulphate chains in the 

RGD-independent cell adhesion of HOB cells

The treatment of cells with chondroitinase ABC lyase and heparitinase 

was performed as described under Methods (Section 5.2.2). The cell 

adhesion assay was carried out and the attachment and spreading of 

HOB cells were analysed as explained in Section 2.2.5. The percentage 

of attached cells (cell attachment) or the percentage of spread cells (cell 

spreading) ± S.D. shown are the mean values from three separate 

experiments performed in triplicate. The mean cell attachment and 

spreading values were expressed as the percentage of control values of 

RAD-treated cells seed on FN (which represents 100%) ± S.D. The 

mean number of cell attachment ± S.D. of control taken from 3 

experiments was 269 ± 6 , 143 ± 8 , and 131 ± 7. The mean percentage 

spreading value ± S.D on FN in the presence of RAD was 98 ± 5, 91 ± 

2, 89 ± 1 in the 3 experiments, and normalised to 100%. The statistically 

significant difference (p<0.05) between the RAD control and cells 

treated with chondroitinase ABC lyase and heparitinase in the presence 

or absence of RGD synthetic peptide, is shown with * symbol.
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control cells on FN with RAD peptide (RAD control), as no significant difference 

was detected in cell attachment and cell spreading between the control RAD and 

chondroitinase ABC lyase treated cells (figure 5.3.3). However, when compared to 

the RAD control, approximately a 30% decrease in cell attachment and a 15% 

decrease in cell spreading was observed when HOB cells were seeded on FN, after 

heparitinase treatment. The cell attachment on FN-tTG matrix was increased to 

15% of cell adhesion on FN in the presence of RAD (data is left out of the figure 

for clarity). The inhibition of attachment and spreading on FN by the RGD 

synthetic peptide was analysed as 50% at the concentration of 100 pg/ml. No 

significant difference in RGD inhibition of cell adhesion was observed in 

chondroitinase ABC lyase pre-treated HOB cells. However, the heparitinase-treated 

HOB cells displayed a further reduction (70%) in cell adhesion to FN at the same 

concentration of RGD peptide. The level of cell attachment and spreading was 

restored to almost control levels (95% of control values on FN), when control cells 

were seeded onto FN-tTG. The compensation in cell adhesion was found to be 70- 

80% of control levels, when chondroitinase ABC lyase pre-treated HOB cells were 

seeded on FN-tTG in the presence of RGD peptide. In the presence of RGD 

peptides, cell adhesion of heparitinase-treated cells on the FN-tTG matrix was not 

significantly different to the cell adhesion on FN, indicating that the digestion of 

cell-surface heparan sulphate chains abolish the RGD-independent cell adhesion.

5.3.3 The activation of PKC-a is necessary for RGD-independent cell adhesion

5.3.3.1 The RGD-independent cell adhesion in response to FN-tTG is blocked 

by the PKC-a inhibitor

To investigate whether the activity of PKC-a is essential in the RGD-independent 

cell adhesion pathway, sub-confluent monolayers of HOB cells were pre-treated 

with PKC-a inhibitor Go6976 as described previously (Section 5.2.3). The effect 

of Go6976 treatment on RGD inhibition of cell adhesion to FN and FN-tTG 

matrices was assessed. The treatment of HOB cells with Go6976 led to a 

significant 30% decrease in cell attachment and spreading on FN, compared to that
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Figure 5.3.4 The involvement of PKC-a in adhesion of HOB cells to 

FN and FN-tTG matrices in the presence of RGD and RAD peptide.

The HOB cells were treated with PKC-a inhibitor Go6976 and cell 

adhesion assay was performed as described previously (Section 5.2.3). 

The attachment and spreading of HOB cells were analysed as mentioned 

under Methods (Section 2.2.5). Each data point represent the mean 

percentage of attached cells (cell attachment) or the mean percentage of 

spread cells (cell spreading) ± S.D. of three separate experiments 

performed in triplicate. The ordinates in the top graphs represent the 

mean cell attachment expressed as mean percentage of non-treated HOB 

cell (control) attachment to FN ± S.D, which represents 100%. The 

mean attachment value ± S.D. of FN control was 184 ± 12. The 

ordinates in the lower graphs designate the mean percentage of spread 

cells, expressed as mean percentage of spreading on FN ± S.D. The 

mean percentage of control spreading on FN ± S.D was assessed as 80 ± 

3, and normalised to 100%. The * symbol represents significant 

difference (p<0.05) between the FN control and cells treated with 

Go6976 inhibitor and seeded on FN and FN-tTG matrices in the 

presence and or absence of RAD and RGD peptide.



Chapter 5: The characterisation o f  intracellular signalling in the RGD-independent cell adhesion pathway

a
E■e
a

U

1 4 0
120
100

8 0
6 0
4 0
20

0

C o n t r o l
G o 6 9 7 6

OX
,p3
C3cus-
a

U

1 4 0  
120 
100 

8 0  
6 0  
4 0  
20

0

FN
FN-tTG
RAD
RGD

i i

+
+

C o n t r o l
G o 6 9 7 6

172



Chapter 5: The characterisation o f  intracellular signalling in the RGD-independent cell adhesion pathway

of FN control (figure 5.3.4). Cell adhesion to FN-tTG was 107-115% of control 

cell adhesion to FN in non-treated cells. In contrast, cell adhesion on FN-tTG 

displayed by Go7689-treated cells was only 70% cell attachment and spreading of 

control values on FN. Similar results were obtained when cells treated with PKC-a 

inhibitor were seeded on FN and FN-tTG matrix in the presence of RAD peptide. 

Once treated with RGD peptide, cell adhesion of Go6976- and non-treated cells to 

FN was inhibited up to 55-60% of cell attachment and spreading values evaluated 

for control FN. The defective cell attachment and spreading due to RGD inhibition 

was restored when non-treated cells were seeded on the FN-tTG matrix. However, 

the impairment in cell attachment and spreading was not restored when Go6976 

treated-cells were seeded on the very same FN-tTG matrix, suggesting the 

importance of PKC-a activity in the RGD-independent cell adhesion process.

5.3.3.2 Evidence for the translocation of PKC-a to membranes during RGD- 

independent cell adhesion

The translocation of PKCa to the cell membrane was studied using non-treated 

HOB cells and HOB cells treated with Go6976. Both cell populations were allowed 

to attach on FN and FN-tTG matrices in the presence of RAD and RGD peptides. 

As a positive control of PKCa translocation, cells seeded on FN in the presence of 

RAD peptide were treated with 50 nM PMA. Cells were fractionated by ultra 

centrifugation into membrane and cytosolic rich fractions, which were then 

analysed for the amount of PKCa antigen by SDS-PAGE (3% (w/v) 

polyacrylamide stacking gel and a 8 % (w/v) resolving gel) and Western Blotting. 

The PKCa antigen could be found in both the cytosolic and membrane fractions of 

cells (figure 5.3.5). The amount of PKCa antigen was approximately 1 0 % higher in 

the membrane fraction of cells treated with PMA than that of control cells seeded 

on FN in the presence of RAD peptide. The treatment of cells with RGD peptide 

resulted in less translocation of PKCa to the membrane from the cytosol, as the
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Figure 5.3.5 Characterisation of PKC-a translocation during the 

RGD-independent cell-adhesion of HOB cells to FN -tTG matrix.

The HOB cells were treated with PMA and PKC-a inhibitor Go6976 

and allowed to attach to FN and FN-tTG matrices as depicted in 

Sections 2.2.12 and 5.2.3. The cytosol and membrane fractions of 7 

samples, -PMA treated cells (lane 1), non-treated cells (lane 2) seeded 

on FN in the presence of RAD, RGD-treated cells seeded on FN (lane 3) 

or FN-tTG (lane 4), Go-6976 treated cells seeded on FN in the presence 

of RAD (lane 5), Go-6976 treated cells seeded on FN (lane 6 ) or FN- 

tTG (lane 7) in the presence of RGD-, from 5 independent experiments 

were prepared, Western blotted and immunoprobed with mouse 

monoclonal PKC-a antibody (2 pg/blot). The upper blot represents the 

levels of PKC-a (80 kDa) in the cytosolic fraction (50 pg 

protein/sample) while, the lower blot indicates the levels of PKC-a 

translocated to membrane (30 pg protein/sample). The densitometry of 

PKC-a bands was expressed as the mean net area values ± S.D from 

five separate experiments. The * symbol represents significant 

difference (p<0.05) in the membrane fractions between net area values 

of the control RAD (sample 2) and PMA and Go6976 treated cells 

seeded on FN and FN-tTG matrices in the presence and absence of RGD 

and RAD peptide. The % symbol indicates the statistically different 

values in cytosolic fraction of treated cells when compared to the RAD 

control.
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amount of PKCa antigen in the membrane fraction of RGD treated cells was 

shown to be 50% of that found in the RAD control. The levels of PKCa 

translocation in cells seeded on FN-tTG in the presence of RGD, was found to be 

77% of control RAD levels. Following Go6976-treatment of HOB cells, a 

considerable decrease in the translocation of PKCa to the membrane was observed. 

When Go6976-treated cells were seeded on FN or FN-tTG matrices in the presence 

of RGD or RAD peptide, a two-fold reduction in PKCa antigen levels in the 

membrane fraction was identified. The incubation of Go6976-treated cells with 

RGD did not lead to any further significant decrease in the levels of membrane 

associated-PKCa. As expected, the levels of cytosolic PKCa were high for 

samples when a low translocation to membrane was measured.

5.3.4 The intracellular level of tyrosine phosphorylation is increased by FN- 

tTG matrix.

The differences in intracellular levels of tyrosine phosphorylation were investigated 

in RAD- or RGD-treated HOB cells seeded on FN and FN-tTG matrices. 

Following the cell adhesion (1 hour), cells were labelled with anti-phospho- 

tyrosine primary antibody, and subsequently with a FITC-conjugated secondary 

antibody. Cells stained with only the secondary antibody were used to adjust the 

background level of fluorescence. The confocal laser microscopic analysis of 

attached HOB cells showed that RGD peptide negatively affected the formation of 

focal adhesions and the tyrosine phosphorylation levels (figure 5.3.6). In the 

control cells that were attached and spread on FN in the presence or absence of 

RAD peptide, tyrosine phosphorylated proteins showed a clear distribution from 

cytosol to membrane. These cells exhibited a flat morphology and initial formation 

of focal adhesion contacts. Cells seeded on FN-tTG matrix were spread with fully 

formed focal adhesion points, which were positively stained for phospho-tyrosine 

proteins. The images of cells adhered to FN in the presence of RGD showed that 

these cells did not possess the characteristic focal contacts seen in the FN control 

cells, and displayed a very rounded-appearance. In RGD-treated cells staining of
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Figure 5.3.6 Visualisation of tyrosine phosphorylation levels by 

immuno-fluorescence during the adhesion of HOB cells to FN and 

FN-tTG matrices in the presence of RAD and RGD peptides.

