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Summary

Using repeated plating on fibronectin-coated surfaces as a selection
procedure, I isolated three difforent mutants unresponsive to fibronectin, from
thioguanine resistant Py-BHK (TG) cells in a simple assay of cell spreading.
All three were recloned on soft agar., Two had morphologies sitnilar to lines
which had been selected previously, F1 and F2. The mutant 3, then 4 unique
isolate, had a different morphology in culture. Whercas F1 colonies contain
exclusively rounded cells, and F2 have a few partially spread cclls, more
scattered than Fi, F3 has a spread epithelial-like morphology in culture.

I selected F3 [tom TG cells, on the basis that this mutant is non-
responsive to fibronectin, Howcever, in spreading assays, I found that F3
spreads on fibronectin, when the simple saline in the assay (HEPES-buffered
Hanks') is supplemented with foetal bovine serwum, or replaced by Ham's F10.
Uncxpectedly, I found that the active component stimulating spreading of T3
was pyruvale. To explain the pyruvate requirement, 1 searched for an
abnormality of glucose ufilisation in F3. Glucose uptake, studied using l4c.
labelled glucose, suggested there could be some such abnormality. However,
separating metabolites from TG and F3 by one and two dimensional paper
chromatography gave inconclusive resulls.

The activity of mitochondrial dehydrogenases of TG and F3, measured
using MTT, responded simifarly to glucose, suggesting that pyruvate in F3 is
more likely needed to supply metabolites than as an energy source. The
possible identity of such melabolites and explanation for how F3 came to be

selected, are discussed.




Table of contents

LiSt OF tADIES wuvivrveeririieesisirrserrrcrsmeeni e aa s sn s e
LSt OFf ITTUSITATIONS 11veerviireeeitineisirnnessreeesineeeeaeeessstsein e s bns e s rne e rne e ssaneessimaaans
TASL OF ADDIEVIALIONS Lveiiieeetiieee i ciiieee s e srrreee e seece s essas s e s sraas s aor srararnsesssesaranbeasases

ACKNOWIBUZMEIILS \...ooiiiiiiiiiiiiie ittt en e s

CHAPTER 1. INTRODUCTION

L. Cell SPreading ..o evreeminiiiee o cins s snsnenes
1.1 Tntegrin-Extracellular matrix interaction .................
L.1.1 Dxtracellular matrix and it COMPONENTS ..oocovvivvrivc oo
L1.1Y VIPONECHI .ottt et s nesiiinne
1.1.1.3 COlAEENS tvveevieeeccceriinie e ce i ae s

1.1.1.4 FIDIONECIITI ceeeiarienieeiesereirnrsreaevesseraristeraaennsebessnssransrarssnsrsaraneanninns

Fibronectin and its functional domains 6

Cell adhesion sequences in [Ibronectin ........occciviiiniveceiicians

1.1.2. TNLeGIINS wovveeirerevereeesmenesnivea e

1.1.2.1 INegrin STEUCIUIC wuvvvererereveeeeeseeieeeeeerecesranrconens
1.1.2.2 Integrin diVerSity ....oovvvvivereevioirmirnererireserereienes
1.1.2.4 Fibronectinn TeCEPLOTS coviviiiriirrivirmreneimree ot asne st
1.1.2.5 Vityonectn FECEPLOLS . iiirveiimmreninirisriasaeresmraesacrmamenssesseerennssan.
1.1.2.6 Laminin reCePlors .oovevcirireriivenerivsneciciincresarneenns

11,17 Collagen reCePOrS .ottt isriersisines st ae s e sae s

i

creemens X111

............................ 1

1

.......................... 17

17




1.1.3 Structura aspects of adhesion t0 ECM ..o
1.1.3.1 Focal adhesions ..o
1.2 Role of motility in cell spreading ..o
1.2.1 Locomotion and cell motility ..o
1.2.2 Structure of lameHipodiom .....ccoiviviiiinrsine i
1.2.3 Dynumic behavior of actin filaments ...
The treadmiliing MOdel ...ooovevvivnrieci e,
The nucleation-release MOdel .....ooeeeiriicciiiii s
1.2.4 Motility requiring force from myosin-1 activity .....oceveinicinnn
1.2.5 Function of myosin-1l in cell motility ...
1.2.6 Role of integrins in ccll motility ......cooo v

1.3 Structural aspects of mernbranc and filaments in spread cclls ..........

1.3.1 MICTOtRDUIES «oovvvivenriienriiccrice ettt b

Effect of microtubule-destroying drugs .....oooeeiiiiiriieciiiiiinicn e,
Proteins attaching actin filaments to the membrane

1.3.3 Intermediate filaments

1.4. Integrin-mediated cell-signalling

.....................................................

1.4.1 Outside-in signalling

1.4.2 Inside-out SiZNalliNg . iivciviierriieere e errre s rrrere e s rmanvs e e enrae e :

1.5. Signalling through small G proteins .......cccccevvvermiceciinns i,
1.5.1 Signalling through rho

....................................................................

1.5.2 Signalling through rac ...
1.5.3 Signalling through Cded2 ..o,
2. Sclection of mutants of altered adherenc properties ........ooceeceeceeeeeae,

3. Pyruvate requirements in cell culture

........................................................

iv

. 18

20
20
21
22
23
23
24

25
26
27

.. 28

28
31




CHAPTER 2. MATERIALS AND METHODS

1. MATERIALS .ottt s bmesne e sbas s b nr s s b an 46
L1 Il G it ieieerri i etec e tiare s e s snecn s s mscaaba s s onar s s sans b s s ms e s esna s e e s 46
L2 MEAEA ooiiiiiieievee et e e b et bt e 46
1.3 TiSSUE CUIEIIE VESSEIS 1oiiiiiiieiiieciiin e ie e et as e na s 49
1.4 Solutions for detaching cells from culture surface ... 49

1.5 Medium for freezing cells for SIOTAZE .ovviviiirvriinii i

1.6 Buffers for the affinity chromatography of calf serum on gelatin-

SEPRAIOSE 1uvivvvereeieviieci e erceressaen s ene s msne s easmaess s inn s snnnnsss U
1.7 Polyacrylamide gel electrophoresis (PAGE) ..coccocovveciemiiicniiincnnn 32
1.8 Solutions for paper chromatography .....oocvvcecvieiemerceneininieisi i 99
1.9 Radioactive materials .........cooeevccnniiinieninne . 36
1.10 Solutions for mitochondrial dehydrogenases study .oocevecreeneeieans 56
1.11 Glucose inhibitor SOIUHION ...t e .57
2. METHODS ..oooiiiie e cee e v e sasa b sae e ottt saee s anne s e ae e s 58
2.8 Cell CULULT 1vivrvecree e e .58
2.2 Selection and CLONING ...c..vvvveericieiiriir et e 58
2.2.1 Selection and recovery of clones ... 59
2.3 Fluorochrome staining [or mycoplasma ... 60
2.4 Coupling of gelatin 1o Sepharose 43 ..o, 60
2.5 Affinity chromatography of calf serum on gelatin-Sepharose 4B ... 61
2.5.1 Affinity purificd fIbronectn ... vcvicniiiecrecen e 61
2.6 SPreadifg ASSAY ..cvrviiiieiiaisiiiis et e e 61
2.6.1 Preparation of coverslips ................ .. 61
2.6.2 Cell SUSPENISION «1ivveeriieieriieee ettt et s ias s e e ebs st ss s aesbe s 62




2.6.3 Incubation for spreading ... 62

2.6.4 Staining and MOUBURE .cveoveriiimrririonerieseseeie it as s 63
2.6.5 Measurement of arca and Shapes ......coovveeevoreciniiiisimnensrnesiimsennnn 03
2.7 Measurement of mitochondrial dehydrogenases ... 63
2.8 Scparation and identification of 14 Jabelied metabolitcs of
glucose in TG and F3 by paper chromatography ..o 64
2.8.1 Silver staining for paper chromatography .........cccooviiiiniinien 65
ATMS OF MY RESEARCH ....coiioiiiiiiicimicmmess e 66
CITAPTER 3 RESULTS AND DISCUSSION
1. Selection of non-adherent motant cells ... 67
1.2 Tsolation of F3, a new PhenotyDe ..u.vvvevcerinreneenrniivnecvnaconsnenaninnss 07
1.1.2 Phenotype of F3 ..ot 70
1.1.2.1 Time-lapse video-tape recording of 1Gand F3 ... 70
1.1.2.2 Spreading of F3 on Fn-coated glass coverslips ..., 79
2. Effcet of medivm components on the spreading of F3 ..., 80
2.1 Growth MEditIYL ..c.oviiinmiiiirienineir e cis et raesanes OO
2.2 DHalySEd SEITIITL ouvvieciereircrreeiineeciiees e raeeeneee e ssissssasa s saas s an b ab s sabassanans 82
2.3 Pyruvate, L-glutamine, and SRCCINALE .....oveveriivveriiimerioeieiiee e 84
2.4 Effect of pyruvate concentration on the spreading of F3 on
FIDTONECLIN oottt e e e 86
2.5 Time course of spreading of TG and F3, in the presence of
PYTUVALL c..oietsiimieeiimtee s sattes e msa st sa s shab e e bab s s b e s babas s e b s s s e a bt e e e arasseneannee s e 87
2.6 Effect of EDTA on spreading ... 88
2.7 The Effect of removing pyruvate on spsead F3 cells ..o 39

vi



3. Effect of an inhibitor of the glycolytic pathway {2-deoxyglucosc)
on the spreading of TG ..o v D1
4. Measurement of the activity of mitochondrial dehydrogenases ................ 93
5. Analysis of 14¢-1abelled glucose metabalites of TG and F3 ....c.ccceiane.. 97
5.1 Uptake of 14C-labelled glucose by TG and F3 .....cccvvcrvvccicccirrinn 98
5.1.1 THIE COUTSE .iiviiiiiriiiuirimniiiiine et i 98
5.2 Analysis of ¢ Jabelled glucose metabolites of TG and F3 hy
paper ChromMALOZIAPIY ...ovvvirrr e emrrer e abs e b Q9
5.2.1 Sensitivity of the method ... 100

5.2.2 .One dimensional paper chromatography ..o 101

CHAPTER 4 GENERAL DISCUSSION ....cccomimmininiriiie s 112

REFERENUES ..ottt cien et eae s bt smce rasa e s abnasanns 114
vi




List of tables

CHAPTER 1, INTRODUCITON

Table 1.1 Extracellular ligands of the integrin family ... v 13
Tablc 1.2 Integrin-mediated signal transduction ............. e 35
CHAPTER 3. RESULTS & DISCUSSION
TADIE 3.1 ettt et s e e 108

viii




List of illustrations

CHAPTER 1. INTRODUCTION

Figure 1.2. THBroneCtin .. occooiviiviiiiiie i 8
Figure 1.3, TRLegIin SIUCIITE ....oiiiiiiiiiiiiiriinsiies s essasesncve s 12
Figure 1.4 Focal adhesions ..o 19
Figure 1.5 Fibropectin receptor and cell motility ..., 26
Figure 1.6 Aclin mOIECULE .ot s s 29
Figure 1.7 Integrin-mediated 'outside-in sighatling’ ... 34
Figure 1.8 Rac activation leading to membrane ruffling .........cooovveiiiinnnnn, 39
Figure 1.9 Rho, Rac and Cdc4?2 signal transduction pathways .....cocceeerrverene 40
ix




List of abbreviations

ABPs Actin-binding proteins

A-CAM Adherence junction-specific cell adhesion molecule
AIDS Acquired immune deficiency syndrome
ADP Adenosine di-phosphate

cAMP Cyclic adenosine mono-phosphate
ATP Adenosine tri-phosphate

BD Bradykinin

BO Bombesin

CAS Cadherin-associated substrate

CNS Central nervous neurons

CRT Calreticulin

cDNA Complementary deoxy-tibonucleic acid
ECM Extraceilular matrix

EGF Epidermal growth factor

ERK Extracellular regulated kinase

FAK Focal adhesion kinase

F-actin Filamentous actin

FAP Focal adhcsion plaque

FMDV Foot and mouth discase virus

Fn Fibronectin

GAPs GTP-ase-activating proteins

GDI Guanine nucleotide dissociation inhibitor
GDP Guanosine di-phosphate

GEFs GDP-GTP exchange factors



GF
GFR
GMP
GTP
Grb2
HIV

IRM
INK
LPA
MAPs
MAPK
MEK
MTOCs
MTT
PDGF
PI 5K
PI 3K
PIP
PKC
PKN
PMA
Rac-EF

RGD

Growth factor

Growth factor receptor

Guanosine mono-phosphate
Guanosine tri-phosphate

Growth factor receptor hound
Human immuno-deficiency virus
Integrin-associated protein
Interceliular adhesion molecule
Intermediate filaments
Integrin-linked kinase
Interference reflection microscopy
Jun kinase

Lysophosphatidic acid
Microtubule-associated proteins
Mitogen-activated protein kinase
MAPK/ ERK kinase
Microtubule-organising centres
[3-(4,5-dimethylthiazol-2y])-2,5-diphenyltetrazolium bromide
Platelet-derived growth factor
Phosphatidylinositide 4-phosphate-5-Kinase
Phosphatidylinositol 3'’kinase
Phosphatidylinositol 4-phosphate
Protein kinase

Protein kinase N

Phorbol myristate acetate

Rac exchange factor

Arg-Gly-Asp

X1




ROCK
RSV
SDS

SH

TR4
TB10
TGE-f
TG

Vn
V-CAM

Rho-associated coiled-coil containing protein kinase
Rous sarcoma virus

Sodium dedecyl sulphate

Src homology domain

Thymosin 34

- Thymosin $10

Transforming growth factor B
6-thioguanine
Vitronectin

Vascular cellular adhesion molecule

xii



Acknowledgements

I would like to thank Professor Adam Curtis for giving me the
opportunity to work as a Ph.D rescarch student in the Infection and Inumunity
Division. I would also like to thank Dr. Tony Lawrence for providing me the
facilities of his department. My deepest thanks go to my supervisor Dr. John
Edwards for his support, guidance and encouragement as well as his patience
throughout these years. 1 am especially indebted to him.

T would also like to thank Dr. Julian Dow for his assistance with
computing and Gordon Campbell for his assistance and help in the lab. Andy
Hart, who introduced me to photographic processing, gave special guidance
and help which was much appreciated. Many (hanks are due to Scott Arkison
for his invaluable help in the lab and with computing. He gave me a helping
hand when things got difficult.

My deepest thanks go to my family, who through these years never
stopped encouraging and supporting me - especially my mother, and my sister
Kifah. I am also grateful to my uncle Ziad Abu-Zayyad who encouraged me,
helped in {inding [unds, and was there whenever I needed him. Special thanks
go to my dear friends Lisa and Dr. Salwa Bdour from the University of Jordan,
who never stopped writing letters and telephoning me to encourage me to
finish my thesis.

And [inally, I would like (o express my deepesl gratitude to my pariner

George Galloway MP, for everything.

xiii



This work is dedicated to my late father Naji Abu-Zayyad who died on
April 4th 1979 at the age of 45. It was my father's dream that I grow up to be a

scientist, I hope that I have lived up to his expectations.

AN.AZ
April 4th 1979

X1iv



CHAPTER 1

INTRODUCTION



Introduction

1. Cell spreading

When animal tissue cells are allowed to come inte contact with a solid
substrate coated with a suitable molecule of the extraceltvlar matrix (ECM), they
respond as follows: they attach, spread, and may locomote. Allachment involves
specialised receptors (integrins) interacting with the substrate and reorganisation
of the cytoskeleton.

Tor a cell to spread, its edges must move outwards. This movement seems
w involve rearrangements of cytoskeleton and membrane similar to those shown
by locomoting cclls. The integrins, through interaction with the ECM, provide a
stimulus: the cell responds by spreading. Some signal transduction pathways

presumably link the stimulus to the response.

1.1 Integrin-Extracellular matrix interactions
1.1.1 Extracellular matrix and its components

The extracellular matrix (ECM) consists of the cell-free ‘ground substance'
which is considered to be the filler that surrounds celis and provides the strength
to soft tissues aud the rigidity to skeletal tissues (Bernfield, 1989). The ECM
consists of very large, multi-domain molecules that are linked together by
covalent and non-covalent bonds into an insoluble compound. Initially, the most
common components were isolated and characterised, particularly Lype [ collagen,
and the cartilage chondroitin sulphate proteoglycan. The discovery of fibronectin

and larainin, the adhesive glycoproteins of the interstitial matrix and basal lamina,
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respectively, stimulated cell biologists to search for more of these proteius, to
characterise their molecular interactions and to learn how they affected cells
(Engel, 1991; Flaumenhaft et af., 1991). Each of the two major types of matrices,
the interstitial matrix and the basal lamina, contains as major components a type
of collagen, other cell-binding adhesive glycoproteins and proteoglycans. The
interstitial matrix is produced by mesenchymal cells which migrate through it. It
contains fibrillar collagens (types I, III, V and others), fibronectin, hyaluronic acid
and fibril-associated proteoglycans (c.g. decorin). The interstitial matrix exists in
various forms, such as tendon, bone, and dermis. The basal lamina is produced
hy parenchymal cells. The cells are polarised to it, especially epithelia whose
basal suifaces abut on it. Basal laminae contain a mesh-like collagen [ramcwork
(type IV), laminin and a large heparan sulphate proteoglycan ({iltrican). The
basal lamina shows structural order, but the precise arrangement of its
components is unclear.

I will give a very brief introduction to some of the components of the
ECM: vitrenectin, laminin, collagens and proteoglycans, discuss briefly their
interactions with cells, and then focus on fibronectin in more detail, since this

protein was central to my work.

