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ABSTRACT

Focal adhesion kinase (FAK) has been implicated in cellular processes linked to
adhesion, migration and survival of animal cells. Evidence that FAK is involved in
cellular locomotion suggested that it may also play a role in phenotypic transition of
VSMC from a quiescent to a migratory state as seen in the development of neointimal
hyperplasia. The expression of FAK and two other focal adhesion components, paxillin
and plBOcas, were upregulated in early aortic medial explant culture, leading to
outgrowth and phenotypic modulation of VSMC. Explant treatment with PDGF-BB,
IGF-I and bFGF also led to explant outgrowth and increased protein expression of FAK,
paxillin and p130“®. These results indicate that increased expression of FAK may play

a role in the early changes leading to phenotypic plasticity of VSMC.

Investigation of the subcellular localisation of FAK demonstrated nuclear
expression of full length FAK (p12574%) in VSMC and HUVECsS, in addition to its
localisation to focal adhesions. A p50 NHj-terminal domain FAK fragment (pSON-
FAK) was exclusively localised in the nucleus in both cell types, whilst a p55 COOH-
terminal FAK fragment (pSSC-FAK) was found only in the cytosol. The findings of
nuclear localisation of p12574* and intracellular segregation of p50N-FAK and p55C-

FAK suggest novel regulatory roles for FAK and FAK-related species in vascular cells.

Another major aim of this thesis was to examine the role of FAK in the
endothelial cell apoptotic response. Apoptosis of HUVECs resulted in caspase-
dependent p125¥% proteolysis and increased nuclear accumulation of p50N-FAK,
which were preceded by rapid FAK tyrosine dephosphorylation at residues Y861, Y407
and Y397. Y861 phosphorylation was shown to be maintained via a PKC-dependent
mechanism and regulated very early in the HUVEC apoptotic response. These findings
provide novel insights into the apoptotic regulation of FAK in HUVECs and the
signalling mechanisms important for maintaining FAK phosphorylation, which may

have relevance for VSMC and other cell types.
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CHAPTER 1
INTRODUCTION

The cardiovascular system in animals is composed of the heart and vasculature
including the arterial and venous systems. The arterial and venous networks are
connected by means of capillary vessels, which are responsible for delivering
oxygen/nutrients to tissues. Many diseases of the cardiovascular system arise from
abnormalities in one or more of its components and are responsible world-wide for an
ever-increasing burden upon the health services. For instance in the Western
Hemisphere approximately 50% of deaths are caused by cardiovascular disease, mostly
accounted for by ischaemic heart disease. In other parts of the world, particularly
developing countries, rheumatic heart disease is a major cause of hospital admissions.
Globally speaking, hypertension is another major cause of morbidity and mortality and
is a prime risk factor for atherosclerosis, which is the major cause of ischaemic heart
disease. A better understanding of the pathophysiological mechanisms underlying the
development of cardiovascular disease is essential to improve our ability to prevent and

to treat these conditions.

1.1  ATHEROSCLEROSIS

Atherosclerosis is one of the most intensely studied human disease processes
and has preoccupied researchers since the early 19" century. Atherosclerosis is a disease
which affects arteries of all sizes including the aorta and coronary arteries but not
vessels smaller than 3mm diameter (arterioles). In the initial stages of development, it is
characterised by the ‘fatty streak’ in which lipid-rich macrophages and T lymphocytes
accumulate in the intima (Stary, 1989; McGill, 1984). Some but not all of these fatty
streaks go on to develop into intermediate lesions comprising macrophages and smooth
muscle cells. These latter lesions preferentially arise at focal points in the arterial tree
such as branch points or bifurcations. At a later stage, these lesions can develop into
advanced lesions recognised macroscopically as the atherosclerotic plaque. This is

composed of a core of lipid and /or necrotic debris covered by a dense connective tissue
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cap containing vascular smooth muscle cells (Ross, 1993). It is the advanced lesion
which is responsible for arterial luminal occlusion and restriction of blood supply
leading to symptoms of ischaemic heart disease. In the worst case the plaque can
rupture and the subsequent inflammatory/procoagulant response give rise to complete
vascular occlusion, best recognised in the instance of coronary artery occlusion and

subsequent myocardial infarction (Davies and Thomas, 1984).

Although fatty streaks have been recognised in the vasculature of children and
teenagers (World Health Organisation, 1985; Stary, 1989; McGill, 1984), the
intermediate and advanced lesions of atherosclerosis do not generally arise until much
later in adult life (except in the case of youths with congenital abnormalities of lipid
metabolism). The exact mechanisms by which fatty streaks arise or what predisposes
them to develop into more advanced lesions remains unclear. Conventionally the lesion
of atherosclerosis is thought of as a fibroproliferative or inflammatory response to
various factors which cause the disease. In some situations the response may become
exaggerated and thereby become part of and perpetuate the disease process. Previously
researchers had identified the following components to be requisite for lesion formation:
smooth muscle proliferation (with macrophage/lymphocyte involvement), elaboration
of a connective tissue matrix, and the intracellular and extracellular accumulation of

lipid (Fagiotto ef al., 1984a, 1984b; Mora et al., 1987; Thomas et al., 1985).

There are many theories which have been proposed to explain the pathogenesis
of the atherosclerotic plaque. Perhaps the best known and most widely accepted is the
response to injury theory (Ross and Glomset, 1973: Ross, 1986) in which it was
postulated that endothelial cell dysfunction arising from various forms of insult (e.g.
exposure to oxidised LDL), might predispose to increased adherence of leukocytes such
as monocytes and T lymphocytes. Subsequently the attached white blood cells, under
the influence of autocrine or paracrine factors, migrate into the arterial wall. Here they
are able to accumulate lipid and form the lesion recognised as the fatty streak, followed
later by the proliferation of smooth muscle cells and deposition of matrix leading to the

development of the more advanced lesions.

Other theories of atherosclerosis include those proposing lesion development as

a response to infection (“viral hypothesis”, Fabricant et al, 1983; “chlamydia and
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atherosclerosis”, Grayston, 1993), to chemical insult (Golubev et al., 1996; “free radical
theory” Dormandy, 1989), to hypoxia (Martin et ai, 1990). In these studies and in many
others, it has become clear that lesion formation in atherosclerosis or post-angioplasty
restenosis is characterised by the accumulation of cells within a ‘neointima’. Common
to all these studies is the notion that excessive cellular proliferation is the sole
determinant of lesion cellularity. Recently, however, a growing body of evidence
suggests that vascular structure and lesion formation is determined by a balance
between cell growth and cell death by apoptosis. At this stage relatively little is known
about the factors which regulate vascular cell survival, although clearly this is an area

which could provide new therapeutic targets for the treatment of vascular disease.

VASCULAR CELLS IN ATHEROSCLEROSIS.

The normal arterial wall consists of three anatomically distinct layers - the
intima, the media and the adventitia (see Fig 1.1). The intima is made up ofa monolayer
of endothelial cells surrounded by a sheet of elastic fibres known as the internal elastic
lamina. The area between the internal elastic lamina and the endothelium is filled with
extracellular matrix and beyond the lamina lies the medial layer. This consists of
circumferentially oriented smooth muscle cells deposited in a meshwork of interstitial
extracellular matrix. Separating the media from the outermost layer or adventitia is the
external elastic lamina. The adventitia is composed of fibroblasts and smooth muscle

cells loosely embedded in a matrix of collagen and proteoglycans.

Endothelial cell Contractile VSMC

\ Internal

elastic lamina
Intima 1 1 1

Media

External
elastic lamina

Adventitia

Fig. 1.1 Schematic representation of a normal artery.
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1.2 VASCULAR SMOOTH MUSCLE CELLS.

1.2.1 Biological roles of VSMC

In the mature animal the vascular smooth muscle cell (VSMC) is a highly
specialised cell whose principal function is contraction. During animal development,
vascular smooth muscle cell precursors have an essential role in the maturation of the
embryonic vasculature during which period they serve to proliferate and elaborate
extracellular matrix (ECM) components of the vascular wall. Later, the fully
differentiated VSMC ceases to proliferate and is specialised for the function of
contraction and the maintenance of vascular tone. Despite this however, it is clear that
mature VSMCs have considerable plasticity, because they retain the ability to divide.
This is well illustrated by their roles in diverse biological and pathological processes -
such as wound healing, atherosclerosis and restenosis — which are characterised by the

migration and proliferation of VSMC (Ross 1993).

According to the response to injury models proposed by Ross, an excessive
fibroproliferative response by VSMC is seen to contribute to the formation of
atherosclerotic lesions. Such lesions of atherosclerosis predominantly affect the intimal
layer of the vasculature, which in normal vessels is largely devoid of VSMC. Although
the origins of the VSMC which accumulate in the neo-intima remain unclear, it is
generally accepted that their involvement results from migration through the internal
elastic lamina and proliferation within the sub-endothelium. A considerable body of
evidence supports a role for certain growth factors in this process (Nilsson, 1986;

Munro and Cotran, 1988; Ross and Raines, 1988).

1.2.2 VSMC proliferation

The mechanisms whereby growth factors may regulate VSMC proliferation in
vascular disorders have been extensively examined and the role of mitogen-responsive
transcription factors (proto-oncogenes: c-myc, c-myb) as well as other nuclear factors,
including the retinoblastoma protein, is being elucidated (for a review see Gorski and

Walsh, 1985). Further evidence for the importance of VSMC proliferation in the
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formation of lesions of atherosclerosis comes from studies which utilised anti-
proliferative modalities to effect a reduction in the development of neointimal lesions
(Chang et ai. 1995a, 1995b; Bennett ef al., 1994; Shi et al., 1994). Recently it has been
proposed that cell cycle-dependent inhibition of VSMC proliferation by progesterone
may represent a mechanism for the hormone’s protective effect against atherosclerosis

(Lee et ai, 1997).

1.2.3 Migration of VSMC

Studies of rates of VSMC proliferation indicate that indices of proliferation are
raised in neointimal lesions, but not sufficiently to account for neointimal VSMC
accumulation. In atherosclerosis, rates of proliferation derived from labelling indices are
very low (Clowes ef ai, 1983; Newby and George, 1993), but they are higher in models
of restenosis and in post-coronary artery bypass grafts (Ip et ai, 1990). There is a large
body of evidence deriving mostly from studies in the rat carotid artery balloon injury
model, to support the role of VSMC migration in the pathogenesis of atherosclerotic
lesions (Raines and Ross, 1993; Dartsch et al., 1989; Jawien et al., 1992). Additionally
the expression of potent chemoattractants such as PDGF-BB is significantly upregulated
in lesions of atherosclerosis and post-angioplasty restenosis in the rat carotid artery
(Wilcox et ai, 1988; Majesky et ai, 1990; Golden et ai, 1991). Antibodies directed
against PDGF have been shown to block: neointima formation in the injured rat carotid
by the inhibition of VSMC migration (Ferns ef ai, 1991). There is evidence that VSMC
migration also plays an important role in other pathophysiological situations including
hypertension (Murphy et ai, 1981) and accelerated arteriopathy following cardiac

transplantation (Billingham, 1987).

Migration and/or proliferation of VSMCs have clearly been shown to be affected
by growth factors and polypeptide ligands for receptor tyrosine kinases. However, many
other factors are thought to influence the behaviour of VSMCs in the vessel wall.
Amongst these are cytokines such as TGF-|3 (Koyama et al.,, 1990), and Interleukin-1,
(Nomoto et al.. 1988), adhesion molecules, in particular the integrin family (Yue et al.,
1994) and components of the ECM (Naito et al., 1991; Liaw et al, 1994). Several

integrins, including and Pi integrins, are thought to play an important role in
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VSMC migration in vivo (Clyman et al., 1992; Yue et al., 1994; Bilato et al., 1997). In
addition, recent interest has focused on the role of the ECM and enzymes responsible
for the degradation of the matrix. The matrix metalloproteinases (MMPs) (Southgate et
al., 1992; Henney et al., 1991) and serine proteases involved in the plasminogen
activation system such as urokinase- type plasminogen activator (UPA), tissue-type
plasminogen activator (TPA) (Jackson and Reidy, 1992) and thrombin (Walters et al.,
1993), are strongly implicated in the early events associated with neointima formation
and VSMC migration. As well as its function in coagulation, thrombin is also well
established to act through specific transmembrane receptors which mediate important
actions on cells (Hung et al., 1992; McNamarra et al. 1992). In addition, recent studies
have demonstrated that UPA can act via its own cell surface receptor to stimulate early

signalling events (Busso et al., 1994; Resnati et al., 1996).

1.2.4 Phenotypic modulation of VSMC

The neointimal accumulation of VSMC in atherosclerosis is associated with a striking
change in the observed phenotype of “contractile” VSMC which populate the media, to
a “synthetic” phenotype characteristic of VSMC found in the neointima (Campbell et
al., 1988). Adult contractile VSMC contain abundant myofilaments, poorly developed
Golgi apparatus and minimal rough endoplasmic reticulum (Fig. 1.2). This constitutes
the “contractile” phenotype (Chamley-Campbell and Campbell, 1981; Raines and Ross,
1993). Whilst contractile cells residing in the media are non-proliferating, fully
differentiated and provide vascular tone, neointimal VSMC undergo a loss of contractile
components, but are rich in synthetic organelles such as the Golgi apparatus and
endoplasmic reticulum. It is these cells which are thought to be responsive to
chemotactic and mitogenic factors and are able to synthesize ECM, whilst those
residing in the media are capable only of responding to vasoactive agents causing
contraction and relaxation (reviewed in Gorski and Walsh, 1995). Similarly diploid
VSMC grown in culture in serum-free conditions retain some degree of their
characteristic contractile phenotype and grow in the well recognised “hill and valley”
pattern that distinguishes them clearly from endothelial cells or fibroblasts. However
upon exposure to serum derived from whole blood, they begin to proliferate and

redifferentiate to a synthetic phenotype (Campbell and Campbell, 1993).
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Contractile Synthetic
Abundant myofilaments, Loss of contractile apparatus,
minimal synthetic apparatus increased synthetic organelles
Quiescent Proliferative, Migratory
Differentiated - respond to Redifferentiated - respond to
vasoactive agents, insensitive to mitogens. growth factors, secrete ECM components

Fig. 1.2 Comparison of VSMC phenotypes

A change in VSMC phenotype from a contractile to a synthetic state in the
development of neointimal hyperplasia is likely to involve changes in gene expression.
Changes in gene expression are also well recognised in VSMCs during animal
development (Katoh and Perisamy, 1996). VSMC are capable of expressing four
different isoforms of actin including a-actin, (3-actin, smooth muscle y-actin and non-
muscle y-actin. In adult fully differentiated contractile VSMC, a-actin is the most
abundant isoform whereas in the fetus and newborn animal, (3-actin predominates
(Owens and Thompson, 1986). Intimai (“synthetic” phenotype) VSMC display reduced
expression of cytoskeletal and contractile proteins such as smooth muscle a-actin,

smooth muscle myosin heavy chain (MHC), 150 kDa VSMC-specific isoform of
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caldesmon, vinculin and desmin (Owens, 1995). In atherosclerotic plaques intimal
VSMC express B-actin as the principal isoform (Gabbiani et al., 1984) see also Table
1.1

VSMC YOUNG/FETAL SYNTHETIC STATE REPLICATIVE
ADULT VSMC
PROTEIN VSMC CELLS IN CULTURE | RESPONSE TO INJURY
a-actin +/- ++++ +/- +/-
B-actin ++ ++ ++ ++
y-actin + + + +
Myosin +/- +++ +/- +/-
Desmin +/- +++ +/- +/-

Table 1.1 Phenotypic changes in cytoskeletal proteins in VSMC.

Studies of differential gene expression in contractile and proliferating rat VSMC
indicate that some components of the contractile machinery are highly expressed in both
types of VSMC, while expression of other components is markedly altered (Shanahan et
al.,, 1993; Gabbiani et al, 1984). Examples of proteins that are upregulated in
proliferating VSMC include osteopontin and matrix GLA protein (Shanahan et al.,
1993), and PDGF ligand and receptor (Wilcox et al., 1988; Majesky et al., 1990).
Furthermore, rabbit VSMC in primary culture show a large upregulation in the number
of cell surface receptors for basic fibroblast growth factor (bFGF) and epidermal growth
factor (EGF) (Saltis ef al., 1995). Thus far, however, phenotype-specific changes in the
expression of signalling molecules important for migration and proliferation of VSMC

remain to be characterised.

The culture of VSMC by explant outgrowth is a potentially useful model for the
study of such changes in gene expression (Campbell and Campbell, 1993). This model
facilitates examination of the regulation of the very early stages of VSMC
migration/proliferation in vitro. This is in contrast to studies of passaged VSMCs in

primary culture where changes in phenotype may have already occurred. This model
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also enables assessment of the effects of test factors (for instance growth factors) on

phenotypic modulation of VSMC and accompanying molecular events.

1.2.5 VSMC and apoptosis

An accumulating body of evidence indicates a role for apoptosis in
cardiovascular diseases such as atherosclerosis and restenosis. In the balloon-injured rat
carotid artery, Clowes and others demonstrated that VSMC retained relatively high
proliferative capacity even up until 12 weeks after injury. However at 12 weeks total
arterial VSMC content was unchanged leading them to conclude that “cell death must
account for our finding” (Clowes et al., 1983). Subsequently, numerous studies have
demonstrated apoptosis of neointimal VSMCs and foam cells to be a feature of human
vascular pathology, especially restenotic lesions, and to a lesser degree, primary
atherosclerotic lesions (Geng and Libby, 1995; Han et al., 1995; Ball et al., 1995;
Bjorkerud and Bjorkerud, 1996; Isner et al., 1995; Kearney et al., 1997). It remains
unclear whether apoptosis represents a harmful or beneficial mechanism in the context
of vascular disease. Some investigators have hypothesised that a high apoptotic index of
lesion VSMC may contribute to plaque instability and increased likelihood of clinical
events (Geng and Libby, 1995; Han et al., 1995; Bjorkerud and Bjorkerud, 1996). On
the other hand it has been proposed that apoptosis may significantly reduce the
cellularity of lesions, particularly those arising due to restenosis (Isner ef al., 1995). In
such a situation, an enhanced apoptotic index might represent a useful therapeutic target

to attenuate intimal hyperplasia.
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1.3 ENDOTHELIAL CELLS

1.3.1 Biology of endothelial cells

Vascular endothelial cells are derived from angioblasts — cells of mesodermal
origin defined as vascular endothelial cells that have not yet formed a lumen.
Angioblasts are responsible for the formation of the embryonic primary vascular plexus
by a process known as vasculogenesis. Endothelial cells (EC) constitute the
endothelium, a monolayer forming the innermost surface of the vasculature or intimal
layer, and perform several physiological functions. Among these are the provision of a
non-thrombogenic surface, the maintenance of vascular tone through release of
vasoactive agents (see Table 1.2) such as nitric oxide (NO) (Moncada and Higgs, 1991),
prostacyclin (PGI;) and endothelin (ET), and the regulation of leukocyte adhesion
(reviewed in Cines ef al., 1998). EC are a rich source of growth regulatory molecules
and cytokines such as TGF-p, y-interferon, heparin/heparan sulphate, PDGF and bFGF
and play an active role in maintaining the basement membrane which forms their

substrate.

The endothelium acts as a gatekeeper controlling both the passage of substances
across the vessel wall (Gimbrone, 1976) as well as the flow of blood cells along the
vessel lumen. Whilst blood flow derives in part from the ability of quiescent endothelial
cells to generate an active anti-thrombotic surface, it is also crucially dependent upon
the secretion and uptake of vasoactive agents by the endothelium in response to various
stimuli. The vasodilator NO acts by relaxing VSMC and, in addition, inhibits platelet
adhesion, activation, secretion and aggregation (Mendelsohn et al., 1990). Endothelial-
derived NO also inhibits leukocyte adhesion to the endothelium (Kubes et al., 1991; De
Caterina et al., 1995) and inhibits VSMC migration (Marks et al., 1995) and
proliferation (Garg and Hassid, 1989). These effects may be important in attenuating the

vascular response to injury.
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Moelecule Main effect Other effects Secretion Compound
Maintains basal vascular tone | Paracrine/constitutive
{ Platelet adhesion/activation, and induced by Heterodiatomic fi
NO secretion and aggregation. thrombin, bradykinin, rodiatomic free

(Nitric Oxide)

Vasodilatation

1 Platelet disaggregation
Inhibits VSMC
migration/proliferation

substance P, ADP,
muscarinic agonists,
FSS, cytokines

radical derived from
L-arginine.