The cell adhesion assay was performed and the attached cells were 

fixed, permeablised and probed with rabbit polyclonal anti- 

phosphotyrosine (0.75 pl/sample). The staining was visualised using 

anti-rabbit IgG-FITC (raised in goat) and viewed by confocal 

microscopy as explained under the Methods Section 2.2.13. White 

arrows point to cells positive for tyrosine phosphorylation. The bar is 

equal to 2 0 pm.
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phospho-tyrosine proteins became very weak and condensed in the cytoplasm of 

these non-spread cells. In contrast, on FN-tTG, cells incubated with RGD peptide 

appeared to maintain control levels of phosphorylated tyrosine proteins, although 

they appeared less spread and more rounded than control cells seeded on FN 

without RGD. This experiment gave the first indication that there is a change in the 

levels of intracellular phophospho-tyrosine proteins during RGD-independent cell 

adhesion of HOB cells to FN-tTG.

5.3.5 FN-tTG signalling activates focal adhesion kinase

To explore the status of focal adhesion kinase activity, the phosphorylation level of 

FAK at tyrosine 397 residue was measured during RGD-independent cell adhesion 

of HOB cells to FN-tTG. Before signalling assays, HOB cells were cultured in 

DMEM medium containing 0.2% FCS for 24 hours for synchronisation purposes. 

HOB cells were harvested, pre-treated with RGD or RAD peptide, and then seeded 

on FN and FN-tTG coated TCP along with BSA coated plastic, which acted as a 

negative control as it provides a non-stick substratum for the cells. Cells were 

allowed to attach to the provided matrices for 60 minutes. The content of phospho- 

and total FAK of different samples was monitored by observing changes in the 

FAK-Y397 and total FAK antigen levels as detected by Western Blotting. The 

Western Blots displayed in figure 5.3.7 shows an SDS-PAGE (3% (w/v) 

polyacrylamide stacking gel and a 8 % (w/v) resolving gel) separation of protein 

extracts from HOB cells seeded on BSA, FN and FN-tTG matrices in the presence 

of RAD and RGD peptides. A reduction in tyrosine phosphorylation levels of FAK 

can clearly be seen in negative control cells seeded on BSA coated wells (figure 

5.3.7a) with the amount of FAK-Y397 antigen being 27% of that of the FN control. 

The treatment of cells with RAD peptide did not lead to a significant change in the 

levels of phospho-FAK antigen when compared to the levels of the FN control. 

When cells were seeded on FN-tTG in the presence or absence of RAD peptide, a 

slight increase in antigen levels was assessed, but this increase was not found to be 

statistically significant. The levels of FAK-Y397 antigen dropped to around 45% of 

control FN levels in cells seeded on FN in the presence of RGD peptide. However,
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Figure 5.3.7 Western Blot Analysis of tyrosine phosphorylated and 

total FAK levels during RGD-independent cell adhesion of HOB 

cells.

a, Effect of RGD inhibition on tyrosine phosphorylation; b, the total 

levels of FAK during the adhesion of HOB cells to FN and FN-tTG 

matrix. The HOB cell lysates of 7 samples (50 pg protein/sample), non­

treated cells seeded on BSA (lane 1), FN (lane 2), and FN-tTG (lane 3), 

RAD-treated cells seeded on FN (lane 4), and FN-tTG (lane 5) and 

RGD-treated cells FN (lane 6 ), and FN-tTG (lane 7), from 3 

independent experiments were prepared, Western blotted and probed 

with rabbit polyclonal anti-FAK-Y-397 antibody (1:1000 dilution) (a) or 

mouse monoclonal anti-FAK (0.6 (Lig/blot) (b) as described before 

(Section 2.2.7-2.2.10). The upper blot represents the levels of 

phosphorylated FAK at tyrosine 397 (a), or levels of total FAK (b). 

Equal loading was ensured by probing the blots with anti-a-tubulin 

antibody (0.3 pg/blot) as can be seen in the lower blots. The 

densitometric values obtained for the bands was normalised against the 

values for the tubulin bands and represented as the mean net area value 

(relative FAK-Y397 or relative FAK) ± S.D. from three separate 

experiments. Each data point was expressed as a percentage of control 

FN level, which represents 100%. The * symbol indicates the 

statistically different values (p<0.05) when compared to the FN control.
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in response to FN-tTG the amount of FAK phosphorylation was found to be 

approximately 85% of that of control cells on FN.

Western Blots were performed in parallel to explore the total FAK levels in the 

same protein extracts. The blot (figure 5.3.7b) shows that all cell samples displayed 

a similar banding pattern with no significant changes in the levels of total FAK. 

These results imply that FAK is one of the major intracellular signalling mediators 

in the RGD-independent cell adhesion.

5.3.6 The role of PKC-a in the tyrosine phosphorylation of FAK

Having established that tyrosine phosphorylation of FAK is important in the RGD- 

independent pathway, the importance of PKC-a activity in phosphorylation of 

FAK was studied using HOB cells. Prior to the experiment, cells were incubated in 

serum free medium DMEM for 16 hours. Cells were then treated with PKC-a 

inhibitor Go6976 before and during the experiment. HOB cells were seeded on FN 

and FN-tTG matrices in the presence of RGD or RAD peptides. To further induce 

the PKC-a activity, cells adhered on FN with RAD were treated with PM A. The 

levels of total and tyrosine phosphorylated form of FAK in the samples were 

examined by immunoprobing of Western Blots from cell extracts as described 

above. Figure 5.3.8a presents the content of FAK phosphorylated at Tyrosine 397 

(FAK-Y397), while figure 5.3.8b shows the total FAK levels, in control and 

Go6976 treated cells plated on FN and FN-tTG with or without RGD peptide. As 

expected, tyrosine phosphorylation of FAK in cells seeded on FN matrix with RGD 

peptide was decreased to 45% of that found in control ceils plated on FN in the 

presence of RAD peptide (control levels). The treatment of cells with PMA did not 

result in a statistically significant increase in FAK-Y397 antigen levels when 

compared to control levels. The amount of phospho-FAK antigen returned back to 

nearly control levels (83% of control values on FN), when cells were seeded onto 

FN-tTG in the presence of RGD peptide. In Go6976-treated cells, the decrease in 

FAK-Y397 antigen levels was evident, considering the 30% decrease in the levels 

of FAK phosphorylation in cells seeded on FN with RAD peptide. For the Go6976-
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Figure 5.3.8 Role of PKC-a in the activation of FAK during RGD- 

independent cell adhesion of HOB cells to FN-tTG matrix.

a, Effect of PKC-a inhibitor Go6976 on the tyrosine phosphorylation; b, 

the total FAK levels during the RGD-independent adhesion of HOB 

cells to FN-tTG matrix. The HOB cells were treated with PMA and 

PKC-a inhibitor Go6976 and assay was performed as described under 

Method Section 5.2.3. The samples, PMA treated cells (lane 1), non­

treated cells (lane 2) seeded on FN in the presence of RAD, RGD- 

treated cells seeded on FN (lane 3) or FN-tTG (lane 4), Go-6976 treated 

cells seeded on FN in the presence of RAD (lane 5), Go-6976 treated 

cells seeded on FN (lane 6 ) or FN-tTG (lane 7) in the presence of RGD, 

were prepared, lysed (50 pg protein/sample) and Western Blotted. The 

blots from 6  independent experiments were immunoprobed with rabbit 

polyclonal anti-FAK-Y-397 antibody (1:1000 dilution) (a), while blots 

from 3 independent experiments probed for mouse monoclonal anti- 

FAK (0.6 pg/blot) (b). The top images are representative blots showing 

the levels of phospho-FAK (a) or total FAK levels (b) for the seven 

samples. The bottom imagines presents the blots probed with a-tubulin 

control antibody (0.3 pg/blot). The densitometric values of the bands for 

phospho- and total FAK were normalised against the values for the 

tubulin bands. Data in histogram are the mean percentage of net area 

values ± S.D., and expressed as the percentage of the control RAD 

values (which represents 100%). The * symbol indicates statistically 

significant (p<0.05) net area values for phospho-FAK and total FAK, 

when compared to the control RAD.
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treated cells seeded on FN and FN-tTG, the reduction in the content of phospho- 

FAK antigen was approximately 60% in comparison to control levels,

When the total FAK levels was monitored in HOB cell samples prepared under the 

same conditions, a similar amount of FAK antigen was detected for all samples. 

Once again, the treatment of HOB cells with RGD peptide resulted in a decrease in 

FAK phosphorylation levels and the PKC-a inhibitor abolished the compensation 

of RGD inhibition by FN-tTG.

5.3.7 The characterisation of cell survival signalling pathway induced during 

RGD-independent cell adhesion

5.3.7.1 The loss of Raf-1 impairs the restoration of cell adhesion by FN-tTG 

complex

In order to investigate whether the rescue of cell adhesion by FN-tTG following 

RGD inhibition requires Raf-1 kinase, the Raf-1 wild type and knock out 3T3-like 

immortalised fibroblast cell lines were used in the cell adhesion assay. The Raf-1 

wild type (Raf-1 +/+) and knock out (Raf-1 -/-) cells were harvested, and a cell 

solution of 1.75xl05 cell/ml was pre-treated with 100 pg/ml of RAD and RGD 

peptide. Cells were then seeded on FN and FN-tTG matrices and allowed to attach 

for 40 minutes. The effect of the hexapeptide GRGDTP on these cells was 

examined, as described previously (Section 2.2.5). Once attached and spread Raf-1 

+/+ cells displayed Swiss 3T3 fibroblast like appearance, however, Raf-1 -/- cells 

demonstrated a non-homogenous morphology with flattened spindle-like cells and 

cuboidal cells. Results obtained from cell adhesion assays showed that Raf-1 -/- 

cells attached and spread on FN matrix comparable to Raf-1 +/+ cells (figure 

5.3.9). When Raf -1 +/+ cells were seeded on the FN-tTG matrix with or without 

RAD peptide, a significant 20% increase in cell attachment and 10% increase in 

cell spreading were observed. However, no statistically significant change in cell 

adhesion of Raf-1 -/- cells to FN-tTG matrix was detected, when compared to Raf- 

1 +/+ control cell adhesion on FN. The treatment of Raf-1 +/+ and -/- cells with 

RGD peptide resulted in approximately 60% decrease in attachment and spreading
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Figure 5.3.9 Adhesion of Raf +/+ and Raf -/- fibroblasts to FN and 

FN-tTG matrices in the presence of RAD and RGD peptides.