1.1.1.1 Vitronectin

Vitronectin (Vn) is a 70 kDa RGD-containing mmuitifunctional seram
protein, produced primarily in the liver, also known as S-protein or serum
spreading factor (Riberio et al., 1995), Tt has also been known as epibolin
(Underwood ef al., 1989). Vn was first identified as a cell attachment factor with
high activity on glass surfaces (Yamada 1991). It is found in serum at a
concentration of 200-400 pg/ml. However, it also appears in specific tissues. For
example, Vn was found to localise within the stroma of wound Ussue and elastin

fibers of the skin. Vn affects the humoral immune systems (Felding-Habermann



et al., 1993). Tt also serves as a major matrix-associated regulator of blood
coagulation on the basis of its ability to bind heparin (Ribeiro et al., 1993),
plasminogen, plasminogen activator inhibitors and thrombin-antithrombin I
complexes. Va promotes cellular attachment, spreading and migration of a wide

variety of cell types (UInderwood er al., 1989).

1.1.1.2 Laminin

Laminin is the major glycoprotein found in basernent membranes, the thin
extracellular matrix which underlies all epitheliz and surrounds muscle, peripheral
nerve and fat cells (Kleinman ef al., 1989; Mercurio, 1990; Yamada, 1991;
Tryggvason, 1993; Yurchenco ef al., 1994). Laminin also binds to other
components in the maltrix (i.e. type 1V collagen, heparan sulphate proteoglycan
and entactin) and to itself. Laminin is a complex and inleresting extraceliular
matrix component (Tryggvason 1993) wilth multiple biological activities,
including promotion of cell adhesion, growth, migration, maintenance of cellular
phenotype, control of development, differentiation, colagenase IV activity,
ncurite outgrowth, tyrosine hydroxylase activity and tumour metastasis, cellular
proliferation and gene expression, in addition to being a true structural component
of the basement membrane meshwork.

Laminin is a large glycoprotein (M = 800,000) which consists of A (My =
400,000), B1 (M) = 210,000) and B2 (Mr = 200,00) chains which are held
together in a cross-like structusc by disulphide bonds. The ceatre of the cross was
tound to have cell adhesjon activity while the end of the long arm had both cell
attachment and neurite outgrowth activity, A unique sequence of five amino
acids, YIGSR, from one of the EGF-like repeats in the B1 chain was identified as
promoting cell adhesion and migration. A nearby sequence
(RYVVLPRPVCFEKGMNYTVR), termed F9, on the internal globular domain

was also found to have ccll attachment activity (Fig. 1), which bound specifically
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to heparin. An RGD sequence is located on laminin A chain in the central EGF

repeat (Kleinman et ¢f., 1989).

A chain

YIGSR < RGD
Cell attachment . Cell attachment
B! Chain ({waiffmmmy | pesmweifred) B2 chiain

1

Cell attachiment
Heparin binding

Neurite outgrowth

Fig. 1L Schematic model of laminin showing approximate locations of
hiologically active sites. For more details see lexl. (adapted from
Klcinman H. K. et af., 1989).

The complete structure has been determined through cDNA cloning and
sequencing (Yamada ef al., 1992). The chuins previously designated A, B1 and
B2 chains comprising a tri-molecular monomer are renamed ¢, B and v, the
corresponding isoforms for each are numbcred in order of discovery, as are the
complete laminins. The genes for these chains use the letters A, B and C to

correspond to the three chains (Yurchencoe et al., 1994; Brown et al., 1994).
1.1.1.3 Collagens

Collagens are the major class of insoluble fibrous proteins in the ECM and
in connective tissues (Bornstein er al., 1980; Dedhar et af., 1987a; Engvall er al.,

1986; Tanzer, 1989). In fact they are the most abundant components of the ECM.




There are at least nineteen different types of collagens plus numerous other non-
structural proteins that contain at least one collagen triple helix as a struclural
motif. It was recently proposed that all proteins containing a collagen triple helix
be regarded as members of a collagen superfamily (Mayne et al., 1993). Types I,
I1, and I1I arc the most abundant and form fibrils of similar structure. Type IV, a
main component of the basal lamina, in contrast, forms a two-dimensional
reticulum: a covalently- stabilised polymer network. The chains most widely
distributed and present in largest amount are the al(IV) and a2 (IV) chains

[ 1{IVY20:2(TV)] (Yurchenco et al., 1994). The type IX-like family of collagens
(Mayne et al., 1993) was discovered a decade ago in several different cartilages
and recently a number of additional collagens were described in other connective
tissues and contain one or more domains in common with domains of type 1X
collagen. These include type XII, type X1V and type XVI collagens together with
an additional collagen chain, a{(Y). Recently, several cDNA clones were
described that contain short stretches of collagenous sequence interspersed by
non-collagenous sequences but are not members of the type IX collagen-like
family. Three of these cloned cDNAs are designated as collagen types XIII, XV,
and XVII (Maync ef ¢l., 1993). All coliagens contain a three-stranded helical
structure and globular domains, The {undamental structural wnit is 300 nm long
and 1.5 nm in diameter, and consists of three coiled subunits: Two o1 chains and
o2. Each chain contains exactly 1050 amino acids wound around each other in a
characteristic right-handed triple helix. Many regions of collagen chains are
composed of the repeating motif Gly-Pro-X, where X can be any amino acid.
Hydrogen bonds linking the peptide bond NH of a glycine residuc with a peptide
carbonyl (C=0) group in an adjacent polypeptide help hold the three chains
together. It appears that most collagen exons encode six Gly-X-Y sequences, and
other exons cncode two or three of these primordial units, where Y is a

hydroxyproline.



The role of collagens is mainly structural, as an example, type I collagen fibers
are used as the reinforcing conslruction of bone, but various collagen types have
been shown to promote the adhesion and migration of a variety of cell Lypes
(Dedhar et al., 1987a). Cells have inlegrins such as 0131 and a2B1 which
recognise motifs on collagens (e.g. type I collagen) and which have been shown
to promote directional motility of normal and transformed cells (Ruostahti, 1991;

Faassen ef al., 1992).

1.1.1.4 Fibroneetin

Fibronectin (Fn} is a multifunctional extracellular glycoprotein that exists
in a soluble form in body fluids and in an insoluble form (cellular En) in the
ECM. Insoluble Fn has been found on the surface of most untransformed cells
and in basement membranes (Vartio ef al., 1987; Zerlauth ef al., 1988). Both
forms of Fn are encoded by the same single gene. Fn plays a central role in cell
adhesion. It interacts with cells to promote attachment and spreading of cells
(Hynes, 1990). It plays a major role in many important physiological processes,
such as embryogenesis, wound healing, haemoslasis and thrombosis, ceil
differentiation, maintenance of normal cell morphelogy, cytoskeletal
organisation, and oncogenic transformation, (Vartio et af., 1987, Yamada 1989;
Hynes, {989; Hynes, 1990; Schwarzbauer ef al, 1991; Potis et al, 1994; Waltl ¢¢
al., 1994). Intensive rescarch on Fn has made it an ideal protein for investigations

of cell adhesion and spreading (Ruoslahti ef al., 1988)

Fibroneectin structure and its functional domains

The complete amino acid sequence of the Fn polypeptide has been

determined from cloned cDNA and protein for several species. There is a high

degree of sequence homology belween [ibronectins from the various species.




All forms of Fn are large glycoproteins containing around 5%
carbohydrate (Hynes, 1990). The carbohydrates protect the Fo polypeptide
against proteolysis, and this may be the general significance of b'n glycosylation
(Jones et al., 1986; Ruoslaht et al., 1988), Glycosylation may also modulate
fibroblast adhesion und spreading. Fn is secreted as a dimmer, with a monomer
molecular weight of approximately 220-250 kDa; the monomers are joined by
two disulphide bonds near the carboxyl terminus of the protein (Fig. 2). Like
many proteins of the ECM, including tenascin, laminin and thrombospondin, ¥n
is a mosaic protein, composed of modular protein units that often correspond to
the exon structure of the gene. These modular units are of three types: module I,
11, and ITT which contain ~40, 60, and 90 amino acid residues, respectively (Baron
et al., 1990; Potts ef al., 1994). The modules arc (olded into functional domains
that arc resistant to proteolysis and contain binding sites for ECM proteins such as
collagen and thrombospondin, cell-surface receptors such as integrins, circulating
blood proteins such as fibrin, and glycosaminoglycans such as heparin and
chondroitin sulphate. It has been demonstrated that circulating Fn and Fn
obtained from fibroblast cultures, both showed specific binding to collagen and
gelatin (Ruoslahti ez al., 1977). Different isoforms of Fi result {rom alternative
splicing ol the ED-A and ED-B modules and of the type Il connecting segment
(TICS; Hig. 2) (Gutman ef al.; 1986, Carnemolla ef al., 1989; Potts er af., 1994),
Fibronectin expression is controlled al several levels: transcription, splicing, and
protein sccretion. Expression is stimulated by serum, cAMP, glucocorticoids and
by transforming growth factor B (TGF-[3), and suppressed by oncogenic

transformation and cell density (Dean et al., 1988; Schwarzbauer, 1991).




Crosslinking site EDB EDA IIICS

Fibyi Matrix assembly Cell COCH
Fihrin
i 1 ] y RGD ¢ &

N COOH
L : | l——1 L.
Mauix assembly  Conagen Cell Heparin —— Fibrin
Staphylococcts  Gelatin Chondroitin
aureus sulphate
Heparin
Type 1 module g Type 2 module Type 3 module
Fnl Fn2 Fn3

Fig, 1.2 The modular structure of Fn, showing the position of the three types of modules; Fal,

Fn2 and Fn3. EDA, EDB and TICS are alternatively spliced regions. 10403 contains
the RGD sequence involved in iutegrin binding. (adapted Pouts er al., 1994)

Splicing of the TIICS region can be combined with splices of the [EID-A and ED-B
regions (EITIA and EIIIB) to form the 20 variants constituting the human Fn

family (Schwarrbauer et al., 1987; Yamada, 1989; Schwarzbauer, 1991).

Cell adhesion sequences in fibronectin

Most cells can adhere to fibronectin, at least in patt by binding to the
centrally located "cell-binding" domain. A crucial sequence in this domain is
Arg-Gly-Asp-Ser (RGDS). The first three amino acids are particularly important,
the "RGD" recognition site, and they are the essential structure recognised by
most cells in fibronectin (Dedhar er af., 1987b; Ruoslahl et af., 1987; Yamada,
1991). Mutagenesis experiments and monoclonal antibody inhibition studics
appear to confirm that this region contains a second binding region located about
14-28 kDa toward the amino terminus of the protein, that functions in synergy
with the RGD sequence in cell adhesion, migration, and fibronectin matrix
assembly.

The alternatively spliced sequences of the ITICS or V region are unique in

that they encode cell-type-specific adhesion sequences. Sites involved ia cell



adhesion and spreading reside between repeat 1l and ;5. A syncrgistic region
Tocaled at least 20 kDa of polypeptide sequence away from the RGD sitc is
important for complete cell attachment and spreading, and for transmembranc
effects of Fn on organising actin-containing microfilament bundles
(Schwarzbaucr, 1991; Yamada, 1989). Cell adhesion and spreading is essential
for normal ccllular behaviour and growth. This cell-type-specific region
wndergoes complex alternative splicing of precursor Fn mRNA to form up to five
differcnt human Fn variants. Two of these sites, termed the LDVP (Humphries e
al., 1987) and Arg-Gly-Asp-Val "RGDV" (Humphries et al., 1986) sequences, are
recognised by a variety of neural crest derivatives, including melanoma cells,
sensory and sympathetic ganglion cells, and crest cells themselves. Certain
lymphocytes also recognise the LDV site (Wayner ef al., 1989; Wayner ef al.,
1992).

‘The collagen-binding domain, which was the first functional domain to be
identified, seems to account for all the capacity of fibronectin to bind to
collagen/gelatin.

Fn contains two heparin-binding domains, which are thought to interact
most often with heparan sulphate proteoglycans,

Fn contains at least two fibrin-binding domains; a third is detectable after
proteolysis of the protein. The major binding domains bind to fibrin or

fibrinogen, but binding tends to be relatively weuk.

1.1.2 Intcgrins

Integrins are a large group of transmembrane glycoproteins that bind to
adhesive macromolecules in extracellular matrices and on cell surfaccs. They are
the major class of adhesion receptor and make a dominant contribution to the

process of cell-cell and cell-substratum adhesion (Turner er al., 1991; Tuckwell et




al., 1993). The term "integrins" was originally coined (o reflect the role of these
receplors in integrating the intraceltular cytoskeleton (actin microfilaments) with
the extracellular matrix ([ibronectin) (ITynes, 1987; Mosher, 1991; Haas, 1994).
It has been reported that the cytoplasmic domain is essential for the accumulation

of integrin into focal adhesions, and that the entire cytoplamic domain is essential

for complete integrin function (Mueller ef af., 1989; Turner et al., 1991; Reszka et

al., 1992; Sastry et al., 1993; Miyamoto et al., 1995a). The 31 and 33 classes
predominantly mediate cell-matrix adhesion, while the §2 class are cell-cell
adhesion receptors (Humphries, 1990). In terms of ligand-binding specificity, 1
integrins are generally involved in adhesion to connective tissue macromolecules
such as [ibronectin, laminin and collagens and they are expressed on many
haematopoietic and leukocyte cell types (Springer 1990), 33 receptors bind to
vascular ligands such as fibrinogen, entactin, tenascin, von Willebrand factor,
thrombospondin and vitronectin (Ruoslahli ef ¢f., 1987; Wayner et al.., 1988,
Ruostahti, 1991; Hynes, 1992). 1 and 2 integrins have a widespread
occurrence and are expressed by most cells (reviewed Humphries, 1990).

Integrin research links such diverse fields as haematology, neurobiology,
thrombosis, cancer biology, inflammation, AIDS and developmental biology
(Hyncs, 1992; Churchill ef af., 1993, Roche ef al.. 1993; Smith et al., 1993;
Pilewski ef al., 1993; Haas ef al., 1994).

1.1.2.1 Integrin structure

All integrins are dimmers consisting of unrelated o and f} subunits. The

subunits vary in size between 120 and 180 kDDa. 3 subunits are 90-110 kDa
(Ruosiahti et al., 1987; Hynes, 1992). Both o and f§ subunits have a large
extracellular domain, a transmembrane segment, and with the exception of 4, a
small cytoplasmic domain (Hynes ef al., 1989; Hynes, 1992; Reszka ef al., 1992;

DiPersio ef al., 1995). The structure and binding properties of integrins suggesl
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the presence of domains controlling at least three major functions: subunit
association, ligand binding, and cytoskeletal inieractions (Solowska ef af., 1991).
The extracellular domains of the ¢ subunits contain several calmodulin-type
divalent cation-binding sites (EF-hand, Fig. 3), while the 3 subunits may have one
such site (Loftus er al., 1990; Ruoslahti, 1991; review Humphries et al., 1996).
The divalent cation dependency of integrin function is likely to derive from the
presence of these structures. Certain ¢ subunits, o.l, 02, oL, oM and «X, contain
a distinct domain hetween EF-hand domains 2 and 3, known as the inserted- or I-
domain (Larson et al., 1989). a3, o5, o6, o7, a8, ollb and oV subunits are
subject to a post-translational cleavage at a conserved site within the EF-hand
domains and the transmembrane region, the protease cleavage site, which does
not contain any homology to known structural domains. It has been proposed that
the region between the EF-hands and the cleavage site is composed of a short ¢
helix-rich region followed by 12 3 strands ((Nermut ef al., 1988). The
extracellular, N-terminal region in § subunits contains a segment of about 200
residues which is highly conserved between subunits (Moyle ¢f al., 1991). The
other well characterised section of the integrin 3 subunit is a cysteine-rich region
in the C-terminal part of the extracellular domain, which is made up of four EGT*-
like domains (Nermut ef @l., 1988). The o and B subunits are noncovalently
bound to one another, and this association is promoted by divalent cations. It has
been established that divalent cations, such us Ca2t and Mg2+ are crucial to
integrin structural stability and that cations can alter the specificity and affinity of
integrins for their ligands (Grinnell, 1984; Edwards ef af., 1987; Edwards ef ul.,
1988; Argraves et al., 1987, Elices ef al., 1991; Grezesiak ez ¢l., 1992; Tuckwell
et al., 1993; Hass er al., 1994; Hogg et al., 1994; review Humphries ef al., 1996).
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Fig. 1.3 Diagrammatic structire of integrins, showing the domains comprising ¢ and
B subunits. The N-terminal portion of a subunits is made up of 7 repeating uni(s
(EF-hand domains). I-domain: certain ¢ subunits, 01, 02, oL, oM and X,
contain a distinct domain between ER-hand domains 2 and 3, known as inscrted- or I-
domain, for more details see text, adapled Tuckwell ez af., 1993)

The twenty two or so known integrins offer the possibility of grcat
flexibility in cell adhesion, and this flexibility is probably further increased by

alternative splicing (Hynes 1992).

1.1.2.2 Integrin diversity

Most integrins are expressed on a wide variety of cells, and most express
several integrins. There are at least 15 ¢ subunits (3-8, oM, L, oX, oV, «II3,
and alEL) and 8 3 subunits (3 1-8). which have been identified in vertebrates
(Vogel et ¢l., 1990; Elices er al., 1991; Hynes ef al., 1992; Tuckwell ¢z al.; 1993,
Sheppard, 1993; Smith et al., 1993; Tlogg et al., 1993; Diamond ez al., 1994;
Venstrom ef af., 1995). These subunits are capable of assembling into at least 22
functional heterodimeric receptors. ‘The family is still growing but slowly.
Integrins bind to diverse atray of ligands, inclhuding ECM proteins, plasma
proteins, that are deposited at sites ol injury in haemostasis (fibrin) and
complement activation (iC3b), and integral membrane proteins. Many integrins

bind to more than one of these ligands, and some ligands bind to more than one
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integrin, using either the same or distinct recognition sites. For example, at least

gight integrins have been shown to bind te fibroncctin (Hynes ef al.; 1992;

Sheppard, 1993). Integrin ligands now include bacterial and viral proteins,

coagulation and fibxinolytic {actors, complement proteins and cellular counter-

receptors, in addition to epithelial and vascular matrix components (Sheppard,

1993, Haas et af., 1994, Diamond et al., 1994; McDonald et al., 1995; Schnapp et

al., 1995). Table 1 summarises the diversity of vertebrate integrins as presently

understood.