PGI,

Inhibits platelet aggregation

Paracrine/induced at

Eicosanoid derived

(prostacyclin) Vasodilatation and deposition sites of EC from Arachidonic
P y Inhibits VSMC proliferation perturbation acid

PAF . Phospholipid
(platelet activating | Vasoconstriction Promotes leukocyte adhesion Juxtracrine/induced derived from

f at cell surface ST

actor) Arachidonic acid

. . L 21 Amino acid
ET-1 Mitogen for VSMC: Paracrine/induced by peptide derived from

hypoxia, shear stress
and ischaemia

modulates effects of
numerous compounds

Vv tricti i
asoconstriction Preproendothelin-1

(203 amino acids)

(endothelin-1)

Table 1.2. Vasoregulatory substances synthesised by the endothelium.
(Adapted from Cines et al., 1998)

The natural anti-thrombotic properties of the endothelium derive from its ability
to regulate the activity of thrombin (reviewed in Rosenberg and Rosenberg, 1984) and
produce plasminogen activators (Hirsh et al., 1994; Levin et al., 1989; Cugno et al.,
1989). However, a pro-coagulant intima can arise following endothelial perturbation by
physical forces (fluid shear stress) or specific factors which lead to the induction of
tissue factor (Drake et al., 1989) and plasminogen activator inhibitors (Sawdey et al.,
1991). Haemodynamic forces play an important role in the physiology and pathology of
the arterial wall (Caro et al., 1971; Dewey, 1984; Glagov, 1972). Fluid shear stress
(FSS) is defined as the tractive force exerted upon the endothelial surface by flowing
blood. FSS has been implicated in the development of atherosclerosis for some time
following observations that a strong correlation existed between the location of
developing arterial lesions and the regions where there are extremes of variations in FSS
(Fry, 1968). Whilst earlier studies defined shear stress-induced alterations in EC
morphology and cytoskeletal organisation (Dewey et al., 1981; White et al., 1983),
more recently it has been shown that EC can sense FSS and trigger complex signalling

pathways resulting in the induction of immediate early genes (Resnick and Gimbrone,
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1995; Li et al., 1996; Takahashi and Berk, 1997; Jo et al, 1997). At present the
underlying mechanisms by which mechanotransduction serves to activate downstream

signalling events remain unclear.

1.3.2 EC Dysfunction

Earlier observations in experimental animals showed that endothelial damage
and loss — whether by catheter abrasion, chemical insult such as homocystinemia, or
hypercholesterolaemia — led to a platelet response as well as neointimal formation (Ross
and Glomset, 1976). Such observations were responsible in part for the ‘response to
injury’ hypothesis of atherosclerosis proposed by Ross. Later it became clear that
endothelial denudation is not a prerequisite for lesion development and currently it is
loss of endothelial integrity or endothelial dysfunction which is thought to be an
important factor in the initiation of the atherosclerotic lesion (Ross, 1997: McGorisk

and Treasure, 1996).

Endothelial dysfunction can arise through several mechanisms, one of which -
oxidant stress — has received considerable attention. Unsaturated lipids can be modified
(in some cases by EC) to cytotoxic derivatives such as oxidised LDL (ox-LDL) and
lipid peroxidation products including lysophosphatidylcholine, which have deleterious
effects upon EC. ox-LDL can induce transcriptional activation of vascular cell adhesion
molecule-1 (VCAM-1) promoting leukocyte adhesion, impair EC replication and

angiogenesis and induce apoptosis (Henry, 1994).

It remains unclear how alterations in FSS are linked to EC dysfunction.
Atherosclerotic lesions preferentially develop at focal sites in the arterial system such as
at bifurcations and curved regions where flow is interrupted by flow separators (Glagov,
1988; Nerem et al., 1993). In these lesion-prone areas FSS is low and unsteady and, in
the instance of coronary branch points, associated with decreased vasodilator function
(McLenachan et al., 1990). The expression of diverse genes for proteins which regulate
the functions of EC and VSMC, can be induced by means of shear stress response
elements. These include genes whose products are involved in vasoregulation (NO, ET-

1), control of VSMC (bFGF, PDGF, TGF-p), fibrinolysis (t-PA.), and cell adhesion
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(VCAM-1, ICAM-1) (Malek and Izumo, 1995; Ando and Kamiya, 1996; Tsao et al.,
1996). Turbulent FSS has also been linked to increased DNA synthesis by EC in vitro
(Davies et al., 1986).

Endothelial dysfunction is reflected in abnormal vasodilator function in
atherosclerotic arteries due to impaired release__of NO and PGI; from EC (Ludmer et al.,
1986; Siegel et al., 1993). Even patier‘l.t"s: zle-l—cking overt vessel stenosis but with risk
factors for atherosclerosis (hypercholesterolaemia, diabetes, cigarette smokers), have
impaired vasodilatation (Sorensen et al., 1994; Steinberg et al., 1996; Celermajer et al.,
1993). In some instances the reduction in NO is attributable in part to decreased
expression of eNOS in diseased arteries (Buttery et al., 1996), but the mechanism for
this is unknown. However, it seems reasonable to hypothesise that perturbation of FSS
may be implicated given the predilection of lesions for branch sites. Further evidence
for the role of NO came from animal models in which inhibition of NO activity
accelerates atherosclerosis (Naruse ef al., 1994), whereas supplementation with a NO
precursor attenuates lesions (Cooke, 1996) and reverses endothelial dysfunction in

hypercholesterolaemic human subjects (Creager ef al., 1992).

A healthy endothelium may contribute to the prevention of atherosclerosis by
inhibiting platelet activation, limiting transendothelial passage of cells and lipids into
the vessel wall and maintaining the intima in a quiescent state. Loss of these protective
functions — for instance consequent upon oxidant, chemical or shear stress — appear to
alter the biochemical profile of the endothelium in such a way as to promote
inflammatory/fibroproliferative responses. /n vivo endothelial cells retain their ability to
regenerate and are responsible for new blood vessel development by the process of
angiogenesis. Endothelial cells in culture grow in a strict monolayer and appear to be
truly contact inhibited. Whether they are of arterial or venous origin they retain a
differentiated phenotype (Ross and Glomset 1976) although it is accepted that cell
culture does perturb them from a quiescent in vivo state to a more activated phenotype

capable of rapid replication (Cines et al., 1998).
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1.3.3 Apoptosis of EC

A major cause of EC dysfunction may be programmed cell death or apoptosis.
Apoptosis constitutes a systematic means of cell suicide within an organism during
normal morphogenesis, tissue remodelling and in certain pathophysiological situations
(Ueda and Shah, 1994; see also section 1.6). EC apoptosis has proven difficult to
establish in vivo in either physiological or pathological situations. Reasons for this may
be due to the extrusion of EC into the lumen of vessels where they are lost or due to the
rapidity of the apoptotic process which is complete in a matter of hours. Indeed, the
presence of apoptosis in instances where the dying cells form a small part of the overall
tissue, is likely to be underestimated (Kerr et al., 1995). However apoptosis of EC has
been well documented in vivo in a variety of physiological circumstances including
regression of the corpus luteum (Azmi and O’Shea, 1984), limb morphogenesis in
chicken embryo (Feinberg et al., 1986), renal regeneration (Gobe et al., 1995), breast
involution in mice (Walker et al., 1989) and atrophy of the rat parotid gland (Walker
and Gobe, 1987). More often it has been easier to demonstrate EC apoptosis in in vitro
models (Araki et al., 1990; Robaye et al., 1991; Lefer and Ma, 1993; Pulonovsky et al.,
1994). Interestingly fluid shear stress was reported to inhibit EC apoptosis (Dimmeler et
al., 1996, 1997a; Kaiser et al., 1997), which may go some way towards explaining the

correlation between extremes of FSS and EC dysfunction (see 1.3.2).

Whether apoptosis of EC plays a role in the development of cardiovascular
disease remains to be proven directly. However, recently, interesting reports have
emerged suggesting that this particular mode of cell death may have been overlooked as
a contributory factor in the pathogenesis of some vasculopathies. Gobe et al. (1997)
found evidence of EC apoptosis in the development of microvascular rarefaction in
hypertension using an established rodent model of hypertension. An important study of
diseased human coronary arteries found apoptosis to be a feature of restenotic lesions
and, to a lesser extent, primary atherosclerotic lesions (Isner et al., 1995). The apoptotic
cells were either positively identified as VSMC or macrophages but the identity of
approximately 50% of cells could not be established, suggesting that EC apoptosis may
have been underestimated. In a more recent study, apoptotic EC were detected on the
luminal surface of atherosclerotic human coronary vessels but not in normal vessels

(Alvarez Jr. et al., 1997). A major caveat of this study is that the coronaries were
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obtained from post-transplant patients with accelerated graft arteriosclerosis and
therefore the finding of EC apoptosis may be restricted to this particular pathological

entity rather than extended to all forms of atherosclerosis.
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1.4  POLYPEPTIDE GROWTH FACTORS FOR VSMC AND
ENDOTHELIAL CELLS

1.4.1 Platelet-derived growth factor (PDGF).

PDGF is a 30 kDa dimeric glycoprotein consisting of two different polypeptide
chains - A and B - connected by disulphide bonds. In the original models of
atherosclerosis proposed by Ross (Ross, 1986; Ross and Raines, 1988), PDGF of
monocyte/platelet/endothelial-origin was suggested to be the initial stimulus for VSMC
following endothelial injury. Thereafter chemotaxis and proliferation of VSMC was
thought to give rise to the intimal proliferative lesion of early atherosclerosis.
Subsequently it was shown that PDGF-BB is the most potent chemoattractant for
cultured VSMC derived from a number of species (reviewed in Ross, 1993). The
mRNA for PDGF ligand and receptors are all upregulated in human atherosclerotic
plaques (Wilcox et al, 1988), and in rat and baboon neointimal tissue induced by
vascular injury or vascular grafting (Majesky et al, 1990; Golden et al, 1991).
Furthermore, in rat balloon-injury models of atherosclerosis, PDGF-stimulated
neointima formation involved predominantly migration of VSMC with little increase in
proliferation (Jawien et al.,, 1992). In addition, it was shown that an antibody to PDGF
was able to inhibit neointimal VSMC accumulation in the rat carotid artery (Ferns et al.,
1991, Jawien et al, 1992). These findings indicate a major role for PDGF-induced
chemotaxis of VSMC in the development of neointimal lesions both in atherosclerosis

and in post-angioplasty restenosis.

Given that PDGF has a half-life in circulation of only two minutes and has
negligible levels in plasma under normal circumstances, this would suggest
predominantly local synthesis and secretion for effective cellular responses. It has been
reported that several cell types are indeed capable of providing a local source of PDGF
to the vessel wall including circulating cells such as monocytes/macrophages
(Shimokado et al, 1985) in addition to platelets. Cultured megakaryocytes and
endothelial cells (DiCorleto and Bowen-Pope, 1983), as well as VSMC (Walker et al.,
1986; Raines and Ross, 1993), were also demonstrated to produce PDGF.

v
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The PDGF receptor is a transmembrane tyrosine kinase which becomes
internalised and downregulated following ligand binding. Two isotypes of the PDGF
receptor have been identified, the o and  receptor which exhibit different affinities for
PDGF ligand isoforms. Whilst the a-receptor recognises all three isoforms of PDGF
ligand (PDGF-AA, BB and AB), the B-receptor exhibits high-affinity binding of only
the PDGF-B chain (Bowen-Pope et al., 1989; Hart et al., 1988; Gronwald et al., 1988;
Seifert et al., 1989). An increasing body of evidence suggests that the different isoforms
of PDGF ligand and receptor may mediate distinct cellular functions within the same
cell-type. For example PDGF-BB is able to stimulate both cell migration and
mitogenesis in VSMC from a number of different species. On the other hand, PDGF-
AA, whilst able to stimulate DNA synthesis and cell proliferation in cultured VSMC
(Majack et al., 1990, Koyama et al., 1994), appears to have no chemotactic activity in
VSMC from a variety of species, and was shown to inhibit PDGF-BB-induced
chemotaxis in baboon VSMC (Koyama et al., 1992, 1994; Bornfeldt et al., 1994b;
Siegbahn et al., 1990). In addition expression of PDGF-a and - receptors was shown
to be phenotype dependent in rat arterial smooth muscle cells with distinct upregulation
of the PDGF-a receptor following phenotypic modulation of VSMC (Sjolund et al.,
1990). The PDGF-A chain gene is also specifically expressed in ‘synthetic’ VSMC
(Sjolund et al., 1988). Although PDGF-B receptor expression was not significantly
altered in cultured primary rabbit VSMC undergoing phenotypic transition, the
phenotypically modulated cells still demonstrated a marked proliferative response to

PDGF-BB as determined by [3H]thymidine incorporation (Saltis et al., 1995).

Several PDGF-receptor mediated signalling events have been identified. These
include phosphorylation of phospholipase C-y, the p85a subunit of phosphatidylinositol
3’-kinase and GAP (Ullrich and Schlessinger, 1990; Cantley et al., 1991). PDGF was
also demonstrated to stimulate early activation of the mitogen-activated protein kinase
(MAPK) pathway in human arterial smooth muscle cells (Graves et al., 1993). The
downstream signalling pathways which might specifically mediate the effects of PDGF
on VSMC migration are undefined. It has been shown, however, that PDGF-BB
stimulates tyrosine phosphorylation of focal adhesion kinase (FAK) and paxillin, two
components of focal adhesions, in a manner which correlates closely with the

chemotactic response of VSMC to PDGF-BB (Abedi et al., 1995). Focal adhesions are
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subcellular protein complexes which form at sites of cell-substrate contact and are
thought to play a major role in regulating cell adhesion and movement (see section

1.5.1).

1.4.2 Insulin-like growth factor (IGF-I).

The ubiquitous polypeptide growth factor IGF-I, a key regulator of
developmental growth, is thought to be an important paracrine/autocrine factor for
VSMC (Pfeifle et al, 1982; Clemmons and Van Wyk, 1985; King et al, 1985;
Bornfeldt et al., 1991; Delafontaine et al., 1991; Khorsandi e al., 1992). IGF-I has been
reported to have both mitogenic and chemotactic properties in a number of different cell
types including VSMC in which it functions predominantly as a potent mitogen and
survival factor (Bornfeldt et al, 1994a; Banskota et al, 1989). Inhibition of IGF-I
binding to its cognate receptor (IGF-IR) decreased smooth muscle proliferation in
response to balloon injury in the rat (Hayry et al., 1995). Interestingly an anti-serum to
IGF-I was also shown to inhibit PDGF- and angiotensin-induced proliferation in VSMC
(Clemmons and Van Wyk, 1985; Delafontaine and Lou, 1993).

The actions of IGF-I are mediated through a receptor tyrosine kinase — IGF-IR —
which has also been shown to be stimulated by IGF-II and weakly by insulin. IGF-IR is
a heterotetrameric protein composed of two extracellular o-subunits linked by
disulphide bonds to each other and to two membrane spanning B-subunits (Ullrich et al.,
1985; Ullrich et al.,, 1986). Ligand binding to the a-subunit activates the tyrosine kinase
activity of the (-subunit resulting in receptor autophosphorylation on distinct tyrosine
residues (Hernandez-Sanchez et al.,, 1995; Jiang, 1996). An insulin receptor substrate
termed IRS-1 has been defined as the major intracellular substrate of both insulin and
IGF-I receptors. One potential signal transduction mechanism (proposed by Baserga et
al., 1997), invoked a reported insulin-mediated association of IRS-1 with Grb-2 (Tobe
et al., 1993). The association of IRS-1 with Grb-2 would permit IGF-I to interact with
the Ras-MAPK pathway thereby leading to cell proliferation. Indirect support for this
came from experiments in ovine pituitary cells where it was reported that IGF-I could

stimulate ERK activation (Hazlerigg et al., 1996). In VSMC, however, IGF-I has been
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reported either not to activate ERKs (Bornfeldt ef al., 1997), or to be a weak activator of
ERKs compared with PDGF-BB (Cospedal ef al., 1999).

1.4.3 Basic fibroblast growth factor (bFGF).

Basic fibroblast growth factor (bFGF) is one member of a nine-member family
of polypeptide growth factors — the fibroblast growth factors - known to have mitogenic
effects in a number of different cells. Other biological effects of the FGF family include

roles in cell motility, differentiation and survival (reviewed in Mason, 1994).

bFGF has been reported to stimulate the proliferation and migration of VSMC
(Wang et al., 1997, Gospodarowicz et al. 1988; Burgess and Maciag, 1989; Schmidt et
al, 1995) and HUVECs (Yoshida et al, 1996), as well as having potent mitogenic
effects in endothelial cells (Kang et al., 1995). Basic fibroblast growth factor is known
to be synthesised by VSMC (Schmidt et al.,, 1995; Skaletz-Rorowski et al., 1996), and
is a powerful mitogen for VSMC during atherogenesis (Raines and Ross, 1993) and in
the response to vascular injury (Ferns et al., 1992). It was previously reported that bFGF
released from arterial VSMC after injury is a powerful mitogen (Klagsbrun and
Edelman, 1989), and that high bFGF expression and cell replication correlate in injured
rat arteries (Lindner and Reidy, 1993). Neointimal proliferation in response to balloon
injury of the rat carotid artery was significantly inhibited by an antibody to bFGF
(Lindner and Reidy, 1991).

FGFs act through high affinity tyrosine kinase receptors (FGFRs), of which at
least four have now been identified (FGFR-1, FGFR-2, FGFR-3 and FGFR-4). The
expression of bFGF receptors was examined by Saltis ef al. (1995) in primary cultures
of enzyme-dispersed rabbit aortic VSMC during which time phenotypic modulation of
cells took place. These workers reported a striking upregulation in the number of bFGF
receptors after phenotypic modulation compared to the contractile phenotype, although
the receptor subtype was not classified. The modulated VSMC also demonstrated rapid
proliferation in response to bFGF as well as changes in cell morphology suggestive of

additional functions other than enhanced replication (Saltis et al., 1995).



37

[t has been shown that FGFs must bind to heparan sulphate in order to activate
their receptors and thus generate signal (Yayon et al, 1991; Aviezer et al., 1994).
Although a number of intracellular signalling pathways have been defined which are
responsible for propagating signal from receptor tyrosine kinases, the functional role of
intracellular downstream signalling elements in bFGF-induced VSMC proliferation is
not completely understood. A previous report has described activation of the MAPK
pathway by bFGF in porcine thoracic aortic smooth muscle cells (Berrou et al., 1996).
In addition, it was recently shown that the MAPK cascade is required for bFGF-induced
proliferation and that phorbol ester-sensitive PKC isoforms contribute to the bFGF-
induced mitogenesis of bovine coronary artery smooth muscle cells (Skaletz-Rorowski

et al., 1999).

1.4.4 Vascular endothelial growth factor (VEGF)

The secreted heparin-binding polypeptide vascular endothelial growth factor (VEGEF,
also known as vascular permeability factor), acts through receptor protein tyrosine
kinases (RPTKs) and is distantly related to the PDGF family of growth factors (Ferrara
et al., 1992). Five VEGF isoforms derived from alternatively spliced mRNA exist
containing 121 (VEGF)3;), 145 (VEGF45), 165 (VEGF¢5), 189 (VEGF 39) and 206
amino acids (VEGFjg). Of these, VEGF,3; VEGF 45 and VEGF¢s are secreted and
biologically active isoforms. VEGF also belongs to a family of related polypeptide
factors which includes to date placental growth factor (PLGF), VEGF-B, VEGF-C,
VEGF-D and VEGF-E. Each of these ligands exhibits different affinities for VEGF
receptor isotypes of which three have been identified: VEGF-R1 or Flt-1, VEGF-R2 or
Flk-1/KDR and VEGF-R3 or Flt-4. VEGF exhibits high affinity binding to both Flt-1
and KDR receptors which belong to the PDGF family of receptor PTKs (de Vries et al.,
1992; Terman et al., 1992; Matthews et al., 1991). In addition, a non-tyrosine kinase
receptor called neuropilin-1 has recently been identified for VEGF 45 (Soker et al.,

1998).