The cell adhesion assay was performed and the attachment and 

spreading of mouse Raf-1 wild type (Raf +/+) and knock out (Raf -/-) 

3T3-like immortalised fibroblast cell lines were assessed as described in 

Sections 2.2.5. Each data point represents the mean percentage of 

attached cells (cell attachment) or the mean percentage of spread cells 

(cell spreading) ± S.D. from three separate experiments performed in 

triplicate. The ordinates in the top graphs represent the mean cell 

attachment expressed as mean percentage of control attachment of Raf 

+/+ fibroblasts on FN ± S.D., which represents 100%. The mean 

attachment and spreading values of Raf +/+ fibroblasts on FN ± S.D. 

were calculated as 157 ± 17 and 114 ± 13, respectively. The ordinates in 

the bottom graphs indicate the mean percentage of spread cells, 

expressed as a percentage of control Raf +/+ fibroblasts spread on 

FN±S.D. The mean percentage of control spreading on FN ± S.D. was 

shown to be 73 ± 8 , which was considered as 100%. The * symbol 

indicates the statistically significant difference between data sets when 

compared to values presented by Raf +/+ fibroblasts on FN .
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on FN matrices. When seeded on the FN-tTG matrix, the inhibition of cell adhesion 

in Ra.f-1 +/+ cells was restored to nearly normal levels with 83-90% of control cell 

adhesion recorded on FN. Intriguingly, Raf-1 -/- cells treated with RGD peptide 

displayed no increase in cell adhesion in response to the FN-tTG matrix, in that cell 

attachment and spreading of Raf-1 -/- cells on the FN-tTG matrix was found to be 

35-40% of that of control FN levels. This suggests that the loss of Raf-1 impairs 

the restoration of RGD-independent cell adhesion by the FN-tTG complex in 

fibroblast cells.

S.3.7.2 Role of the MEK-ERK pathway in FN-tTG mediated signalling

The involvement of the MEK-ERK pathway in FN-tTG induced RGD-independent 

cell adhesion was explored by measuring phosphorylation levels of ERK1 and 

ERK2 at the tyrosine 204 residue in HOB cells. For this purpose, synchronised 

HOB cells were seeded on BSA, FN, and FN-tTG coated 6 -well plates at a density 

of 6x105 cells/well and allowed to attach for 1 hour with or without RGD or RAD 

peptides (150|itg/ml). To monitor the levels of phospho-and total ERK1/2, equal 

amounts of protein from each cell sample was separated by SDS-PAGE (3% (w/v) 

polyacrylamide stacking gel and a 10% (w/v) resolving gel) and then Western 

Blotted. When the blots were immunoprobed with the anti-phospho ERK1/2 

antibody, a significant reduction in phospho-ERKl/2 levels was evident in samples 

where cells were not adhered. As can be seen in figure 5.3.10a, in HOB cells 

seeded on BSA matrix, tyrosine phosphorylation levels of ERK1 and ERK2 (p- 

ERK1/2) were reduced to 40% and 60% respectively of that of the FN control. In 

comparison to control levels, the content of p-ERKl/2 antigen was not significantly 

different in the cells seeded on FN and FN-tTG with or without RAD peptide. The 

effect of RGD peptide on the amount of p-ERKl/2 antigen was apparent, 

considering the 50% reduction in p-ERKl and 30% reduction in p-ERK2 antigen 

levels observed in cells seeded on FN with RGD. In response to FN-tTG, the cell 

content of ERK1 and ERK2 phosphorylation was found to be approximately 85% 

and 95% of that of control cells seeded on FN.
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Figure 5.3.10 Western Blot Analysis of phospho-tyrosine and total 

ERK1/2 levels during RGD-independent cell adhesion of HOB cells.

a, Effect of RGD inhibition on tyrosine-phosphorylated ERK1/2 ; b, the 

total ERK1/2 levels during the adhesion of HOB cells to FN and FN- 

tTG matrix. The HOB cell lysates (40 (ixg protein/sample) were prepared 

and proteins was separated as described in Sections 2.2.7 and 2 .2 .1 0 . 

The samples, non-treated cells seeded on BSA (lane 1), FN (lane 2), and 

FN-tTG (lane 3), RAD-treated cells seeded on FN (lane 4), and FN-tTG 

(lane 5) and RGD-treated cells FN (lane 6 ), and FN-tTG (lane 7), were 

then immuno-blotted and probed with mouse monoclonal anti-phospho 

ERK1 (44 IcDa) and ERK2 (42 kDa) antibody (a, top image) (2 pg/blot) 

or rabbit polyclonal anti-ERKl/2 (b, top image) (1:1000 dilution). The 

blots were stripped and reprobed with mouse monoclonal anti-a-tubulin 

(0.3 pg/blot) to ensure the equal loading (bottom images). The density 

of bands for each sample was normalised against the corresponding 

values for tubulin bands. Data presented are the normalised mean net 

area values ± S.D. from five separate experiments for phospho-ERKl/2 

(p-ERKl/2) and three separate experiments for total ERK1/2 (ERK1/2) 

levels, expressed as the mean percentage of the control FN value ± S.D., 

which represents 100%. The * symbol represents significant difference 

in net area values (p<0.05) in comparison to the FN control.
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Western Blots were preformed using protein extracts prepared under the same 

experimental conditions to explore the total ERK1/2 levels. The blot displayed in 

figure 5.3.10b shows that all cell samples displayed a similar banding pattern 

without a statistically significant difference in the levels of total ERK1/2. These 

results suggest that the MEK-ERK pathway is involved in FN-tTG mediated 

signalling during the RGD-independent cell adhesion.

5.3.7.3 The RGD-independent cell signalling is linked to JNK1/2 kinase

The effect of RGD inhibition on the activation of INK 1/2 was tested using HOB 

cells. The phosphorylation levels of JNK1 at threonine 183 and JNK2 at tyrosine 

185 residues and the total JNK1/2 levels in HOB cell lysates were measured by 

Western Blotting using the procedure described above (Section 5.3.7.2). Figure 

5.3.11a represents the content of phospho-JNKl/2 (pJNKl/2), while figure 5.3.1 lb 

shows the total JNK1/2 levels, in HOB cells plated on BSA, FN and FN-tTG with 

or without RGD peptide. The tyrosine phosphorylation of JNK1 and JNK2 in cells 

seeded on the FN matrix with RGD peptide was decreased to 75% and 58% 

respectively of that found in control cells plated on FN. The plating of cells on the 

FN-tTG matrix did not result in a statistically significant increase in p-JNKl/2 

antigen levels when compared to control levels. The amount of phospho-JNKl/2 

antigen was restored to almost 90% of the control values on FN, when cells were 

seeded onto FN-tTG in the presence of the RGD peptide.

Western Blots were performed in parallel to investigate the effect of RGD 

inhibition on the total JNK1/2 levels in the same protein extracts. As with the data 

presented in figure 5.3.11b, the treatment of HOB cells with RGD peptide did not 

result in any significant decrease in total JNK levels, when compared to control FN 

levels. These results suggest that FN-tTG mediated RGD-independent cell 

signalling is linked to JNK 1/2.
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Figure 5.3.11 Western Blot Analysis of levels of activated phospho 

JNK1/2 and levels of total JNK1/2 proteins during the RGD- 

independent cell adhesion of HOB cells.

a, Effect of RGD inhibition on the levels of phospho-tyrosine JNK 1/2;

b, total JNK 1/2 during the adhesion of HOB cells to FN and FN-tTG 

matrix. The HOB cell lysates (50 pg protein/sample) of 7 samples, non­

treated cells seeded on BSA (lane 1), FN (lane 2), and FN-tTG (lane 3), 

RAD-treated cells seeded on FN (lane 4), and FN-tTG (lane 5) and 

RGD-treated cells FN (lane 6 ), and FN-tTG (lane 7), from 3 

independent experiments were prepared, Western blotted and probed 

with mouse monoclonal anti-phospho JNK1 (46 kDa) and JNK2 (54 

kDa) (a, top blot) ( 6  pg/blot), or rabbit polyclonal anti-JNK 1/2 antibody 

(b, top blot) (1:500 dilution) as described before (Sections 2.2.7-2.2.10). 

Equal loading was ensured by stripping and reprobing the blots with 

anti-a-tubulin antibody (3 pg/blot) as can be seen in the lower blots. 

The density of the bands was normalised against values for tubulin 

bands and represented as the mean net area value (relative p-JNKl/2 or 

relative JNK1/2) ± S.D. of three experiments. Each data point was 

expressed as a percentage of the control FN level, which represents 

100%. The * symbol indicates the statistically different values (p<0.05) 

when compared to the FN control.
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5.3.8 FN-bound tTG rescues primary dermal fibroblast from anoikis

To elucidate whether the inhibition of the RGD-dependent adhesion can result in 

apoptosis and whether the FN-tTG complex can prevent cell death following RGD 

inhibition, primary MDFTg2+/+ and -/- fibroblasts were used in the cell-survival 

assays. Using a cell line deprived of tTG would also elucidate the importance of 

intracellular tTG in the FN-tTG mediated RGD-independent cell adhesion 

signalling. Cells were treated with the RGD peptide (150 jug/ml) and seeded on FN 

and FN-tTG matrices under the serum free conditions. To rule out any non-specific 

toxic effect of long-term incubation of cells with an exogenous hexapeptide 

peptide, cells were also treated with the equivalent concentration of the control 

RAD peptide. Following a 16 hour-incubation at 37°C in a 5 %CC>2 atmosphere, the 

cell viability was assayed using the XTT cell proliferation assay kit as depicted 

previously in Section 2.2.14. Figure 5.3.12 shows a graph of cell viability as 

measured by the absorbance of the cleaved tetrazolium salt XTT produced by 

metabolically active cells. The cell viabilities of MDFTg2+/+ and -/- fibroblasts on 

the FN matrix were found to be comparable to each other. The treatment of cells 

with RAD peptide did not lead to a significant reduction in the cell survival levels. 