Ligand

Commenis

Integrin

ECM proteins

Cytotactin/tenascin

Epiligrin

Collagens

Denatured collagens

Tiibronectin

Lawminin

Vitronectin

Thrombospondin

Large ECM protein composed of

muliple distinet domains, including 6-15
homologous repeats of the Fn type 11
module, The third type 1T repeat in
cytotactin contains an RGD sequence and
supporls cell attachment and spreading
mediatcd by ¢ty integrin (Prieto et al., 1993)

Epithelial basement membrane
componcent synthesiscd by basal
keratinocytes (Wayner ef al., 1993,
Symingion et al., [995)

secl.1.1.3

sec 1.1.1.4

see 1.1.1.2

see 1.1.1.1

A large glycoprotein that is released
from platelets, also present in various
extracellular matrices duc to its
inteactions with heparin, fibronectin and
collagen. It has been found to promote
cell adhesion and other biological
evenls, including neurite outgrowth and
inhibition of tumour metastasis
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Pathogenic ligands

HIV Tat protein

FMDV

Bchovirus 1

Borrelia burgdorferi

Pisintegrins
e.g. Kistrin, Echistatin

Decorsin Cyritestin, etc..,

The 'tat protein of human IV Lype 1, a
growth factor for AIDs Kaposi sarcoma
and cytokine-activated vascular cells
induces adhesion of the same cell types
by using integrins recognising the RGD
sequence (Barillari et al., 1993).

RGD-conlaining capsid protein of foot-and-
month discase virus (Logan et gf., 1993)

oo f1-echovirus | interaclion is
independent of both a2fB1 activation
state and divalent cations, therefore
contrasting with collagen and laminin
interactions with 02p1 (Bergelson et at.,
1993).

Causes Lyme discase, Borrelia
burgdorferi, binds (o platclels through
¢11hP3 in an interaction inhibited by
RGD and fibrinogen chain peptides
{Coburn et ¢l., 1993)

Originally discovered in snakc venoms

as potent inhibitors of platelet aggregation
by B3 (Blobel et al., 1992;
Weskamp et al., 1994)

Haematopoieses and thrombosis

Factor X

Fibrinogen

van Willebrand factor
Others

1C3b

ICAMs

Non-activated platelet integrin cypBa

binds to immobilised fibrinogen, but not soluble.
Certain sites in fibrinogen, including the

RGD at residues 72-74, become accessible to
site-specific monoclonal autibodies

when fhe fibrinogen is immobilised on a surface,
Thus, the physical state of the ligand may influence
its recognition specificity (IJgarova et al., 1993).

A major opsonic form of complement C3
(Rabb ef al., 1993)

Tinmunoglobulin-like counter-receptors.
Cerlain integrins on leukocytes mediate
adhesion to endotheliat cells by binding
to counter-receptors, which consisl of a
series of immunoglobulin-like domains
{De Fougerolles et al., 1992)
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Invasin 0P

Mucosal ACAM-1 aqP7

Osteopontin o33

RGD sequence ayB, o3 oyPs,
oIbB3

VCAMs 4Py, 0aP7

? agfy, 0oft,

oW g

Table 1.1 Exiracellular ligands of the integrin [amily (adapted from Haas et al., 1994).

1.1.2.4 Fibronectin receptors

Fibronectin receptors that interact with the RGD cell attachment site have
been identified in cultured cells and tissues by affinity chromatography on Fn cell
attachment fragments, or in a less direct way by means of antibodics that inhibit
the attachment of cclls to I'n {Ruoslahti ef af., 1987; Ruoslahti 1988; Gailit ef .,
1988; Wayner et al., 1988; Dalton ef al., 1995). There is no single "Fn teceptor”,
the various Fn receptors are members of a homologous receptor family that also
includes receptors for other ligands (revicwed by Hynes, 1990; Vogel ¢t al.,
1990). 1t has been proposed that a 140 kDa Fn receplor complex may be part of a
cell surface linkage between Fn and cytoskeleton, which anchors cells to their
substrata and maintains normal morphology (Pytela et al., 1985; Chen ef «l.,
1986).

Fibronectin is recognized by at least six different cell surface receptors,
The integrin o153 1 was the first one isolated and characterised, and is often
referred to as the “classical” Fn receptor. The 5P 1 integrin binds to the RGD
cell attachment site of Fn. The other integrins that can bind Fn are odlp3, ¢tvBx,
perhaps 331 and a novel neutrophil integrin. Recent studies indicate functions
of the 4] receptor in lymphocyte and melanoma adherence to the cell-type-
specific, alternatively spliced CS1 sequence (Wayner et al., 1989; Wayner et al.,
1992 Dean et al., 1993, Kassner et al., 1995), and there is evidence that ogP1 is a

Fn receptor that recognises the RGD sequence (Miiller ef al., 1995; Venstrom et
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al., 1995). Because of its abundance and comparatively high affinity, most work
has focused on the a.58 | Tn receptor. Like other integrin rcceptors, the receptor
is composed of two subupits: an o subunit of 1,008 amino acids which is
processed into two polypeptides disulphide bonded o one another, and a4 §8
subunit of 778 amino acids. Each subunit has near its COOH terminus a
hydrophobic segment, which serves as a transmeinbrane domain anchoring each
subunit in the membrane and dividing each into a large extraccliular domain and
short cytoplasmic domain. Tt has been claimed that ECM recognition by the
o5 1 integriu plays a role in the control of cell proliferation (Grinnell, [992). It
has been suggested that a reduction of this Fn-receptor may contributc ta
morphological changes in transformed cells: reduced adhesion and rounded
morphology (Chen ez al., 1986; Roman ¢t al., 1989; Giancolli ef al., 1990). The
cytoplasmic domain of the B1 subumit has been found to be phosphorylated in
cells transformed by tyrosine kinase oncogenes (Yamada, 1989, Giancatli ¢f al.,
1990).

Studies on Fo-receptors have shown that the Fo-receptor affinily is
regulated by divalent cations, such as MgZ+ or CaZt [or binding to fibronectin
(Ruoslahti, 1988; Guilit er al., 1988: Marks ei al., 1921). Mn2+* was also found to
increase the binding of the receptor liposomes to Fn 2-3 fold over their binding in
buifers containing Ca?t and Mg2+, The increased Fn-receptor activity in the
presence of micromolar Mn2t appeared to be due to an increase in the affinity of
the receptor for the RGD sequence (Gailit ez al., 1988). Tn mM Mn?2+ Cells can

adhere and spread on proteins lacking the RGD sequence (Edwards er al., 1988).

1.1.2.5 Vitronectin receptors

There are at least four known integrin receptors capable of recognizing
Vn: including o33, ayBs (Wayner e al., 1991; Orlando et al., 1991), oIIf3,
and oy ] (Vogel er al., 1990; Murshall et al., 1995). Integrin oiy[33 appears to be
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highly restricted to vitronectin and is probably the best known Vn receptor. It
mediates a broad spectrum of cell-cell and cell-substrate interactions, including
attachment to Vi, von Willebrand factor, fibrinogen, and thrombospondin {Charo
et al., 1990 ; Orlando er al., 1991). wy33 was reported to cooperate with G331 in
Chinese Hamster Ovary cell migration on fibronectin and vitronectin (Felding-

Habermann et «f., 1993).

1.1.2.6 Laminin receptors

Given the diversity of laminin and its multiple active sites, several
members of the integrin superfamily interact with it, such as ®181, o2b1, 31,
0731 (Hynes 1987, Hynes 1992; Goodman et al., 1991; Solowska ez al., 1991;
DiPersio et al., 1995; Gu er al., 1994). Inhibition studies using ab-specific
antibodies have shown that agP1 functions as a specific receptor for laminin

(Sonnenberg et al., 1991; Marshall ¢t al., 1995; Borradori et af., 1996).

1.1.2.7 Collagen receptors

The collagen-binding integrins are c]f1, ®2B1, a3f1 (Grzesiak ef al.,
1992; Tuckwell ef al., 1995). There are many RGD sequences in collagens, but
much of the collagen-mediated cell attachment is not RGD dependent (Dedhar et

al., 1987a; Ruoslahti, 1991).

1.1.3 Structural aspects of adhesion to ECM

Cell adhesion of normal anchorage-dependent cells to extracelluiar matrix
progresses through three stages: attachment, spreading, and the formation of

specialised contact zones known as focal adhesions or focal contacts (Singer ef
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al., 1988:; Bloch, 1992). After the adhesion event takes place, cells typically
spread and organise Jigand-bound integrins into focal contacts that colocalise with
the ends of actin filaments. Another type of adhesion site termed the extracellular
matrix contact was described (Chen et ¢l., 1982). 1t is composed of co-linear
transmembrane associations of actin microfilaments, a fibronectin receptor, and
fibronectin-contlaining extracellular matrix fibers closcly applicd to the
substratum (Chen et al., 1985; Singer ef al., 1988). Electron microscopy studies
have shown that extracellular matrix contacts contain fibronexuses, which are
close transmembrane associations of fibronectin-containing fibers and bundles of
S nm actin microfilaments in hamster and human fibroblasts {Singer ef «l., 1979;

Singer et al., 1981; Singer et al., 1982).

1.1.3.1 Focal adhesions

Many cells grown. in tissue culture adhere tightly to the underlying
subsirate through distinct regions of (the plasma membrane, referred to as focal
adhesion sites or focal contacts or adhesion plagues. Using interference reflection
microscopy (IRM), three types of regions on the ventral surlace of cultured cells
were classified (Izzurd ef al., 1976, Izzard et al., 1980; Buitidge ef al., 1988):

a) Focal contacts, the closest regions, which appcar black by IRM, had a
scparation of 10-15 nm. Fully developed (maturc) focal contacts have elongated
shapes. Their length can reach 5-10 pm (Vasiliev, 1985).

b) Closc contacts "gray in IRM", corresponding to a separation of aboul 30 nm.
¢) Faint gray or white, corresponding to a separation of 100 nm or more from the
substrate.

In focal contacts, now known as focal adhesions, the surface of the cell
comes closest to the substrate and the plasma membrane is specialised at its
cytoplasmic face for anchoring stress fibers (Grinnell, 1986; Burridge et al.,

1988). They are not essential for ce]l attachment and spreading, but their
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presence correlates with increased strength of cell attachment and restricted cell
motility. Focal adhesions contain dilferent components (Geiger ef al., 1984:
Grinnell, 1986; Izzard, 1988; Turner ef al., 1991). These components are located
in distinct molecular domains (Fig. 4): one is associated with (he peripheral ends
of microfilament bundles, which consist, at least, of F-actin, filamin, and o~
aclinin (myosin, tropomyosin, and spectrin are cxcluded); and closest to the
plasma membrane structural proteins, such as vinculin, talin, paxillin (Geiger ef
al., 1984; Bershadsky et af., 1985; Sastry er al., 1993), regulatory proteins
inciuding tyrosine kinases (e.g. pplZSFAK, Schaller et ¢l., 1992a) and pp60v-src,
protein kinase C, a calcium-dependent protcolytic enzyme {(calpain 1), and

several phosphoproteins (reviewed Sastry ef al., 1993, Gingell, 1993).

Agtin

Vinculin

Plasma
mcinbrane |
~ 15 nm
VN or N

Glass

Fig. 14 adiagram showing some of the interactions that have been determined in vitro for
proteins in focal adhesions. Vitronectin (VIN) or fibronectin (FN) are shown adsorbed to
he glass (Adapted Burridge &t al., 1988).

A number of other proteins that are targets for tyrosine phosphorylation by

ppOOY-SC in RSV-transformed cclis also localise to focul adhesions (Hirst et al.,

1986; Turner ef al., 1991). Paxillin, which shares many of the characteristics of
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the other cytoskeletal components of focal adhesions is one of these proteins.
Zyxin, an 82 kDa protein has also been localised to focal adhesions. Among the
other interesting focal adhesion proteins, is Lhe aclin-binding protein tensin, which
contains a stc homology 2 (SH2) domain. It has been suggested that the
interaction of tenascin with other focal adhesion protcins may be regulated
through their state of phosphorylation (Turner ef al., 1991; Craig et al., 1996).
Inhibition of protein kinase C (PKC) but not of cyclic AMP- or cyclic GMP-
dependent kinases, can prevent focal adhesion formation (Woods ef al., 1992).
Thesc experiments indicate that PKC-mediated phosphorylation changes, and
may be an important signalling mechanisin in tfocal adhesion and stress fibre

formation.

1.2 Role of metility in cell spreading

For a cell to spread, its edges must move outward. This movement,
involves rearrangements of filaments and membrane similar to those shown by
locomoting cells: ruffles, microspikes and filopodia. Surface attached particles
and groups of receplors linked to the cyloskeleton also move centripetally along

the spreading axes.

1.2.1 Locomotion and cell motility

Abercrombie and his colleagues were first to draw close attention to the
phenomenon of substrate-associated cell movement of metazoan cells
(Abercrombie ef al., 1970).

Locomotion and motility of individual cells is critically important to many
basic bioclogical proccsscs, such as cmbryonic development, wound healing and

inflammation (review, Lauffenburger et al., 1996). Many different types of cells,

20



including amocbae, leukocytes, fibroblasts, epithelial cells and neurite growth
cones, move by crawling across solid substrates in a similar process. Animal
tissue cells move by cycles of polar extension of a leading lainclla, an actively
motile anterior membrane protrusion (leading edge), establishment of contact
with the underlying substrate, and retraction of the posterior trailing tail into the
advancing cell body (reviewed Geiger et al., 1984, Rinnerthaler ef al., 1988;

Small ef ai., 1993).

1.2.2 Structure of lamellipodium

Lamellipodia are the most visible and therefore the most familiar of the
locomotory organelles of crawling cells, and with few exceptions, all lamellipodia
have a similar structure. For example, the lameilipodia of fibroblasts, which
appear to have a structural counterpart in a variety of cells, including nerve
growth cones, the advancing edge of leukocytes, blood platelets and small
amoebae are thin (around 0.1 pm -0.2 pm, reviewed Small et «f., 1993, Gingell
1993) , veil-like processes that commonly extend from the margins of the lamella,
but may occur from less active regions of the cell and from the centre.
Lamellipodia lack cytoplasmic inclusions and are devoid of microtubules and
intermediate filaments, with the exception of lamellipodia of keratocytes, which
contain microtubules and intermediate filaments, and myosin-11 as well (Lee ef
al., 1993a). Fluorescent-phalloidin images of the fibroblast lamellipodium (Heath
et al., 1993) showed a characteristic criss-cross pattern of F-actin filaments, this
pattern is broken up by thicker bundles of I'-actin called ribs or microspikes.
These F-actin ribs arise suddenly within the criss-cross network and then can
display a complicated pattern of extension and retraction, lateral motton and
fusion of adjacent ribs. Lamellipodia also contain the single headed myosin-1
(Zot er al., 1992; Gingell, 1993; Cramer ¢t al., 1994; Williams et al., 1994) which

can associate with membranes. The membranes of lamnellipodia have adhesive
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proteins and, in the casc of the nerve growth cone, abundant G-proteins which
suggest signalling pathways (Gingell, 1993). Lameilipodia also contain ¢-actinin,
filamin, vinculin and talin (Geiger et al., 1984; Rinnerthaler er al., 1988; Heath er

al., 1993; Lee et al., 1993b).

1.2.3 Dynamic behaviour of actin filaments

In fibroblasts lamellipodia continually extend, lift up, and then fall back
and dissolve into the dorsal surface of the lamella in a familiar process called
ruffling (Bray et al., 1988; Stossel, 1993). This process has been shown by many
different types of cells. An interesting feature of lamellipodia is the prominent
rearward [lux of the (ilament network (Healh ef al., 1993). Rearward transport of
continuous filament network was supported by cytochalasin B pre-treatiment of
neurona! growth cones. The drug caused a rapid withdrawat of the whole F-actin
network from the cell margin. It has been proposed that withdrawal of the F-actin
away from the cell margin is due to a centripetal pull on the filaments by a
myosin motor, Immuno-fluorescence microscopy sludies (Fukut ez al., 1989;
Gingell ¢/ al., 1992) showed that non-filamentous myosin I occurs at the leading
edges of the lamellipodial projections of migrating Dictyesteliin amocbae,
which are devoid of myosin II, whereas filamentous myosin IT is concentrated in
the posterior of the cells, and it was suggested that actomyosin I might contributc
to the forces (hal cause extension of the leading edge of 4 motile cell, while the
contraction of actomyosin II at the rear squecczes the cell mass. Other possibilitics
arc that the motor is located either on somc stabic elements within the
lamellipodium, such as F-actin ribs, or, more [avoured by Heath ef al., 1993, that
the moler, in part at least, resides in the more central regions of the cytoskeleton
in particular within the dorsal cortical F-actin sheath of the lamella, where

myosin-1II is found.
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Polymerisation of actin filaments is believed to be particularly important
in cell locomotion. The mechanisms of force ransduction and movement are still
subject to speculation. Models for the dynamic behaviour of actin in different
celis have been proposed, such as the original treadmilling model for fibroblasts
(Wang 1985) and the nucleation-release model for keratocytes (Small ez al..

1993).

The treadmilling modcl

Electron microscopic studies on the leading edge of living fibroblasts
demonstrated a presence of actin meshwork of clearly continuous actin filaments,
as well as numerous actin filament bundies referred to as microspikes, extending
from the edge of the cell toward the centre. In addition, most actin {ilaments in
this region have a uniform polarity, with the fast extending “barbed" ends
associated with the membrane. Myosin, is either absent or present in only a very
small amount (reviewed Wang, 1985). Wang (1985) studied the rate and the
patllern of actin recovery in live gerbil fibroblasts and he proposed o readmilling
model. In this model the actin filaments are orlented with their fast growing,
active "barbed" ends towards the cell margin, and must be long enough to span
the entire breadth of the lamcllipodium. All polymerisation is expected to occur
at the cell margin, and all depolymcrisation at the rear of the lamcllipodium

(Theriot ef al., 1991; Small et al., 1993; Small, 1995).