VEGEF is a hypoxia-inducible angiogenic factor (Shweiki et al., 1992; Plate et
al., 1992) with potent mitogenic (Gospodarowicz et al., 1989) and permeability-

increasing activities (Conolly et al., 1989) in EC. It is also a chemoattractant for



38

monocytes and acts to promote transendothelial migration of monocytes (Clauss et al.,
1990). Recent findings indicate that VEGF may have diverse effects in the
cardiovascular system. Administration of VEGF protein}cx,q(;i VEGEF gene transfer inhibits %
intimal thickening after balloon angioplasty and imprové’; blood flow in ischaemic limbs,
effects mediated through EC regrowth and angiogenesis (Asahra et al., 1995; Bauters et
al., 1995; Isner et al., 1996). Impaired myocardial angiogenesis and ischaemic
cardiomyopathy were found in mice generated to express solely VEGF |, and therefore
lacking the 164 and 188 isoforms (Carmeliet et al., 1999a). Loss of a single VEGF
allele results in embryonic lethality due to severe vascular defects (Carmeliet et al.,
1996; Ferrara et al., 1996). VEGF is upregulated in ischaemic myocardium (Banai et
al., 1994) and is proposed to play a role in neovascularisation of the advanced

atherosclerotic plaque (Shweiki ef al., 1993; O’Brien et al., 1994).

Although the key downstream targets for VEGF receptor-mediated signalling in
ECs are incompletely understood, recent results have implicated VEGF as a major
survival (anti-apoptotic) factor for the newly formed ECs found in immature,
developing blood vessels (Alon et al., 1995; Benjamin and Keshet, 1997; Jain et al.,
1998). This survival function of VEGF is thought to be highly important for its pro-
angiogenic function and may help explain the observation of profound deficiency of
vasculogenesis and angiogenesis in embryonic mice lacking just one VEGF allele
(Carmeliet et al., 1996; Ferrara et al., 1996). At present the mechanisms which could
account for the anti-apoptotic function of VEGF have not been elucidated in detail,
although some workers have found that VEGF can induce high levels of Bcl-2 in ECs
(Nor et al., 1999; Gerber et al., 1998a). In addition, VEGF has been shown to activate
the PI3-kinase/AKT signalling pathway (Carmeliet et al., 1999b; Gerber et al., 1998b)
and also induce upregulation of at least two members of the Inhibitors of Apoptosis
family (IAP — see section 1.67) in ECs (Tran et al., 1999). It was also reported that
VEGF stimulates tyrosine phosphorylation of FAK and paxillin and promotes
recruitment of FAK to focal adhesions in HUVECs (Abedi and Zachary, 1997).
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1.5 CELL MIGRATION

Migration of cells plays a central role in fundamental biological processes
including embryonic development, wound healing and the immune response. The
importance of VSMC migration and some of the polypeptide factors implicated in the
regulation of VSMC migration were discussed in sections 1.2.3 and 1.4 respectively.
Locomotion of cells is dependent upon several subcellular structures with specific roles
in cell adhesion, and entails a complex interplay between them and the contractile
apparatus of the cell. There are also cell type-specific prerequisites for locomotion: in
VSMC, disruption of cell-matrix interactions is thought to be important. However in
ECs, disruption of both intercellular adhesions and cell matrix interactions appear to be

necessary.

The coupling of the cell cytoskeleton with the substratum on which the cell
migrates is essential to the migratory process and is mediated by cell adhesion
molecules. Integrins constitute the major family of cell surface receptors that mediate
adhesion between the cell and the ECM and are also involved in cell-cell adhesion.
Integrins are heterodimeric transmembrane glycoproteins composed of various
combinations of o and B subunits (Hynes, 1992). They are comprised of an extracellular
domain, a single transmembrane domain and a cytoplasmic tail. The extracellular
domain binds specifically to components of the ECM. Integrins lack intrinsic enzymatic
activity and at present the mechanism whereby ligand-engagement of integrins gives
rise to intracellular signals is unclear. One possible mechanism is that ligand-binding to
integrins results in conformational changes in the cytoplasmic domains which
subsequently effect a change in cytoskeletal configuration. This might lead to alterations
in cytoskeletal-associated signal transduction. Alternatively, integrins themselves may

directly associate with and regulate components of the signalling machinery.

1.5.1 Focal adhesions.

The actin cytoskeleton communicates with the cell substratum through complex

structures called focal adhesions (FAs). FAs are specialised juxtamembrane regions
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which form at the termini of actin stress fibres and at sites of attachment of the cell to
the ECM (reviewed in Burridge and Chrzanowska-Wodnicka, 1996). Numerous
proteins have been associated with FAs including focal adhesion kinase (FAK- see 1.7),
paxillin (1.8.1) and other non-structural cytoskeleton-associated components such as
talin, vinculin and tensin. Several FA-associated proteins, and in particular FAK, have
been strongly implicated in signalling pathways involved in cell migration (see sections
1.7.4 and 1.8.2). In addition, integrins are recognised to aggregate at FAs and are likely
to interact with some of the other protein components. It is worth noting that
interactions between integrins and the cytoskeleton are highly dynamic. For instance in
non-motile cells, B, integrins are localised to focal adhesions at the ends of stress fibres,
whilst in motile cells integrins are found in organised but dynamic macroaggregates that

are in less intimate association with FAs.

In summary, cell locomotion begins with the formation of a leading edge,
possibly through actin polymerisation, to form a lamellipodium that will attach to the
substratum (Mitchison and Cramer, 1996). The attachments are made via integrins and
through FAs. Establishment of the lamellipodium allows the cell to prepare for
movement by utilising binding through points of lamellipodium-substrate attachment to
generate the requisite traction. Movement is thereafter facilitated by release of
adhesions at the rear of the cell with subsequent detachment and retraction

(Lauffenburger and Horwitz, 1996).
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1.6  APOPTOSIS

Apoptosis or programmed cell death is the name given to a genetically encoded
cell suicide programme which has been observed in animal and non-animal cells
including plants and some bacteria. It was first recognised many years ago that cell
death played an important role in numerous aspects of animal development — an early
example being amphibian metamorphosis (Vogt, 1842). Subsequently cell death has
been observed to occur in many developing tissues of both vertebrates and invertebrates
(reviewed in Glucksmann, 1951; Clarke and Clarke, 1996). In addition, apoptosis also
participates in the maintenance of tissue homeostasis into adulthood. A striking example
of this can be seen in the vertebrate haemopoietic system where vast numbers of
neutrophils produced in the bone marrow die by apoptosis every day (Metcalf et al.,
1995). In recent years, evidence has accumulated suggesting that abnormal regulation of
apoptosis plays a critical role in the genesis of a number of pathological disorders.
Excessive apoptosis may give rise to organ atrophy or organ failure as seen in
neurodegenerative diseases and viral hepatitis (Raff et al,, 1996; Martinou JC et al;
1994). Conversely impaired apoptotic elimination of cells may lead to the development
of neoplasia, congenital malformations and autoimmunity (Ellis et al.,, 1996; Ameisan,

1994).

It was not until the seminal studies of Kerr, Wylie and Currie that apoptosis was
recognised as a discreet mode of cellular death -“shrinkage necrosis”- and distinguished
from necrotic cell death by a number of features (Kerr, 1971; Kerr, et al., 1972).
Necrosis is the mechanism by which pathological cell death takes place in the centre of
acute lesions due to cellular injury arising from toxins, trauma or ischaemia. It is
characterised by swelling of cells and their organelles and subsequent rupture leading to
leakage of the cell contents. An inflammatory response and later scarring, such as the
post myocardial infarction ventricular scar, often follow such a process. Cell death by
necrosis, regarded as an uncontrolled or accidental process, is in marked contrast to
apoptosis occurring in normal development, tissue homeostasis or at the periphery of
acute lesions. During apoptosis cells shrink and condense, whilst retaining their
membrane integrity, and are rapidly phagocytosed by macrophages (or other

neighbouring cells) with no leakage of cell contents and thus no inflammatory response
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is induced. Once inside the macrophage, the apoptotic cell is rapidly disassembled and
its chemical constituents made available for re-use. The rapidity of the apoptotic process
and removal of dead cells may itself be responsible for under-detection of this particular
mode of cell death. Furthermore technical limitations in the currently used methods for

detecting apoptosis may also underestimate its incidence.

APOPTOSIS

NECROSIS

MORPHOLOGY

Volume loss, chromatin condensation,
intact organelles

Increased volume, nucleus intact until
late, disruption of organelles

PLASMA MEMBRANE

Remains intact

Early disruption

DNA BREAKAGE

Early, internucleosomal pattern

Later, random DNA breakdown

MECHANISM OF DNA
BREAKAGE

Gene activated, endonuclease

Random injury, ATP depleted

TISSUE REACTION

No inflammation, phagocytosis

Inflammatory response

CALCIUM INFLUX

moderate

massive

TABLE 1.3. Distinguishing features of apoptosis and necrosis

Disposal of apoptotic cells appears to be dependent upon changes in the surface
chemistry of the cells so that macrophages can recognise them. One of the earliest
changes is the relocation of phosphatidylserine, a negatively charged phospholipid that
is normally confined to the cytosolic leaflet of the plasma membrane lipid bilayer, to the
extracellular leaflet (Martin et al., 1995a; Bennett ef al., 1995a). Macrophages are also
thought to recognise apoptotic cells by means of lectin-mediated binding of altered
sugar groups on the cell surface or CD14- and CD36-mediated binding (Fadok et al.,
1992: Savill, 1998). In all these instances it is uncertain how activation of the cell

suicide program leads to changes in surface chemistry.
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1.6.1 Apoptosis in the cardiovascular system.

The investigation of apoptosis in the context of the cardiovascular system has
gathered pace following the increasing number of recent reports suggesting a critical
role for apoptosis in several cardiovascular diseases as well as in cardiac development.
Although there is presently little direct evidence for apoptosis in cardiac organogenesis,
it has been implicated in the formation of septal, valvular and vascular structures
(Pexieder, 1975), suggesting that regulation of apoptosis may be important in the
development of congenital heart disease. It has also been suggested that apoptotic cell
death might also play a role in postnatal morphogenesis of cardiac conduction tissue and
potential dysregulation of this process may give rise to cardiac rhythm disorders (James,

1994).

In the past several years, evidence has accumulated suggesting that myocyte
death in cardiac disease may occur by programmed cell death rather than necrosis
(Tanaka et al.,, 1994; Gottlieb et al, 1994). Subsequently cardiac muscle apoptosis has
been documented in a variety of pathophysiological contexts including ischaemic heart
disease (Saraste et al. 1997; Bialik et al., 1997; Olivetti et al. 1996; Fliss and Gattinger,
1996), heart failure (Kajstura et al., 1995; Weber and Brilla, 1991; Davies ef al., 1995),
models of hypertension (Cheng et al, 1995; Teiger et al, 1996) and genetically
determined hypertension (Hamet et al., 1995). In addition to a role in the pathogenesis
of atherosclerosis (see below), apoptosis has also been described in diverse cardiac
pathologies such as myocarditis (Bachmaier et al., 1997; Smith and Allen, 1992) and
forms of cardiomyopathy (Narula ef al., 1996; Olivetti et al., 1997).

Apoptosis is now a well documented, if variable, finding in atherosclerotic
changes in the vasculature. Descriptions of the extent of apoptosis as detected by TdT-
mediated dUTP nick end-labelling (TUNEL) staining in primary atherosclerotic lesions
show that apoptosis is not always a consistent finding in all specimens (Kockx et al.,
1994; Bennett et al., 1995b;, Han et al, 1995; Bjorkerud and Bjorkerud, 1996). In
contrast, in atherectomy specimens from restenotic lesions, apoptosis was observed in
nearly all cases and strongly correlated with the presence of intimal hyperplasia (Isner et
al., 1995). In rat balloon-injury models, apoptosis has been described in both neointimal

smooth muscle cells (Han et al., 1995), as well as medial VSMC (Perlman et al., 1997).
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[t is worth noting that the exposure of phosphatidylserine on the surface of apoptotic
cells has been shown to promote thrombin generation in vitro (Flynn ef al., 1997). Such
a mechanism might putatively enhance thrombogenicity of atherosclerotic lesions in

vivo and predispose to clinical consequences.

Thus far there is little in the way of direct evidence of endothelial cell apoptosis
in atherosclerotic lesions (see section 1.3.3). Given the importance of endothelial
integrity in protection of the vasculature, increasing attention is focussing on the role of
oxidative mechanisms leading to endothelial cell apoptosis as a potential initiating
factor in the pathogenesis of atherosclerosis (Dimmeler et al., 1997b; Escargueil-Blanc

et al., 1997).

1.6.2 Mechanisms of apoptosis

In recent years great progress has been made in our understanding of the
underlying mechanisms of programmed cell death. What has become increasingly
apparent is the complexity of the pathways involved and their controls particularly with
respect to the relationship between signal transduction and apoptosis. It is clear that all
nucleated vertebrate cells constitutively express all of the proteins required to undergo
apoptosis from the very earliest stage of development, the zygote, onwards (Weil et al.,
1998). In addition, experiments in both C. elegans and Drosophila (Steller, 1995;
Shaham and Horwitz, 1996), indicate that the apoptotic machinery is also expressed

constitutively in invertebrate cells implying that it is a basic feature of all animal cells.

1.6.3 Inducers of apoptosis

Although it is accepted that a number of physiological/pathological factors are
able to trigger apoptosis, the mechanisms by which they do so have yet to be clarified.
Diverse stimuli including heat, toxins, free radicals, radiation, glucocorticoids, nitric
oxide and cytokines such as TGF-p, TNF-o have all been shown to initiate apoptosis.

These stimuli act in concert with intrinsic cellular factors (e.g. cell line, cell phenotype),
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which determine the cell’s potential to undergo apoptosis. As an example of this,
VSMC from normal arteries undergo apoptosis following withdrawal of growth factors
such as PDGF and IGF-I. However, VSMC from atherosclerotic plaques proceed to
apoptosis at a high rate even in the presence of growth factors and at an even higher rate

without them (Bennett ef al. 1995b).

Fas ligand, which acts through Fas, the prototypical death receptor (see below)
and TNF-a, a pleiotropic cytokine, are two of the most studied apoptogens. Fas is
believed, and TNF-o has been shown, to induce apoptosis — at least in part — via a
sphingomyelin-mediated pathway resulting in ceramide production (Nagata and
Goldstein, 1995; Dbaibo et al., 1993; Xu, J. et al., 1998; Cai, Z.Z. et al., 1997). The
same pathway is also implicated in ox-LDL-induced apoptosis of VSMC and HUVECS
(Slowik et al., 1996; Chatterjee, 1998). The importance of ceramide as a pro-apoptotic
factor is also illustrated by a report in which production of sphingosine-1-phosphate
(which inhibits ceramide-dependent apoptosis) by sphingosine kinase activation was
shown to mediate resistance to TNF-a-induced apoptosis in HUVECs (Cuvillier et al.,

1996; Xia et al., 1998).

1.6.4 Caspases

The caspases represent a novel family of cytoplasmic cysteine proteases that
specifically cleave proteins after aspartic acid residues and are related to interleukin-1f3-
converting enzyme (Miura et al, 1993). Originally identified as mammalian
homologues of C. elegans cell death genes, more than ten family members are currently
known to exist in humans. Caspases have been shown to participate in two distinct
signalling pathways: (1) activation of pro-inflammatory cytokines, and (2) promotion of
apoptotic cell death (for reviews see Nicholson, 1996; Zhivotovsky et al, 1997). In
common with other protease zymogens their activation is contingent upon limited
proteolysis: cleavage of an interdomain linker segment results in generation of large and

small subunits which reassociate to form an enzyme composed of two heterodimers.
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Propagation of intracellular apoptotic signals is believed to arise by sequential
caspase activation (Enari ef al.,, 1996), leading to one broad classification of caspases
into upstream and downstream subgroups. Upstream caspases are characterised by long
prodomains that appear to contain essential regulatory regions (e.g. caspases-1, -2, -4, -
5). Their substrates, the downstream caspases (caspases-3, -6, -7), are ultimately
responsible for cleavage of target proteins whose proteolysis is associated with
apoptotic cell death (Nicholson et al., 1993; Porter et al., 1997; Cardone et al., 1997,
Sakahira et al.,, 1998).

An increasing number of proteins have been identified as targets for caspases
(see Table 1.4), most of which have been shown to be cleaved by downstream caspases-
3 and -7 (Cardone et al., 1997; Sakahira et al., 1998; Kothakota et al.,, 1997). Although
many of these proteins have a nuclear localisation, there is mounting evidence that
cytoskeletal and cytoskeleton-associated proteins are also key targets of caspases
(Brancolini ef al., 1995; Cryns et al., 1996; Martin et al., 1995b; Herren et al., 1998). In
endothelial cells this is consistent with the finding that cytoskeletal organisation

appeared to be a critical determinant of survival (Chen et al., 1997).

Nuclear proteins Regulatory proteins Cytoskeletal and associated proteins
Lamin MAPK/ERK kinase kinase 1 Fodrin
(MEKK 1)
Rb protein Protein kinase C8 Gelsolin
DNA-dependent kinase G4-GDI GDP dissociation inhibitor Actin
[-catenin
70 kDa subunit of Ul small nuclear ~ DNA fragmentation factor/inhibitor
ribonucleoprotein of caspase-activated DNAse
Plakoglobin
Mdm?2 Sterol regulatory element binding
protein
Poly (ADP)-ribosylating protein Focal adhesion kinase

Table 1.4. Target proteins for caspases.
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In vitro studies have also indicated that focal adhesions themselves are dismantled at an
early stage in apoptosis and that some components of focal adhesions, including focal
adhesion kinase (FAK), are targets for caspase-mediated cleavage (Levkau et al.,

1998;Gervais et al., 1998; Wen et al., 1997).

1.6.5 Mechanisms of caspase activation

At present two main pathways are recognised as being responsible for caspase

activation: one utilising a cytoplasmic membrane receptor-dependent mechanism (death

receptor pathway) and another implicating a role for the mitochondrion (see figure 1.3).

1). Death receptor pathway

Apoptosis can be induced following the engagement of extracellular death signal
proteins (TNF-a, Fas ligand, TRAIL, Apo-3L) with their cell surface receptors (Zheng
et al., 1995; Suda et al, 1993; Pitti et al., 1996; Marsters et al., 1998). The death
receptors (such as TNFR1 or TNF-a receptor 1, and Fas) contain a unique cytoplasmic
motif designated the “death domain” which is critical for the propagation of apoptotic
signals (Itoh and Nagata, 1993; Tartaglia et al, 1993). The mRNA for Fas has been
identified in various organs including the heart as well as in atherosclerotic lesions
(Geng et al., 1997, Cai, W. et al.,, 1997). Ligand binding induces death receptors to form
homotrimeric complexes which recruit intracellular adaptor molecules to the cell
membrane. Examples of such molecules include TNFR-associated death domain protein
(TRADD) and Fas-associated death domain protein (FADD) (Chinnaiyan et al. , 1995;
Hsu et al., 1995). TRADD has been shown to interact with FADD which in turn is able
to directly interact with caspase-8 thereby triggering the apoptotic proteolytic cascade

(Muzio et al., 1996; Boldin et al., 1996; Fernandes-Alnemri et al., 1996).