However, the treatment of MDFTg2 +/+ and -/- cells on FN with RGD peptide 

resulted in approximately 40% decrease in cell viability, when compared to that of 

control cells on FN. In the presence of RGD peptide, survival of the MDFTg2+/+ 

and -/- cells on the FN-tTG matrix was significantly different to the cell survival on 

FN, as the absorbance values were almost restored to those of control levels. At the 

same concentrations of RGD peptide, cell survival of both cells on FN-tTG was 

around 90% of the non-treated control cells on FN, suggesting that tTG bound to 

FN confers resistance to RGD-dependent anoikis in primary dermal fibroblasts 

independently from its intracellular activity.
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Figure 5.3.12 Effect of RGD peptide on survival of MDFTg2-/- fibroblasts

The viability of MDF Tg2 +/+ and -/- fibroblast following RGD treatment was assessed 

by the XTT cell proliferation assay as described in Section 2.2.14. Data represent the 

mean absorbance (A492nm-A750nm) ± S.D. of 8  replicates from a typical experiment 

repeated on 3 separate occasions. The * indicates the statistically significant differences 

(p<0.05) in absorbance values in comparison to the FN control.
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5.3.8.1 Caspase-3 is activated in MDFTg2-/- cells undergoing anoikis by 

inhibition of RGD-independent integrin function

The activity of caspase-3 protease was investigated in MDFTg2-/~ cells undergoing 

anoikis. Cells were cultured on FN and FN-tTG matrices with or without RGD for 

16 to 18 hours and equal amounts of proteins from cell extracts were analysed for 

the activity of caspase-3 (70 pg protein/sample) using CaspACE™ assay system as 

described under Methods Section 2.2.16.

In the positive control, caspase-3 activity was induced by the treatment of cells 

with the protein kinase inhibitor staurosporine. In the negative control, the caspase- 

3 activity was blocked by the incubation of staurosporine treated cells with the pan- 

caspase inhibitor Z-VAD-FMK. The results show that the caspase-3 activity in the 

negative control cell sample was 13% in comparison to values observed in positive 

control cell sample (figure 5.3.13). The levels of caspase-3 activation in cells 

grown on FN in the presence of RGD peptide was approximately 60% of that of 

positive control. When cells were cultured on FN-tTG with RGD peptide, however, 

the amount of active caspase-3 was not significantly different from cells grown on 

FN without RGD peptide. The level of caspase-3 activation in these cells was 

found to be only 28% of that of positive control, indicating that there is caspase-3 

activation in cells undergoing apoptosis due to loss of RGD-dependent cell 

adhesion.

5.3.8.2 The inhibition of RGD-independent integrin function results in nuclear 

fragmentation

The effect of RGD-dependent inhibition on cell survival was further studied by 

examining the morphological signs of apoptosis in MDF Tg2-/- cells undergoing 

anoikis. Cells were cultured in the presence or absence of RGD peptide (150 

pg/ml) on FN and FN-tTG matrices for 16 hour at 37°C in a 5%C02 atmosphere as 

described above. The MDFTg2-/- cells were fluorescently labelled for 

endonucleolysis using the TUNEL method, which utilises TdT enzyme to
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Figure 5.3.13 Analysis of Caspase-3 activity levels during RGD peptide- 

stimulated anoikis of MDFTg2-/- fibroblasts.

The activity of caspase-3 in MDFTg2 -/- fibroblast following RGD treatment was 

studied using the CaspACE™ assay, as described before (2.2.16). Data are expressed 

as mean ± S.D. absorbance values at 405nm and are from three separate 

experiments, each performed in triplicate. The background readings were subtracted 

from the mean values to obtain the final values. The * symbol indicates the 

statistically different values for caspase-3 activity (p<0.05) when compared to the 

activity obtained for the FN control.
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Figure 5.3.14 Analysis of RGD peptide-induced apoptosis in 

MDFTg2-/- fibroblasts.

a, The flow cytometric analysis of apoptotic nuclei in MDFTg2-/- 

fibroblasts due to the RGD inhibition; b, quantification of mean number 

of apoptotic cells; c, immuno-fluorescence staining of fragmented nuclei 

of MDFTg2-/- fibroblasts undergoing anoikis. a, The nuclear 

fragmentation of MDFTg2-/- fibroblasts seeded on FN or FN-tTG 

matrices in the presence and absence of RGD peptide was determined 

by flow cytometry as explained under Method Section 2.2.15. The bar 

corresponds to positive region of fragmented nuclei (% apoptotic 

nuclei), set by the negative standart (n.s) of cells. Md, stands for median 

fluorescent channel, b, The MDFTg2-/- fibroblasts in suspension were 

processed for in-situ detection of DNA fragmentation as described 

before (Section 2.2.15). c, Data are expressed as the mean number of 

apoptotic cells ± S.D. from a typical experiment undertaken in triplicate. 

Total cells analysed for 15-hour incubation was around 450, while 

approximately 400 cells were quantified for the 30-hour incubation.



Chapter 5: The characterisation o f  intracellular signalling in the RGD-independent cell adhesion pathway

a N C  n . s ( 0 . 5 4 % M d 1 5 7 )
F N + D M E M ( 2 . 4 6 % M d 1 5 1 )
F N + R G D ( 2 4 . 0 % M d 4 3 3 )
F N - t T G + R G D ( 2 . 5 7 % M d 1 6 9 )

%  a p o p t o t i c  n u c l e i

F l u o r e s c e n c e  I n t e n s i t y

8 0 FN mRGD ■ RGD/tTG

2  . 6 0

1  z
| | 4 0

g  n .W ©
S * 20

T

j L■ ■ 1
i l l 5

J
15h 30h

Figure 5.3.14 a and b

203



FN
-t

TG

( hapter 5. The characterisation o f  intracellular signalling in the RGD-independent cell adhesion pathw ay

1 5 h 3 0 h

R(«l )

Figure 5.3.14c

R G D

204



Chapter 5: The characterisation o f  intracellular signalling in the RGD-independent cell adhesion pathway

incorporate FITC-dUTP into DNA strand breaks. The extend of labelling of 

apoptotic nuclei was quantified with flow cytometry as described before (Section 

2.2.15) (figure 5.3.14a). The background fluorescence intensity was determined 

using cells undergoing anoikis and incubated with FITC-dUTP in the absence of 

enzyme TdT (red histogram). The cells grown overnight on FN under serum free 

conditions (blue histogram) demonstrated only 2 .6 % apoptotic nuclei, however, 

24% of the fibroblasts cultured on FN in the presence of RGD peptide were found 

to be positive for endonucleolysis. This effect of RGD peptide was not detected in 

fibroblasts grown on FN-tTG with RGD peptide, as the levels of apoptotic nuclei in 

these cells were shown to be approximately 2 .6 %.

To further confirm this finding, the level of apoptosis was examined in the non­

attached MDFTg2-/- fibroblasts cultured on FN and FN-tTG matrices with or 

without RGD peptide. The DNA strand breaks were labelled using the TUNEL 

staining and was visualised and quantified by confocal microscopy as mentioned 

before under Methods Section 2.2.15. Figure 5.3.14b shows a graph of mean 

number of apoptotic cells constructed by the quantification of the immunostained 

apoptotic cells seen in the figure images (figure 5.3.14c). After 15 hours, 36% of 

the RGD treated fibroblasts seeded on FN were found to be apoptotic. In contrast, 

the percentage of apoptotic cells grown on the FN-TG matrix in the presence of 

RGD peptide was less than 10%. After 30-hour incubation of cells, nuclear 

fragmentation was not only evident in fibroblast cells grown on FN in the presence 

RGD peptide but also in the control fibroblasts grown on FN without RGD peptide 

due to serum starvation. However, the difference in the level of apoptosis was still 

statistically significant, as RGD-treated cells cultured on FN-tTG displayed 30% 

less apoptotic cells than their counterparts seeded on FN. These results suggest that 

tTG when bound to FN acts as a cell survival molecule in RGD-treated cells 

undergoing anoikis.
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5 . 4  D i s c u s s s i o n

Specific association of integrins with FN implicated the RGD/synergy domain as 

the main cell binding domain, which is recognised mostly by the (X5P1 integrins. 

The aspi integrins take part in many cellular processes involving FN, such as cell 

adhesion, spreading, and migration on FN substrata, and the assembly of the FN 

matrix (Miyamoto et.aL, 1998). However, embryonic mouse fibroblasts null for as 

were shown to be able to assemble the FN matrix, form focal contacts, and migrate 

in response to FN, suggesting another integrin or a disintegrin receptor may also be 

involved in these cellular responses to FN (Yang et.aL, 1993). The findings in the 

previous chapter favoured a similar hypothesis in that some other cell surface 

receptor was able to restore the inhibition of as pi integrin function with RGD 

peptide when cells were seeded on the FN-tTG matrix. One candidate for 

mediating cell-FN-tTG matrix interaction in the presence of RGD peptide is a 4 Pi 

integrin, a versatile cell adhesion receptor involved in both cell-cell and cell-ECM 

interactions. The two most effective ligands for a 4 Pi integrin are the vascular cell 

adhesion molecule-1 (VCAM-1), and FN (Sharma et.aL, 1999), although recently 

the matrix glycoprotein thrombospondin- 1  has also been identified as a ligand for 

this integrin (Decker et.aL, 2002). The a 4 Pi integrin is mainly expressed on 

leukocytes, and lymphocytes, but also found in smooth muscle, neuronal crest- 

derived cells and fibroblasts, where it supports cell adhesion, spreading and 

migration on FN substrata (Chan et.aL, 1992; Petruzzelli et.al, 1999). It appears 

that the CS-I site located in the alternatively spliced IIICS or V region of FN is the 

main binding sequence recognised by a 4 pi integrins (Wayner et.al., 1989; Garcia- 

Pardo et.al., 1990), while the RGD sequence in the cell binding domain (Mould 

et.al., 1991; Sanchez-Aparicio et.al., 1994) and a cryptic site in repeat HI5 (Moyano 

et.al., 1997) can also support cell adhesion less effectively, upon activation cc4Pi.

In order to investigate the possibility that cell adhesion to FN-tTG may be mediated 

by a 4 pi integrin, cell adhesion assays were conducted using Swiss 3T3 cells since 

these cells, unlike HOB cells, are known to express a 4 pi integrin on their cell 

surface (Stephens et.al., 2000; Gronthos et.al., 1997). Previous studies have shown
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that cell adhesion and spreading on FN was inhibited by anti-a.4 antibodies and the 

soluble CS-1 fragment (Garcia-Pardo et.al, 1990; Guan and Hynes 1990). 