The nucleation-release model

This modeci has been proposed in conjunction with studies on fish
keratocyte cells. Epidermal fish and amphibian keratocytes are among the most
rapidly moving metazoan cells. These cells have recently attracted increased

attention from investigators of cell motility. Their striking feature is their shape,
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which has been likened to a "canoe” (Small ef al., 1993), and the term "fan cells”
has also been given to them. Theriot ¢t al., 1991 proposed that the lamellipodium
of keratocytes is filled by large numbers of short actin filaments that are
continuounsly treadmilling subunits. The filaments are nucleated at the cell margin
and then released to fill the lamellipodium. This model, the nucleation-release
model, would lead to a uniform density ol short actin filaments in the
lamellipodium in fish keratocytes. Such a model has been also proposed for
fibroblasts. This model does not require any particular oricntation of actin
filaments. A coherent flux of actin subunits through the lamellipodium occurs
because of the movement of a meshwork of short, cross-linked actin filaments as
a unit, with new filaments being created primarily at or near the leading edge and

subsequently released.

1.2.4. Motility requiring force from myosin-1 activity

Myosin-1 is u class of monomeric myosins that probably function at the
membrane (o mediate motility (Zot er al., 1992; Williams ef al., 1994). This class
of myosins has a single head domain and at least one light chain, that cannot
polymerise into thick filaments (Gingell et al., 1992). Like muscle myosins, the
head contains binding sites for AT and actin and (ransduces the energy from the
hydrolysis of ATP into mechanical work (Zot et af., 1992; Cramer et al., 1994;
Ruppel et al., 1995). Actin stimulates ATP hydrolysis by myosin-1, and particlcs
containing myosin-1 move along actin. Phosphorylation of the head domain by
myosin-1 heavy chain kinase is required to activate myosin-1. This
phosphorylation resuits in enhanced binding to phospholipid vesicles that depends
on calcium in conjunction with the dissociation of calmodulin. The
phosphorylation of the tail region may provide an alternative means of regulating
myosin-1 through the phosphoinositide pathway and may be another means of

controlling myosin-1 activity (Titus, 1993). A study by (Zot ef al., 1992)
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demonstrated that myosin-1 bound to pure lipid bilayers moves actin filaments.
They also showed that there is a preferential binding of myosin-1 to membranes
containing 5-40 % phosphatidylserine, & composition consistent with that of

cellular membranes.
1.2.5 Function of myosin-II in ecll motility

Tt has been proposed that one specilic mechanical contribution of myosin-
1I to locomotion is to provide a contractile force that detaches the cell from its ¥,
posterior adhesion sites, and its importance for locomotion increases with the
adhesivity of the substratum (Jay et al., 1995; Weber et al., 1995). Myosin-II is
required for cortical movements such as capping of cell-surface receptors
(reviewed Cramer ¢t al., 1994). Mutant Dictyostelium cells that lack myosin-1L
crawl morce slowly (about half as fast) as their parental wild-type (Jay ct al.,
1995). Therefore, myosin-1I is not essential for locomotion, but it does

contribute,
1.2.6 Role of integrins in cell motility

Members of the integrin family of cell-surface proteins are perhaps the f
best characterised receptors involved in ECM-mediated motility (McDonald,
1989; Zetter et al., 1990; Palecek et al., 1997). Monaocional antibody studics
suggest that B integrins are involved in the migration of a variety of cell lines on
laminin, fibronectin and collagen. In particular, the osB] integrins and a1
integrins appear (o be important in cell migration on fibronectin and collagen, _
respectively (Yamada ef al., 1990). It has been claimed by Yamada and others 1
that B1 integrins are also ECM-molecule specific as well as cell-lype specific ;

(Akiyama et gl., 1989; Yamada et al., 1990). a4f1 integrin mediates cell motility

in the absence of a5 | and also promotes cell molility in response to VCAM-1
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(Wu et al., 1995a). It has been shown that a large fraction of the Fn receptors in
locomoting cells is mobile, whercas in stationary cells the receptors are
concentrated in focal contacts and fibrillar streaks where they are immobile

(Duband et al., 1988; Yamada, 1989, Fig. 5).
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Fig. 1.5 Fn receptor and cell mofility. This model represents two states of cells: the
migratory onc which displayed by rapidly migrating embryonic cells, and the
stationary one expressed after by most cells which is characterised by slower
rates of migration and changes in ECM, membrane receptar, and cytoskeleton,
{adapted Yamada, 1989).

The organisation of intcgrins in transformed cells was found to be altered
to a pattern similar to that found in highly motile cells, a diftuse surface
distribution {Chen et al., 1986, Mueller et al., 1989; Roman ¢t af., 1989; Mueller
et al., 1991). Highly motile cells bind to immobilised Fn and other ECM
components by localisation of 31 integrins and talin at sites of membrane-ECM
contacts, which might account for the motility-driven adhesion necessary for cell

migration and invasion.
L.3 Structural aspects of membrane and filaments in spread cells

The cytoskeleton is the system of fibriliar structures in the cytoplasm of

eukaryotic cells. There are three main types of filameats forming these structures,
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which are: microtubules, actin filaments, and intermediate filaments. Many
cytoskeletal structures are highly dynamic. The cytoskeleton can be regarded as a
dynamic cytoplasmic matrix, surrounding and embedding other intracellular
structures, This matrix may determine the position and movements of other
cellular structures as well as the shape of the whole cell. This matrix is actively
involved in cell spreading (section [.1), and may be actively involved in the

conirol of metabolic activity of other organelles and of the whole cell.

1.3.1 Microtubules

Microtubules are highly dynamic, universal componcnts of all eukaryotic
cells, which have the largest diameter of all cytoskeletal filaments, usually about
25 nm. The wall of microtubules is about 5 nm wide. Microtubules are tubular
polymers assembled from a cytosolic pool by the addition of noncovalently linked
100 kDa tubulin heterodimers to protofilaments which associate laterally to form
microtubules. Micretubules, and often bundles of microtubules, are important in
the development and maintcnance of cell shape and in a number of forms of cell
motility (Redenbach et al., 1994). However, studies on some epithelial cell types
have shown that they do not require microtubules either to adopt or to maintain a
polarised morphology (Middleton er af., 1988; Middleton ef al., 1989).
Microtubules facilitate the transport of proteins from the Goigi complex to the
apical domain, and they also play roles in the delivery of transpoit vesicles
between different plasma membranc domains (Mays ef af., 1994),

Microtubules act as racks for organelle transport powered by the motor
proteins kinesin (toward the plus-end) and cytoplasmic dynein (toward the minus-
end) (Hoyt et al., 1994, Schroer et al., 1994). Polymerisation and the stabilisation
of microtubules, as well as associations between these organelles, have been
shown to be promoted by a variety microtubule-associated proteins (MAPs)

(Ludueda et al., 1992, Lee, 1993b; Macya et al., 1994; Hirokawa, 1994; Amos ef

21



al., 1997). MAPs are attached to microtubules in vivo and copurify with tubulin
through cycles of assembly and disassembly. In vitro, MAPs stimulatc
microtubule assembly., MAPs can control the stability of microtubules. MAPs
also act as the targets of intracellular regulatory signals, such as altercd
concentration of cAMP or of calcium.

In interphasc cells, wicrotubules participate in the maintenance of cell
shape and the organisation and transport of organelles within the cytoplasm. The
assembly of tubulin heterodimers confers a structoral and kinetic polarity with
plus (fast-growing) and minus (slow-growing) ends. One or both ends of cellular
microlubules are often associated with special structures called microtubule-

organising centres "MTOCs" (Joshi, 1994).

Effect of microtubule-destroying drugs

The role of microtubules in the development and maintenance of the shape
of tissue cells at interphase was studicd in detail in expetiments with elongated
polarised cells, such as fibroblasis or neurons. It has been found that
depolymerisation of microtubules by specific drugs prevents or reverses
polarisation of these cells. In particular, fibroblasts hecome unable to achieve and
to maintain elongated shapes; differentiation of their edges into pseudopodially
active and stable zones disappears. Elongated cytoplasmic processes of neuronal

cells also disappear (Domnina et al., 1985).

1.3.2 Actin

Actin filaments, also cailed microfilaments or F-actin (filamentous actin)
arc the major components of the cytoskeleton and appear to be essential for cell
spreading and locomotion. Actin filaments are polymerised from globular actin

monomers, G-actin; a 42-kDa actin monomer, which has a bound nucleotide
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(Bremer ¢t al., 1992; Yu et al., 1994). Most actins consist of 375 amino acid
residues, are acetylated at their amino terminus and are methylated at His68. The
structure of the actin molecule in complex with DNAase I has been solved (o
atomic resolution (Bremer er al., 1992; Reisler, 1993). The actin molecule
consists of two domains (Fig. 6), called 'large' and 'small', although they are
similar in size. These two domains can be subdivided further into two
subdomains each, the small domain being composed of subdomains 1 and 2, and
the large domain of sub-domains 3 and 4. The four subdomains are held together
and stabilised mainly by salt bridges and hydrogen bonds to the phosphate groups
of the bound nuclcotide and to its associated divalent calion localised in the centre

of the molecule.

Pointed end

Large Small
Barbed end

domain

Fig. 1.6 Schematic view of the actin molecule.
(adapted Bremer er al., 1992)

Actin-filaments are grouped together within cells and form many types of
structures. Four large groups of these structures can be distinguished: bundies of
paraliel filaments with uniform polarity (usually do not confain myosin If, for
example microvilli), bundles of filaments with alternate polarities {usually contain
myosin, for example, steess fibers), three-dimensional networks, and the specttin-
actin submembranous network, which is the only cytoskeletal structure present
within mammalian crythrocyte. These actin structures are attached to the plasma

membrane at sites where cells adhere to substrates or to each other. At these
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regions a cell establishes a transmembrane linkage belween componculs of the
ECM and the actin-rich cytoskeleton. Actin interacts with a large variety of actin-
binding proteins to play a central role in various forms of cell motilily, inclading
muscle contraction, and cell spreading.

Polymerised and nonpolymerised actin can interact with many proteins,
called actin-binding proteins (ABPs). These proteins regulate the degree of
polymerisation of actin and the stability, length, and distribution of actin
filaments. A large number of actin monomer binding protcins have been
identified. Among these, profilin and two major mamrualian isoforms, thymosin
B4 (TB4) and thymosin 10 (T 10) are identified as significant actin monomer
sequestering proteins, which may be involved in regulaling actin filament
assembly in living cells (Vandekerckhove et al., 1992; Nachmias, 1993; Yu et al.,
1994). The second group of ABPs either induce or inhibit carly events in actin
potymerisation (e.g. gefsolin and actobindin). Third, those that bind to one of the
ends of the actin filaments and that determine the direction of filament growth or
that anchor the filament ends to other proteins or structures (e.g. capZ36/32 and
gcap39 and acumentin). Fourth, profeins that bind laterally to the actin filaments,
these proteins interconnect filaments, connect filaments with other proteins or
regulate the interaction of other ABPs with filamnentous actin (F-actin), examples
are ¢r-actinin, villin, synapsin and tropomyosin. Finally, a set of proteins are able
to scver/cap actin filaments by distributing the interaction between adjacent F-
actin protomers {(e.g. gelsolin, Weeds ez al., 1993; Borovikov et al., 1995).

Myosins are a large family of actin-based motor proteins, of special
importance. Motor proteins are functionally defined by their ability to generate
directional movement in a nucleotide-dependent manner. All myosins contain
conserved .. 80 kDa 'head’ domains which are responsible for motor activity.
Interactions of actin with myosin :ire. accompanied by the consumption of ATP

and can lead to the movements of actin microfilaments {(Svitkina et af., 1986;
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Cheney et al., 1992; Titus, 1993). These interactions provide the molecular basis
for many types of motility.

Each actin molecule contains one molecule of bound nucleotide (ATP or
ADP} and one bound ion (Ca2t or Mg?"). The living cell usually contains more

Mg2* than Ca2t and more ATP than ADP (Bremer, 1992).

Proteins attaching actin filament to the membrane

Attachment of actin structures to the outer cell membranes is likely to be
mediated by a group of special proteins. For example, ankytin in erythrocytes
binds both to spectrin and to the integral membrane protein, calied band 3 protein
or anion transporter. Protein 4.1, can link spectrin and another membrane protein,
glycaphorin. The [310 K-calmodulin complex of brush-border microviili binds
both to actin filarents and to plasma membrane in an ATP-sensitive manner
(Rosok et al., 1983). Two integral membrane glycoproteins have been found to
associate directly with actin. These are ponticuiin, and the epidermal growth
factor receptor (Hitt ef al., 1994). Several characteristic proteins were found in
the submembranous termini of the filament bundles of cultured fibroblasts, which
are attached to the focal cell substrate contacts. These contacts contain vinculin
and talin in close proximity to the membrane. Talin hinds vinculin in vitro and
also binds transmembrane 140-kDa, integrin. Vinculin is also accumulated in the
submembranous areas of cell-cell contacts associated with microfilament bundles

(Rosok et al., 1983).

1.3.3 Intermediate filaments

Besides tubulin-containing microtubules and actin-containing
microfilaments, intermediate filaments (1Fs) are smooth, long dynamic cellular

filaments, approximately 10-nm in diameter, usually assembled into cytoskeletal

31




networks extending from the nucleus Lo the cell membrane (Vikstrom et al., 1989; ’s
Stewart, 1993; Eriksson ef al., 1992; Fuchs et al., 1994}, and represent the third
filament system involved in forming the complex cytoskeleton of eukaryotic

cclls.

1.4. Integrin-mediated cell-signalling

Integrins, as receptors for constituents of ECM, play a much greater role
than simply serving as mediators of ECM-cytoskeleton linkage. A major function
of integrins is to mediate a bi-directional transfer of signals : from ECM to the
cell interior, "outside-in signalling”, and from the interior of the cell to ECM

“inside-out signalling". Outside-in signalling modulates a broad spectrum of

cellular responses including cytoskeietal re-organisation and cell spreading, gene z
expression, and cell proliferation, while inside-out signalling regulates the

conformation, and thus affinity, of the receptor from inside the cell.

1.4.1 Quiside-in signalling

It appears that many of the well known signal transduction pathways

identitied previously for growth factors and cytokines are also activated by

integrins (Damsky et al., 1992; Gingell, 1993; Sastry et al., 1993; Richardson er
al., 1995). Among these are pathways controlling acttvation of both protein
tyrosine kinases and members of the rho family of small GTP-binding proteins
(Dedhar et al., 1996; Parsons et al., 1996).

It is not clear which (if any) if these pathways signal the events of initial
spreading. Vuori (1993), suggested that a prolein tyrosine kinase C may be

important, and in some cells a phospholipid kinase, PI 3-kinase has been




implicated, by use the inhibitor wortmannin (Shimizu ez al., 1995; Reif er al.,
1996; Parker et al., 1995).

Focal adhesions (sec 1.1.3.1) are regarded as centres of signal
transduction. Activation of a tyrosine Kinase associated with focal adhesions
(pp125FAKY may he an important early step in infracellular signal iransduction
pathways iriggered in respanse 1o cell interactions with the ECM (Hanks et al.,
1992). After integrin occupancy and clustering, focal adhesion kinase (FAK)
becomes hyperphosphorylated, by an as yet poorly understood mechanism.
Phosphorylated FAK can then associate with other signalling molecules via their

SH2 domains (e.g. IHig. 7).
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Fig. 1.7 Molecular cvents involved in integrin-medialed 'outside-in’ sighalling (see text). FAP,
focal adhesion plaque; CRT, calreticulin; CAS, cadherin-associated substrale; GF,
growth factor; GER, growth faciar receptor; KN, protein kinase N; PISK,
phosphatidylinositide 4-phosphate-35-kinase; MAPK, mitogen-activated prolein kinase;
MEK, ERK kinase; ILK, integrin-linked kinase; ROCK, Rho-associated coiled-cail
containing proiein kinase; GAP, GTPase-activating protein. {adapted Dedhar es al.,
1996)

The phenomenon of anchorage-dependent cell growth may depend on
signalling by integrins (Guan et al., 1992; Ruoslahti et al., 1994; Hannigan et al.,
1996)S. Like growth factors, integrins can also inhibit apoptosis (Ruoslahti et al.,
1994, Aharoni et al., 1996). Cells denied anchorage can undergo apoptosis and
integrin-mediated signalling may be the controlling factor in this phenomeonon.
(Meredith et al., 1993; Frisch ef al., 1994). Since anchorage-independent cell
growth is a hallmark of oncogenically transformed cells, the mechanism of signal

transduction at focal contacts is clearly relevant to both normal and neoplastic
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growth processes. Signals belicved to be induced by integrins are summatiscd in

Table 2.