2). Mitochondrial pathway

Recent reports have implicated a role for at least two mitochondrial proteins in

the induction of apoptosis. The mature haem-containing form of cytochrome ¢ was
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shown to be required for caspase-3 activation in a cell-free assay (Liu ef al, 1996).
Cytochrome c¢ is located in the mitochondrial intermembranous space under
physiological conditions but its release into the cytosol appears to be critical for caspase
activation (Yang et al, 1997; Kluck et al, 1997). Presently, the mechanism of
cytochrome c release into the cytosol is unclear. Another mitochondrial protein termed
apoptosis-inducing factor (AIF) has been shown to act as an apoptogenic protease
whose proteolytic activity could be blocked by a broad-spectrum caspase inhibitor

(Zamzami et al., 1996; Susin et al., 1996).

1.6.6 Non-caspase apoptotic proteases

Calpain is a non-lysosomal calcium-activated neutral protease found in almost
all cells. At least two isoforms of the enzyme exist — calpain I and II — which differ
mainly in their requirements for calcium for their activation in vitro. Calpain belongs to
the family of cysteine proteases and consists of an 80 kDa catalytic subunit and a
smaller 30 kDa subunit which is identical in all isoforms. Both subunits can bind
calcium, but in addition calpain activity can also be regulated by autoproteolysis and the
inhibitor protein calpastatin (Goll et al., 1992). Although the exact functions of calpain
are still unclear, a role for calpains has been proposed in a number of biological
pathways including platelet aggregation, neuronal long-term potentiation and neutrophil
activation (reviewed in Croall and DeMartino, 1991). A large body of evidence also
implicates calpain in apoptosis (Sarin et al., 1993; Squier et al., 1994; Zhu et al., 1995).
Calpain has been shown to cleave a number of cytoskeletal components including actin
(Villa et al., 1998), fodrin (Brown et al., 1999), transcription factors such as c-jun and
c-fos (Hirai et al., 1991; Watt and Molloy, 1993), as well as the p53 tumour suppressor
protein (Kubbutat and Vousden, 1997). In addition, it was shown some time ago that
calpain localised to focal adhesions and was responsible for cleavage of talin (Beckerle
et al, 1987). Subsequently, calpain-mediated proteolysis of FAK has been
demonstrated in human platelets (Cooray et al., 1996), and calpain-dependent cleavage
of the cytoplasmic domain of the integrin 3 subunit has been reported during apoptosis

of HUVECs (Meredith Jr ef al., 1998).
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Presently the precise interactions between caspases and calpain in apoptotic
signallﬁg are yet to be determined. During TGF-B-mediated apoptosis in lymphocytes,
calpainhappears to function in a caspase-independent manner (Wolff et al., 1999), whilst
drug-induced apoptosis of HL-60 cells was shown to require caspase-dependent

activation of calpain (Wood and Newcomb, 1999).
1.6.7 Regulatory proteins

Bcel-2 family

Bcl-2 was first identified as a frequent translocation occurring in human B-cell
follicular lymphoma and was found to function thereafter by promoting cell survival
(Cleary et al., 1986). Bcl-2 protein is a constituent of the mitochondrial membrane,
nuclear envelope and endoplasmic reticulum, and is a potent inhibitor of apoptotic cell
death. Overexpression of Bcl-2 was shown to inhibit apoptosis induced by diverse
stimuli including radiation, anti-neoplastic agents, viral infection, growth factor
withdrawal and cytotoxic lymphokines (reviewed in Reed, 1994). Interestingly,
members of the mammalian Bcl-2 family have been shown to mediate both pro-
apoptotic and anti-apoptotic signalling in gene-transfer experiments (Takayama et al.,
1994; Boise et al., 1993). The proapoptotic Bcl-2 family protein Bad has been shown to
be phosphorylated by the serine/threonine kinase AKT (Datta et al., 1997), which
requires PI 3-kinase activity for its activation by growth factor receptors (Burgering and
Coffer, 1995). The findings of Datta et al. (1997) provided the first direct evidence

linking a growth factor signal transduction pathway and apoptosis regulatory proteins.
Inhibitors Of Apoptosis Proteins
Inhibitors of apoptosis proteins (IAPs) were first identified as mammalian

homologues of a baculovirus IAP (Birnbaum et al.,, 1994; Uren et al.,, 1996). Several

mammalian [APs prevent apoptosis triggered by ICE, serum withdrawal, or free radicals
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(Liston et al., 1996, Uren et al. 1996), and another is mutated in patients with spinal

muscular atrophy, a neurodegenerative disease (Liston et al., 1996).

Apoptotic pathways and the roles of IAP and caspases are summarised in Figure

1.3 overpage.

P53 and apoptosis

There is strong evidence that the tumour suppressor protein p53 mediates
apoptosis in response to conditions that generate genomic instability (Ko and Prives,
1996; Levine, 1997). The proapoptotic effect of p53 has been linked to the p53-induced
expression of Fas, bax and IGF binding protein 3 (Ko and Prives, 1996, Miyashita and
Reed, 1995; Friedlander et al., 1996; Ludwig et al., 1996). Mutations in p53 are
common in many malignant cell types which are no longer anchorage dependent for
growth and survival. Of late, interest has focused on the role of survival signals from the
extracellular matrix, transduced by integrins, in suppressing p53-mediated apoptosis

(see section 1.7.6).
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Fig. 1.3 Apoptotic signalling pathways.
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1.7 FOCAL ADHESION KINASE

The process of cellular transformation, whereby cells undergo profound
alterations in structure and loss of normal growth regulation, was recognised some time
ago to arise following infection of cells with Rous sarcoma virus (Jove and Hanafusa,
1987; Parsons and Weber, 1989). Transformation required the efficient expression of
the viral oncoprotein v-src, a protein-tyrosine kinase (PTK) whose activity in cells was
accompanied by an increase in the tyrosine phosphorylation of a number of cellular
proteins. The majority of these proteins were found in close association with the
cytoskeleton (Kanner ef al., 1990). One of these proteins, a 125 kDa molecule, had
intrinsic tyrosine kinase activity and became phosphorylated on tyrosine in response to
both cell adhesion and oncogenic transformation (Guan and Shalloway, 1992). The
molecule pp125 was designated Focal Adhesion Kinase (FAK) after immunofluorescent
localisation studies had identified its presence in cellular focal adhesions and because it
exhibited intrinsic tyrosine kinase activity (Schaller et al,, 1992). The deduced amino
acid sequence of FAK indicated that it is a non-receptor PTK with a unique structural
organisation. The intriguing observation that FAK is phosphorylated in response to the
small neuropeptides bombesin, vasopressin and endothelin (Zachary et al, 1992)
stimulated further interest in this novel PTK which, in the light of existing evidence,
was suggested to act as a point of convergence in the action of multiple signalling

pathways (Zachary and Rozengurt, 1992).

Subsequently, the cDNAs encoding FAK have been isolated from a number of
different species including chicken (Schaller et al., 1992), mouse (Hanks et al., 1992),
human (André and Becker-André, 1993), and Xenopus (Zhang et al., 1995)(see Table
1.5). The deduced amino acid sequences of these cDNAs showed sequence identity of
over 90%. More recently, researchers have reported the cloning of a Drosophila gene —
termed Dfak56 - that is homologous to vertebrate FAK (Fujimoto et al., 1999). The
overall protein structure and deduced amino acid sequence of the putative Dfak56 gene
product showed significant similarity to vertebrate FAK. These findings suggest that
FAK is highly conserved across species and is likely to have conserved roles in cell

function.
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Homology
Species Cell Type Size Structure (% amino acid
to chicken)

Chicken embryo 116.5 kDa C-terminal non-catalytic

Chicken fibroblasts p4l FRNK domain 100
Mouse Fibroblasts 119 kDa 25a.a. N-terminal extension 94
T-Cell (Jurkat) 119 kDa 25a.a. N-terminal extension 95 where sequence
Human N-+C —terminus deletions and ovrerlz Céu o
Brain 100 kDa 88bp insertion in catalytic ps-
domain
Xenopus Oocyte -- --- ~90
0,
Drosophila ~130 kDa Similar to vertebrate FAK 39% to human FAK

in kinase domain

Table 1.5 Examples of focal adhesion kinases found in different species.

FAK is expressed throughout development (Furuta et al., 1995), in many cell
lines (Kornberg et al,, 1992; Matsumoto et al., 1994; Zhang et al, 1994), and in all
adult tissues examined (André and Becker-André, 1993; Hanks et al., 1992; Kanazawa
et al, 1995). The highest expression of FAK is seen in the brain, testes and in
osteoclasts (André and Becker-André, 1993; Hanks et al., 1992; Berry et al, 1994).
FAK was also found to be very highly expressed in metastatic human tumours of both
epithelial and mesenchymal origin (Owens et al, 1995). Truncated forms of FAK
lacking focal adhesion targeting (FAT) sequences have been reported in human brain
tissue (André and Becker-André, 1993), and alternatively spliced FAK variants were

described in rat nervous tissue (Burgaya et al., 1996, 1997).

In non-fibroblast cell lines FAK is not exclusively localised to focal adhesions.
For instance in astroglia the majority of FAK is associated with the cytoskeleton, whilst
in neurons FAK is distributed throughout the cell (Zhang et al., 1994; Burgaya et al.,
1995, Grant ef al., 1995). Perinuclear and nuclear localisation of FAK was reported in

HUVECs (Abedi and Zachary, 1997) and in Drosophila (Fujimoto et al., 1999). These
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results suggest that the functions of FAK may not necessarily be restricted to sites of

focal adhesions.

1.7.1 The structural and functional domains of FAK

FAK is comprised of a central kinase domain flanked by amino- and carboxy-
terminal domains of about 400 amino acids each (see Fig. 1.4). Unlike many other non-
receptor protein tyrosine kinases (NRPTKSs), it contains neither Src homology 2 or 3
(SH2 or SH3) domains which serve to mediate protein-protein interactions, nor a
myristoylation site that anchors proteins to the membrane. Another unique feature of
FAK is that the carboxyl terminal non-catalytic domain is independently expressed as a
41/43 kDa protein produced by alternative mRNA splicing (Schaller et al., 1993 and see

below).

The amino terminus.

The non-catalytic NH;-terminal domain of FAK has been reported to associate
with peptides corresponding to the cytoplasmic domains of P;, B, and P; integrins
(Schaller et al, 1995). Additionally in a human keratinocyte-derived cell line, the
integrin (3, subunit was observed to associate with FAK in both adherent and non-
adherent cells (Danker et al., 1998). The precise location of the integrin-binding site in

FAK remains to be determined and little else is known about the NH,-terminal region.

The carboxyl terminus.

The FAK COOH-terminal non-catalytic domain contains a 159 amino acid
sequence (the focal adhesion targeting domain or FAT) which is essential for FAK
localisation to focal adhesions (Hildebrand et al, 1993). The FAT sequence also
mediates the association of FAK with paxillin, another focal adhesion-related protein

which is also a putative FAK substrate (Tachibana et al., 1995; Zachary et al., 1993).
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FOCAL ADHESION KINASE
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|
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PRO-RICH 1/2= proline

rich regions 1 and 2

Fig. 1.4 Schematic representation of Focal Adhesion Kinase.

In some cells, alternative mRNA processing gives rise to the autonomous expression of
the COOH-terminal domain, referred to as FRNK (Schaller et ai, 1993). FRNK is a
p41/43 fragment which also contains the FAT sequence. It has been proposed that
FRNK is a negative regulator of FAK localisation in focal adhesions (Richardson and
Parsons, 1996); however FRNK has not been detected in all cells that express FAK
(André and Becker-André, 1993; llic et ai, 1995a).

Also within the COOH-terminal domain of FAK are two proline-rich sequences
(amino acids 861-882 and 711-741), which are able to associate with SH3 containing
molecules such as pl130”*, pl05Cas-L or GRAF, the GTPase regulator associated with
FAK (Polte and Hanks, 1995; Minegishi et al, 1996; Parsons, 1996).

1.7.2 FAK-related proteins.

The second PTK to be identified as a FAK-related molecule was cell adhesion

kinase (CAKp), also known as the related adhesion focal tyrosine kinase (RAFTK) or
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PYK2 (Avraham et al., 1995; Lev et al, 1995, Sasaki et al., 1995). PYK2 has 61%
sequence homology with FAK in the catalytic domain and 42% and 36% identity in the
NH,- and COOH-terminal domains respectively. The sequence marking the
autophosphorylation site in FAK (Tyr397), Tyr-Ala-Glu-Ile, is conserved in PYK2
(Tyr404). The COOH-terminal of PYK2 also contains proline-rich regions as well as a
region that is highly homologous (61% identity) with the FAT domain of FAK.
Expression of PYK2 appears to be highest in brain tissues and in cells of haemopoetic
lineage (Xiong et al.,, 1998; Avraham et al., 1997). It is noteworthy that splice variants
of PYK2 have been identified including a PYK2-related non-kinase (PRNK), which
may regulate PYK?2 function in a fashion analogous to the negative regulation of FAK
by FRNK (Xiong ef al., 1998).

PYK2 is phosphorylated in response to elevation of intracellular calcium,
activation of PKC and stimulation with angiotensin II (Lev et al, 1995; Yu et al,
1996). Activation of PYK?2 has been implicated in multiple signalling events including
modulation of ion channels (Lev et al.,, 1995), T- and B-cell receptor signalling (Berg
and Ostergaard, 1997; Qian et al,, 1997; Manie et al., 1997) and apoptotic cell death
(Xiong and Parsons, 1997). Thus, whilst FAK and PYK2 are structurally similar, each
has the capacity to mediate distinctly different signalling responses (Xiong and Parsons,
1997, Schaller and Sasaki, 1997).

Recently a new, putative FAK-related phosphoprotein termed fakB has been
implicated in [, integrin-signalling in T lymphocytes (Kanner, 1996). Subsequently
fakB was shown to undergo tyrosine phosphorylation in response to IL-2 stimulation in
Bo.positive T cells (Brockdorff et al, 1998). The pattern of fakB tyrosine
phosphorylation in these cells was distinct from that of FAK and CAKP: however
detailed characterisation of fakB has not been reported and it remains to be seen

whether fakB is itself a tyrosine kinase.
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1.7.3 Activation and phosphorylation of FAK

It is now recognised that activation of FAK - resulting in its tyrosine
phosphorylation — is thought to play a critical role in regulating its function in diverse
adherent cell types, and is stimulated through multiple receptors and intracellular
pathways. These include transformation by v-src, (Schaller et al, 1992), integrin
clustering (Kornberg et al, 1992; Lipfert et al,, 1992), regulatory peptides acting
through G —protein coupled receptors (Zachary et al., 1992), lipid signalling molecules
(Seufferlein and Rozengurt, 1994), and polypeptide growth factors acting through
receptor tyrosine kinases (Rankin and Rozengurt, 1994; Abedi et al., 1995; Abedi and
Zachary, 1997). In addition, physiological factors such as fluid shear stress in ECs (Li et
al., 1997; Takahashi et al., 1997) and pulsatile mechanical stretch in cardiomyocytes
and endothelial cells (Seko et al,, 1999; Naruse et al., 1998), are known to stimulate
FAK tyrosine phosphorylation in HUVECs and bovine aortic ECs (reviewed in Lehoux
and Tedgui, 1998). Regardless of the initiating stimulus, it is however clear that the
integrity of the actin cytoskeleton is a prerequisite for FAK tyrosine phosphorylation
(Seufferlein and Rozengurt, 1994; Rankin and Rozengurt, 1994; Sinnett-Smith et al.,
1993).

Although it has been widely studied, the mechanism of FAK activation is still
unknown. For instance it remains to be established how integrin engagement with the
ECM might regulate FAK activity. Some insights into FAK activation have been gained
from studies of bioactive peptides (endothelin, bombesin) and the serum factor LPA
which stimulate rapid tyrosine phosphorylation of FAK in Swiss 3T3 cells (Seufferlein
and Rozengurt, 1994; Zachary et al., 1992). Bombesin and LPA act through G-protein
coupled receptors to stimulate the activation of the small GTP-binding protein Rho.
Subsequently it was reported that the cellular effects of these molecules are mediated
specifically by Rho in a study where both FAK activation and focal contact formation
were inhibited by blocking activation of Rho (Rankin et al., 1994). Although this would
suggest that Rho might lie upstream of FAK activation, the relationship of Rho function

to FAK activation remains controversial.

There are now 6 reported tyrosine phosphorylation sites in FAK (Fig. 1.4):
Y397, Y407, Y576, Y577, Y861, Y925 (Calalb et al, 1995, 1996; Schlaepfer et al.,
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1996). Phosphorylation of FAK at Y397, the major autophosphorylation site, creates a
high-affinity binding site for the SH2 domain of Src-family NRPTK (Cobb et al., 1994;
Schaller ef al., 1994; Eide et al., 1995; Cary et al., 1996). In addition, phosphorylation
of FAK at Y397 was shown to be required for association of FAK with
phosphatidylinositol 3-kinase (Chen ef al., 1996). FAK is also phosphorylated in vitro
and in vivo by Src at tyrosine residues 407, 576, 577, 861 (Calalb et al., 1995), and 925
(Schlaepfer and Hunter, 1996). Y925 is a binding site for the SH2 domain protein GRB-
2 and therefore links FAK to the RassMAPK pathway (Schlaepfer et al., 1994).

Other than Y397 and Y925, the functions of the remaining sites of tyrosine
phosphorylation are currently unclear. Phosphorylation at Y576 and Y577 appears to
maximise the kinase activity of FAK in vitro (Calalb et al, 1995). Y861 has been
identified as a site of FAK phosphorylation by Src-family kinases both in vivo and in
vitro. It 1s thought that a likely function for this site is to mediate additional interactions
between FAK and SH2 containing proteins. Similarly Y407 has also been recognised as
an in vivo site of phosphorylation (Calalb ef al., 1995) and may be a preferred binding
site for SH2 domains of c-Abl, ¢-Crk, Nck and phospholipase Cy (Cantley and
Songyang, 1994).

The evidence which has accrued to date suggests that FAK is at a crossroads for
multiple signalling pathways. The documented associations of FAK with multiple
proteins (see Fig. 1.5) indicate that FAK may act as a platform for the assembly of
signalling cascades participating in the regulation of cytoskeletal organisation and

modulation of growth factor function.
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Src family kinases Focal adhesion-related proteins
e g. Src/Fyn e g. tensin, paxillin, talin
Adaptor proteins Integrins

e.g. GRB-2 FAK e.g. Pi-3

Other SH2 domain-containing
proteins e g. P85 subunit of PI3-K
PLC-y, Crk, Csk

SH3 domain-containing proteins
e.g. pl30~«, Graf, HEFI

Fig. 1.5 FAK-interacting proteins.

1.7.4 FAK signalling in migration and development.

In light of its localisation to cell-substratum contact points and activation by
integrin engagement, FAK was predicted to have a primary role in cell motility and
migration. This question was addressed directly by targetted FAK-gene deletion in
mouse embryonic stem cells and generation of FAK-deficient mice (Furuta et al, 1995).
FAK deletion was embryonic lethal (E8.0-E8.5) and associated with severe
morphogenetic defects in axial mesodermal tissues and the cardiovascular system.
Several possibilities exist to explain the mesodermal defects, including slower migration
of FAK-null mesodermal cells. Additionally, reduced cell cycle length of cells entering
the primitive streak in FAK-null embryos or reduced survival of mesodermal cells
might plausibly contribute to the defects seen. It is of interest that the overall phenotype
of FAK-null embryos resembles strongly that of fibronectin-deficient mice (George et

al, 1993). This data gives support to the concept of FAK playing a key role in integrin-
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stimulated signalling. Further support for this notion comes from results showing that
homozygous deletion of the murine 1 integrin subunit gene or the a5 integrin subunit
gene, of the specific integrin fibronectin receptor aS5B1, result in similar early

embryonic-lethal phenotypes (Stephens ef al., 1995; Yang et al., 1993).