However, results in this chapter have shown that the treatment of Swiss 3T3 

fibroblasts with the function blocking anti-ot4 antibody and the CS-1 peptide fail to 

inhibit cell adhesion to FN, implying the asJ3i integrins as the main FN-receptor in 

this cell line. The inhibition of ot4 pi activity did not have any effect on the RGD- 

independent cell adhesion mediated by FN-tTG complex, indicating that the 

activation of oupi is not needed for this process.

Given that cell attachment and spreading on FN depends on adhesion mediated 

signals involving both integrins and cell-surface heparan sulphate receptors 

(Tumova et.al, 2000), it is possible that cell adhesion to the FN-tTG matrix might 

be mediated by a heparan sulphate proteoglycan (HSPG). To test this hypothesis, 

sulphated heparin and chondroitin chains on the cell surface of HOB cells were 

digested using heparitinase and protease-ffee chondroitinase ABC, respectively. 

Treatment of HOB cells with heparitinase led to a reduction in cell attachment to 

FN, confirming the importance of cell-membrane HSPGs in the adhesion of 

osteoblast-like cells (Dalton et.al, 1995). This treatment also resulted in a complete 

abolishment of the RGD-independent cell attachment and spreading on FN-tTG. In 

contrast, the degradation of chondroitin sulphate chains neither had an effect on 

cell attachment and spreading on FN nor altered the RGD-independent cell 

adhesion on FN-tTG. This result suggests the involvement of a cell-surface HSPG, 

but not a chondroitin sulphate proteoglycan (CSPG), in the RGD-independent cell 

adhesion mediated by FN-tTG complex.

If FN-tTG complex supports the RGD-independent cell adhesion via a HSPG 

receptor, then it was desirable to identify this receptor. Both syndecan and glypican 

proteoglycans carry heparin sulphate chains, and can be considered as the candidate 

receptors. However, glypicans are widely expressed in the central nervous system 

and well-documented for their function in embryonic development. Although 

glypicans can bind to interstitial collagens and fibronectin, their role in cell-matrix 

interactions are yet to be clarified (Tumova et.al., 2 0 0 0 ). Syndecans, on the 

contrary, are shown to take part in cell-matrix interactions, in modification of 

cytoskeletal organisation and the adhesive phenotype, thus might act as a strong
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candidate HSPG receptor. One syndecan receptor expressed ubiquitinously and 

associated with focal adhesions, is the syndecan-4 receptor. Previous studies have 

shown that the syndecan-4 downstream signalling specifically involves the 

activation and translocation of PKCa to the plasma membrane (Baciu and 

Goetinck, 1995; Oh et.al, 1997a, b). Therefore, it was of interest to assess the 

importance of PKCa activity in the RGD-independent cell adhesion using a 

selective PKCa inhibitor, Go6976. Results from cell adhesion assays showed that 

the treatment of HOB cells with Go6976 led to a decrease in cell attachment and 

spreading on FN matrix, which was comparable with the inhibition of adhesion 

following heparitinase treatment. The PKCa inhibitor reduced the RGD- 

independent cell attachment and spreading in response to FN-tTG, indicating that 

the PKCa is necessary for FN-tTG to restore cell adhesion in the presence of RGD 

peptide. The RGD-independent cell adhesion was affected in a similar way by the 

heparitinase and the PKCa inhibitor; this might suggest syndecan-4 as the likely 

HSPG recognised by the FN-tTG complex.

Further experiments were undertaken to determine the effect of FN and FN-tTG 

matrix on the translocation of PKCa to the cell membrane. In agreement with 

previous findings, the PKCa activator PMA induced an increase in PKCa 

translocation to membrane, while Go6986 inhibitor led to a substantial decrease in 

the membrane PKCa levels (Oh et.al, 1997b; Haller et.al, 1998; Cheng et.al, 

2001). The comparison between the two cellular compartments of cells seeded on 

FN and FN-tTG in the presence of RGD suggests a FN-tTG induced translocation 

of PKCa from cytosol to membrane. These data are consistent with the previous 

report showing that the translocation of PKCa to membranes was abolished when 

vascular smooth muscle cells was incubated with RGD peptides (Haller et.al, 

1998). The treatment with Go6976 inhibitor, down-regulated the PKCa 

translocation to membranes in cells seeded on FN-tTG following RGD incubation. 

This result suggests that PKCa inhibition abolished the FN-tTG mediated RGD- 

independent cell adhesion by inhibiting the translocation of PKCa from the 

cytosolic compartment to the membrane.
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Having established that FN-tTG does not exert a merely cell adhesive function, 

bypassing the RGD inhibition, but potentiates signals leading to activation and 

translocation of PKCa, it was decided to examine the tyrosine phosphorylation 

levels of kinases that are involved in the anchorage-dependent signalling cascades. 

Initial experiments investigated the levels of tyrosine phosphorylated proteins in 

HOB cells seeded on FN and FN-tTG matrices with or without RGD peptide. Data 

clearly showed that the decrease in phospho-tyrosine levels observed in RGD- 

treated cells seeded on FN was nearly restored to normal levels when the very same 

cells were seeded on FN-tTG, suggesting that the RGD-independent cell adhesion 

induces the tyrosine phosphorylation of proteins.

Among the events that occur during either “outside-in” signalling through FN 

receptors is the phosphorylation of FAK at tyrosine 397 residue (Giancotti and 

Ruoslahti, 1999). Recently, Shi and Boettiger (2003) have shown that the level of 

phosphorylation of FAK Y397 is a direct consequence of the number of asPi-FN 

bonds. The data reported here shows that the attachment of HOB cells to FN and 

FN-tTG matrices induced tyrosine phosphorylation of FAK in comparison to cells 

in suspension. As expected, the disengagement of integrins from the FN matrix 

with RGD peptide resulted in a decrease in the phosphorylation of FAK, but not in 

total FAK levels, suggesting that the observed decrease in the phospho-FAK levels 

is not due to a cleavage of FAK by phosphatases. However, in response to FN-tTG 

the level of FAK phosphorylation in the presence of RGD was found to be 

comparable to that of the FN control. This data suggests that the rescue of cell 

adhesion by FN-bound tTG following the blocking of integrins via the RGD 

peptide enhances tyrosine phosphorylation of FAK and therefore implies FAK as 

being one of the intracellular signalling mediators of FN-tTG. Consistent with this 

result, Lyman et al. (1997) found that the activation of FAK can occur despite the 

inhibition of integrin association, suggesting another possible receptor responsible 

for FAK activation.

FAK is activated when integrins are ligated, but syndecan-4 receptor also appears 

to play some role (Jeong et.al, 2001). Several reports have suggested a role for 

PKCa in FAK activation (Tang et.al, 1995; Lewis et.al, 1996; Tsuchida et.al., 

2000). To test the hypothesis that FAK is activated through PKCa, FAK



Chapter 5: The characterisation o f  intracellular signalling in the RGD-independent cell adhesion pathway

phosphorylation levels were measured in Go6976 treated cells seeded on FN and 

FN-tTG matrices in the presence and absence of RGD. When compared to that of 

control cells seeded on FN, the levels of FAK activation appeared to stay the same 

in cells treated with PKCa activator PMA. Furthermore the Go6976 inhibitor led to 

only a minor decrease in the phosphorylation of FAK compared to that of control 

FN. Taken together, these results suggest that FAK is not a downstream effector of 

PKCa, and the decrease in the phospho-FAK levels seen in Go6976 treated cells is 

possibly due to the inhibition of cell adhesion by the inhibitor.

Recent evidence supports a link between cell survival and FAK activation/tyrosine 

auto-phosphorylation at Y397 (Chen et.al 1996), which implies that signalling 

might be conveyed from FAK to downstream effector kinases. One candidate is the 

Raf-1 kinase, since accumulating evidence indicates a potential cell survival role 

for Raf-1, which appears to be separate fi*om its kinase activity (Huser et.al, 2001). 

Using fibroblasts null and wild-type for Raf-1 kinase, cell adhesion assays were 

performed to determine the role of Raf-1 in RGD-independent cell adhesion in 

response to FN-tTG. Unlike Raf-1 +/+ cells, Raf-1 -/- cells did not exhibit an RGD- 

independent cell adhesion to the FN-tTG matrix in the presence of RGD peptide, 

suggesting that the rescue of cell adhesion by FN-tTG following the RGD 

inhibition depends on the Raf-1 function.

The Raf protein kinases are well-known for their role as the upstream regulators of 

the ERK kinase signalling cascade (Kolch, 2000). Previous studies have reported 

that Raf-1 kinase can directly phosphorylate and activate the protein kinase MEK, 

which in turn phosphorylates and activates ERK! and ERK2 at tyrosine 204 site 

(Payne et.al, 1991; Howe and Juliano, 1998). In this study, the Western Blot 

analysis of phospho-ERKl/2 levels demonstrated that the inhibition of cell 

adhesion in HOB cells by RGD peptides leads to a reduction in the tyrosine 

phosphorylation levels of ERK1/2. This reduction is not due to the proteolytic 

cleavage of non-phosphorylated ERK1/2 as no change in the basal levels of 

ERK 1/2 was detected. The cells seeded on FN-tTG with RGD, however, showed 

comparable tyrosine phosphorylation of ERK1/2 to control cells. This gives 

support to the statement that RGD-independent cell adhesion mediated by FN-tTG 

signals through ERK1 and 2.
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Initial reports suggested pro-apoptotic roles for JNK in stress-related induction of 

apoptosis (Hibi et.al, 1993; Xia et.al, 1995; Tournier et.al, 2000). Frisch et al. 

(1997) showed that the detachment of epithelial cells from matrix induces the 

activation of JNK kinase, which is critical for execution of anoikis. In contrast to 

previous reports, new evidence suggested an anti-apoptotic role for JNK in some 

cell types (Smith et.al, 1997; Potapova et.al, 1997; Almeida et.al, 2000). Hence, 

the difference between the current findings and the previous studies might be due 

to the different regulation of JNK in the different cell types. In order to elucidate 

the role of JNK kinase in RGD-independent cell adhesion of HOB cells to FN-tTG, 

the levels of phosphorylation of JNK1 at threonine 183 and JNK-2 at tyrosine 185 

residues was investigated. In agreement with Almeida et al. (2000), the level of 

JNK activity in attached HOB cells was considerably higher than that of detached 

cells. No detectable change in the total JNK1/2 levels points out that the decrease 

in phospho-JNKl/2 was not due to the activity of proteases. The RGD-inhibition of 

JNK1/2 activity was reversed in cells seeded on FN-tTG. The obtained results 

suggested that JNK1/2 might be involved in the downstream signalling that is 

transmitted by FN-tTG during RGD-independent cell signalling.