Type of signal transduction

Comments

reference

Ca2* influx

H* exchange (alkalinization)

Tyrosine phosphorylation of
FAK

Activation of Sr¢ and related
tyrosine kinases

Accumulation of signal
transductdon adapters and enzymes

Monocyte activation ,
(tyrosine kinases, transcription
Factors)

Phosphoinositide mediators

Activation of protein kinase C
and arachidonic acid pathway

Growth rcgulation (e.g. via cycling
and retinoblastoma protein

LRK activation

JNK activation

Cnhanced gene expression

Prevention or stimulation of
apoptosis

Certain €ty intcgrins, inhibited
by anti-IAT antibodies

Can be triggered by ligand-coated
beads

Induced by a varicty of CCM ligands,
but not polylysine

Rapidly increasing numbers, including
Grb2-Sos and many others

May also be induced by adhesion to plastic

In ¢ndothelial cells, via uctivation of PIP-5
kinase and Rho

Time course differs from ERK type of
MAP kinase

(Schwartz et al,,
1993)

(Schwartz ¢f al., 1992;
Schwartz ef al., 1994)

{Richardson et al.,
1994; Schailer
et al., 1994

(Shatul ct al., 1994)

(Yamada et al., 1995;
Miyamolo et af.,
1993; Schlaepter

et al., 1994)

(Tt et al., 1995)

(McNamee ¢t al.,
1993; Chong et al.,
1904)

(Clark et al., 1995)

(Schwarlz et al., 1992;
Varner et al., 1995)

(Schiaepfer et al., 1994;
Chen et al., 1994)

{Miyamoto ¢t al.,
1995)
(Roskelley et al., 1994)

(Ruoslahti et al., 1994;
Meredith ef af., 1993)

Table 1.2, Iutegrin-mediated signal transduction. ERK, exiraceltular regulated kinase; FAK,
focal adhesion kinase; TAP, integrin-associated protein; JNK, Jun kinase; MAP,
mitogen-activated protein; PIP, phosphatidylinositol 4-phosphate, (adapted Yamada et

al., 1995),
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1.4.2 Inside-out signalling

The affinity of integrins for their extraceliular ligands can change in
response Lo cytoplasmic signals initiated via the activation of olher ccllular
receptors (Ginsberg et al., 1992, Hynes ef al., 1992; Schwartz et al., 1995;
Yamada et al., 1995; Dedhar et al., 1996; Humphries et al., 1996). The aclivities
of both prolein kinases and protein phosphatases have been implicated in integrin
signalling regulation. Integrins of the 31, B and B3 integrin families have all
been shown to undergo 'activation’. Inside-out signalling has been proposed to
involve the propagation of conformational changes from the cytoplasmic domains
to the extracellular binding site in response to intracellular signalling (Williams et
al., 1994; O'Toole et al., 1994). Although the molecular nature of the
conformational changes is not yet understood, recent advances have been made in
the identification of the regions within integrin cytoplasmic domains which may

be involved in regulating inside-out signalling (Humphries et al., 1996).

1.5 Signalling through small G proteins

The rho-family proteins have recently contributed exciting insights into
how cells regulate their shape and motility through modulation of the actin
cytoskeleton (Machesky ef al., 1994; Nobes er al., 1995b; Hall ez al., 1990;
Ridley et al., 1996; Zigmond et al., 1996). The mammalian ras-related GTPases
consist of rho (A, B, and €), rac (1 and 2}, Cdc42 (Cded211s and G25K), rho G,
and TC10, each having 50-55% homology with each other and around 30%
homelogy to ras.

Rho-family proteins as members of the ras (GTPase superfamily act as
molecular switches and are regulated by G'TPase-activating proteins (GAPs),

GDP-GTP exchange factors (GEFs ) and a GDP dissociation inhibitor (GDI).
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They are active when binding GTP, inactive when this is converted to GDP by
their intrinsic GTPase activity.(Hall et el., 1992; Hall ez al., 1990; Hall et af.,
1994; Lamarche et al., 1994; Diekmann ¢t al., 1994; Quilliam et al., 1995; Tapon

et al., 1997).

1.5.1 Signalling through rho

Rho is an essential component of a signal transduction pathway linking
growth factor receptors to the assembly of {ocal adhesions and the polymerisation
of actin into stress fibers (Nobes ef al., 1995b). This has been investigated by
using an enzyme from Clostridium botulinum (C3 transferase) which inactivates
tho, and by microinjection of recombinant rho proteins.

When microinjected into serum-starved Swiss 3T3 cells, rho rapidly
stimulated stress [ibre and focal adbesion formation. Re-addition of serum
produced a similar response. This activity was due to lysophosphatidic acid
(LPA), bound to serum albamin (Ridley et al., 1992a). Other growth factors
including PDGF induced actin reorganisation initially to form membrane ruftles,
and later stress fibres, For all growth factors tested, the stimulation of focal
adhesion and stress [ibre assembly was inhibited when endogenous rho function
was blocked, whereas membrane ruffling was unaffected (Ridley et al., 1994). It
has also been demonstrated that stimulation of fibroblasts with LPA induces
myosin light chain phosphorylation. This precedes the formation of stress fibres
and focal adhesions and is accompanied hy increased coniractility. When
confractility is inhibited, integrins disperse from focal adbesions as stress fibres
and focal adhesions disassemble (Chrznowska ez al., 1994; Chtznowska ef al.,

1596). How rho stimulates thesc cyloskeletal events has not been resolved.




1.5.2 Signalling through rac

Rac proteins are approximately 60% identical to rho, suggesting that rac
and rho may have related functions. Like rho, rac is an essential component of
the signal transduction pathways linking growth factors to the organisation of
actin cytoskeleton. It has been shown that vac can act as signal transducer for
distinct PDGF-induced responses, and proteins that can regulate rac activity, such
as Bcr, are likely to act on this signalling pathway (Ridley ef al., 1992b; Ridley et
al., 1994). PDGF (Hawkins et al., 1995; Wennstrom et af., 1994) and EGF with
insulin, initially activates rac, which stimulates membrane ruffling, and also leads
to tho activation, accounting for an observed delay in stress fibre forination.
Microinjection of recombinant rac 1 protein into serum-starved Swiss 313 cells
has a dramatic effect on the actin cytoskeleton, that is quite distinct from rbho-
induced effects; rac has been observed to stimulate the rapid polymerisation of
actin af the plasma membrane to produce lamellipodia and membrane ruffles
(Ridley ef al., 1992b; Hall et al., 1994; Nobes et ¢l., 1995b). Some of the events

that underlic cell spreading might depend on signalling via rac.

Recent studies have concluded that activation of rac by PDGFE and insulin
receptors is mediated by PI 3-kinase (Nobes et al., 19954; Parker et al., 1995,
Reif et al., 1996). 'The role of rac, as a key regulator of membrane ruffling in

fibroblasts is shown in (Fig. 8).
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Fig. 1.8 A possible model for rac activation leading (o membrane ruffling. In resting cells, rac is
normally complexed in the cytosol with a GDI (guanine nucleotide dissociation
inhibitor), preventing membrane binding, nucleotide exchange or interaction with GAPs
or presumably with target proteins. Upon activation of cells by an extracellular factor,
this complex dissociates and rac is able to bind to the membrane. In the case of tyrosine
kinase receptors, a Grb-2-like protein brings a rac exchange factor (Rac EF) to the
plasma membrane by binding via a SH2 domain to an activated receptor. This leads to
activation of rac and stimulation of downstream events leading to membrane rulfling.
Alterations in phospholipid metabolism mediated by PI-3-kinase (PI3K), phospholipase
A2 and phospholipase C may also be required lor membrane ruffiing, but whether they
act upstream or downstream of rac is not known. Rac can be inactivated by (he action of
GAPs {adapted Ridley et af., 1994)

1.5.3 Signalling through Cdc42

Cdc42 was originally detected in the veast Saccharomyces cerevisiae as a
mutation that cuused defects in budding and cell polarity (Adams et af., 1990;
Johnson et al., 1990, Zheng et al., 1994). However, recent studies have shown,
that there are at least two activities associated with homologous Cdc42 in
mammalian cells: first an action on the cytoskeleton, and second on rac. When
Cdc42 was microinjected into confluent Swiss 3’13 celis. it led to the formation of
lamellipodia and actin stress fibres. By coinjecting inhibitors of rac and rho, it
could be shown that thosc responses were due to the activation of endogenous rac
and rho by Cdc42 (Ridley et ol., 1992b). Time-lapse video recordings of
subconfluent cells in culture, revealed that in the absence of endogenous rac

activity, around 20-30 filopodia were induced on each cell within 5 minutes after
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injecting Cdc42, which could grow up to around 10-25 jim in lenglh over 30

minutes (Kozma ¢t al.. 1995).

In conclusion, figure 9 summarises the rho, rac, and Cdc42 signal
transduction pathways in Swiss 3T3 cclls. These authors have concluded that
there is a hierarchical relationship betwcen the members of the rho family (Ridley

et al., 1992; Nobes et al., 1995a; Nobes er al., 1995b: Tampon ¢/ al., 1997).
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Fig. 1.9 Rbo, Rac, and Cde42. Signal transduction pathways in Swiss 373 fibroblasts. This
diagram illustrates proposed relationships between receptors, Rho family members, and
the cytoskeleton. The exiraceltular ligands are bradykinen (BD), bombesin (R0O), PDGFT,
PMA, and LPA. The receptors for the extracellular ligands are serpentine receptors
linke to heterctimeric G proteins, tyrosine kinase receplors, or protein kinase C (C
kinase). The kinases PI3K, which was identificd by sensitivity to wortmannin, C kinase
(the protein kinase C target of PMA), and Y kinase (tyrosine kinases, which wore
identified by sensitivily (0 tyrphostin. G'TP and GDP are the nucleotides bound by the
Rho family G proteins. (adapted Zigmond et al., 1996)
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2. Selection of mutants of altered adherence properties

One approach to invesligate the relation between cell-suhstratum adhesion
and cell-spreading is the selection of low adherence mulants unresponsive to
fibronectin or other ECM constituents.

A number of mutants selected for poor adhesion to various substrata have
been described. Two mutants of Balb/c 3T3 cells AD6 and ADS defective in
adhesion to tissue culture pelystyrene in the presence of serum were jsolated.
Both mutants had decreased adhesion to their substrate (Pouyssegur ef al., 1976).
Subsequent studies on AD6 showed that only 10% of AD6 cells formed focal
contacts, which were very small (Norton e al., 1982). A mutant of Chinese
Hamster Ovary cells termed CHOul-, was isolated which was altcred in its
response to “cell attachment protein”, probably fibronectin. These cells were
defective in their attachment to collagen and were also altered in their ability to
attach to synthetic substrata, such as glass and plastic surfaces (Klebe et al.,
1977). Another adhesion variant {ADY ) of Chinese Humster Ovary cells was
selected for reduced adhesion to serum-coated tissue culture plates and reduced
adhesion to substrata composed of collagen layers coated with bovine serum or
with fibronectin (ITarper et al., 1980), The adhesion defect in some AD variants
could be corrected by raising intraceliular c-AMP levels (Cheung ez al., 1985).
ADY appeared to have an altered type I c-AMP dependent protein kinase with
lower affinity for c-AMP (Cheung ef @l., 1987). A variant of human
Iymphobilastoid cells, termed adhesion-negative clone (Ad~) was isolated that was
incapable of cell spreading (Sorrentino ef al., 1983). Edwards et al.. 1985
reporied selection from polyoma transformed hamster fibroblasts (Py-BHK21) of
cells poorly adhesive to fibronectin and serum coated surfaces. These cells
showed a dramatically altered morphology, and spread very poorly on any
protein-coated surfaces tested. Subsequently similar mutant cells resistant to 6-

thioguanine (TG), and two different mutants of low adherence (F1 and T°2) were
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selected from Py-BHK21 (Hameed, 1988). These mutants were found not (o
spread on fibronectin or on serum coated surfaces. Fl colonies contained
exclusively rounded cells and F2 colonies had a few partially spread cells and
were more scattered than F1. Adhesion mutants of the mouse L929 line were
selecled for low critical sheer of detachment (Sarwar et al., [990).

Mutants for increased adhesiveness wete aiso selected. Mutants of SV40-
transformed mouse fibroblasts with greatly increased cell-substratum adherence
were isolated. These mutants yvielded 2.5-10 fold more substratum-attachment
material than the parental cell lines (Bennoni ez al., 1986). MG-63 human
osteosarcoma cells with higher adhesion to fibronectin-related peptide were
selected for attachment and growth in the presence of increasing concentrations of
a synthetic peptide containing the cell attachment-promoting Arg-Gly-Asp (RGD)
sequence derived from the cell- binding region of fibronectin. Cells capable of
attachment and growth iu 5 mM concentrations of a peptide having the sequence
Gly-Arg-Gly-Asp-Ser-Pro (GRGDSP) overproduce the celi surface receptor for
fibronectin but not vitronectin receptors and were morphologically different from
the parental MG-63 cells (Dedhar ef al., 1987b). Two variant lines, SK-N-SH
and IMR-32 of neuroblastoma cells were selected for resistance to detachment by
an RGD-containing synthetic GRGDSP peptide. These variant cell lines
exhibited weaker attachment to type 1 coltagen and laminin, but a similar level of
attachment to fthronectin as compared to the parental cells. They stably
overproduced up to 20-fold the w1 subunit (VLA-1); and in the IMR-32 variant
cclls, the common B1 subunit was also overproduced. The level of expression of
0.2 and &3 subunits was considerably reduced and that of the a5 subumnit
unchanged reiative to the parental cells (Dedhar er al., 1989). Recently a variant
of the K562 erythrolenkemia cell line, FA-K562 was isolated by selection for
strong adhesion to human plasma fibronectin. FA-KS562 expressed fourfold more
cell-surface 5P than parental K562, displaved slower growth under standard

culture conditions and faited to grow in soft agar or nude mice. Both GRGDS and

42




anti-a50 1 antibodies specifically stimulated the anchorage-independent growth ol
FA-562 in a dose-dependent fashion. Morphologically, this variant had become
fibroblastoid in appearance, assembled filamentous actin, and differed from K562

in vimentin staining intensity and pattern.

3. Pyruvate requirements in cell culture

Pyruvate is frequently included as a supplement in culture media for
mammalian cells. 1t has been reported that addition of pyruvate is olten essential
for the utilisation of some carbohydrates such as galactose, mannose and fructose
(Bagle et al., 1958; Burns ¢f al., 1976). Pyravate is also known to enhance the
proliferation of certain types of mammalian cells in glucose-containing media,
gspecially when cell densities are low (Bagle et al., 1962). The requirement (or
pyruvate was found to be stringent in cultures of tracheal epithelial cells in which
it promotes their growth by inhibiting tcrminal differentiation (Wasilenko e/ al.,
1984). It is required for the preimplantation and development of early embryos in
cultures during human é vitro fertilisation (Conaghan et al., 1993). During
maturation of mouse oocytes, pyruvate appears to be needed for nuclear
membrane assembly and maintenance (Kim ef al., 1991). Pyruvate was also
required, together with lactate, to support normal development of embryos of
certain inbred mouse strains, and their FI1 hybrids to the morula stage in vitro
Glucose was an essential component of the culture medium for development to
the blastocyst stage (Brown er al., 1991). Pyruvale was required for growth of a
line of transformed hamster embryo fibroblasts (Sens er al., 1982), and for the
growth and survival of human malignant melanoma cells (Ellem et al., 1983).

So what is the role of pyruvate in supporting the survival and growth of
many Lypes of cells in culture? Do cells need pyruvate as an energy source, when

there is an inadequate supply of endogenous substrates for ATP synthesis via the
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citric acid cycle, or does it supply metabolites? These could include amino acids
and acctyl-CoA. The latter in turn [eeds into various biosynthetic pathways
including the endogenous synthesis of amino acids, or biosynthesis of fatty acids.

It is known that pyrvate is essential for the survival of prenatal neurons
in culture, and it has been suggested thal in vive the glial cell population is the
most likely external source of pyruvate and other citric acid cycle intermediates
such as or-oxoglutarate, oxaloacetate, or amino acids that transaminate to them
(Selak ef al., 1985), and it has been found that pyruvate (plus malate) increased
the respiration rate while ATP levels were unchanged (Villalba ez al., 1994).
Survival of chick embryo central nervous nenrons (CNS), cultured as monolayers
al low density need exogenous pyruvate. Other o-oxo acids support cell survival
only in the presence of ai-amino acids that transaminate to tf-oxoglutarate,
oxaloacetate, or pyruvate (Facci ef al., 1985a; Facci et al., 19856, Facci et al.,
1986). It has been concluded that pyruvate is needed as an energy source as well
as a source of amino acids by transamination reactions in the CNS. It bas been
(ound that although pyruvate carboxylase is found primarily in astroglial celis,
both neurons and astroglia require constant replenishment of oxaloacetate or other
products derived from it. Without replenishment, the capacity of the citric cycle to
oxidise pyruvate to CO2 + H20 would be diminished in both neurons and
astroglia, and the level of intermediatcs available for the biosynthesis of the
gxcitatory neurotransmitters, glutamate and aspartaie, and of y-aminobutyric acid
{(GABA) , would [all (Kaufman ef al., 1992). Indeed, in patdents with pyruvate
carboxylase deficiency, due to genetic disease, this is exactly what is observed
(De-vivo et al., 1977).

1t is known that other compounds rather than pyravate itsell can enter the
citric acid cycle via acetyl-CoA (e.g. fatty acids, ketone hadies), and that
glutamine is oxidised in part by the citric acid cycle and it has been assumcd that
pyruvate oxidation may play a minor but significant role in the provision ol AP

(Newsholme et al., 1987; Cwri et al., 1988).
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Recent studies have shown that hepatocytes cultured with pyrovate had a
much higher ATP level than those without pyruvate, and it has been suggested
that pyruvate enhances lipogenesis in cultures of rat hepatocytes cell culture, as
well as producing enough energy for their maintenance (Tomita et af., 1993,
Tomita et al., 1995).

In conclusion it seems that the role of pyruvate may be sought in a vaticty

of pathways, since it holds such a central position in intermediary metabolism.
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1. Materials

1.1 Cell line

TG cells, the parental wild type, were selected from Py3 cells (a sub-clone of

PyY) (Stoker et al., 1964) for resistance to 6-thioguanine (Hameed, 1988).
1.2 Media

Water for culture medium and solutions was purified by reverse osmosis and ion

exchange, using Milli RO carltridges and Milli Q.
HEPLES Buffered Water

For 1 fitre

HEPES 525¢

pH adjusted to 7.5, and stored at 4¢ C.

HEPES is N-[2 hydroxethyl]} piperazine-N'[2-ethane sulphonic acid] (Cambridge

Research Biochemicals).
7.5 % Sodium hydrogen carbonate

Sodium bhicarhonate 75 g in | litre water, dispensed in 20 ml aliquots, and stored

at room temperature.
Tryptose Phasphate Broth (TPB) (GGibco)

29.5 g powder in 1 litre water, pH adjusted to 7.5, dispensed in 20 ml aliquots,

autoclaved, and stored at 4° C.
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GPSA

GPSA is a mixture containing the amino acid glutamine, the antibiotics Penicillin

and Streptomycin, and the antimycotic Fungizone (Amphotericin B).