FAK-null fibroblasts have been propagated from E8.0 embryos and these cells
exhibit migration but not proliferative defects in cell culture (Ili et al,, 1995b). PYK?2
expression was noted to be increased in these cells; however, transient PYK2
overexpression did not reverse the migration defects of these cells (Sieg et al., 1998).
Somewhat unexpectedly, FAK-null cells had increased numbers of focal adhesions
suggesting that FAK might regulate focal adhesion turnover rather than assembly.
Interestingly these cells were also noted to have normal phosphorylation levels of focal
adhesion-related proteins such as p130“® (Vuori ef al., 1996), paxillin and cortactin
(Ili et al, 1995a). This data suggests that other proteins are compensating for FAK in
phosphorylating FAK-associated components, or that their phosphorylation is

maintained via FAK-independent mechanisms.

Currently a good deal of evidence (in addition to FAK-knockout studies) has
accumulated to implicate a role for FAK in cell migration. Stable FAK overexpression
in Chinese hamster ovary (CHO) cells was shown to cause enhanced cell migration
(Cary et al., 1996, 1998). Reports of overexpression of FRNK leading to defective cell
spreading and motility (Gilmore and Romer, 1996; Richardson and Parsons, 1996), and
studies correlating elevated FAK expression with increased invasive potential of human
tumours (Owens et al, 1995), also point towards an important role for FAK in
migration. In addition, enhanced FAK dephosphorylation achieved through
overexpression of a protein tyrosine phosphatase, was shown to antagonise FAK-
mediated migration events (Tamura et al., 1999a, 1999b). Finally, it was recently shown
that stable re-expression of FAK in FAK-null cells was able to rescue both the
morphological and integrin stimulated migration defects of those cells (Sieg et al.,

1999).
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1.7.5 Role of FAK in cell proliferation.

FAK has already been linked with an extensive network of signalling proteins
that interface with growth regulation (reviewed in Clark and Brugge, 1995). These
include Src (Schaller et ai, 1994; Xing et al, 1994), the p85 subunit of PI-3 kinase
(Chen and Guan. 1994; Guinebault et ai, 1995), the adaptor protein Grb-2 (Schlaepfer
et ai, 1994), and Csk (Sabe et al, 1994). These studies provided preliminary evidence
suggesting a role for FAK in the regulation of cell proliferation. Interestingly studies of
FAK-null mice had shown no evidence of effects on cell proliferation although it was
remarked that FAK function may have been performed by other proteins in these cells
(Hi et al, 1995a). Subsequently several studies have been reported which give more
support to the notion that FAK is involved in cell cycle regulation. Microinjection of a
glutathione-S-transferase fusion protein containing the COOH-terminal domain of FAK
(GST-Cterm). was shown to decrease DNA synthesis in HUVECs as compared to
control-injected or non-injected cells (Gilmore and Romer, 1996). Overexpression of
wild-type FAK was reported to accelerate Gl to S phase transition in NIH3T3 cells,
whilst conversely overexpression of a dominant-negative FAK mutant AC 14 - which
competes with endogenous FAK - inhibited cell cycle progression at Gl phase (Zhao et
al, 1998). Recently, utilising a dominant-negative strategy again, it was established that
the activation of .lun NHz2-terminal kinase (.INK) by integrins is mediated by FAK and is
necessary for cell cycle progression (Oktay et al, 1999). The proposed mechanism by
which integrin”“engagel%tit with ECM activated JNK was shown to depend upon the

association of FAK with Src and pl130~* and, subsequently, the recruitment of Crk.

1.7.6  FAK and the regulation of apoptosis.

A number of recent findings indicate a novel role for FAK in transducing
survival signals in anchorage dependent cells (Frisch et al, 1996; Hungerford et al,
1996; Crouch et al, 1996; Xu et al, 1996; Xiong et al, 1997; Tallett et al, 1996).
Expression of a constitutively activated FAK construct in MDCK cells or the
kératinocyte HaCat cell line conferred resistance to anoikis, a subset of apoptosis arising

when anchorage-dependent cells lose contact with the ECM (Frisch et al, 1996).
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Additionally, in chicken embryo fibroblasts, apoptosis was induced by microinjection of
either an antibody to the FAT domain or a peptide corresponding to the FAK-binding
site of the Pl-integrin cytoplasmic domain (Hungerford ef al., 1996). Furthermore it
was reported that attenuation of FAK expression using antisense oligonucleotides led to

apoptosis in tumour cells (Xu, L.H. et al., 1998).

Previously it was reported that proteolysis may be an important mechanism of
the regulation of FAK activity (Cooray et al., 1996). FAK proteolysis in thrombin- and
collagen-activated platelets was shown to be mediated in part by the apoptotic protease
calpain (Cooray et al., 1996). More recently these observations were extended in human
cell lines undergoing apoptosis, and the caspase family of apoptotic proteases were
implicated directly in FAK cleavage (Wen et al., 1997, Gervais et al., 1998).
Additionally, a comparison of caspase-mediated proteolysis of thirty-three signalling
molecules during Jurkat cell apoptosis induced by Fas-L or etoposide, showed that FAK
and two other molecules underwent cleavage with the same time course as for caspase
activation (Widmann et al, 1998). Furthermore, focal adhesion disassembly and
caspase-mediated cleavage of FAK was reported during apoptosis of HUVECs induced
by serum-deprivation (Levkau et al,, 1998). An insight into how proteolytic cleavage of
FAK might be permissive for apoptotic signalling came from the studies of Gervais et
al., (1998). This group overexpressed chicken FAK in human cell lines and observed
that FAK cleavage during apoptosis separates the tyrosine kinase domain from the FAT
domain to create a FRNK-like polypeptide. These workers found that the carboxyl-
terminal fragments which were generated were sufficient to suppress phosphorylation of
endogenous FAK in human cell lines. In view of this, they proposed that the cleavage of
FAK by caspases might play an important role in the execution of the suicide program

by disabling the anti-apoptotic function of FAK (Gervais et al., 1998).

At present the mechanism by which FAK might participate in anti-apoptotic
signalling is unclear, as is the apoptotic pathway triggered when integrin-FAK signals
are interrupted. A recent study of apoptosis in anchorage-dependent cells has provided
some important insights into FAK-mediated survival signalling (Ili et al, 1998). In
this study multiple strategies were used to inactivate FAK and the p53 tumour

suppressor protein in immortalised embryo-derived endothelial cells and fibroblasts.
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The results showed that FAK transmitted survival signals from the ECM in both cell
types and that in the absence of FAK, a p53-regulated apoptotic pathway was activated.
pS53-dependent apoptosis was suppressible by mutant p53 and the small pro-domain
caspase inhibitor ZVAD-fmk, but not by the large pro-domain caspase inhibitor CrmA
(Ili et al, 1998).

In summary, the evidence to date suggests that FAK is an early, selective and
important target for small pro-domain caspases (e.g. caspase-3), and may play a key role

in mediating survival signalling in anchorage-dependent cells.
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1.8 FAK-INTERACTING FOCAL ADHESION PROTEINS.

1.8.1 Paxillin

Paxillin was originally identified as a 68 kDa substrate for the v-src tyrosine
kinase (Glenney and Zokas, 1989), and shown to be highly localised at focal adhesions
in fibroblasts (Turner et al., 1990). The paxillin cDNA initially isolated from fibroblasts
was the o isoform of chicken (Turner and Miller, 1994), and human (Salgia et al.,
1995). Subsequently two further human isoforms, f and y, were identified which are
generated by the insertion of specific exons into the same site as the a isoform (Mazaki
et al., 1997). It has been shown that the mRNA of the o isoform is expressed in most
normal human tissue, whereas mRNA of the 3 and y isoforms are almost undetectable
(Salgia et al., 1995). In contrast to this, human cancer cells and monoblast cells cultured
in vitro have been shown to express both these isoforms. Thus far it appears that each
isoform exhibits different binding properties to focal adhesion proteins, suggesting

distinct physiological roles for each isoform.

Paxillin is a prototypical member of a family of proteins including hic-5 and
leupaxin (Lipsky et al., 1998; Shibanuma et al., 1994). These proteins contain four
COOH-terminal LIM domains (Lipsky et al., 1998; Shibanuma et al., 1994; Turner and
Miller, 1994), which are double-zinc finger motifs containing conserved amino acid
residues that function to mediate protein-protein interactions (Schmeichel and Beckerle,
1994; Wu et al., 1996). The LIM domains of paxillin and hic-5 target these proteins to
focal adhesions (Brown et al., 1996; Thomas, S.M. et al., 1999, Fujita et al., 1998). The
amino-terminal regions of these proteins contain multiple copies of another interaction
motif called the LD domain (Brown et al., 1996). These motifs have been implicated in
mediating binding to FAK, vinculin and bovine papillomavirus E6 protein (Turner ef
al., 1999; Vande et al., 1998). The amino-terminal of paxillin contains four residues that
are sites of tyrosine phosphorylation (Schaller and Parsons, 1995; Bellis ef al., 1995). At
present the role of tyrosine phosphorylation and the biological function of paxillin

remain to be definitively established.
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The available evidence points towards a role for paxillin in signal transduction
through focal adhesions. Paxillin has been shown to interact directly with several focal
adhesion proteins including vinculin, talin and the integrin Bl subunit (Turner et al.,
1990; Turner and Miller, 1994, Salgia et al., 1995; Schaller et al., 1995). Very recent
evidence has shown that the tight association of paxillin with the a4 integrin tail was
important in modifying cellular responses to integrin-mediated cell adhesion (Liu et al.,
1999). The phosphorylation state of paxillin has been shown to be regulated in several
cell types by physiological stimuli including bombesin, PDGF, nerve growth factor and
angiotensin II (Zachary et al., 1993; Rankin and Rozengurt, 1994; Abedi et al., 1995;
Melamed et al., 1995; Turner et al., 1995; Abedi and Zachary, 1997). By means of its
tyrosine phosphorylation upon cell-substratum adhesion (Burridge ef al., 1992), binding
sites for the SH2 domains of Csk and Crk are created (Sabe ef al., 1994; 1995; Schaller
and Parsons, 1995). Inhibition of this tyrosine phosphorylation blocks the formation of
focal adhesions and cell cycle progression into S-phase (Burridge and Chrzanowska-

Wodnicka, 1992).

The importance of the physical interaction between FAK and paxillin has not
been firmly established. Given that the focal adhesion targetting sequence resides in the
COOH-terminus of paxillin (whilst the FAK-binding site is in the NH;,-terminus), it is
unlikely that this interaction is required for the correct localisation of paxillin to focal
adhesions (Brown et al., 1996). It has been proposed that FAK might target to focal
adhesions via paxillin binding because a number of FAK mutants defective for paxillin
binding were shown to mislocalise to focal adhesions (Tachibana ef al., 1995). Other
workers have, however, demonstrated that there are several FAK mutants that are
unable to bind paxillin yet target correctly to focal adhesions (Hildebrand et al., 1995).
It is also possible that the FAK-paxillin interaction is necessary to direct the tyrosine
phosphorylation of paxillin. This hypothesis was examined in a recent study detailing
the two FAK-binding sites in paxillin, followed by the characterisation of a paxillin
mutant with lesions in each binding site (Thomas, J.W. et al., 1999). Herein it was
shown that mutations in both FAK-binding sites are required to significantly impair
FAK binding in vitro. In addition, the results suggested that paxillin must bind FAK for

maximal phosphorylation in response to cell adhesion and that FAK may serve to direct
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tyrosine phosphorylation of paxillin in the process of Src-induced cellular

transformation (Thomas, J.W. et al, 1999).

1.8.2 pl30“™

pi30™~ (Cas) was originally identified as a highly tyrosine-phosphorylated 130
kDa protein in cells transformed by (v-Crk), and was also shown to be tyrosine
phosphorylated in Src-transformed cells (Kanner et ai, 1991; Matsuda et ai, 1990;
Reynolds ef ai, 1989). Soon after, rat Cas was isolated and cloned by another group of
workers (Sakai et ai, 1994a, 1994b). The predicted amino acid sequence of Cas
revealed a unique structure comprising an SH3 region at the NH:-terminus, 15 YXXP
motif repeats in the trunk and several tyrosine residues and a proline-rich region near

the COOH-terminus (Sakai et ai, 1994a and see Fig. 1.7).

Proline-rich sequence
RPLPSPP

762
NH2 SH3 COOH

I YYYY 1 YDYV

I Substrate domain 1

Crk and Nek SH2 SrcSH3  SrcSH2
I binding | binding binding

Fig. 1.6 Structural features of p130 ™

The SH3 domain is known to bind to FAK and FRNK (Polte and Hanks, 1995;

Harte et ai, 1996). The substrate domain binds to Crk and several other proteins
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(Burnham et al., 1996; Nakamoto ef al., 1996). The proline-rich region near the COOH-
terminus and Y’*? provide the binding sites for the SH2 and SH3 domains of Src
respectively (Nakamoto ez al., 1996). In light of its potential interactions, Cas has been
variously termed an adaptor or docking protein, which can assemble and transmit
cellular signals through the SH2 and SH3 domains of a number of signalling molecules.
Recently two novel proteins have been cloned and characterised: Efs (embryonal Fyn-
associated substrate), or Sin (Src-interacting protein), and HEF1 (human enhancer of
filamentation 1), also known as Cas-L (Law et al., 1996, Minegishi et al., 1996). These
molecules have a similar primary structure to Cas and are thought to represent a new

family of docking proteins.

Other than activation by oncogenic transformation, Cas has been shown to
undergo tyrosine phosphorylation in response to various physiological stimuli. These
include cell adhesion (Petch et al., 1995; Vuori and Ruoslahti, 1995; Nojima et al.,
1995), cytokine receptor engagement (Ingham et al, 1996; Schraw and Richmond
1995), and growth factor stimulation (Casamassima and Rozengurt, 1997; Ojaniemi and
Vuori, 1997). However, Cas does not appear to be a tyrosine kinase itself. The in vivo
roles of Cas were examined by Honda et al. (1998), who generated mice lacking Cas by
homologous recombination. These workers demonstrated that Cas functions as an
assembling molecule of actin filaments and plays essential roles in myofibril and Z-disk
formation in the heart, and Src-induced morphological transformation and anchorage
independent growth in soft agar (Honda et al., 1998). Having established a role for Cas
in embryonic development, cytoskeletal organisation and oncogenic transformation,
they went on to investigate the roles of Cas in cellular function in a subsequent study.
Here, they detailed the behaviour of Cas-null and Cas-null/Cas-re-expressing
fibroblasts in response to several biological stimuli (Honda et al., 1999). It was found
that Cas-deficient fibroblasts exhibited significant defects in cell movement after
mechanical wounding, and in cell migration toward fibronectin as compared to Cas-re-
expressing cells. Interestingly, although Cas-deficient cells displayed delayed spreading
on fibronectin-coated dishes, fibronectin-induced tyrosine phosphorylation of cellular
proteins was similar in both Cas-deficient and Cas-re-expressing cells (Honda et al.,

1999).
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At present, little is known about the signalling pathways in which Cas might be
involved, and even its interactions with FAK are not well understood. Although Cas
binds to FAK, and its tyrosine phosphorylation parallels that of FAK after integrin
stimulation of fibroblasts, the PTK that phosphorylates Cas might not necessarily be
FAK or PYK2 (Tachibana et al., 1997, Schlaepfer and Hunter, 1998). Evidence is
however accumulating that Src is involved in Cas phosphorylation (Vuori ef al., 1996;
Nakamoto et al., 1997; Schlaepfer et al., 1997), consistent with previously recognised
binding of Src SH2 and SH3 domains with Cas (Nakamoto ef al., 1996). FAK-Cas
interactions are however likely to be important for certain cellular functions as was
shown by Cary et al. (1998). In overexpression studies in CHO cells, these workers
showed that a FAK mutant with defective Cas binding (due to a mutation in the Cas-
binding proline-rich sequence of FAK), promoted cell migration less efficiently than
wild-type FAK. In addition, Cas was able to associate with wild-type FAK and kinase-
defective FAK and its levels of tyrosine phosphorylation were comparable with each,
suggesting that Cas is not phosphorylated by FAK. It was notable that FAK-Cas
association led to the subsequent binding of Cas to SH2 domain-containing proteins (of
Src, Nck and the p85 subunit of PI 3-K), which may be downstream mediators of FAK-
promoted cell migration. Finally overexpression of wild-type Cas in cells
overexpressing wild-type FAK exhibited increased levels of migration compared to

cells overexpressing wild-type FAK alone (Cary et al., 1998).
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1.9 OTHER SIGNAL TRANSDUCTION PROTEINS IMPLICATED IN
VASCULAR CELL FUNCTION

1.9.1 The Mitogen-Activated Protein Kinase (MAPK) pathway

The MAPK pathway consists of several distinct members including extracellular
signal-regulated kinases 1 and 2 (ERKs 1 and 2), Jun N-terminal kinases/stress-
activated protein kinases (JNK/SAPK) (Kyriakis ef al., 1994), and p38 kinases (Han et
al., 1994). In addition, other ERK-related enzymes have been identified such as ERKs 3
(Boulton et al., 1991), and ERKs 5 and 6 (Abe et al., 1997). The classical mitogen-
activated protein kinase pathway (ERKs 1 and 2) is a multistep phosphorylation cascade
that transmits signals from various cell surface receptors to cytosolic and nuclear targets
in a number of different cell types (Seger and Krebs, 1995). Activation of ERKs 1 and 2
is initiated by ligand binding to the cell surface receptor which can be either a RTK
(Blenis, 1993, Schlessinger, 1994), or a seven transmembrane domain receptor coupled
to heterotrimeric G proteins (Alblas ef al., 1993; Wan et al., 1996). In the case of RTKs,
ligand binding to the receptor causes autophosphorylation of the receptor and
subsequent recruitment of adaptor molecules (such as GRB2), whose SH2 domains bind
to phosphotyrosine residues in the activated receptor. GRB2 is able to recruit the
guanine nucleotide exchange factor Sos, which in turn promotes the association of GTP
with Ras. Sequential phosphorylation leads to activation of the protein kinases Raf,
MAP kinase kinase (MAPKK or MEK), and ERKs 1 and 2 (Morrison and Cutler,
1997). The two isoforms of MAPK, ERK1 (p44 MAPK), and ERK2 (p42 MAPK), are

expressed in most cell types.

ERK 1 and 2 activation can arise through numerous stimuli including virtually
all growth regulatory molecules. This fact, in addition to the reported striking homology
of ERKs with two protein kinases, KSS-1 and FUS-3, which regulate cell cycle
progression in yeast (Boulton et al., 1990), pointed strongly towards a role for ERKs 1
and 2 in eukaryotic cell cycle progression. Subsequently, a number of other studies have
provided further data consistent with the concept that ERKs 1 and 2 activities are
directly correlated with cell proliferation (Cowley et al., 1994; Seger et al., 1994; Lai et
al., 1996; Mansour et al., 1994). Although many of the identified substrates for ERKs 1
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and 2 include nuclear transcription factors (and ERKs 1 and 2 can themselves
translocate from the cytoplasm to the nucleus), other substrates have been reported.
These include protein serine/threonine kinase p90’5k, cytoskeletal proteins and cytosolic
phospholipase A; (cPLA;) (reviewed in Davis, 1993). It is now clear that in addition to
regulating cell proliferation, the MAPK cascade is likely to be involved in diverse
biological effects such as differentiation (Traverse et al., 1992), cell attachment (Chen
et al., 1994), smooth muscle contraction (Adam et al., 1995), prostanoid biosynthesis

and protein synthesis (Servant et al., 1996), depending on stimuli and cell type.

1.9.2 The Urokinase-type Plasminogen Activator Receptor (UPAR)

UPAR is the cell-surface receptor for urokinase-type plasminogen activator, a
highly restricted serine protease that converts the zymogen plasminogen to plasmin
(Kratzschmar et al., 1993). UPAR has been identified in multiple cells as a highly
glycosylated 55 kDa protein linked to the plasma membrane by a
glycosylphosphatidylinositol (GPI) anchor (Kratzschmar et al., 1993; Reuning et al.,
1993). Occupancy of UPAR by UPA has been implicated in a number of biological
functions independent of the proteolytic activity of UPA. These include adhesion and
chemotactic movement of myeloid cells (Waltz et al., 1993; Gyetko et al., 1994),
migration of epithelial cells, endothelial cells and VSMC (Busso ef al., 1994; Odekon et
al., 1992; Okada et al, 1996), as well as promoting cell growth (Rabbani ef al., 1992).