The activation of key kinases of the cell survival pathway during the RGD- 

independent cell adhesion hints at a potential role for the FN-tTG complex as a cell 

survival matrix protein. Using primary mouse dermal fibroblasts null and wild type 

for tTG, the effect of long term RGD-inhibition of integrins on FN and FN-tTG 

matrix was examined. Previously work from Hadden and Henke (2000) showed 

that the incubation of lung fibroblasts with soluble fibronectin peptides makes these 

cells susceptible to anoikis. In the same way, by blocking cell adhesion with RGD 

peptide, cell survival was decreased below control levels both in MFDTg2 +/+ and 

-/- seeded on the FN matrix, but not on FN-tTG (figure 5.3.11). This result 

suggested that intracellular tTG might not be essential in the FN-tTG mediated 

RGD-independent cell adhesion signalling, although previous studies proposed a 

survival role for intracellular tTG under conditions of retinoic acid induced cell 

differentiation and apoptosis (Antonyak et.al, 2001 and 2002). To determine the 

activation of apoptotic machinery, it was decided to investigate the activity of 

caspase-3 during the inhibition of integrin function in MDFTg2-/- cells seeded on
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FN and FN-tTG matrices. Caspase-3 is one of the last caspases to be activated in 

the caspase cascade and leads to irreversible phase of apoptosis where chromatin 

condensation and DNA fragmentation occurs (Frisch and Screaton, 2001). 

Comparison of caspase-3 activation levels among control cells seeded on FN and 

RGD-treated cells seeded on FN and FN-tTG indicated that caspase-3 was 

activated in cells on FN with RGD; however, cells on FN-tTG with RGD peptide 

did not show a significant increase in caspase-3 activity. It is therefore possible that 

FN-tTG inhibits RGD-mediated apoptosis via caspases. Nuclear fragmentation, 

another diagnostic feature of apoptosis, was also investigated in cells seeded on FN 

and FN-tTG with or without RGD. Results from the TUNEL analysis showed that 

the blocking of integrins by RGD peptide led to an increase in apoptotic nuclei 

levels when compared to the FN control. In contrast, the level of total apoptotic cell 

death in cells on FN-tTG was not substantially altered by the incubation of RGD 

peptide. These results once again indicate that adhesion of cells to the FN-tTG 

complex plays a major role in RGD-independent cell survival.
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The extracellular matrix to which cells adhere is a complex mixture of structural 

and functional proteins secreted by the cells themselves, which is insolubilised in 

the extracellular space by unique macromolecular interactions and/or cross-linking. 

The ECM provides a mechanical framework that supports attachment sites for cell 

surface receptors and a reservoir for signalling factors that regulate diverse 

physiological processes including angiogenesis, cell migration, cell proliferation, 

inflammation, immune responsiveness and wound healing. Adhesive proteins such 

as fibronectin, laminin, vitronectin, and collagen are associated with this solid 

matrix phase and recognised as an important regulator of anchorage-dependent 

apoptosis. It appears that the subtle changes in ECM composition and tissue 

architecture are critical for the suppression of the apoptotic machinery (Grossmann, 

2002; Badylak, 2002). Fibronectin is one of the main components of the ECM, and 

known to greatly affect both cell signalling and proliferation (Sechler et.al, 1998; 

Hocking et.al., 2000). It is therefore possible that the modulation of FN may 

provide important signals in the regulation of adhesion-related apoptosis. In this 

respect, the aim of this thesis was to elucidate the importance of tTG, a high 

affinity binding protein to FN and modulator of FN matrix activity, on FN- 

mediated cell survival. The results presented here show for the first time that matrix 

FN when bound to tTG can mediate a novel RGD-independent cell adhesion 

process, which promotes the survival of anchorage-dependent cells when the RGD- 

dependent integrin function is lost.

A number of reports have analysed the function of tTG using cells stably 

transfected with tTG cDNA in sense or anti-sense orientation (Gentile et.al., 1992; 

Melino et.al, 1994; Mian et.al, 1995; Jones et.al, 1997; Verderio et.al, 1998; 

Stephens et.al, 2004). Other studies have used agents that increase the expression 

of tTG in cells, such as retinoic acid (Moore et.al, 1984; Davies et.al, 1985; Chen 

et.al, 2001) that may cause increases in the expression of other genes leading to 

unspecific biological responses. Unlike other investigations, this study utilises a 

tTG-rich FN matrix model mimicking the in vivo physiological and pathological 

conditions, to characterise the role played by tTG in the ECM. In support of this 

model, previous data have shown that when tTG is externalised to the cell surface it
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accumulates and associates with FN in the pericellular matrix (Gaudry et.al, 

1999a). The enzyme is deposited to ECM both under normal physiological 

conditions (Verderio et.al, 1998) and in response to cellular damage, inflammation 

or cell stress (Haroon et.al, 1999; Johnson et.al, 1999; Upchurch et.al, 1991). 

The secretion of tTG from cells has shown to be accompanied by enhanced cell 

attachment to FN (Upchurch et.al, 1991; Gentile et.al, 1991) either through cross- 

linking of FN (Jones et.al, 1997; Verderio et.al, 1998) or via cross-linking 

independent specific association of tTG with the FN matrix. In the latter case, tTG 

was proposed to act as a novel cell adhesion protein or cell-surface co-receptor for 

FN (Isobe et.al., 1999; Akimov et.al, 2000; Balklava et.al, 2002). Given the high 

affinity association of tTG with FN (Turner and Lorand, 1989; LeMosy et.al, 

1992), and its involvement in cell adhesion, it is likely that upon binding, tTG and 

FN may alter each others function and form a matrix complex with distinctive 

adhesive roles, which may be essential to provide adhesion-mediated cell survival 

in response to the loss of cell adhesion in situations of cell wounding or cell stress. 

Initial studies examined the role of the FN-tTG matrix in cell-matrix interactions 

by inhibiting the “classical RGD-dependent adhesion pathway” using a human 

osteoblast-like cell line (HOB) and Swiss 3T3 fibroblasts (Verderio et.al, 2000). 

By using RGD containing synthetic peptides or integrin function blocking 

antibodies directed towards the synergy site on the as subunit and RGD-interacting 

site on the J3i subunit on HOB and Swiss 3T3 fibroblasts, it was shown that loss of 

cell-matrix interaction, due to inhibition of interaction of the FNIIIio RGD-cell 

binding site with as|3i integrins, can be restored if these cells were seeded on a FN- 

tTG matrix. Further examinations have shown that the RGD-independent cell 

adhesion of HOB and Swiss 3T3 fibroblasts to the FN-tTG matrix does not 

necessarily rely on the endogenously secreted ECM proteins. Cells from different 

origin were used to study whether the FN-tTG matrix can re-establish cell adhesion 

lost due to the inhibition of RGD-dependent integrin function by using the RGD 

synthetic peptide. Restoration of cell adhesion on the FN-tTG matrix following 

blocking of the RGD-dependent pathway was shown to occur in ECV304 cells, 

human dermal fibroblasts, and mouse dermal fibroblast wild type (MDFTg2+/+)
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and knockout for tTG (MDFTg2-/-)3 suggesting that tTG when bound to FN 

supports an RGD-independent cell adhesion process in multiple cell types.

The establishment of a Swiss 3T3 cell line overexpressing tTG under the control of 

a tetracycline-controlled regulatory plasmid provided the possibility of creating a 

physiological matrix consisting of cell-assembled FN and cell-secreted tTG 

(Verderio et.al, 1998). tTG-transfected Swiss 3T3 fibroblasts were shown to lay 

down fibrillar FN, which was associated with tTG at their cell surface (Verderio 

et.al, 1998; Gaudry et.al, 1999a; Balklava et.al, 2002). In keeping with these 

findings, it was demonstrated that fibroblasts overexpressing tTG deposited an 

ECM more abundant in tTG than their non-transfected counterparts. Non­

transfected Swiss 3T3 fibroblasts attached better on the physiological matrix 

assembled by cells overexpressing tTG than the physiological matrix assembled by 

cells expressing basal levels of tTG, regardless of RGD treatment.

Once released from cells, tTG forms a tight complex with FN as shown by 

immunofluorescence and immunogold microscopy (Gaudry et.al, 1999a; Verderio 

et.al, 1998 and 1999). There is evidence indicating a role for tTG in extracellular 

stabilisation of FN either through its cross-linking function (Jones et.al, 1997; 

Verderio et.al, 1998) or its cross-linking independent specific association with FN 

(Akimov et.al., 2000; Balklava et.al, 2002; Verderio et.al, 2003). The results 

presented here provide convincing data to indicate that cell adhesion to FN-tTG is 

independent from the intrinsic tTG ability to covalently modify the FN matrix by 

calcium-dependent transamidation. Experiments have shown that neither purified 

guinea pig liver tTG immobilised on FN nor the cell-secreted tTG deposited in 

fibroblast-ECM is catalytically active unless pre-activated with a reducing agent 

(Jones et.al, 1997; Weiss et.al, 1998). In fact, LeMosy et a l (1992) reported that 

tTG sequestration by FN results in the down regulation of cross-linking activity on 

large-size protein substrates. In contrast, incubation of cells with fluoreseently 

labelled tTG substrates indicated that tTG is catalytically active when present at the 

cell surface (Verderio et.al, 1998; Nicholas et.al, 2003). However, this cross- 

linking activity does not seem to be essential for either cell attachment and/or 

migration (Akimov et.al, 2000 and 2001; Isobe et.al, 1999; Balklava et.al, 2002; 

Stephens et.al, 2004). It is therefore plausible that tTG is catalytically active at the
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cell surface when first secreted due to the high Ca+2/GTP ratio, but once it is 

released and sequestered by FN it loses its transamidating activity in the oxidising 

extracellular environment and then functions as a novel cell adhesion protein bound 

toFN.
In confirmation of this is the finding that inhibition of the cross-linking activity of 

FN-bound tTG in cell adhesion assays does not affect the RGD-independent cell 

adhesion process. On the other hand, the recent work showing that the incubation 

of the FN-tTG complex with GTP-yS abolishes the RGD-independent cell adhesion 

suggests that the Ca+2-mediated tertiary structure of tTG is essential for this 

process. The exposure of cryptic cell adhesion sites within the tTG molecule might 

occur when enzyme takes on the Ca+2-induced open conformation (Verderio et.al, 

2000).