Glutamine 114 mM )
Penicillin 1905 units/ml g
Streplomycin 1905 pg/ml |
Fungizone 11.9 ng/ml

All the ingredients except glutamine (Flow laboratories) were from Gibco,
ordered in the form:

Penicillin (5,000 units/m1), Streptomycin (5,000 pug/mi) in normal saline solution.
Fungizone {Amphotericin BB, 250 pg/inf) preparcd in water. GPSA was dispensed
in 20 ml aliquots, and stored at - 200 C.

Ham's F10

For 1 litre
20 mM HEPES water pI1 7.5 180 ml
X 10 concentrated Ham's F10 (Flow) 20 ml
7.5 % NaHCO3 ! ml
GPSA 5l ‘
Foetal calf serum (FCS, Gibco) 20 ml

'I'ryptose Phosphate Broth (1'PB) 20 ml

HEPES Saline buffer (HS)

For [ litre
Sodium chloride 8 g |
Potassium chloride 04g
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D-Glucose lg
HEPES 238 ¢
Phenoi Red 0.5%

pH adjusted to 7.5 with 5 M NaOH.

Hanks HEPLES buffer (HH}

For 1 litre

Sodium chloride 8¢
Potassium chloride 04g
Calcium chloride (2H20) 0.19¢g
Magnesium chloride (6H20) 02¢g
D-Glucose lg
HEPLS 238¢g
Phenol Red (0.5%) 2.0 ml

pH adjusted to 7.5.

Phosphate Buffered Saline (PBS)

For | litre

NaCl 9.86¢g
KCl 025g
NasHPO4 {44 g
KH2PO4 0.25

pIT adjusted to 7.2.
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Buffered Formalin (Formol Saline)

For 1 litre

100 mls of formaldehyde (40%) were added to 900 m] of phosphate buffered

saline.
1.3 Tissue Culture Vessels

Tissue culture petri dishes were obtained from Corning Glass Works or Sterilin 3
(U.K), tissue culture flasks from Greiner (Germany) or Sterilin (U.K.). Glass

bottles for roller culture had an area of about K00 cm2.

1.4 Solutions for detaching cells from culture surface

Versene

For 1 litre

Sodium chloride (NaCl) 8g
Potassium chloride (KCI) 0.2g
Di-sodium orthophosphate (Na2HPO4) 1.15g
Potassium dihydrogen phosphate (KH2PO4) 02¢g
EDTA (ethylene diamine tetra-acelic acid) 02¢g
Phenol Red (0.5%) 2.0 ml
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Trypsin

Sterile 0.25 %w/v trypsin (Gibco [:250) in normal saline. pH 7.5, dispensed in 2
ml aliquots, and stored at - 20° C. 0.5 ml of this selution was added to 20 ml
versene.

1.5 Medium for freezing cells for storage

FCS (Gibeo) 9 ml
Glycerine (BDH) 1 ml

1.6 Buifers for the Affinity Chromatography of Calf Serum on

Gelatin- Sepharose

1 mM Sodium chloride

For 1 litre

1 mlof I M HCI, was added 1o 1 litre distilled waler.

Coupling Buffer

For 1 litre

Sodium chloride 2924 ¢
Sodium bicarbonate (NaHCO3) 8.4 ¢

pH adjusted to 8.0.
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Tris Buffer

For 1 litre
Tris-hase (Trizma) 12.1 g made up with | litre deionised distilled water, pH.

adjusted to 8.

Acetate buffer

For 1 litre

Sodium acetate (NaCH3C00.3H20) 13.6¢g
NaCl 2923 g
pH adjusted to 4.0

Citrate buffer

For 1 litre

NapHPO4 1.8¢g
KH2PO4 0.2 g
NaCl 90 g
Sodium citrate 249 ¢

pH adjusted to 7.2

8§ M UREA

Fot 1 litre

Tris base 6.05¢g
Urea 480 g

pH adjusted to 7.5

These buffers were dispensed in 100 ml aliquots, autoclaved, and stored at 4© C.
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1.7 Polyacrylamide Gel Electrophoresis (PAGE)

Reagents

All reagents were electrophoresis grade, obtained from the following sousces:
Acrylamide and bis acrylamide from BDH Chemicals Ltd, Poole, En gland.
Sodium dodecyl sulphate (SDS), Bromo-phenol Blue, Kenacid Blue, and glycine
from Sigma. N, N, N', N', tetra methyl ethylene diamine (TEMED), and B-
mercaptoethanol from Koch-Light Lid. Ammoniam persulphate from May and
Baker Ltd. Tris, (hydroxymethyl) aminoethane, from Boehringer Mannheim

GmbH Ltd.

Stock solutions

30% acrylamide

Acrylamide 285 ¢
Bis acrylamide l.5¢g
Disulled waler 100 ml

Running gel buffer
Tris 18.5¢
SDS D4pg

dissolved in 50 ml water, pH adjusted to 8.9 with HC], and made up to 100 ml

with water,

TEMED (N, N, N', N', tetra methylethylene diamine).
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Ammonium persulphate

10% wiv in water freshly made up hefore use.

Stacking gel bufter

Tris 59g
SDS 04¢g

dissolved in 50 ml water, pH adjusted to 6.7 with HCI, and made up to 100 ml

with water.

Upper tank buffer

Prepared as a 5x concentrate, diluted for use in water.

Tris 31.6g
Giycine 20 g
SDS S5¢g

In ane litre of water.,

Lower tank bufter

Prepared as 5x concentrate, diluted for use in water.

Tris 60.5 g

SDS 5g
pH adjusted to 8.1 with HC1 and made up to a final voluine ol one litre with

water.
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Protein solubilising medium (boiling mixture)

Stacking gel buffer
f3-mercaptoethanol

SDS

Glycerol

Bromophenol blue (1%)

Made up to 10 ml water.

2 ml
2.5 ml
lg
2g

10 mg

After the addition of boiling mixture, used in a ratio of 5 parts sample

(fibronectin) to 1 part boiling mixture, samples were placed in a boiling water

bath for 3 minutes, used or stored at - 20¢ C.

Molecular weight standards

The following proteins were mixed to a final concentration of 1 mg/ml.

Fibronectin (bovine serum) {Gibco)
B-galactosidase (Sigma)
Phosphorylase A (Sigma)

Catalase (Sigma)

Ovalbumin (Sigma)

Concanavalin A (Sigma)
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Gel staining

Gels were stained with Kcnacid blue.

For 0.1% Kenacid blue:
Methanol

Distilled water

Glacial acetic acid

Kenacid blue

Gel destainer

Methanol

Distilled water

Glacial acetic acid

250 mt
250 ml
35 ml

05¢g

250 ml
250 ml
35 ml

The gel stain was also used for staining in the spreading assays (see mcthods).

1.8 Solutions for paper chromatography

All preparations were cacried out in the fumne cupboard, and were prepared

according to (Veneziale ef af., 1969).

Solvent A

Solvent A consists of equal parts of aqueous propionic acid (BDH) [(620 ml

propionic acid and 790 m1 water), and aqueous n-butanol (Pro Labo} (12406 ml n-

butanol + 84 ml water}].

Both solutions were mixed immediately before use.
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Solvent B

Consisted of 75 parts 100% ethanol and 30 parts 1.0 M ammonivin acetate.

Silver staining

5 grams of silver nitrate were boiled to 100° C in 4 i distilled water, then cooled

to room lemperature.

Saturated AgNO3 (.5 ml

Acetone 500 ml

Developer (0.5% NaOH in ethanol)

For 1 litre

NaOH Sg
Ethanol (100%) 1000 ml

1.9 Radioactive materials

[U-14C] glucose
|U-14C] glucose high specific activity 56.2 MBg/ing (1.52 mCi/mg), was supplied

by Amersham International ple. in aqueous solution containing 3% ethanol. It was

diluted in glucose-free Hanks HEPES (GITIIT) to a concentration of 10 pCy/ml.
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1.10 Solutions for mitochondrial dehydrogenases study

MY solation

M1 {Sigma), was 3-[4,5-Dimethyl-thiazol-2-y 1]-2,5-diphenyl-tetrazolinum
bromide; (thiazoyl bluc). Stock solution was prepared in Hanks HEPE (5 mg/ml)
and stored at - 20° C.,

Acidic isopropanol (Solubilization solution)

0.1 N HCI in absolute isopropanol (Scott the chemist, Byres road, Glasgow).
1.11 Glucose inhibitor solution

2-deoxyglucose from Sigma, was prepared in GEHH at a concentration 100 mM
at the beginning, and then it was prepared in HH at concentration 100 mM for
comparison with Lhose experiments in which GFHH was used.

HH, HS, haemoglobin, and fibronectin were as the solutions for the standard

spreading assays (see mcthods).

57

S o ) F T A, L e
o T L O BTy VI P LI SOOI N 7o




2. Methods

2.1 Cell cultore

TG cells and F3 (0.5 x 100) were grown for 2-3 days in 75 cm? tissue
culture flasks in Ham's F10 supplemented with 10% foetal calf scrum and 10%
tryptose phosphale broth at 37¢ C. Attached cells were subcultured at 2/3
confluency. The mediwum was poured off and the cell monolayer washed twice
with HEPES saline. 5 ml trypsin-versene mixture was added for 1 minute. This
was poured off and the cells were teft for 4 minutes. The trypsin activity was
stopped by adding 5 ml fresh medium. The cell suspension was transferred to a

universal container, aspirated and counted in a haemocytometer.
2.2 Selection and cloning

TG wild type cells, sclected and recloned (Edwards et af ., 1988), wcre
used to select variants unresponsive to fibronectin. Tfor selection, cells were used
in experiments for 5 weeks then discarded. Cells were grown for 2-3 days in
Ham's F10 medium. Then the medium was changed and grown m two 200 cm?
tissue culture flasks in Ham's F10 medium for a further 2-3 days. About 30-50
million cells from this stage were cultured overnight in each of two 800 cm?
roller glass bottles. Unattached cells were subcultured by shaking the cullure
bottle, aspirating the cells to disperse small clumps and rcplacing directly for the
next culture.

On the second day, cells which had nol attached during roller culture or
which could be released by a gentle rinse with growth medium, were recovered
by centrifugation and resuspended in 20 ml growth medium. Cells were

distributed between two 75 em? plastic culturc flasks, the growth surface of
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which had been previously coated with 25 pg/ml bovine plasma fibronectin. After
5-6 hours the unattached cells were transferred in 30 mi growth medium to
another single 75 cm? flask with or without fibronectin (in different experiments)
and incubated at 37¢ C overnight.

The same procedure was repeated on day 3 and 4. The cells unattached
after 5-6 hours on day 4 were plated on dishes for colony counts and inspection of
morphology. At each stage, cells were counted and plated on 90 cm? tissue
culture plastic dishes. After one week, the unattached cells were recovered and
recloned by dilution in soft agar.

An agar underlay was prepared in 90 mm bacterial grade plastic petsi
dishes with Ham's medium containing 10% foetal calf serum, 10% TPB and 0.5%
Noble agar. This was overlaid with 1.5 ml of Ham's containing 0.3% Noble agar
and cells in a range of 50-500 per dish were plated. The dishes were incubated at

379 C until colonies were developed.

2.2.1 Selection and recovery of clones

After 10-14 days, healthy clones, well separated from other clones, were
selected. The medium was removed from the dish with a pipette and the dishes
rinsed twice with about 10 ml HEPES-saline (HS). For each type of clone, a
cloning ring was positioned over a marked colony. 5 drops of versene was added
to each cloning ring, and incubatcd at room temperature for about 1Q} minutes.
Detached cells were well aspirated by a Pasteur pipette, and transferred to
universals containing 10 mls Ham's ¥10. Some drops of this medium were added
to the cloning rings, to recover remaining detached cells, then the cell suspensions

from each type were transferred to 25 ¢cm? culture flasks (3 flasks from cach).
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2.3 Fluorochrome staining for mycoplasma

Contamination by mycoplasma can subtly alter phenotypes of cells in
culture, so TG, IF1, F2, and F3 cells were growa overnight on 13 mm coverslips in
24-well culture plates containing Ham's medium. Next day, cells were fixed for 2
minutes with (methanol 3: glacial acctic acid 1). The fixative wus removed and
the cells were incubated for a further 5-10 minutes with more fixative. The
coverslips were rinsed twice in distilled water. 2 ml of bis-benzimide
fluorochrome "Hoechst 33258" (SXIO‘5 mg/ml) stain was added and incubated at
379 C for 30 minutes. The coverslips were rinsed thoroughly in distilled water,
mousted on a glass slide with PBS/glycerol 1:1 and examined using the

fluorcscence microscope.

2.4 Coupling of Gelatine to Sepharose 4B

5 gims of cyanogen bromide-activated Sepharose 4B (CNBr-activated
Sepharosc 413) were rehydrated in 30 ml of 1 mM HCI for 10 minutes. 100 mgs
ol gelalin were dissolved in 100 ml of coupling buffer by stirring at 100© C. The
gcl was washed five times with 30 ml aliquots of I mM HCI, using a sintered
funnel assembly and then with 30 mi coupling buffer. A. 1 mg/ml solution of
gelatin in coupling buffer (sce materials) was used to rinse and scrape the gel
slurry into a J00 ml cylinder and more of this solution was used to make the
volume to 60 ml. The gel was distributed between six universals and agitated
gently using the end-over-end Emscope mixer for 1.5 hours. The gel was then
washed with 30 mls coupling buffer on a sintered [unnel, resuspended in 30 mls
Tris buffer and agitated for a further 1.5 hours. The gel was washed with 30 mils

coupling buffer, followed by acetate buffer, followed by coupling buffer.
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2.5 Affinity chromatography of calf serum on Gelatin-Sepharosc 4B

2.5.1 Affinity purified Fibronectin

Fibronectin was isolated from bovine serum on gelatin-Sepharose columns
using the method of Engvall and Ruoslahti (1977).

Using a peristaltic pump, a column containing gelalin-Scpharose (Sepharose to
which gelatine has been covalently coupled), was washed with 20 mls of
PBS/citrate bulfer (0.9% NaCl, 0.01 M Sedium citrate). 40 mls of new born calf
serum was ran on via the pomp.

The column was washed with PBS/citrate unltil the UV absorbance trace
on the chart recorder returned close to that of the ’BS baseline. Fibronectin was
then ehuted from the column with 8 M Urea (8 M urea in 0.05 M Tris, pH 7.5).
The optical density of the eluted protein (fibronectin) was read at 280 nm, using a
spectrophotometer (Shimadzu, UV-160), and made up to a concentration of 1
mg/ml in § M Urea.

The gel was washed with approximately 20 mls of isotonic saline

containing sodium azide as preservative and stored at 4° C for [ulure use.

2.6 Spreading assay

2.6.1 Preparation of coverslips

22 mm glass coverslips were cleaned in 1:20 diluted Decon by boiling for
5 minutes, rinsed thoroughly with tap water for 15 minutes then rinsed 3 tiines in
distilled water for 15 minutes. Glass coverslips to be coated from solutions of
fibronectin or other proteins were placed in 35 mm diameter culture dishes and 2

ml of the protein solution at the desired concentrations added ( for fibronectin, 25
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tg/ml in HH). After a standard time at room temperature (about 30-60 minutes)
the coating solution was removed and the dishes were rinsed twice with HH. 2 ml
HH, containing 0.5 mg/ml haemoglobin (Hb) was added to the coverslips and
incubated at room temperature for 15 minutes. The function of Hb is to block
with an inactive protein any free adsorption sites not occupied by fibronectin. Hb
was choscn for its homogeneily and inactivity in spreading (Edwards ef al.,
1987). After 15 minutes Hb was replaced with HIH and coverslips were then
rinsed twice in HH.

Some spreading assays were carried out in 35 mm diameter plastic tissue

culture dishes without coverslips.

2.6.2 Cell suspension

After trypsin-versene, the cells were pipetted in 5 1l of HH containing
10% calf serum. The cell suspension was pelleted twice in a bench centrifuge at
1000 rpm for about 5 minutes each. The cells were resuspended in 5 ml

appropriate buffer (HH).

2.6.3 Incubation for spreading

Immediately before use, the HH was removed from the coverslips, the
dishes were taken to the 37° C room and 2 ml of cell suspension was added to
each dish. (The dishes were always in duplicate}. After 45-60 minutes (i some
experiments, 60 or 180} minutes), the cells were fixed in formol-salinc {1 m! cach)

for 15 minutes.
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2.6.4 Staining and mounting

The fixative and medium were removed and cells stained [or 15 minutes
with 0.1% Kenacid (= Coomassie) Blue. The slain was removed and the
coverslips were washed twice with 2 il distilled water. Then the coverslips were
removed from the second 2 ml water and placed on a sheel of tissue, cells
uppermost, in labelled positions, blotted off dry and carried to the hot room to
dry. The coverslips werc mounted in pairs on slides, using clearmount or Depex,

cells facing downwards in the mountant.

2.6.5 Measurement of area and shapes

T R N I T R O O ot Lt LRI U OpT S YT 0

Mean spread area {(MSA) was measured as described by (Edwards et al..,
1993). To determine the extent of cell spreading, 1 measured the projected area of
digitised images of fixed and evenly distributed cclls. lages were obtained with
a x50 objective on a Leitz Ortholux microscope equipped with a Hamamatsu
Vidicon C1000 camera and Archimedes digitiscr. A routine specially written in

Acorn Risc Machine assembler for an Acorn Archimedes 310 microcomputer,

was used for analysis. This substracts background shading, identities cell outlines
and rejects objects smaller than unspread cells. It then calculates area (1 mm2=

6.4 pixels), dispersion and elongation, as described by Dunn and Brown (1986).