Despite lacking the membrane-spanning and intracellular domains characteristic
of other receptor subtypes (Ploug er al., 1991), UPAR has been shown to mediate
proteolysis-independent signalling events including protein tyrosine phosphorylation
(Dumler et al., 1993), diacylglycerol formation (Del Rosso et al., 1993), and the
activation of a serine kinase (Busso ef al., 1994). Importantly, a recent report has
implicated the UPAR-associated activation of the Jak/Stat signalling cascade in the

regulation of migration of human VSMC (Dumler et al., 1998).
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1.9.3 Protein Kinase C (PKC)

The protein kinase C family of enzymes is responsible for signal transduction
promoting lipid hydrolysis. Diverse signalling mechanisms result in the generation of
the second messenger diacylglycerol, which activates PKC: these include signalling
through G protein-coupled receptors, RTKs and NRPTKs (Asaoka et al., 1992;
Nishizuka, 1992, 1995). PKC 1is regulated by two distinct mechanisms: by
phosphorylation which regulates the active site and subcellular localisation of the
enzyme, and by second messengers which promote PKC’s membrane association and
free the substrate binding site (reviewed in Newton, 1995). PKC has been implicated in
mediating FAK tyrosine phosphorylation in response to extracellular factors such as
VEGF (Abedi and Zachary, 1997), phorbol ester treatment of 3T3 fibroblasts (Sinnett-
Smith et al., 1993) and integrin-mediated muscle cell spreading (Disatnik and Rando,
1999). At present, however, the identity of the tyrosine phosphorylation sites that PKC
might regulate and the importance of PKC-mediated signalling for the survival

functions of FAK have yet to be established.
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AIMS OF THE THESIS

At the outset of this thesis, work in our laboratory had established that FAK
tyrosine phosphorylation was regulated by PDGF-BB in VSMC and that FAK was
activated in PDGF-BB-stimulated VSMC chemotaxis (Abedi ef al., 1995). However, it
was unknown whether changes in FAK expression were implicated in the phenotypic
modulation of VSMC observed in lesions of intimal hyperplasia and also during
primary culture of VSMC. It was also recognised that the survival factor VEGF
promoted FAK tyrosine phosphorylation and increased FAK recruitment to focal
adhesions in EC (Abedi and Zachary, 1997). At this time, the relationship between
changes in FAK tyrosine phosphorylation status and EC survival was not known. The

specific aims of this thesis were to examine the following questions:

1). The expression of FAK and other focal adhesion components during the phenotypic

modulation of VSMC in explant culture.

2). The subcellular localisation of FAK in VSMC and HUVEC:s.

3). The apoptotic regulation of FAK tyrosine phosphorylation in HUVECs
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CHAPTER 2

Experimental Procedures

2.1 CELL CULTURE

2.1.1 Animals

New Zealand White Male rabbits (NZWM) aged 9-12 weeks at a bodyweight of

3.0-3.5 kg were used. They were fed a standard pelleted chow (SD-1, SDS Ltd.) and

allowed free access to water.

2.1.2 Tissue culture media

Media for VSMC

Dissecting medium consisted of Dulbecco’s modification of Eagle’s medium
(DMEM) with 20 mM HEPES pH 7.4 (Sigma Chemical Co). Explant and cell cultures
were maintained and propagated in tissue culture medium consisting of DMEM with 3.7
g/l sodium bicarbonate, 0.11 g/l sodium pyruvate and 1000 mg/l glucose supplemented
with 20% fetal bovine serum (FBS), 8 mM L-glutamine, 0.1 mM non-essential amino
acids, penicillin/streptomycin (10 units/ml and 100 pg/ml respectively) all obtained
from GIBCO BRL.

Specific treatments of explants or VSMC were performed using culture medium
prepared as above with the exception of FBS and supplemented with test factors. as

indicated.

Media for HUVECs

Umbilical cord storage medium: Hanks balanced salt solution (Sigma), with 1.7
mg/ml sodium bicarbonate, 12.5 mM HEPES, and 100 pg/ml gentamicin sulphate.
Freshly dispersed cord cells were seeded in M199 (GIBCO-BRL).
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HUVEC culture medium: endothelial basal medium (EBM), supplemented with
50 pg/ml gentamicin sulphate, 50 ng/ml Amphotericin B, 10 ng/ml human epidermal
growth factor (hEGF) and 12 pg/ml bovine brain extract (all from Clonetics).

2.1.3 Preparation of rabbit aortic medial explants.

Rabbits were sacrificed by pentobarbitone injection (500 mg Expiral, Animal
Health Ltd.). Thoracic and descending aorta were harvested by gross dissection and kept
in dissection medium. The periadventitial fat was removed and the endothelium
denuded with a rubber policeman. After washing with dissection medium the inner
media was dissected from the adventitia in 1-cm® segments. The medial segments were
chopped into 1-mm”® pieces using a Mcllwain tissue chopper (Brinkman), according to
the method of McMurray and colleagues (1991). Aortas from two rabbits were required
for each time course and the medial explants from each timepoint (~50 mg wet weight)
were collected into 50 ml Falcon tubes containing tissue culture medium as indicated in
the text. Equivalent numbers of explants were seeded into 90-mm dishes, incubated at
37°C under humidified conditions (5% CO,, 95% 0,) and allowed to attach overnight.
The explants were then fed with 10 ml of fresh tissue culture medium. Explants cultured
in culture medium with FBS were not refed until day 7. Those explants maintained in
medium supplemented with growth factors were refed on day 4 and day 7 with Sm})<of

medium.

Depending on the size of the rabbits, the two aortas provided enough media for
experiments with 7 day or preferably 10 day time courses. Explants were examined
daily for evidence of outgrowth onto the plastic culture surface. At the appropriate
times, explants were harvested from the dishes after draining off residual medium by
scraping in ice cold phosphate-buffered saline (PBS), and washed twice in PBS prior to
storing at -70°C. Only those explants which had attached to the tissue culture plastic
successfully were used for experimental analysis. Explants for day zero timepoints were
harvested immediately after dispersing the chopped media into equal quantities for each

timepoint.
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2.1.4 Rabbit aortic vascular smooth muscle cell culture

Cultured rabbit aortic VSMC were derived from aortic medial explants. The
explants harvested from freshly dissected rabbit aorta were bathed in tissue culture
medium, seeded into 25 ml vented flasks and incubated under humidified conditions.
The following day the explants were fed using 5-7 mlx of tissue culture medium, refed
at 7 days and cells were left to grow for 10-14 days in total. When VSMC outgrowth
from explants was confluent the cells were detached with 1% Trypsin in PBS for 3
minutes. Trypsin was neutralised with tissue culture medium and cell counting was
performed using a haematocytometer. VSMC were plated onto tissue culture dishes or

acid-etched glass coverslips (at a seeding density of 2.5x10* cells/ml) as appropriate and

X

allowed to grow to full confluence over 5-7 days. Prior to experimental use VSMC were / 7

routinely arrested in G, phase by incubating in serum free medium for 24 hours

2.1.5 Human umbilical vein endothelial cell culture

Human umbilical cords were acquired from full term normal deliveries
(maternity unit, University College Hospital) and placed in umbilical cord storage
medium. The umbilical vein was located and all surrounding tissue was excised. The
vein was cannulated and flushed several times with sterile PBS to remove blood clots
and adherent material. Endothelial cells were detached by collagenase digestion: both
ends of the vein were ligated and 0.5 mg/ml collagenase instilled for 10 minutes at
37°C. Cells suspended in collagenase were flushed out of the vein and pelleted at 200 g
for 5 minutes and then resuspended in 5 ml M199 (supplemented with 20% FBS, 5 mM
glutamine). The cells were seeded into a T25 flask coated with 1% gelatin and allowed
to attach overnight. The following day the medium was aspirated and the cells rinsed
once with PBS and then fed with 5 ml fresh HUVEC culture medium.

HUVEC\/S{ were allowed to grow to full confluence and then cultures were
expanded by detaching the cells (0.1% Trypsin) and reseeding at lower density. For
experimental purposes cells were seeded onto 90-mm dishes or coverslips and allowed

to grow to 100% confluence prior to treatments.
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2.2 PROTEIN EXTRACTION, GEL ELECTROPHORESIS AND
IMMUNOBLOTTING

2.2.1 Protein extraction from explants

Explants from each timepoint were prepared for protein analysis by grinding to a
fine powder in liquid nitrogen using a ceramic pestle and mortar*The powdered samples
were lysed in modified RIPA buffer (50 mM Tris-HCL, pH 7.4, 250 mM NaCl, 5 mM
EDTA, 50 mM NaF, 0.1 mM Na,VO,, 1% Triton, 0.5 mM 4-(2-aminoethyl)-
benzenesulfonyl fluoride (AEBSF), 1 pg/ml aprotinin, 1 pg/ml leupeptin, 0.5% sodium
deoxycholate, and 0.1% SDS). Lysis took place over four hours at 4°C on a rotating
carousel. Lysates were clarified by centrifugation for 15 minutes at 14000 RPM at 4°C.
Protein concentration was determined with the BCA protein measurement kit (Pierce) -
using bovine serum albumin (Sigma) as a standard — according to the manufacturer’s
instructions. Thereafter aliquots were taken for immunoprecipitation and the remainder
of the sample was extracted directly into 5X SDS-PAGE sample buffer (500 mM Tris-
HCL pH 6.8, 15% SDS, 5 mM EDTA, 10% B-Mercaptoethanol, 25% Glycerol, 0.1%
Bromphenol blue) adjusted to a final concentration of 1X SDS-PAGE sample buffer.

Samples were heated to 95-100°C for 5 min prior to Western Blotting.

2.2.2 Direct protein extraction from cultured cells

After treatment of cells with factors, the medium was aspirated and plates were
washed once in ice cold PBS followed by the addition of 2X SDS-PAGE sample buffer.
The samples were collected using a cell scraper and transferred to microcentrifuge tubes

and heated to 95-100°C for 5 minutes and thereafter stored at -20°C prior to SDS-PAGE.

In some experinpents, the relative contribution of the component layers of the vessel wall to
protemn expression was compared by preparing lysates from whole aorta (with adventitia

Ppresent), aorta which had undergone endothelial denudation (de-endothelialised aorta) and
media alone.
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2.2.3 Immunoprecipitation

Following treatment of VSMC or HUVECS, cells were washed once with ice
cold PBS and lysed at 4°C in 1 ml lysis buffer (50 mM Tris-HCL, pH 7.4, 50 mM NacCl,
5 mM EDTA, 50 mM NaF, 0.1 mM Na,VO,, 1% Triton, 0.5 mM AEBSF, 1 pg/ml
aprotinin, 1 pg/ml leupeptin) for 15 minutes. Cell lysates were clarified by
centrifugation at 15000 g for 10 minutes at 4°C, the supernatant was used for
immunoprecipitation and the pellet discarded. In some instances, the supernatant was
extracted with 2X SDS-PAGE sample buffer and the pellet subjected to further
extraction in concentrated SDS-PAGE sample buffer.

Cell lysates or explant lysates containing equal quantities of protein (30-50 pg),
were precleared by incubation with Protein A/G+ agarose (Santa Cruz) and normal
rabbit/mouse immunoglobulins for 30 min. The samples were then incubated with 2-10
pg of primary antibody at 4°C for 2 hours, and immune complexes were precipitated
with protein A/G+ agarose at 4°C for a further 1 hour and washed three times with ice
cold RIPA buffer. The precipitate was adjusted to SDS-PAGE sample buffer, heated to
95-100°C for 5 min, and the proteins were separated by SDS-polyacrylamide gel

electrophoresis on 8% gels followed by immunoblotting as described below.

2.2.4 Western blotting
(’LSNP)
Equal quantities of proteinL rom individual timecourses were separated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) in either 8% or 12% gels and
electrophoretically transferred to pre-soaked polyvinylidene difluoride (PVDF)

membranes (Millipore) for 1 hour at 100 V in a Mini Protean 11 Trans Blot apparatus
(Bio-Rad) with cooling. The membranes were blocked with PBS/5% non-fat milk for 30
min with agitation at room temperature and then incubated for 1 hour at 37°C with
primary antibody diluted in blocking buffer. Thereafter membranes were serially
washed in PBS/0.1% Tween 20 and then incubated with Horseradish peroxidase (HRP)-

conjugated secondary antibody for 1 hour at 37°C. After further serial washes
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immunoreactive bands were detected by chemiluminescence using the ECL system

(Amersham).

2.2.5 Protein quantification and statistical analysis of data

Immunoreactive bands detected on western blots were semi-quantified by
scanning densitometry using a flatbed scanner (Umax) and Quantiscan protein
densitometry software (Biosoft, 1997) and values for immunoreactivity were expressed

as means + standard error of the mean (SEM).

2.3  SUBCELLULAR FRACTIONATION OF VASCULAR CELLS

A variety of different techniques were used to prepare subcellular fractions of
vascular cells. Initially crude subcellular fractions were prepared using the non-ionic
detergents Triton X100 or Nonidet-P40. Cells were lysed in either 1% Triton or 0.5%
Nonidet-P40 for 15 minutes on ice and samples were collected into 15 ml falcon tubes
and then subjected to centrifugation at 500 g for 10 minutes at 4°C to pellet nuclei. The
supernatant (designated the cytosolic fraction) was adjusted to 5X SDS-PAGE sample
buffer and nuclei were extracted into 2X SDS-PAGE sample buffer. All samples were
heated to 95-100°C for 5 minutes prior to gel electrophoresis and western blotting as
described above.

Subsequently a method of subcellular fractionation was used which has
previously been reported to effectively separate nuclear and cytosolic proteins in
cultured mammalian cells (Boyle et al., 1984; Levkau et al., 1998). This latter method
makes use of the detergent digitonin which exhibits selectivity for membranes enriched
in cholesterol (such as the plasma membrane lipid bilayer) without causing significant
disruption of the nuclear membrane (Havard-Evans, Préparative centrifugation, i PA_
Serfes, 1990). Digitonin treatment of cells has been in use for a long time as a means of '
constituting a cytosol-free environment in the presence of intact nuclei for the purpose

of studying nuclear transport mechanisms (Adam et al., 1990). An alternative method of
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subcellular fractionation was also employed, based upon hypotonic lysis of cells and
separation of nuclei from other cellular constituents by isopycnic centrifugation through

dense sucrose (Blobel and Potter, 1966).

2.3.1 Fractionation by selective plasma membrane permeabilisation

Nuclear and cytoplasmic fractions of cells were prepared using digitonin
permeabilisation as previously described (Boyle et al 1984). Briefly, confluent cultures
of cells were treated as described and treatments were terminated by transferring dishes
onto ice. Both attached and floating cells were collected into 15 ml falcons and cells
were pelleted by centrifuging at 500 g for 10 minutes at 4°C and then washed twice by
resuspending in 1ml ice cold PBS. Cells were pelleted again at 500 g and all supernatant
was carefully aspirated using a fine tipped pipette. Thereafter the cell pellet was
dispersed and lysed in 240 pl nuclear lysis buffer (150 mM NaCl, 150 mM sucrose, 20
mM Hepes pH 7.4, 5 mM KCl, 2 mM DTT, 1 mM MgCl,, 0.5 mM CaCl,, and 0.1%
digitonin with AEBSF, aprotinin and leupeptin inhibitors as described earlier). The

efficiency of plasma membrane permeabilisation was improved by pipetting samples

gently on ice for 3-5 minutes: this action also improved the purity of the nuclear fraction ;

by dissociating plasma membrane and cytoskeletal structures from nuclei.

Nuclei were harvested by centrifugation at 800 g for 10 minutes: the resulting
pellet was designated the nuclear extract and the supernatant was designated the
cytosolic fraction. Both the nuclear extract and the supernatant were adjusted to SDS-
PAGE sample buffer and heated to 95-100°C for 5 minutes prior to SDS-PAGE

electrophoresis followed by immunoblotting as described above.
2.3.2 Fractionation by isopycnic centrifugation.

90-mm dishes of fully confluent HUVEC}V(\ were washed twice in PBS at room
temperature and cells were collected by scraping and centrifuging at 500 g for 10
minutes. The resulting pellet was washed once in hypotonic lysis buffer (10 mM
HEPES, pH 7.5, 10 mM KCl, 1.5 mM MgCl,, | mM DTT, 0.1 mM AEBSF, 1 pg/ml
leupeptin, 1 pg/ml aprotinin). Cells were resuspended in 250 pl hypotonic lysis buffer
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and allowed to swell on ice for 20 minutes. Cells were lysed in a 1ml Dounce
homogeniser using 50-100 strokes. The efficiency of cell lysis was monitored using
phase contrast microscopy. The homogenate was transferred to a 1.5 ml eppendorf and
carefully underlayed with 500 pi sucrose cushion (10 mM HEPES, pH 7.5, 10 mM
KCl., 40% sucrose, 1.5 mM MgCf, 1 mM DTT, 100 pM AEBSF, 1 pg/ml leupeptin, 1
pg/ml aprotinin). Nuclei were harvested at 1500 g for 10 minutes in a swinging bucket
rotor centrifuge. The nuclear pellet and supernatant (designated the cytosolic fraction)
were adjusted to SDS-PAGE sample buffer and heated for 5 minutes at 100° prior to

analysis by gel electrophoresis and western blotting.

2.4 IMMUNOFLUORESCENT STAINING AND MICROSCOPY OF CELLS
<l:<

Freshly isolated VSMC or HUVECS were cultured on glass coverslips pre-
etched in concentrated sulphuric acid for 24 hours. All procedures thereafter took place
at room temperature. VSMC were washed in PBS and then fixed in 3%
paraformaldehyde in PBS for 10 minutes. After washing again in PBS the cells were
incubated in 50 mM ammonium chloride for 10 minutes and then washed again in PBS
prior to permeabilising the cells in 0.2% Triton X-100 in PBS for 5 minutes. HUVECS
were fixed and permeabilised by immersing in pre-cooled methanol for 10 minutes at -
20°C and thereafter washed in PBS. Cells were incubated in blocking buffer with 2%
FBS for 30 minutes, rinsed three times in PBS and then incubated in primary
antibody/antibodies. The cells were washed three times again prior to incubation with
lluorochrome-conjugated secondary antibody/antibodies, DAPI or Rliodamine
Phalloidin. Primary and secondary antibodies were diluted in PBS/2% FBS and
exposures lasted for 30 minutes each time. The coverslips were inverted onto
microscope slides, mounted in Vectashield (Vector Labs, Inc.) and sealed using nail
\arnish. Specimens were studied on a Zeiss axiophot microscope using a 63X
immersion objective with a numerical aperture of 1.25 and photographed using Kodak
Gold or Ektachrome film. In all experiments utilising double-staining techniques,

control stains were performed with each antibody separately to ensure that co-staining
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was not as a result of antibody cross reactivity and further immunostaining using
secondary antibodies alone demonstrated absence of fluorescence.

Peptide neutralisation studies: immunostaining was also performed after a one
hour pre-incubation of primary antibody (either FAK-C or FAK-A) with a peptide
corresponding to the immunogen. Blocking peptide was used at 5 and 10 fold excess by

weight in order to verify specificity of immunostaining.

2.4.1 Scanning laser confocal microscopy

Cells were prepared for immunofluorescent staining as described already.
Confocal microscopy was done as reported (Lakkakorpi ef al 1993) using the Leica TCS
NT and Bio-Rad MRC 600 or 1020 systems. Cells on coverslips were viewed with the
confocal laser scanning microscope consisting of a Wild Aristoplan fluorescence
microscope equipped with a multiline 750 mW air-cooled Omnichrome argon-crypton
laser (Chino, California, USA). Cells were viewed with 40X and 63X immersion
objectives with appropriately chosen pinholes using 1024 X 1024 image format.
Fluorescent images were sequentially collected in 0.625-1.25 pum steps through VSMC
for FITC and TRITC fluorochromes at 488-nm and 568-nm emission wavelengths
respectively. Hard copy images were produced after computer processing of the data

and generation of pseudocolour images.