If the restoration of cell attachment and spreading presented on the FN-tTG matrix 

is due to the interaction of TCP-bound tTG with the cell surface, then the coating 

of TCP with tTG alone should in theory produce the same effect. A previous study 

has suggested that a tTG-coated plastic surface enhanced adhesion of human 

lymphocyte-like leukaemia cells in a tTG concentration-dependent manner (Isobe 

et.al, 1999). However, the simple binding of tTG to the plastic did not support 

RGD-dependent or independent cell adhesion of HOB cells even at high tTG 

concentrations. Similarly, the blocking of FN matrix with non-fat milk protein prior 

to tTG immobilisation did not lead to any inhibition of the RGD-independent 

compensation of cell adhesion on the FN-tTG matrix. Another intriguing result 

found in the cell adhesion studies was the effect of tTG when bound to N-terminal 

FN fragments, containing the putative tTG binding site, on the adhesion of HOB 

cells. Past studies assigned the putative tTG binding site on FN to the N-terminal 

FN peptide containing either the gelatin binding domain or type I 3 - 5  repeats (Turner 

and Lorand, 1989; LeMosy et.al, 1992; Radek et.al, 1993). No cell adhesion was 

seen on plastic coated with 45kDa and 30kDa N-terminal FN fragments regardless 

of the presence of tTG, in contrast to that previously reported (Akimov et.al, 

2000). It was also demonstrated that the immobilisation of tTG to the 70kDa FN N- 

terminal, which can support cell adhesion and which contains the putative tTG 

binding site, was not sufficient to re-establish the RGD-dependent loss of cell-
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matrix interaction, suggesting the requirement for the full-length FN molecule. As 

the blocking of tTG bound to FN by the tTG specific antibody Cub7402 greatly 

reduces the RGD-independent cell adhesion, this suggests the requirement of a 

direct interaction of tTG with the cell surface. The mechanism of cell adhesion 

therefore appears to be both tTG and FN dependent and likely to result from 

reciprocal modulation of the two proteins. Upon binding, tTG might modify FN by 

virtue of an intrinsic protein disulphide isomerise activity (PDI), which has been 

recently ascribed to it (Hasegawa et.al, 2003). However, it should be noted that the 

PDI activity of tTG is not inhibited by nucleotides including GTP, while the 

function of FN-tTG is (Verderio et.al., 2000), thus PDI-mediated FN modification 

seems unlikely to occur in the FN-tTG matrix complex.

The readily apparent differences between the cytoskeletal structures of attached 

versus suspended cells suggest that the ECM can modulate the organisation of the 

cytoskeleton and cell function (Katz et.al, 2000). It has been shown that the FN- 

tTG matrix can stimulate the formation of some focal adhesion complexes in the 

presence of either RGD synthetic peptides or function blocking antibodies raised 

against the cell binding sequences on the a 5 and Pi integrin subunits (Verderio 

et.al, 2000). Although the formed actin stress fibers appeared to be less complex 

than normal, they were sufficient to support the formation of distinct RGD- 

independent focal contacts. It is possible that the formation of these unique focal 

contacts might be due to either enhanced presentation of the ECM to integrin 

receptors involving domains other than the synergy and the RGD-cell binding 

domain, or the interaction of the FN-tTG complex with other cell-surface receptor 

proteins. The first hypothesis appears to be less likely as the FN-tTG mediated 

focal adhesions were still established in the presence of function blocking 

antibodies which are known to cause conformational inactivation of the target 

integrins, hence disabling the receptor from inducing “outside-in” signalling 

(Humphries, 2000). In this case, the restoration of cell adhesion and focal contacts 

in the RGD-independent pathway should be a consequence of direct interaction of 

FN-tTG complex with a cell surface receptor.

Recent findings have shown that the adhesion of lymphocyte-like cells to tTG is 

mediated by ouPi integrins (Isobe et.al, 1999), raising the likelihood that the FN-
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tTG might also interact with this cell surface receptor. However, it was lately 

reported that matrix binding to the ot4 pi integrin does not mediate the 

reorganisation of the actin cytoskeleton, (Sechler et.al., 2000), therefore if the o^pi 

integrin was the receptor concerned in the interaction with the FN-tTG complex 

during RGD-independent cell adhesion, there should not be any formation of actin 

stress fibers during this process. In support of the notion that FN-tTG does not 

mediate cell adhesion through the ot4 pi-induced RGD-independent pathway, the 

data here showed that the adhesion of Swiss 3T3 fibroblasts on the FN-tTG matrix 

was not inhibited by the function blocking anti-ot4 antibody or the CS-I peptide in 

the presence or absence of RGD competitive peptide. In addition, the HOB cell line 

in which the existence of a FN-tTG mediated RGD-independent cell adhesion was 

first identified, is reported to express low or negligible levels of 014(31 integrin 

(Gronthos et.al., 1997).

An early study looking at the redistribution of the enzyme to the particulate fraction 

indicated there was a tight association between tTG and the insoluble rat lung 

matrix which was found to be rich in heparan sulphate (Cocuzzi and Chung, 19S6). 

Later work presented evidence to indicate that tTG is involved in the formation of 

high molecular weight dermatan sulphate proteoglycans in bovine aortic 

endothelial cell cultures, which was reduced in the presence of the tTG inhibitor 

mono-dansylcadaverine and chondroitinase ABC (Kinsella and Wight, 1990). 

Taken together these findings suggest the possibility that FN-tTG may mediate 

RGD-independent cell adhesion through a heparan-sulphate or a chondroitin- 

sulphate proteoglycan. A clear significant decrease in RGD-independent cell 

adhesion on FN-tTG was observed when HOB cells were treated with heparitinase 

but not chondroitinase ABC, suggesting that cell surface HSPGs rather than CSPGs 

are essential for the RGD-independent cell adhesion process. Within the C-terminal 

of FN, the HepII/IIICS region contributes to the interactions of FN with cell- 

surface HSPG and integrins, which is essential for the formation of adhesion 

contacts and critical for sustained cell survival (Mostafavi-Pour et.al, 2001; Woods 

2001; Jeong et.al., 2001). Once in complex with FN, tTG could induce RGD- 

independent cell adhesion by enhancing HSPG-mediated adhesion, through a 

mechanism in which tTG would bind to the cell-surface HSPGs leading to
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increased exposure of the C-terminal heparin-binding domain of FN. The fact that 

FN-tTG can increase cell adhesion up to 30% in the absence of RGD inhibition 

suggests that HSPGs are not fully engaged when cells are seeded on the FN matrix. 

Of the known members of HSPG, only syndecan-4 has been found in focal contacts 

and suggested as the key receptor for focal adhesion formation on FN (Woods and 

Couchman, 1994; Ishiguro et.al., 2000). The activation of syndecan-4 leads to 

hyperactivation of PKCa and stimulates Rho GTPase activities as well as FAK 

auto-phosphorylation (Oh et.al, 1997a and b; Saoncella et.al, 1999; Wilcox- 

Adelman et.al, 2002). The finding that cell adhesion mediated by FN-tTG requires 

PKCa activity since the treatment of HOB cells with PKCa inhibitor Go6976 

blocks this process, fits well with the observations of Baciu and Goentick (1995) 

that the localisation of syndecan-4 to focal adhesions did not occur unless PKCa 

was activated by TPA or serum. In this sense, recruitment of syndecan-4 to focal 

contacts is dependent on PKCa, and syndecan-4, in turn, modulates the PKCa 

translocation to the cell membrane where PKCa is activated through association 

with phosphatidylinositol 4,5-biphosphate (Baciu and Goentick 1995; Oh et.al, 

1997a). Indeed, the inhibition of cell adhesion by the RGD peptide and the 

Go6976 treatment of HOB cells led to a substantial decrease in the membrane 

levels of PKCa, indicating that the disassociation of syndecan-4 with focal contacts 

due to inhibition of cell adhesion and the Go6976 treatment leads to decreased 

activation of PKCa.

The work presented in this thesis shows that the RGD-independent cell adhesion 

mediated by FN-tTG leads to tyrosine phosphorylation of proteins, suggesting the 

activation of intracellular signalling pathways during this process. In addition, 

Verderio et a l (2002) suggested the involvement of Rho A GTPase, which 

regulates the assembly of focal adhesions and actin stress fibers, in the RGD- 

independent cell adhesion process. It was reported that the retained spread 

morphology of cells in response to FN-tTG following RGD inhibition, was 

abolished when cells were pre-treated with RhoA GTPase inhibitor C3 

exotransferase. The Rho-mediated regulation of focal adhesions and stress fibers in 

cells plated on FN coincides with the activation of FAK (Schlaepfer et.al, 1999). 

In many cases, the events leading to FAK tyrosine phosphorylation have been
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shown to be dependent on integrin activation. However, the maximal 

phosphorylation of FAK requires both the integrin-binding and heparin-binding 

domains of FN (Jeong et.al, 2001). As the FN-tTG mediated RGD-independent 

cell adhesion is dependent on HSPGs, it was of interest to determine what effect 

FN-tTG mediated signalling might have on the auto-phosphorylation of FAK. In 

this context, it was shown that the function of FN-tTG is linked to the activity of 

cell survival FAK, as FAK tyrosine phosphorylation levels were restored in 

response to FN-tTG following the RGD inhibition. To date no intrinsic catalytic 

activity of syndecan-4 was established, yet syndecan-4 was shown to modulate 

focal adhesion kinase phosphorylation, suggesting the activation of PKCa to 

initiate syndecan-4 directed signalling events. The PKCa activation precedes cell 

spreading on FN (Woods and Couchman, 1994), and its direct activation by 

phorbol esters has been shown to stimulate focal adhesion formation and FAK 

tyrosine phosphorylation (Bruce-Staskal and Bouton, 2001). However, in the later 

study the authors treated the cells with phorbol esters in the presence of serum, 

which might be responsible for the activation of FAK. Recent work on FN-null 

fibroblasts using serum free conditions demonstrated that FAK phosphorylation in 

cells attached to the cell-binding domain fragment of FN can be restored by 

activation of Rho by LPA, but not by activation of PKCa with PMA. In addition, 

the levels of FAK Y397 in syndecan-4 null fibroblast was only rescued by the 

addition of LPA or re-expression of syndecan-4, indicating that clustering of 

syndecan-4 is necessary for FAK activation and that the signal is mediated by Rho, 

but not PKCa (Wilcox-Adelman et.al, 2002). In agreement with this finding, the 

results here demonstrated that the activation of PKCa activity by PMA did not lead 

to a significant increase in phosphorylation levels of F AK. Although the treatment 

of cells with Go6976 resulted in a substantial decrease in activation of PKCa, it 

only led to a slight decrease in phosphorylation of FAK Y397, which was 

comparable to the levels of inhibition of cell adhesion following the heparitinase 

treatment. This suggests that the observed decrease in FAK phosphorylation levels 

in the cells pre-treated with Go6976 might be due to inhibition in clustering and 

recruitment of syndecan-4 to focal contacts, which in turn would reduce FAK 

phosphorylation in a Rho-dependent manner.
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There have been numerous reports linking Raf-1 kinase to integrin-mediated and 

mitogen-stimulated activation of MAPK cascade (Kolch, 2000), However, recent 

studies on c-Raf-1 deficient mice indicated that MEK kinase activity of Raf-1 is not 

essential for mouse development and that Raf-1 plays a key role as an anti- 

apoptotic protein (Mikula et.al, 2001; Huser et.al, 2001). The fibroblast derived 

from c-Raf-1 deficient mice showed an indistinguishable morphology and similar 

MEK/ERK activation levels when compared with the wild type fibroblasts. 