2.7 Measurement of mitochondrial dehydrogenases

MTT (3-[4,5-Dimethyl-thiazol-2-y 1}-2,5-diphenyl-tetrazolium bromide;

thiazoy! blue) was used for measuring the milochondrial dehydrogenases of TG

and I3 cell lincs. The procedure was adopted from the supplier's description

(Sigma). (Carmichacl er af., 1987). Cells were grown up in Ham's I¥10 in 35 mm
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in diameter tissuc culture dishes at 370 C until confluent. Cells were washed twice
in GFHH, then incubated for 30 minutes with 2 m! of GFHH + L-Glutanune, HH,
GFHH + sodium pyruvate, or GFHH. After 30 minutes MTT was added froma s
mg/ml stock solution, 0.2 mls per 2 mls culture volume and incubated for 2-3
hours at 37¢ C. The culture solutions were discarded and 2 ml of 0.04-0.1 N HCI
in isopropancl was added. (All the steps of this experiment were carried out in the
hot room, at 37° C). The absorbance of the extracted dye was measured at a

wavelength of 570 nm with background subtraction at 630-690 nm.

2.8 Separation and identification of 14C-labelled metabolites of
glucose in TG and F3 by paper chromatography

Cells were grown in 35 mm diameter tissue culture dishes. The number of
cells used for labelling was approximately 300,000. Cells were washed twice in
GFHH. 5 pCi !C-labelled glucose (20 PCi in some experiments) in 4 ml GFHEH
was addcd to the dishes of TG and F3 cclls (2 inis cach). The cells were
incubated for 45 minutes, then washed twice (thoroughiy) in prewarnmed HH. 0.4
ml 10% TCA was added, incubated for two minutes and 0.1 ml of the solution
transferred to a vial for scintillation counting.

TCA samples, and 5 pl glucose labelled with 14C-labelled glucose as a
standard, were applied to Whatman SG 81 paper chromatography 46x57 c¢m,
using different volumes from each sampie (10, 20, 30, and 40 ).
Chromatograms were developed with solvent A in a chromatography tank. The
tank was first saturated with solvent A then the spots were dried and then the
separation ook place in a chromatography tank, by using solvent A [Veneziale
and Gabrielli (1969)], see materials. Atter approximately 30 hours, the paper was
dried, placed against X-OMAT [ilm and incubated at -700 C for 5-10 weeks,

before developing the autoradiograph.




For two diinensional paper chromatography, 40 us of the TCA extracts
were applied to the chromatography paper, 46x57 cm. 3 pl labelled glucose with
14C.1abelled glucese was applied to another paper of the same size as a standard.
Separation took place using soivent A, for about 30 hours, followed by solvent B
for about 16 hours.

The tank was saturated always for at least 30 minutes with the appropriate
solvent. The autoradiographs were exposed for about 10 wecks at - 700 C.

The sensitivity of the above method was studicd by drying down on paper known
amounts (cpm) of labelled 14C-glucose. Serial dilutions of 4C-labelled glucose in
GFHH were made, and were ron on paper (10 ul each) in an order of [/1,
1/100,..., up to 1/1x107. 100 ul from each was transferred to a vial for

scintillation counting, autoradiographed for two wecks at -7G° C,

2.8.1 Silver staiming for paper chromatograms

The chromatogram was placed in a tray with silver stain for 5-10 minutes
under constant agitation. A brown precipitate was formed but disappeared on
shaking. The paper was dried, and was developed in 0.5% sodium hydroxide in
elhanol. The spots of sugars became visible 30-90 seconds after the developer was

added.
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Aims of my research

The original aim of my project was to investigate the hypothesis that

post-translational modification of integrins, such as phosphorylation, might

underlie the low adherent phenotypes of certain mutant maminalian cells

previously selected for lack of responsc to Fibronectin. However, repeating the
selection procedure led to isolation of a mutant with a novel phenotype, and a

different aim emerged: to characierise this mutant and identify its abnormality.
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Results and discussion

1 Selection of non-adherent mutant cells
1.2 Isolation of I3, a new phenotype

Edwards er al. (1985) reported the isolation of variants unrcsponsive to
fibronectin from polyonia transformed cells. To see if further mutants with
similar properties could be selected, the original selection procedure was repeated
using TG cells, the parental wild type, selected by Hameed (1988). Three
different variants were isolated successfully. Two of the clones had morphologics
(F1, F2) similar 1o the clones previously isolated from Py3 and TG cells. F1
colonies contained exclusively rounded cells and F2 colonies had a few partially
spread cells and were more scattered than F1 (Fig, 1 a, b, ¢, d). A new variant F3,
had a morphology not previously found. F3 cclls had a spread epithelial-iike
morphology (Fig. 1d) which was clearly recognisable, because they lacked the
¢longated processes associated with most TG cells. The cells were mycoplasma-
negative as shown by staining with Hocchst 33258, A line of similar phenotype

was isolated several months later in repeating the seleclion.
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Fig. 1 (1a, 1b)FI colonies contained exlusively rounded cells and F2 colonies had a few partially
spread cells and were more scattered than F1 (Objective x-10)



¢) TG d) F3

Fig. 1c, 1d TG, the parental wild type and F3 cells, isolated from TG which had different
morphology from the isolated mutants F1 and F2 (Objective x-32
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1.1. 2 Phenotype of F3

1.1.2.1 Time-lapse video-tape recording of TG and F3

Superficiaily the phenotype of F3 appeared similar to that of TG when
they were in confluent culture, so I studied the behaviour of the two lines, using
time-lapse video-tape and a x 32 phase contrast objective. Low number of cells
(0.1x 105/ml) were cultured in 25 cm? tissue culture flasks. The recording,
suggested that there were differcnces between the motility of TG and F3. TG cells
more often showed elongated processes. These seemed to be "tails" formed as
cells move (Fig. 2a, a, b, ¢, and d, sequence d, 1, 2, 3, 4, 5, p. 73) which shows
this most clearly. These processes were not shown in F3, which appeared to be

less motile (Fig. 2b, e, f. g, and h).
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Fig. 2a Time-lapse video recording of TG cells in culture
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(5)
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Fig. 2b Time-lapse video recording of F3 cells in culture
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1.1.2.2 Spreading of ¥'3 on Fn-coated glass coverslips

The spreading of F1, F2, F3 and TG cells was measured on Fn using the
standard spreading assay and the mean spread area (MSA) was measured as

described by Edwards (1987). The results showed that I'1, I'2, and I'3 did not

spread on fibronectin under these conditions (Fig 3).

2500 ~

2000 =

1500

1000

Mean spread area (pixel)

300 —

Fig.3 Spreading of 'I'G, K1, 12 and F3 on Fn-coaled coverslips.
Glass coverslips with 25 pup/ml fibronectin for 30 minutes, then were blocked with §,5

mg/ml haemoglobin lor (3 minutes, Each cell suspension was prepared in 3 ml [Haoks'

HEPES, with [ x 109/ml cells of each type. 2 mls of cell suspensions were added to each

coverslip, and cells were incubated for 60 minutes in the hot room, and processed as

described in methods. The results are means of 8 experiments {16 samples), error bats =
standard deviations,

The imean spread area for F3 was not significantly greater than the
completely unspread F| cells that had a value of about 650 pixcls. In the
histograms of spreading assays which follow, the value 650 pixels is substracted ;

from the ordinate, which therefore shows unspread cells at zero increase in pixels.
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F3 was consistently found not to spread on fibronectin in the standard
spreading assay. This left a puzzle: why docs F3 not spread in these assays while
it does spread in culture? One possibility was that F3 responds to other
components of the culture medivm. such as serum. Alternatively the difference

might reflect the changed substrate.

2 Effect of medium components on the spreading of ¥3

2.1 Growth medium

Cell suspensions in growth medium (Ham's F10) with or without 10%
foetal serum and cell suspensions in Hanks HEPES with or without scrum for
comparison, were tested for spreading, both on Fn-coated glass coverslips and
plastic dishes. Mean spread area was measured. The results showed that on glass
F3 spreads a little in the presence of Ham's with or withowt serum. The addition of
serum in Hanks HEPES had little or no effect . On plastic F3 spreads much more
in the presence ol Ham's or with addition of seruin to Hanks HEPES, than in

Hanks HEPES alone (Fig 4).
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Increase in mean spread area {pixels)

Increase in mean spread area (pixels)

2000

{Incubation for 180 minutes on
glass coverslips)

1500 T

1000 - _l_

500

0 el
-500 1 i j ]
Hams' F-10 Hams' F-10 Hanks HEPES Hanks HEPES
+ 10% serum - 0% sexum  + 10% serum - 10% seram
3000
2500 {(Incubation for 180 minutes on
plastic dishoes}
T

2000 -
1500
1000 —

500

.D =
-300 T T T T
Hams' -10 Hams' B-10 Hanks HEPES Hanks HEPES
+ 10% serum - 10% secum + 0% scrum ~ 10% serum

Fig. 4 Effect of different medium with or without serum on (he spreading of TG and I3 cells,
on plastic and glass coated with fibronectin.

The results are means of 8 experiments (16 samples), error bars = standard deviation.
Error bars not shown where teo small.
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2.2 Dialysed serum

Serum could contain macromolecules or low molecular substances that
cause the spreading of I'3 cells in culture.

To investigate this, 10% [oetal calf serum was dialysed against Hanks
HEPES. Cell suspensions with or without dialysed serum, were tested for
spreading, both on I'n-coated glass coverslips and Fa-coated plastic dishes. The
results showed there was untypical partial spreading of F3 n this group of
experiments, however addition of dialysed scrum inhibited rather than stimulated
on both giass and plastic. l.eaving out the haemoglobin block had no etfect (Fig.
5).

Dialysed serum was ineffective bul Hams' F-10 stimulated spreading. 1 therefore
investigated the effect of various low molecular components of Hams' which are

missing from Hanks HEPES.
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B

F3

)

1500~ (60 min. incubation on plasiic
dishes) T

1006 —

500 -

Increase in mean spread area {pixels

-300 T T T T
HH + 10% seruin MM +10% scrum  HH 4+ Ybn. HH
Hbn, block unblocked block unbiocked
2500 S
B -
2000 —
(180 min. incubation on glass @] F3
coverslips)
1500 -

|

1000 —

300 —~

Increase in mean spread arca (pixels)

-300 T I T I

HH + 10% serum HH + 10% serum HH + Hbn. 19181
Hbn. block unblocked block unblocked

Fig. 5 Effect of adding dialysed scrum to HH in the assay on spreading of TG and F3 cells on
Fa-coated surfaces.

(3 cxperiments, crror bars = standard deviation)
Error bars not shown where too small
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2.3 Pyruvate, L-glutamine, and succinate

I found that F3 spreads very well in HANKS HEPES provided that | mM
pyruvate is added (Fig. 6a, 6b and 6c¢), and a little in 1 mM L-glutamine, but 1
mM succinate had no effect, particularly on plastic.

Omission of glucose had no effect on the wild type (TG) spreading (Fig.
6b, Fig. 6¢).

TG (HH + Pyruvate) F3 (HH + pyruvate)

Fig. 6a. Effect of pyruvate on the spreading of TG and F3 on Fn-coated coverslips.
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Increase in mean spread area (pixels)

HH + HH + HH + HH + GFHEB
pyruvate  L-glutamine succinate  succinate +
pyruvate

Yig. 6b Efteect of I mM pyruvate, L-glutamine, succinate, and 5 mM glucosc on the spreading of
TG, and F3 cells on Fu-coated plastic petri dishes.

(8 experiments, error bars= standard deviation)
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B
Bl F3
= 3000 -
)
B
&
]
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]
!
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E-q A
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E
RS
2
S 1000 -
9]
=
O -
HH HH + I + HH +
pyruvate L-glutamine L-glutamine -
pyruvate

Fig. 6¢ Lffcect of 1 mM pyruvaie, L-glutamine, and 5 mM glucose on the spreading of TG, and
F3 cells on Fn-coated glass coverslips.

(3 experiments, error bars= standard crrors)
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2.4 Effect of pyruvate concentration on the spreading of F3 on fibronectin %

The effect of sodium pyruvate concentration was studied. Different
concentrations were added and spreading was compared with the cell suspension
in HH alone.

Spreading increased with concentrations to about (0.5 mM, but increased

little at higher concentration (Fig. 7).

3000
3
g 25004 :
& |
3
8 20004 g
3
123
g 1500 —
g
8
o 1000 -
3
£

500 -

0 |

T
1.5 2,0 (mM conc.)

Fig. 7 Ttfect of increased pyruvate concentration on the spreading of F3 en glass coverslips,
Cell suspensions were preparcd in HH and dilTerent concentrations of pyruvate were

added.
The results are means of 3 experiments, and the crror bars = standard errors.
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2.5 Time course of spreading of TG and I'3, in the presence of pyruvate

Cell suspensions were prepaved in 5 ml HH, with 1 mM sodium pyruvate.
The effect of different incubation times on the spreading of TG and I3 in
pyruvale was investligated.

Data showed the mean spread area (MSA) of F3 in HE was hardly
increased with the increase of the incubation time. In pyruvate, MSA was
increased through the 90 minutes incubation (Fig. 8). In the experiments it is
noteworthy that pyruvate also increased the MSA. of TG. This was not noticed in

the photographs (Fig. 6a).

7000 - R
S —{1— TG/HH
r o
@ 6000 I TRy e Qe TGPyruvale
O -
.M i
& weesQeon F3/HH
g 5000
9 wem-f§-=== T3 /Pyruvaie
2
& 4000 -
b
=
23000 -
Q
@
g
7
= 2000
1000 ,
¢ 100 (minutes)

Fig, 8 Spreading of TG and F3 on Fn-coated coverslips at different incubation times.

Cell suspensions of TG and F3 were prepared in HH, and 1 mM pyruvatc in HH.
Following the standard spreading assay, cells were allowed to spread on 25 pig/ml
fibronectin, and cells were fixed with formal saline al different times.

The resulis are means of 3 experiments (Objective x-50).
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2.6 Effect of EDTA on spreading

A simple interpretation of the result of Fig. 6 could be that pyruvate acts
as an cncrgy source. One unlikely possibility was that F3 cells are more scasitive
than TG cells to inhibitory heavy metal ions which mighl contaminate the glucose

in HH. However pyruvate could then act by chelating these inhibitory ions. To

spreading assay and omitting the glucose source. This should work because Ca2+
and Mg2+ in Hanks HEPES are millimolar and although they bind to EDTA, ions

|
eliminate this possibility I tested the cffect of both adding 10-5 M EDTA in the
such a3 Cut and Fe3+ bind much more strongly.

3000 = B G
3 F3
&
-
g 2000 T
3
o
&
§ 1000
g
8
(5]
5
gooheE i
~-1000 | | ; I 1
HH HH + GEHII GFIIII + HIHL +
EDTA DTA pyruvate

Fig. 9 Effect of EDTA on the spreading of TG and F3 cclls

Plastic tissue culture dishes (35 mm diameter) were coated with Fn [or 30 minntes. Cell
suspensions were applied to unblocked dishes and were incubated for 180 minutes in the hot
room. The results are means of 5 experiments, the arror bars = standard deviations.

The results showed there was no significant effect on the mean spread area

for TG or F3, so this possibility was discounted (Fig. 9).
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2.7. The effect of removing pyruvate on spread ¥3 cells

Previous results showed that F3 require pyruvate to spread. The question
arose if pyruvate is required to maintain the spread state. Cell suspensions were
prepared in HH with or without 1.0 mM pyruvate and allowed to spread on Fn-
coated glass coverslips for 90 minutes. Half the samples were fixed and
processed. For the remainder, the medium was removed using a filter prmp and
washed thoroughly with prewarmed HH to avoid losing cells, and 2 mls of
prewarmed HH with or without pyruvate was added. The samples were incubated
for a further 90 minutes.

Addition of pyruvate after 90 minutes to cells preincubated in HH without
pyruvate, showed that the cells could still respond to pyruvate although not as
well as when pyruvate was added initially (Fig. 10). Removal of pyruvate aftcr 90
minutes resulted in decrease of the mean spread avea. This result shows that cells

do indeed require pyruvate to remain spread in the period 90-180 minutes.
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Fig. 10 The effect of removing pyruvate on the spreading of F3

- HH

+ HH + pyruvate/ incubation for 90 minutes

+/- pyruvate removed at 90 minutes of incubation

-/+ pyruvate added to HH after 90 minutes of incubation
+/+ incubation with pyruvate for 180 minutes

-/~ incubation with HH for 180 minutes

The results are means of 5 experiments (10 samples each), error bars = standard deviations
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3. Effect of an inhibitor of the glycolytic pathway (2-deoxyglucose)

on the spreading of TG

The previous results showed that
F3 requires pyruvate (perhaps), both for spreading and to maintain the sprcad
state (Fig. 10).

One possible explanation is that pyruvate acts as an energy sousce.
However TG does not require exogenous glucose for spreading (see Fig. 6a, 6b).
Presumably cells must require metabolic energy to spread, and TG might derives
cnergy via glycolysis from endogenous glucose, {¢.g [rom glycogen).

To investigate if TG derives energy for spreading from endogenous

glucose, Tused 2-deoxyglucose, which is an inhibitor of the glycolytic pathway.

2-deoxy-D-glucose is rapidly phosphorylated by cells via the hexokinase reaction.

The resulting 2-deoxy-I-glucose-6-phosphate is a powerful inhibitor of the
enzyme phospho-glucose isomerase, which catalyse the conversion of glucose-6-
phosphate to fructose-6-phosphate, As a result, glucose cannot enter the
glycolytic pathway in the presence of this inhibitor.
Following the standard spreading assay, different concentrations of 2-
deoxyglucose were added to GI'HH with or without | mM pyruvate.