2.5 ANALYSIS OF CELL DEATH

Endothelial cells were cultured on glass coverslips pre-etched in concentrated
sulphuric acid. Following treatments to induce EC apoptosis, cells were fixed in 3.7%
paraformaldehyde for 20 minutes and then permeabilised with 0.2% Triton X-100/PBS
for 5 minutes on ice. After washing in PBS, they were subjected to terminal
deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labelling (TUNEL) with
the Apoptosis Detection System, Fluorescin Kit as recommended by the manufacturer

(Promega Corp., Madison, Wisconsin). As a control for non-specific staining, the
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reaction mixture was used without enzyme. The final wash was preceded by a 15 minute
incubation in 1 pg/ml propidium iodide/PBS which stains both apoptotic and non-
apoptotic cells red throughout the cytoplasm. Samples were mounted using Vectashield
(Vector Laboratories, Burlingame, California). Fluorescin-12-dUTP incorporated into
the ends of fragmented DNA, resulting in localised green fluorescence within the
nucleus of apoptotic cells, was visualised with an epifluorescence microscope (as

described in Section 2.4).

In the subsequent results chapters, each of the figures shown as representative
examples are the result of at least three independent, replicate experiments and in

some instances up to ten experiments were performed.

P

’



83

CHAPTER 3

Expression of focal adhesion components in early explant culture.

Introduction

Intimal VSMC in lesions of atherosclerosis undergo transition from a contractile
phenotype - representing the form usually identified in the arterial medial layer - to a
synthetic phenotype. VSMC in primary culture undergo a similar phenotypic
modulation. The phenotypic transition of VSMC involves a loss of components of the
contractile machinery, but the mechanisms are otherwise largely unknown.

A role for FAK in mesenchymal cell migration and proliferation has been
suggested by several studies. In this chapter the expression of FAK and other focal
adhesion components was examined in aortic medial tissue, and changes in the
expression of these molecules were investigated in the early stages of explant culture of
medial explant tissue prior to the onset of VSMC migration/proliferation. In addition,
the regulation of focal adhesion component expression was investigated in response to

defined growth factors.

3.1 Characterisation of VSMC in culture

Culture of explants derived from NZWM rabbit aortic medial tissue leads to
outgrowth of VSMC from the explant and proliferation on the tissue culture dish.
VSMC in primary culture were identified both on the basis of morphological
appearance (Fig. 3.1A and see below) and by detection of VSMC-specific markers. In
primary VSMC cultures, immunofluorescent detection of VSMC-specific a-actin (Fig.
3.1B) demonstrated that these cells were VSMC. This was corroborated by immunoblot
analysis of VSMC lysates showing immunoreactivity for smooth muscle-specific

myosin heavy chain (MHC) and a-actin (Fig. 3.3).
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3.2  VSMC culture by explant outgrowth

Rabbit aortic medial explants cultured in 20% serum exhibited visible outgrowth
of cells after 5 days at the earliest (Fig. 3.2A). Initially such outgrowth comprised one to
several cells and involved small numbers of individual explants. It was not until later in
the timecourse (after days 7-10) that most explants began to exhibit outgrowth but the
extent of such outgrowth varied considerably between explants (Fig. 3.2B). With
increasing time in culture, explants were observed to diminish in size consistent with the
fact that pells were migrating from the tissue and not simply proliferating on the tissue
culture dish (Fig. 3.2C-D).

Cells growing onto the tissue culture plastic from explants were identified as
VSMC on the basis of morphology and by immunofluorescent detection of VSMC-
specific a-actin. Initially cells migrating out of explants appeared to have extended
processes and a ‘fibroblast-like’ appearance (Fig. 3.2A)— these cells are capable of
proliferation. With further outgrowth and increasing cell growth around the explants the
VSMC eventually become fully confluent by which point they have assumed a ‘spindle-
like” morphology, lacking the extended processes of subconfluent VSMC and exhibiting
the characteristic ‘hills and valleys’ appearance of confluent VSMC (Fig. 3.1A).

33 Expression of VSMC-specific markers in rabbit aorta and during early

explant culture

Tissue samples of rabbit aorta were analysed for expression of VSMC-specific
proteins by direct protein extraction in RIPA buffer followed by immunoblotting of
equal amounts of protein. Immunoblot analysis of extracts prepared from fresh whole
aorta, de-endothelialised aorta and aortic media showed that smooth muscle-specific
myosin heavy chain (MHC) expression was readily detectable in all extracts but was
relatively most abundant in fresh media (Fig. 3.3A). As Fig.3.3A also indicates, western

blot analysis of VSMC-specific a-actin showed high levels of expression.
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Assessment of protein expression of the VSMC specific marker MHC in serum-
fed explants showed that MHC immunoreactivity decreased markedly in early explant
culture (Fig. 3.3B). MHC protein expression remained unchanged during days 0 to 2 in
culture and declined rapidly thereafter in contrast to increased expression of focal
adhesion components with time (Fig. 3.5). The onset of reduction in MHC expression
occurred prior to visible outgrowth of cells from any explants. The expression of MHC
continued to decrease after later times in culture up to 7-9 days. Levels of expression of
VSMC-specific a-actin protein did not appear to vary significantly during the same
timecourse until after several days in explant culture (days 5 to 7) when there was a

noticeable decrease in expression (Fig. 3.3B).

3.4  Expression of p125™¥ and paxillin in rabbit aorta

Tissue samples of rabbit aorta were then analysed for expression of focal
adhesion components by direct protein extraction in RIPA buffer as described.
Immunoblot analysis of extracts prepared from fresh whole aorta, de-endothelialised
aorta and aortic media showed that p125FAK and paxillin were expressed in the intact
aorta and their expression was not significantly altered after endothelial denudation
(Fig. 3.4). In contrast FAK expression was detectable at a relatively lower level in
isolated media. Expression of paxillin in isolated media was readily detectable but its

expression was reduced compared to the whole aorta.

sFAK

3.5 Changes in expression of p12 and paxillin in the early stage of medial

explant culture.

Next the protein expression of the focal adhesion components FAK and paxillin
was determined in extracts of medial explants cultured for different times from 0 to 10
days. Although visible outgrowth from most explants was not observed until between 7
to 10 days after placing explants in culture, FAK immunoblots showed that the

expression of the 125 kDa form of FAK increased during explant culture with a
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detectable increase as early as 3 days (Fig. 3.5A). FAK expression was virtually
undetectable over days 0-2 but thereafter increased throughout the timecourse.

Paxillin was expressed at significant levels from the outset of the timecourse in
fresh uncultured medial tissue. During explant culture, significant increases in paxillin
protein expression took place prior to the development of visible VSMC outgrowth,
from approximately day 3, and continued to increase throughout explant culture (Fig.
3.5A). Semi-quantification of immunoreactive bands showed that pl125F4%
immunoreactivity in explants increased by 2.1 0.6 fold (n=4) and 3.7 +0.5 fold (n=4)
after 3 and 5 days in culture respectively (Fig. 3.4B). Corresponding increases in

expression of paxillin obtained from quantification of parallel samples were 3.2 £0.5

fold (n=3) and 4.2 +1.3 fold (n=3) respectively.

3.6  Detectable expression of p125™ in uncultured explants.

In some timecourses it was noted that FAK expression transiently declined over
days 1-2, before increasing again over the remainder of the timecourse (Fig. 3.6). The
aortas from which these samples were derived did not appear morphologically different

SFAK

to those in which p12 expression was not observed at day 0.

3.7 Changes in the expression of p130“* in early explant culture

There was also a striking increase in expression of the FAK-associated protein
p130* during explant culture. Increased expression of p130°*, which was first detected
at day 3 in explant culture, continued up to and including day 10 (Fig. 3.7A). Consistent
with previous reports, immunoreactive p130“* bands characteristically migrated as a
doublet comprising isoforms of 130 and 125 kDa of which the former was predominant.
FAK is known to associate with several focal adhesion components including p130°*
and paxillin. In order to examine whether FAK association with p130“* increased
during explant culture, FAK immunoprecipitates of explant lysates were prepared.

Using a polyclonal antibody to the carboxy-terminus of FAK (FAK-C, Santa Cruz),
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immunoprecipitates of explant lysates were prepared and the resultant immune
complexes were immunoblotted with antibody to p130“* (Fig. 3.7R upper). Over a 10
day timecourse there was a significant increase in the association of p130* with FAK
which became apparent by day 2 and was sustained thereafter (Fig. 377B lower). p130“*
antibody  characteristically recognised doublet protein bands in FAK
immunoprecipitates similar to results obtained by direct western blot of protein extracts

with this antibody.

3.8 Regulation of expression of focal adhesion components by growth factors

It was next examined whether defined growth factors known to simulate
proliferation and/or migration of VSMC could also increase expression of FAK, paxillin
and p130“. Medial explants were cultured for various times in the presence of 25 ng/ml
PDGF-BB, 25 ng/ml IGF-1 and 10 ng/ml bFGF in serum-free tissue culture medium.
VSMC outgrowth from these explants did not arise until much later (8-10 days) and
was much less marked compared to outgrowth from explants cultured in 20% serum. In
addition the cells appeared less healthy with ragged processes and numerous vesicles;
on no occasion did such outgrowth progress to a fully confluent culture despite
prolonged culture (exceeding 20 days) and replenishment of test factors.

Protein expression of FAK, paxillin and p130“* increased markedly during
explant culture with growth factors, but in all cases the time-course of this increase was
slower compared to changes observed in serum-cultured explants (Fig. 3.8A). As noted
with serum-fed explants however, the increase in expression of these focal adhesion
components occurred several days prior to the onset of VSMC outgrowth. FAK
association with p130“* also increased during explant culture with growth factors in a

manner paralleling the results obtained in serum-fed explants (Fig. 3.8B).
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Fig 3.1 Characterisation of VSMC in primary culture.

A Morphological appearance of subconfluent (left, day 7) and
confluent (right, day 12) explant culture of VSMC as observed
using phase contrast light microscopy.

B Immunofluorescent staining of VSMC with an antibody to
the VSMC-specific marker a-actin conjugated to FITC. All
photographs were taken with a Nikon camera fitted to a Nikon
Optiphot microscope
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Fig. 3.2 Outgrowth of VSMC from explants of rabbit aortic media.

New Zealand white male rabbits were sacrificed by pentobarbitone injection and
aortae were dissected and periadventitial fat was removed. The endothelium was
denuded using a rubber policeman and the inner medial layer was dissected in 1-
cm” segments. The segments were chopped into 1-mm” explants and seeded into
25 ml flasks and fed the following day with 20% FBS. Outgrowth was first
observed after 5 days (A) at the earliest and VSMC outgrowth was generally
established by day 10 (B). After 14 days (C) more cells were apparent and
nearly all attached explants exhibited some degree of VSMC outgrowth. By day
18 the cells were fully confluent (D) and explants had concomitantly diminished
in size.
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Fig. 3.3 Protein expression of VSM C-specific markers in rabbit
aorta and in early explant culture.

A: Protein extracts were prepared from whole aorta (Ao),
deendothelialised aorta (Dn) and media (M) and equal amounts of
protein were immunoblotted with antibodies to the smooth muscle-
specific proteins myosin heavy chain (MHC) and a-actin (Actin).
B: Extracts were prepared from explants cultured for the times
indicated in days and equal amounts of protein were directly
immunoblotted with antibodies to the VSMC-specific proteins
MHC and a-actin (Actin).
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Fig. 3.4 Expression of FAK and paxillin in the rabbit aorta.

Protein extracts were prepared from whole aorta (A), deendothelialised
aorta (Dn) and media (M) and equal amounts of protein were
immunoblotted with antibodies to FAK and paxillin (PAX)
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Fig 3.5 Changes in FAK and paxillin expression during early VSMC
explant culture.

Explants cultured for the indicated time were lysed in modified RIPA bufifer
and after clarification and protein quantification, lysates containing equal
amounts of protein were subjected to SDS-PAGE followed by transfer of
proteins to PVDF membranes. A: Immunoblotting with antibody to FAK-C
and paxillin was then performed. The blots shown are representative of at least
fo~r similar independent experiments. B: Mean fold increases in FAK and
paxillin expression. Error bars represent standard error ofthe mean.

The fold increases shown are representative ofthe results of four independent
experiments.
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Fig 3.6 Elevated basal expression of FAK in uncultured medial tissue
Explants cultured for the indicated time were lysed in modified RIPA buffer
and after clarification and protein quantification, lysates containing equal
amounts of protein were subjected to SDS-PAGE followed by transfer of
proteins to PVDF membranes. Immunoblotting with antibody to FAK-C
revealed detectable expression of immunoreactive FAK in uncultured
explants in some time courses.
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Fig 3.7 Increased expression and FAK association of pl30*** during early VSMC
expiant culture. Explants cultured in 20% serum for the indicated times were lysed in
modified RIPA buffer and clarified at 14000 RPM for 20 min at 4*"C. Equal amounts
of protein from each timepoint were either extracted directly as described above and
immunoblotted with pi30"“*antibody (panel A) or immunoprecipitated using FAK-C
antibody (panel B). Immunoprecipitates were collected using Protein A/G+ agarose
and after washing, proteins were separated by SDS-PAGE, transferred to membranes
and subsequently immunoblotted with antibody to FAK (panel B, upper) or to pi30*""
(panel B. lower). In panel B, the positions of IgG heavy and light chains are indicated.
The results shown are representative of at least 3 independent experiments.
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Fig 3.8 Growth factors induce expression of FAK, paxillin and pl30~**
and increase FAK/pl30"''* association in medial explant culture.

Extracts were prepared from explants cultured with 25 ng/ml PDGF-BB, 25
ng/ml 1GF-1 and 10 ng/ml bFGF for the times indicated in days and equal
amounts of protein were either directly immunoblotted with FAK, paxillin
or pl30~* (A) or were used for immunoprécipitation of FAK and
subsequent immunoblot with p130”°*(B).
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SUMMARY

The explant model of VSMC outgrowth from medial explants was used to
examine changes in the cellular constituents of focal adhesions during the early stages
of phenotypic modulation of VSMC from a contractile phenotype to a more ‘synthetic’
phenotype characterised by the acquisition of the ability of VSMC to proliferate and
migrate.

The results presented in this chapter show that the focal adhesion components
FAK, paxillin and p130“® are upregulated in cultured rabbit aortic medial explants. The
evidence indicates that there is upregulation of expression of these focal adhesion
components in the early stages of explant culture prior to the onset of visible outgrowth
of cells from the explants. This increased expression may be a prerequisite for the
transition of VSMC from a contractile to a synthetic form. Concomitant with increased
expression of focal adhesion components, expression of VSMC-specific MHC declined
throughout explant culture, consistent with a transition from a contractile to a synthetic
phenotype.

It was also demonstrated that increased protein expression of FAK and p130*
during explant culture was associated with an increase in association of these
components in immunoprecipitable complexes. Treatment of explants with the defined
growth factors PDGF-BB, IGF-1 and bFGF also led to explant outgrowth and marked

increases in the protein expression of FAK, paxillin and p130°*,



97

CHAPTER 4

Expression of other signalling molecules in early explant culture.

Introduction

The development of a neointima in vivo requires the migration and proliferation
of VSMC originating from the arterial media. Similarly in the explant model of VSMC
outgrowth, both migration of cells from the explants as well as proliferation of VSMC
takes place. It was therefore of interest to define the expression of proteins which take
part in the signal transduction cascades leading to mitogenesis and cell migration, and
compare and contrast these with expression of focal adhesion components.

Mitogen activated protein kinases (ERKs 1 and 2) are well established to play a
role in mitogenic signalling in many cell types including VSMC. Upstream of ERKs 1
and 2 lie adaptor proteins linking ligand-engagement of cell-surface receptors to the
ERKs 1 and 2 cascade. One such protein is GRB-2 (growth factor receptor-bound
protein 2) which is implicated in ras-dependent activation of ERKs 1 and 2. Expression |
of ERKs 1 and 2, GRB-2 and PCNA (a marker of cell proliferation) was consequently

examined during early explant culture of aortic medial VSMC.

In addition, changes in the expression of other components implicated in the
regulation of VSMC migration were also examined during early explant culture of
VSMC. These included the urokinase-type plasminogen activator receptor (UPAR),
which was reported to rﬁédifatj VSMC migration in vivo and in vitro, and the small
GTP-binding protein Rho, which has also been shown to play a role in migration of

VSMC.
4.1 Expression of ERKs 1 and 2 in native aortic tissue.
Expression of ERKs 1 and 2 (p44 and p42 MAP kinases) was first examined in

uncultured aortic tissue using samples paralleling those used for analysis of focal

adhesion component expression. As shown in Fig. 4.1A, ERKs 1 and 2 were expressed
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in extracts of whole aorta in an activated state. The pattern of expression of
immunoreactive ERKs 1 and 2 did not alter after endothelial denudation and was
modestly decreased in medial extracts. Total ERK2 (p42 MAP Kinase) expression in
extracts of whole aorta, deendothelialised aorta and media was not significantly
different. Expression of ERKs 1 and 2 was also compared in extracts of fresh media and
extracts prepared from medial explants which had been in serum-fed culture for 11 days
(Fig. 4.1B). Although activated and total ERKs 1 and 2 expression was readily

detectable in fresh media, neither was present in cultured explants.

4.2 Expression of ERKs 1 and 2 during explant culture.

Next the expression of ERKs 1 and 2 was examined during early explant culture
in 20% serum over a similar time-course to that used to study expression of focal
adhesion components. Evaluation of ERKs 1 and 2 expression showed that expression
of activated ERKs 1 and 2 was high in fresh explants and declined significantly during
explant culture (Fig. 4.2 above). Expression of total (active and inactive) ERKs 1 and 2
was also higher in fresh explants and declined rapidly during explant culture (Fig 4.2

below).

4.3 Expression of ERKs 1 and 2 during explant culture in the presence of
growth factors.

Explant culture in the presence of the defined growth factors PDGF-BB, IGF-1
and bFGF was associated with an even more rapid decline in levels of activated ERKs 1
and 2 (Fig. 4.3). Activated ERKs 1 and 2 were not detectable after two days of culture,

but a modest increase in expression occurred after 5 to 7 days.

4.4 Expression of GRB-2 in early explant culture.

The expression of GRB-2, which links receptor tyrosine kinases to ras-

dependent activation of the ERK cascade, was examined in early explant culture. As

with ERK expression, GRB-2 expression was high in uncultured medial extracts and
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declined to almost undetectable levels during the subsequent period of culture from 0 to

7 days (Fig. 4.4).

4.5 Expression of PCNA during explant culture.

As shown in Fig 4.5A (top panel), expression of PCNA was barely detectable in
extracts prepared from deendothelialised aorta and fresh medial tissue although an
immunoreactive band was observed in extracts from whole aorta. A positive control
lysate from an epithelial carcinoma cell line containing equal amounts of protein was
noted to stain very strongly for PCNA in the same experiment. A comparison of fresh
medial extracts with extracts from 11 day old explants cultured in 20% FCS revealed

markedly increased expression of PCNA in the latter samples (Fig. 4.5A bottom panel).

Explants were then cultured in 20% FBS over a 10-day time course and extracts
were prepared and immunoblotted as shown in Fig 4.5B. On days 0 and 1 of explant
culture PCNA expression was not detectable but an immunoreactive band was visible
by day two. Expression thereafter increased markedly, reaching a maximum after day 5
and was sustained thereafter. The increase in expression of PCNA was noted to precede
the onset of any VSMC outgrowth from explants, which was not visible until day 5-6 in

any of the time courses.