Nevertheless, Raf-1 -/- fibroblasts displayed an increased sensitivity to apoptosis 

induced by a number of stimuli, suggesting an essential function for Raf-1 to 

counteract apoptosis (Mikula et.al, 2001). Consistent with this finding, Raf-1 was 

shown to promote cell survival, independently from its MEK kinase function, by 

inhibiting the pro-apoptotic, stress-activated protein kinase (ASK1) through 

protein-protein interactions (Chen et.al, 2001). Interestingly, the use of Raf-1 +/+ 

and -/- fibroblasts in cell adhesion assays suggested that Raf-1 kinase is necessary 

for the RGD-independent cell adhesion mediated by FN-tTG complex, since this 

pathway was impeded in Raf-1 -/- fibroblasts. In contrast, it was found that cell 

adhesion to FN was not affected by the loss of Raf-1, suggesting that Raf-1 

function is not essential for the classical-RGD-dependent cell adhesion to FN. It is 

possible that Raf-1 is required in the RGD-independent cell adhesion process to 

prevent detachment-induced apoptosis; however, as the loss of Raf-1 had an 

immediate effect on cell adhesion, the function of Raf-1 in this process appears to 

be more upstream. Although the activation of Raf-1 downstream effectors is well 

established, the events in upstream of Raf-1 are currently somewhat controversial. 

Previous studies have led to a model that the interaction of Raf-1 with Ras recruits 

the Raf-1 to the plasma membrane where it can be activated by phosphorylation on 

tyrosine residues (Kolch, 2000). In contrast, mutant Raf-1 proteins lacking the 

tyrosine sites were shown to be activated in growth-factor stimulated cells, 

suggesting existence of alternative mechanism(s) in the activation of Raf-1 (Marais 

et.al, 1995). Kolch et a l (1993) reported that PKCa activates Raf-1 by direct 

phosphorylation of serine 499 residue. Following studies confirmed the PKCa 

activity as a Raf-1 activator, and demonstrated the association of PKCa with Raf-1 

(Cai et.al, 1997; Cheng et.al, 2001). Based on these findings, one can speculate
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about the function of Raf-1 in the RGD-independent cell adhesion pathway. 

Perhaps the simplest explanation is that, the interaction of Raf-1 with PKCa 

somehow induces the formation of the PKCa-syndecan-4 complex, which in turn 

mediates the RGD-independent cell adhesion.

The cell adhesion to ECM has been also shown to activate the well-known 

ERK/MAPK cascade. The activation of ERK (p42/p44) pathway reported to 

prevent apoptosis induced by anchorage and serum removal (Le Gall, et.al., 2000), 

Since the inhibition of RGD-dependent cell adhesion on FN led to a decrease in the 

phosphorylation of ERK1/2 kinase, this initially suggested that ERK was activated 

by integrin-mediated cell adhesion in HOB cells. In addition, the ERK1/2 

phosphorylation levels were induced almost back to normal levels in response to 

FN-tTG, suggesting that ERK 1/2 might also get activated through a RGD- 

independent cell adhesion pathway. Given that the FN-tTG complex activates 

FAK, an upstream effector of Raf/MEK/ERK cascade, it is not surprising that it 

also induces the activation of ERK1/2 kinase. However, a recent study has 

demonstrated that endothelial cells treated with Go6976 showed an inhibition in 

early activation of ERK 1/2, signifying a mediatory role for PKCa activation in 

ERK1/2 activation (Cheng et.al, 2001). It is therefore equally possible that 

ERK 1/2 kinase might be activated by FAK or PKCa in response to FN-tTG during 

RGD-independent cell adhesion.

Recent evidence showed that stimulation of both integrin aggregation and G 

protein-coupled receptors enhance JNK activity, implicating JNK in adhesion 

dependent cell survival (Igishi et.al, 1999; Almeida et.al, 2000). In keeping with 

these reports, the attachment of HOB cells to FN led to an enhanced JNK activity 

when compared to cells in suspension or to RGD-treated cells on FN. The JNK was 

also activated in cells seeded on FN-tTG through the RGD-independent cell 

adhesion pathway. Previous studies connected the JNK pathway to FAK activity 

since the activation of Src kinase by FAK was shown to activate the docking 

protein pl30CAS, adapter proteins Crk and Nek, which leads the activation of JNK 

(Miyamoto eta l, 1995; Schlaepfer et.al, 1999). Later, Almeida et al. (2000) 

proposed that the FAK-pl30Cas complex is responsible for the activation of JNK 

through a Ras/Racl/Pakl/MKK4 pathway in fibroblasts. Unfortunately, with the
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current knowledge in hand, it is not possible to determine which one of these 

pathways is activated to induce INK activation during the RGD-independent cell 

adhesion pathway.

Consistent with the finding that the RGD-independent cell adhesion to FN-tTG is 

linked to the cell survival factors FAK, Raf-1 kinase, ERK, and JNK, is the 

observation that the FN-tTG complex can rescue mouse primary dermal fibroblasts 

null for tTG from the detachment-induced apoptosis (anoikis) with the maintenance 

of cell viability. The use of MDFTg2-/- cells in the survival assays suggested that 

the pro-survival function of tTG is essentially extracellular and not intracellular as 

proposed by recent studies (Antonyak et.al, 2001 and 2002). Apoptosis induced by 

the RGD inhibition of integrin-mediated adhesion has been previously reported, 

however the blocking of integrin-mediated survival signals is not sufficient to 

induce maximal apoptosis of anchorage-dependent cells (Kapila et.al, 1999; 

Hadden and Henke et.al, 2000; Jeong et.al, 2001). In this regard, the incubation of 

mouse primary fibroblast null and wild type for tTG with the RGD peptide resulted 

only in a partial decrease in cell survival. Recent studies showed that the high 

affinity heparin binding domain of FN is also important in protecting cells from 

undergoing apoptosis, presumably by the HSPG-mediated survival signals (Kapila 

et.al, 1999; Jeong et.al, 2001). These findings may be reconciled with the data in 

this report as the FN-tTG complex was shown to induce cell survival through an 

RGD-independent, HSPG-dependent cell adhesion pathway.

The mechanism(s) by which RGD-inhibition triggers an apoptotic signalling 

pathway in MDFTg2 -/- fibroblasts was not fully addressed in this study. However, 

initial studies showed that caspase-3 was activated in the absence of the integrin- 

mediated survival signals. Caspase-3 is involved in the proteolytic processing of 

key kinases necessary for survival, and the caspase inhibitors block this processing, 

hence rescuing cells from apoptosis (Widmann et.al, 1998). For example, the 

inhibition of caspase-3 activity with the pan-caspase inhibitor Z-VAD-FMK 

rescued MDFTg2 -/- cells from staurosporine-induced cell death. It is possible that 

caspase-3 activation by the RGD peptide incubation leads to the cleavage of FAK 

in MDFTg2-/- cells seeded on FN, while the FN-tTG matrix blocks the activation 

of caspase-3, thus enabling the FAK activity/stability under the same conditions. In
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support of this hypothesis, Jeong et a l (2001) showed that the heparin-binding 

domain of FN is necessary to block caspase-3 mediated cleavage of FAK in 

fibroblast undergoing anchorage-dependent apoptosis. Upon apoptotic stimuli, 

active caspase-3 enters the nucleus, where it cleaves several nuclear proteins 

resulting in nuclear condensation and DNA fragmentation (Green and Reed, 1998). 

In keeping with this notion, the nuclear disintegration and DNA fragmentation was 

evident in RGD-treated MDFTg2 -/- cells seeded on FN matrix, but not in cells 

seeded on FN-tTG matrix.

In summary, work presented in this thesis documents the importance of the FN-tTG 

cell adhesion complex in the RGD-independent rescue of cells from anoikis. The 

physiological relevance of this RGD-independent cell adhesion could be during 

tissue injury due to the disruption of the FN matrix by numerous proteases and 

subsequent generation of soluble FN peptides (figure 6.1). These peptides, 

containing the RGD cell binding domain, could interfere with RGD-dependent cell 

adhesion to the intact FN matrix and induce anoikis. Numerous studies reported 

tTG externalisation and deposition to the ECM in response to tissue damage. Once 

associated with FN, tTG becomes less susceptible to proteolysis by 

metalloproteinases (Belkin et.al., 2001). Hence, it is possible that during wound 

repair a complex of tTG and FN conferring resistance to proteolytic degradation by 

metalloproteinases could be formed in the oxidising extracellular environment of 

the wound area and mediate the RGD-independent cell adhesion. The extracellular 

effect of this potential FN-tTG adhesion complex is to ensure the adhesion- 

mediated cell survival via interaction with the HSPG receptors, and consequent 

activation of the cell survival kinases.

The apparent association of syndecan-4 with focal adhesions, and the increased 

expression of this HSPG at sites of tissue injury, suggests that the FN-tTG might be 

recognised by syndecan-4. It is therefore important that future work should define 

the role of syndecan-4 in the FN-tTG mediated RGD-independent cell adhesion. 

Studies to further define the function of Raf-1 and mechanism(s) of ERK1/2 and 

JNK 1/2 activation, as well as the molecular events that give rise to the induction of 

RGD-dependent anoikis, will significantly enhance our understanding of the RGD- 

independent cell survival pathway.
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