The results showed that the spreading of TG cells was not inhibited at 10
mM and only partially at 100 mM to about a haif of that in GFHH control. 2-
deoxyglucose inhibition of TG was evident in presence of pyruvate. With T3,
there was slight inhibition of pyruvate- induced spreading even at the lowcr
concentrations of 2-deoxyglucose (Fig. 11). The concentrations of 2-
deoxyglucose used were very high, raising the possibility of non-specific

inhibition.
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Mean spread area {(pixels)

80300

GFHH 10 20 50 100 GFHH 10 20 50 (on
+
2-deoxy-glucose (mM) pyruvate 2-deoxy-glucose (mM}
without pyruvate with pyruvale

Tig. 11 Effect of 2-deoxy-glucose on the spreading of TG and K3

Cell suspensions were prepared in GFHH with or without 1 mM

pymuvate, aid different concentrations of 2-deoxy-glucose were added, and were allowed
to spread on Fn-coated coverslips for 180 tminutes, then processed as described in mathods,
The resulls are means of 6 experiments (objective 50x). Error bars = standard devialions
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4, Measurement of the activity of mitochondrial dehydrogenases

Spreading assays showed that F3 requires pyruvate to spread and (o
maintain the spread state. Pyruvate could act as an cnergy source. TG (the wild
type which gave rise to F3) spreads in both Hanks HEPES which contains glucose
and in glucose free Hanks HEPES. TG could derive encrgy for spreading via
glycolysis from endogenous glucose {(glycogen), as suggested by the 2-
deoxyglucose inhibition assay (Tig. 11}.

The end praduct of glycolysis in the presence of oxygen is pyruvate.
Pyruvate can then be completely oxidised to CO2 and H20 by enzymes present in
the inner membrane of the mitochondria. The question arose whether F3 is unable
to derive energy from glucose, but instead maintains its ATP from the oxidation
of pyruvate.

To test this hypothesis the activity of the mitochondrial dehydrogenases
was measured using MTT in which the absorbance of the converted dye was
measured st & wavelength of 570 nm with a background subtraction at 630 nm.

Three different conditions were investigated
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1) TG and F3 cclls were grown to confluence in 35 mm diameter tissue culture
dishes, washed twice in GFHH, and incubated for 30 minutes in I1I1, or GFHH, to
which L-glutamine or pyruvate were added. After 30 minutes, 0.1 ml of 0.5
mg/ml stock MTT was added and the cells were incubated for two hours in the
hot room. At the end of the incubation, the medium was removed and the
converted dye was solubilized with acidic isopropanol. The absorbance of the
converted dye was measured at a wavelength of 570 nm with a background
subtraction at 630 nin . Cell numbers were approximately equal for each

treatment (0.32 and 0.3 x 106/m! for TG and F3 (Fig.12).

0.8

B G
03

Absorbance at 570 am

Hanks HEPES Glucose free L-glutamine Pyruvate
Hanks HEPES

Fig. 12 Measarentent of the mitochondrial dchydrogenascs of TG and F3 using MTT
(condition 1}

The results are means of 3 experiments (6 samples each), and the bars = staudard crrors
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2) Cells were incubated with GFHH for 45 minutes, washed (wice in GI"HH, then
incubated for a further 45 minutes in HH, or GFHH, to which L-giutamine or
pyruvate, then 0.2 ml MTT was added and incubated for 3 hours, then later stages

were carried out as described above (Fig. 13).

Absorbance at 570 nm/1 x 109 celis/ml

Haoks HEPES Glucose free L-glutamine Pyruvale
Fanks HEPES

Fig. 13 Measurement of the mitochondrial dehydrogenases of TG and X3 using MTT
(condition 2)

Resuits were corrected according to cell number (1 x m(‘). The resulls are means of 4
experiments (8 samples each), and Lhe bars = standard crrors
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3) As in 2, but MTT was added together with HH, or GFHH, and incubated for 3

hours to which L-glutamine or pyruvate was added, and processed as described in

L (Fig. 13). |

Absorbance at 570 nm/ | x 10 cells/m)

Hanks HEPES Glucose free J.-glitamine Pyruvale
IHanks HEPEs

Fig. 13 Measurement of the mitochondriat dehiydrogenases ¢f 'I'G and F3 using MTT
{condition 3)
Cells were grown to confluence in 35 mm diameler tissue culture dishes, incubated with
GFHH for 45 minutes, washed twice in GFHH and incubated for further 45 minutes in
HH, or GFHH, or L-glutaminc or pyruvate, then 0.2 ml MTT was added and were
incubated for 3 bours. The cell cultures were then processed as described in condition 1.

The results were corrected according to cell number (1 x 106). "the resulls arc means of
4 cxperiments (8 samples each), and the bars are standard crrors

The results in (Fig, 12, Fig. 13 and Fig. 14) showed that TG and F3
respond similarly to glucose (as a component of HH) and GFHH. Neither showed
much increase in MTT in I.-glutamine or pyruvate. These results appear ta be
inconsisient with the hypothesis that F3 is deficient in energy generation from
glucose. The phenotype of F3 was conlirmed after these cxperiments, by

repeating the spreading assay for TG and F3 in the presence of pyruvate, the
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results showed resulls consistent with earlier cxperiments, that F3 spread when

pyruvate was added.

5. Analysis of 14C-labelled glucose metabolites of TG and F3
5.1 Uptake of 14C-labelled glucose by TG and F3

5.1.1 Time course

The pyruvate requirement of F3 for spreading in culture and on Fn- coated
surfaces suggested that this cell line might be defective somewhere in the
utilisation of glucose. To investigate this I began by examining the uptake of 14C-
labelled glucose, and then analysed glucose metabolites in TG and F3 by one and
two dimensional paper chromatography.

Uptake of 14C-labelled glucose by TG and F3 was studied, using 1%
Triton X-100 to extract the radioactive metabolites from the cells. Cells were
grown in 35 mm diameter tissue culture dishes. The number of cells used for
labelling, for both TG and F3 was about 300,000/ml. Cells were washed twice
with GFHH and 1 pCi 14C-labelled glucose in 2 ml GFHH was added to each
dish. The cells were incubated for zero, 15, 30 and 45 minutes, (60 minutes in
some later experiments), washed twice in prewarmed HH and 0.4 m! 1% Triton
X-100 in HH was added. Cells were then incubaled [or iwo minutes and 0.1 mi of

extract was transferred to vials for scintillation counting.
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Fig, 15, Uptake of J4c.Jobened glucose by 'I'G and ¥3 after different incubation times.

T'he results are means ol 7 experiments (one sampled experiment) except that the only

three experiments were continued for 60 minutes incubation. The bars are stasdard
BITOrs.

‘The results showed there was no significant difference between the
glucose uptake by TG and F3 during the incubation times zero, 15, 30 and 45
minutes (Fig. 13), which acgues against a defect in F3 in the early stages of
glucose utilisation, such as entry of glucose through the cell membrane.

However, the figure showed a dramalic difference in glucose uplake
between TG and F3 by 60 minutes, which suggesting I'3 might be defective in

slower processcs requiring glucose uptake.
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5.2 Analysis of 14C fabelled glucose metabolites of TG and F3 by paper

chromatography
5.2.1 Sensitivity of the method

The scnsitivity of detection was studied by drying on paper known
amounts of 14C-labelled glucose. 10 fold serial dilutions 1/1, 1/10, up to 1/1x107
of 14C-labelled glucose in GFHH were prepared and 10 pl from each dried on
chromatography paper. 100 U from each was transferred to vials for scintillation
counting. The paper was placed against X-OMAT film and incubated for 10 days
at -700 C.

After 10 days the films was developed. Three distinct spots could be seen,
the lightest spot corresponded to 1/100 which was around 1497 cpm (Fig. 16).
The results showed that higher activity of 14C-labelled glucose would be needed
than used for the time course. Even using 10-20 nCi/ml/ each cell line, very long

exposure of the X-OMAT films was needed (4-5 months).

181982 16736 1487

261619 /1% quigsetabeled - dif -.co e -

Tig. 16 Sensitivity of the method
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5.2.2 One dimensional paper chromatography

Two different batches of silica gel-loaded chromatography paper were
used in the one dimensional experiments. Details of the first (older batch) were
not available and the second was 3 MM Whatman SG 81 paper.

Cells wese incubated with 5 wCi 14C-labelied glucose for 45 minutes and
one dimensional chromatography paper was run, using selvent A (Veneziale and
Gabrielli, 1969). In some experiments samples from TG and F3 were run each on
two papers, to allow one to be cut for scintillation counting. The first paper was
dried, placed against X-OMAT film and incubated at -700 C for 5-10 weeks,
depending on how much 14C-labelled glucose was used, and the X-OMAT (ilms
were developed. The other paper was dried, cut into small strips and then
transferred to vials for scintillation counting. Samples were run in duplicate and
total counts applicd on the first paper were 7530.87 and 7563.00 for TG and
12397.8 and 12477.5 for F3.
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10 pl 50 pl

Glucose

Fig. 17 One dimensional paper chromatography
5 uCi 14¢ 1abelled glucose was used for labelling and two different volumes of
TC extracts (10 pl, 50 pl) were applied to the paper

All samples showed a glucose spot, and a spot of motility relative to
glucose 0.25 in TG and F3, but a spot of motility 0.35 in TG, was missing in F3
(Fig. 17). This suggested there might be a block in the glycolytic pathway in F3.

To confirm this result, the one dimensional paper chromatography was re-run
using the same samples from this experiment. The results (Fig. 18) confirmed the
missing spot in (Fig. 17), which supported the idea of a defect in a metabolic

pathway in F3.
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Fig. 18 One dimensional paper chromatography
(Second separation of the extracts analysed in Fig. 17)

In further experiments, the TG specific component (motility relative to
glucose 0.35) was not seen. Two papers were run and 5 pCi 14C-Jabelled glucose
was used for TCA extracts for each cell lines. Samples were in duplicate and the
total amounts loaded on the first paper was 10349 and 8343 for TG and 2334 and
2166 for F3.
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Fig. 19 One dimensional paper chromatography
5 uCi 14C-labelled glucose was used for labelling, and 100 pl TCA extracts were
applied to the paper.

The results showed three distinct spots for TG as seen in Fig. 17 and 18
(Fig. 19), while nothing for F3, which might be due to the lower amount of the
radioactivity loaded on the paper. The second paper (loaded with less extract, the
remaining 25 pl) was dried and cut into strips for scintillation counting. Total

amounts loaded on the second paper was 1252 for TG and 326 for F3.
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I altempted to quantitate this result as follows: the paper was dried, cut
into small strips, and the strips transferred to vials for scintillation counting

(Fig. 20).

glucose

257

20

154

10~

Radivactivily 1n strips (%)

T T 1
0 10 20 30 40

Strip number (from origin)

Fig. 20 One dimensional paper chromatography

25 1 sample was loaded on paper, the paper was dricd and cut imo strips for seinlilation
counting

Although the amounts loaded on paper were very low and for F3 were not
seen on the autoradiograph (Fig, 19), the result again showed an increase in the
percentage of the radioactivity recovered as glucose in F3 (summarised below in
table 1). A trace of fast moving radioactivity (1.77% of the total recovered,

motility relative to glucose 1.6) was detected in TG and not in F3 (strip 21=b).
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In a further experiment, 10 puCi 14C-labelled glucose was used for TCA
extracts for each cell line. Samples were in duplicate and the total amounts loaded

on paper were 12041 and 13439 for TG and 10511 and 13508 for F3.

10 pl

ib
o
L3
vy

Glucose

Fig. 21 One dimensional paper chromatography

10 uGi 14C-1abelled glucose was uses for labelling, and 10 pl TCA
extracts were applied to the paper.

The results showed two distinct spots for TG as seen before (Fig. 17 and
Fig. 19) and a suggestion of a third, running slower. This slower material was

absent for F3.
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As before a second paper was run and cut into strips for scintillation counting.
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Fig. 22 One dimenstonal paper chromatography

25 s extracts from TG and F3 were loaded on paper, the paper was dried and cut inte
strips for scintillation counting

The results again showed an increase in the percenfage of the radioactivity
recovered as glucose in F3 (Fig. 22) and an increase in percentage recovered
glucose m TG in which was 3.95% in TG (motility rclative {o glucose 1.57).and
very low in F3 (0.73%)

(strip 22=b). Strips 1-4 confirmed the presence of slower running material in TG

but not F3.
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In a repeat of this experiment, in which percentage of total amounts
loaded were 26947 for TG and 7147 for I3, the results again showed an increase
percentage of radioactivity recovered as glucose in F3 0.6% and 0.89% (motility
relative to glucose 1.57) in TG, (Fig. 23, strip 22=b). However the difference in

the slower material was not chserved.
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Strip nurmber {from origin}

Fig. 23 One dimensional paper chromatography

10 uCi H¢.1abelled glucose was used for TCA extracts for TG and F3 and 10 u} extract
was loaded on paper, and the paper was cut into strips (or scintillation counting

107



The results of all the one dimensional chromatography analysis are

summarised in the table below:

0.35 1.6 TG E3 3TG
1)a. [ - 45.7 58.7 1.28
b. + -
2) + + 27.19 50.7 1.86
3) - + 385 4437 1.15
4) + + 48.7 50.5 1.

Table 3.1 Siunsoary of the resulfs of the one dimensional paper chromatography

From the summary in table 1, the results in some of the experiments
suggested there might be a defect in a metabolic pathway glucose utilisation in
3. However the components detected were inconsistent between different

experiments.
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[n order to investigate these glucose metabolites further, I decided to
analyse extracts using two dimensional paper chromatography on 3 MM
Whatman SG 81 paper. In this technique the second dimension used was solvent
B (see materials and methods).

In the experiments for two dimensional separations I used bigger tissue culture
dishes (60 mm diameter), higher radioactivity (40 pCi and 50 uCi), and lower

volumes of 10% TCA to extract the cells (0.5 ml).

(Two components (More components

in TG not seen in F3) in TG, right)

(TG) (F3)

Fig. 24 Two dimensional paper chromatography
Cells were grown to confluence in 60 mm diameter tissue culture dishes
(TG 0.75 x 106/ml and F3 0.57 x 106/ml), washed twice in GFHH, and 0.5 ml containing
40 nCi 14¢C.1abelled glucose was added. Cells were incubated for 45 minutes at 37°C,
then washed twice in prewarmed HH and 0.5 ml of 10% TCA was added to the cell
cultures and incubated for further 2 minutes in the hot room. The autoradiograph was
exposed 15 weeks
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The results showed a clear difference between TG and F3 (Fig. 24). There
were two components in TG not seen in F3 as well as more components "amino
acids ?" in the far right on the paper (TG).

[n an attempt to confirm this result the experiment was repeated, using 50

uCi 14C-labelled glucose.

Fig 25 Two dimensional paper chromatography

Cells were grown to confluence in 60 mm diameter tissue culture dishes (TG 1.45 x
106/ml), washed twice in GFHH and incubated in 0.5 ml containing 50 puCi l“(‘AI'.xbcllcd
glucose for 45 minutes at 37°C, the cell cultures were then washed twice in prewarmed HH
and incubated with 0.5 ml 10% TCA for further 2 minutes in the hot room. The
autoradiograph was exposed for 13 weeks.
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The results (Fig. 25) did not veproduce the clear difference seen in the
previous experiment, Fig. 24. The variation in the results of the one and two
dimensional chromatography did not allow a definite conclusion about a defect in

glucose utilisation in F3.
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CHAPTER 4

GENERAL DISCUSSION




General discussion

The F3 line consistentty required addition of pyruvaie to Hanks' HEPES to
spread, and maintain spreading, on fibronectin. Although pyruvate has been
found necessary for growth and mamtenance of various cell types in culture, a
specific requirement for spreading has not been previously reported. The pyruvate
could be needed either as a source of ATP, or to supply one or mote metabolites.
1n some spreading assays, pyruvate also stimulated spreading of the TG "wild
type" line. Twao questions need to be answered: first, why would pyruvate need
to be added to F3 and not the wild type; second, why is pyruvate needed for
spreading?

It is possible that in F3 Icss pyruvate is generated from glycolysis, which
means there is some deficiency in this pathway. Or, less likely, that more
pyruvate is needed by F3 than TG. Glucose uptake studies suggested that there
could be a deficiency in glucose metabolism in F3. However, two-dimensional
paper chromatography results were inconsistent. This 1s clearly worth further
investigation, but the achicvement of results is very slow.

The activity of mitochondrial dehydrogenases showed that both lines
respond similarly to glucose with reduction of the dye, suggesting that both lines
can probably generate enough ATP. This was supported by the observation Lhat
when glutamine was added to HF, it did nol stimuiate spreading of F3, in
comparison with pyruvate. Glutamine is normally needed as a secondary source
of ATP generation in animal cells. These two observations favour the idea that
F3 does not need pyruvate for production of ATP, but rather for supply of some
metabolites. These metabolites could be amino acids or fatty acids {formed via
acetyl co-enzyme A). Amino acids seem unlikely, because cell spreading in shorl

term assays 18 not dependent on protein synthesis (Grenz ef al., 1993).
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One situation is known where a fatty acid appears to be required for a
process similar to cell sprecading. Patterson ef ¢f., 1994 found that tunicamycin
nhibits neurite outgrowth from PC12 cells, and showed by using long chain
homologues that the inhibitor was acting by blocking palmitoylation, rather than
glycosylation, Palmitate added to medium was able to reverse the block. The
target for palmitoylation was believed to be the protein GAP43 (Jochen et ¢l.,
1995). The idea that pyruvate is needed to generate palmitate could be explored in
various ways. For example, palmitate added to medivm might increasc spreading,
and cerulenin, an inhibitor of fatty acid synthesis, should inhibit. (Cerulenin was
found to block palmitoylation of sclected proteins, and internalisation of insulin in
rat adipocytes (Jochen et al., 1995).

Since pyruvate (which is present in Hams' F10) was present during
selection, it is not clear why 3 should have been sclected by the procedure used.
Did F3 perhaps consume much of the pyruvate during the 6-8 hour selection? Or
are these cells less spread than the wild type and therefore more easily detected?

In conclusion, my selection of a mutant with a specific requirement for
spreading (which is related to various other important processes in animal cells)

shows the usefulness of this approach..
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