4.6  Expression of UPAR during explant culture.

Protein expression of the urokinase receptor (UPAR) was also examined (Fig.
4.6). UPAR has been previously shown to mediate VSMC migration in vitro and in
vivo. The expression of UPAR was seen to increase over a 7 day period, concomitant
with increased expression of focal adhesion components. A detectable increase in
UPAR expression was observed as early as after 24 hours in explant culture, several

days prior to the onset of VSMC outgrowth from explants.
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4.7 Expression of Rho protein in explant culture.

The small GTP-binding protein Rho is implicated in regulation of actin
cytoskeletal organisation and is thus thought to be important for cell migration. In
extracts prepared from fresh aortic tissue and deendothelialised aorta, Rho expression
was high and not significantly different (Fig.4.7A). Rho expression was markedly
reduced in extracts prepared from media although still easily detectable (Fig 4.7B).

Protein expression of Rho was examined during a 10 day time course. Although
Rho expression was readily detectable at day 0 in uncultured medial extracts, by day 1
this expression was considerably diminished but thereafter increased throughout the

remainder of the time course.
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Fig. 4.1 ERKs 1 and 2 are differentially expressed in aortic tissue
and cultured medial explants.

A. Protein extracts were prepared from whole aorta (A),
deendothelialised aorta (Dn), and media, and equal amounts of protein
were immunoblotted with antibodies to either activated ERKs 1 and 2
(pERK 1/2) or total ERK2.

B Protein extracts were prepared from fresh media (M) and medial
explants which had been in culture for 11 days (E) and equal amounts
of protein were immunoblotted with antibodies to either activated
ERKs 1and 2 (left) or total ERKs 1and 2 (right).
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pERK 172

DAYS

ERK 1/2

Eig, 4.2 Decreased expression of ERKs 1 and 2 during medial
explant culture

Protein extracts were prepared from medial expiants cultured in 20%
FBS for the times indicated and equal amounts of protein were
immunoblotted with antibodies to either activated ERKs 1 and 2
(pERK 1/2) or total ERKs 1 and 2.

pERK 172

7 DAYS

Eig. 4.3 Growth factors do not increase expression of activated
ERKs 1and 2 during medial explant culture.

Extracts were prepared from explants cultured with 25 ng/ml
PDGF-BB, 25 ng/ml IGF-1 and 10 ng/ml bFGF for the times
indicated in days and equal amounts of protein were directly
immunoblotted with antibody to activated ERKs 1and 2.
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Fig 4.4 Expression of GRB-2 during early explant culture.
Extracts were prepared from explants cultured for the time indicated
in days and equal amounts of protein were directly immunoblotted
with antibody to GRB-2.
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Fig. 4.5 Expression of PCNA in aortic tissue and during medial
explant culture.

A: PCNA is differentially expressed in uncultured aortic tissue and
cultured explants.

TOP. Protein extracts were prepared from whole aorta (A),
deendothelialised aorta (Dn), and media, and equal amounts of protein
were immunoblotted with antibody to PCNA. A431 is a positive control
epithelial carcinoma cell lysate.

BELOW. Protein extracts were prepared from fresh media (M) and
medial explants which had been in culture for 11 days (E) and equal
amounts of protein were immunoblotted with antibody to PCNA.

B: Increased expression of PCNA during medial explant culture.

Protein extracts were prepared from medial explants cultured in 20% FBS
for the times indicated and equal amounts of protein were immunoblotted
with antibody to PCNA.
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Fig 4.6 Expression of UPAR during early explant culture.
Extracts were prepared from explants cultured for the time indicated
in days and equal amounts of protein were directly immunoblotted
with antibody to UPAR.
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Fig. 4.7 Expression of Rho protein in aortie tissue and during medial
explant eulture.
A. Protein extracts were prepared from whole aorta (A), deendothelialised
aorta (Dn). and media,, and equal amounts of protein were immunoblotted with
antibody to Rho.
B. Protein extracts wore prepared from medial explants cultured in 20% FBS
for the times indicated! and equal amounts of protein were immunoblotted with
antibody to Rho.
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SUMMARY

The results shown in this chapter have demonstrated the expression of other
signalling molecules implicated in mitogenic and chemotactic signalling pathways
during early explant culture. The rapid increase in expression of PCNA, a marker of cell
proliferation, was noted several days prior to the onset of visible outgrowth of VSMC
from explants. Surprisingly, however, expression of activated and total ERKs 1 and 2
and GRB-2 diminished during explant culture, in marked contrast to the high expression
of activated and total ERKs 1 and 2 in native aortic media.

These results also showed that expression of UPAR, which has been implicated
in VSMC migration, increased during early explant culture of medial VSMC.
Expression of the small GTP-binding protein Rho appeared to decline initially but

subsequently increased during explant culture.
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CHAPTERS
Subcellular Localisation of FAK in VSMC.

Introduction

The expression of FAK in cultured explants and in VSMC was described in
d\a@ba Wwwe Although FAK might be expected to localise uniquely to focal
adhesions, no prior studies addressed the localisation of FAK in true primary cultures of
VSMC. In this chapter the subcellular localisation of FAK in VSMC was addressed in

detail using immunofluorescence staining and analysis of subcellular fractions.

5.1 Immunofluorescent localisation of FAK in VSMC

Primary cultures of VSMC were grown to confluence on coverslips and
prepared for immunostaining as described in experimental procedures. As shown in Fig.
5.1.1 polyclonal antibodies to the FAK COOH- and NH,-terminal domains and a
monoclonal antibody to the central catalytic domain of FAK (residues 354-533)
produced relatively weak staining of focal adhesions although there was prominent
staining of nuclei. The specificity of nuclear staining of the antibodies to the FAK
COOH- and NH;-terminal domains was tested by immunofluorescent staining with
these antibodies after pre-incubation of VSMC with their respective peptide
immunogens. As can be seen from Fig. 5.1.1, all nuclear and focal adhesion staining
was abolished by peptide competition of the primary antibody suggesting that the

nuclear staining was indeed specific for the immunogen.

Scanning laser confocal microscopy of VSMC with the 354-533 antibody was
next performed to assess the intracellular localisation of FAK immunofluorescent
staining in greater detail (Fig. 5.1.2). It can be seen that in the plane of the cell substrate,
focal adhesion staining is relatively prominent whilst nuclear staining appears weak
(Fig. 5.1.2A). Diffuse cytosolic staining of SMC was also noted which was not

consistent with discrete focal adhesion staining. At increasing distance from the
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basolateral cell surface focal adhesion staining diminishes whilst nuclear staining
increased (Fig. 5.1.2B,C). In the apical portion of the cell only nuclear staining was

faintly visible and no focal adhesions were detected (Fig. 5.1.2D).

Further confocal microscopic imaging confirmed that, in VSMC co-stained with
antibody to the nuclear marker PCNA, there was co-localisation of FAK and PCNA to 'a
the nucleus (Fig. 5.1.3). PCNA antibody produced no detectable staining of focal ‘
adhesions. Confocal microscopy of cells co-immunostained with FAK and either ; .
vinculin or paxillin showed prominent staining paxillin and vinculin staining of focal |
adhesions but no co-localisation with FAK to the nucleus (Fig. 5.1.3). Antibody to
vinculin produced the most prominent staining of focal adhesions which coincided with
the tips of actin filaments (Fig 5.1.4), and no detectable nuclear staining. Once again,
diffuse cytosolic staining of SMC with FAK was noted. Co-localisation of FAK with
either vinculin or paxillin to focal adhesions was relatively weak, reflecting strong
paxillin and vinculin focal adhesion staining compared to that of FAK (Fig. 5.1.3). The
weakness of focal adhesion staining seen with antibodies to FAK was not due to
inability of these antibodies to recognise FAK in focal adhesions as the same reagents

produced strong immunofluorescent staining in human endothelial cells (see chapter 6).

5.2 Expression of FAK in nuclear and cytosolic subcellular fractions.

The results shown in Figs. 5.1.1-5.1.4 suggested that FAK is localised to the
nucleus as well as focal adhesions in primary cultures of VSMC. To further investigate
the distribution of FAK between nuclear and cytosolic compartments, FAK expression
was evaluated in nuclear and cytosolic fractions of VSMC. In the first instance, crude
subcellular fractions were prepared using the non-ionic detergents Triton X100 and
Nonidet-P40 simply by exposing SMC to either detergent and then using low
centrifugal forces to remove non-solubilised material which contains nuclear plus
insoluble cytoskeletal material. Western blot of FAK in triton-soluble and insoluble
fractions detected a significant level of 125 kDa FAK in the triton-insoluble
compartment. It was noted however that a 55 kDa COOH-terminal fragment of FAK

was detected only in the triton-soluble fraction (Fig. 5.2.1). In addition, western blot
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analysis of a Nonidet-P40-insoluble VSMC fraction also readily detected significant
expression of 125 kDa FAK.

Subcellular fractions of VSMC were next prepared using either the method of
selective plasma membrane permeabilisation or a method based upon hypotonic cell
lysis. Western blot analysis of nuclear and cytosolic fractions of VSMC prepared by the
digitonin permeabilisation method detected significant amounts of 125 kDa FAK in
both nuclear and cytosolic compartments (Fig. 5.2.2 left panel), using an antibody
specific for the NH,-terminal FAK domain. A striking feature of these results was that a
major 50 kDa band was detected by the NHj-terminal domain FAK antibody,
predominantly in the nuclear compartment.

The efficacy of the fractionation technique was verified by blotting parallel
nuclear and cytosolic extracts to either nuclear markers (nucleoporin), or to focal
adhesion components. Immunoblotting with nucleoporin, a component of the nuclear
pore complex, showed it to be highly expressed in the nucleus and not expressed in the
cytosol using digitonin fractionation (Fig. 5.2.2 left panel). This suggested a minimal
degree of cross-contamination of cytosolic fractions with nuclear contents. Expression
of vinculin was confined to the cytosolic compartment with barely detectable expression
in the nucleus indicating minimal contamination of the nuclear fraction with contents of

the cytosol.

An alternative method of subcellular fractionation made use of hypotonic cell
lysis followed by isopycnic centrifugation through dense sucrose to separate nuclei from
other cellular constituents. The results obtained with this method also showed
significant 125 kDa FAK expression in both nuclear and cytosolic fractions (Fig. 5.2.2
right panel). Again, striking segregation of a 50 kDa NH,-terminal FAK fragment was
noted with expression confined largely to the nuclear fraction and barely detected in the
cytosol. Although there was no cross-contamination of nucleoporin into the cytosolic
fraction using this method of fractionation, heavy contamination of the nuclear

compartment with vinculin was observed (Fig. 5.2.2 right panel).
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5.3  FAK NH;-terminal and COOH-terminal fragments are segregated between

nuclear and cytosolic fractions in VSMC.

Immunoblots of nuclear and cytosolic VSMC fractions using antibodies specific
for the NH2- or COOH-terminal domains of FAK showed a striking segregation of a 55
kDa COOH-terminal FAK fragment exclusively localised to the cytosol from a 50kDa
NH,-terminal FAK fragment which only appeared in the nucleus (Fig. 5.3 above).
Using the antibody to the central catalytic domain of FAK, both nuclear and cytosolic
p125FAK forms were identifiable and an additional p120 kDa variant in the nuclear

compartment only (Fig. 5.3 below).
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FAK 354-533
N-FAK N-FAK + Blocking Peptide
C-FAK C-FAK + Blocking Peotide

Fig. 5.1.1 Immunofluorescent staining of FAK in primary cultures of
VSMC.

Fixed and permeabilised cultures of VSMC were incubated with antibodies to
FAK residues 354-533, 1033-1052 (COOH-terminal), or 2-18 (NH2-terminal).
Parallel cultures were incubated with antibodies to FAK residues 1033-1052 or
2-18 after pre-incubation with blocking peptides corresponding to the respective
immunogenic peptides. Immunofluorescent staining was then performed as
described in experimental procedures and photographs were taken using a
Nikon Optiphot camera.
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Fig. 5.1.2 Focal adhesion staining diminishes and FAK nuclear staining
is more prominent with increasing distance from the basolateral cell
surface.

Fixed and permeabilised cultures of VSMC were incubated with antibody
to FAK residues 354-533 and immunofluorescent staining was performed
followed by confocal laser scanning microscopy at sequential 1.85pm steps
through VSMC. Pseudocoloured images were generated of FAK staining
(green) starting at the basolateral cell surface (A) and moving up through
the cell layer (B and C) to the top ofthe cell layer (D).
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PCNA FAK-C PCNA/FAK

PAXILLIN FAK-C PAX/FAK
| |

VINCULIN FAK-C VINC/FAK

Fig. 5.1.3 Co-immunofluorescent staining of FAK and markers of focal
adhesions and the nucleus in primary cultures of VSMC.

Fixed and permeabilised cultures of VSMC were incubated with antibodies to
FAK (1033-1052) together with antibody to either paxillin, vinculin or PCNA.
FAK immunostaining was visualised “using TRITC-conjugated secondary
antibody (red) and paxillin, vinculin and PCNA was visualised using FITC-
conjugated secondary antibody (green). Confocal pseudocoloured images were
generated and are shown above: co-localisation is indicated by yellow staining.
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Rhodaniine-Phalloidin Vinculin

Overlay Image

Fig 5.1.4 Focal adhesions are localised at the tips of actin filaments.

Fixed and permeabilised VSMC cultures were incubated with antibody to
Rhodamine-Phalloidin (TRITC-conjugated) and vinculin (FITC-conjugated).
Immunofluorescent staining was performed and images were collected by
scanning laser confocal microscopy. Confocal pseudocoloured images are shown
with an overlay image indicating co-localisation of vinculin with actin at the tips
ofactin filaments (yellow staining).
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Fig. 5.2.1 FAK is expressed in nuclear and cytosolic cell compartments.
Primary cultures of VSMC were fractionated into nuclear and cytosolic
compartments (designated Nuc and Cyt respectively) using the non-ionic
detergents Triton X-100 or Nonidet-P40. Equal quantities of protein were then
immunoblotted with antibody to the FAK COOH-terminus (FAK-C). The
positions of 55 and 125 kDa FAK-immunoreactive species are indicated.
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Fig. 5.2.2 Significant expression of FAK immunoreactive species in
nuclear fractions of VSMC.

Nuclear (Nuc) and cytosolic (Cyt) fractions were prepared from confluent
cultured VSMC either by digitonin permeabilisation (left panels) or hypotonic
lysis (right panels). Equal amounts of protein were immunoblotted with
antibodies to FAK NH2-terminal residues 2-18 (FAK-N), vinculin (Vine) and
nucleoporin (Nucp). The positions of 50 and 125 kDa FAK-immunoreactive
species are indicated. The results are representative of 4 similar experiments.
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Fig. 5.3 Compartmentalisation of FAK NH2-terminal and COOH-terminal
domain fragments in VSMC.

Nuclear (Nuc) and cytosolic (Cyt) fractions were prepared from confluent
cultures of VSMC by digitonin permeabilisation. Equal amounts of protein were
immunoblotted with antibodies to the FAK COOH-terminus (FAK-C), FAK
NH2-tenninus (FAK-A) or an antibody to the central catalytic domain of FAK
residues 354-533. Note the differential compartmentalisation of 55 kDa FAK
COOH-terminal and 50 kDa NH2-terminal domain fragments.
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Summary

The results in this chapter have shown that FAK is expressed in the nucleus of
VSMC in addition to being localised to focal adhesions. The extent to which FAK was
localised to focal adhesions appeared relatively low whilst the nuclear localisation was
consistent, reproducible and prominent. The fact that focal adhesions exist in these cells
was proven by co-immunostaining with two markers of focal adhesions, vinculin and
paxillin, which did not localise to the nucleus. The specificity of FAK nuclear
immunofluorescent staining was corroborated by using the blocking immunogenic

peptides which abolished all focal adhesion and nuclear staining.

Fractionation of VSMC using several different techniques provided further
evidence of nuclear expression of p125FAK. A striking finding was that a 55 kDa NH,-
terminal FAK fragment was exclusively localised to the nucleus and a 55 kDa COOH-

terminal FAK fragment was only found in the cytosol.
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CHAPTER 6
Subcellular localisation of FAK in HUVECs

Introduction

Having defined the subcellular localisation of FAK in primary cultures of
VSMC, a similar range of techniques was used to identify its localisation in HUVECs.
Previous workers have commented on a nuclear localisation of FAK in HUVECs
(Abedi and Zachary, 1997; Levkau et al, 1998) although no detailed studies have been
documented which characterise nuclear localisation of FAK in endothelial cells in

detail.

6.1 Characterisation of HUVECs in primary culture.

Vascular endothelial cells were derived from collagenase digestion of full term
umbilical cords and primary culture in  endothelial basal medium (Clonetics)
supplemented with 10% FBS as described in experimental procedures. The cells grew in
a confluent monolayer and exhibited the typical endothelial cell “cobblestone”
morphology (Fig. 6.1A). Immunostaining of these cells with an antibody specific for
vascular endothelial cells —Vascular Endothelial Cadherin (VE-Cadherin) — revealed

cadherin positive staining at the intercellular border (Fig. 6.1B).

6.2 Immunofluorescent localisation of FAK in HUVECs

Primary cultures of HUVECs were grown on coverslips and immunostained
with three separate antibodies to FAK (Fig 6.2.1). The antibodies to the COOH-
terminus and the central catalytic domain (354-533) both exhibited strong focal
adhesion staining which was more marked than that noted in VSMC using the same
antibodies. These antibodies stained the nucleus strongly and, in the case of the COOH-

terminus antibody, marked perinuclear immunostaining was also evident. In contrast the



NHi-lerminus antibody appeared to stain only the nuelei of HUVECs and never gave
noticeably strong focal adhesion staining. The nuclear localisation was confirmed by
DAPI counterstaining. Antibodies to paxillin and vinculin produced strong
immunotluorescent staining of focal adhesions with little detectable specific nuclear

staining (Fig 6.2.2).

6.3 Subcellular compartmentalisation of FAK in Triton X-100 lysates.

Primary cultures of HUVECs were grown to full confluence and subjected to
detergent extraction using 1% Triton X-100 for 15 minutes on ice. In 1% Triton lysates
of HUVECs. the major immunoreactive FAK species recognised by an antibody
specific for the NHi-terminus (amino acid residues 2-18) were a 125 kDa band and a
less prominent 50 kDa band (termed pSON-FAK) both present in a Triton-soluble
fraction (Fig. 6.3.1). In addition, this antibody recognised a 120 kDa band only in the
Triton-insoluble fraction. An antibody raised against the COOH-terminal FAT domain
comprising amino acids 1033 to 1052, recognised a major 125 kDa band and a minor
component of 55 kDa. presumably corresponding to FRNK or a FRNK-related species
and henceforth termed p55C-FAK, both present in the Triton-soluble fraction (Fig.
6.3.1). Both antibodies also detected some 125 kDa FAK in the Triton-insoluble
fraction. Immunoblotting of parallel 1% Triton-derived fractions with vinculin and
paxillin confirmed that the majority of focal adhesion related components were indeed

localised to a Triton-soluble compartment (Fig. 6.3.1).

Since triton solubilisation should preserve protein-protein interactions, the
distribution of FAK between the triton-insoluble fraction and protein-protein complexes
obtained by centrifligation of the triton-soluble fraction at 100,000 g for 60 minutes was
determined (Fig. 6.3.2). It was noteworthy that while similar amounts of 125 kDa FAK
were found in the triton-insoluble compartment and the post-100,000 g pellet, p55C-
FAK was only detected in the post-100,000 g pellet and was also the most abundant
immunoreactive form detected in the post-100,000g pellet (compare Fig 6.3.2 and
6.3.1). Similarly, blots with the NHn-terminal antibody showed that pSON-FAK was the
most prominent NIT-terminal species in the post-100,000 g pellet. The comparative

immunoblot performed with N-FAK and C-FAK antibodies clearly illustrates the
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differential expression of 120 kDa and 125 kDa immunoreactive species in the triton-
insoluble fraction. Similarly the presence of distinct pSON-FAK and p55C-FAK forms
in the post-100,000 g pellet was also demonstrated.

Immunoblots of triton-insoluble and post-100,000 g fractions with antibodies to
vinculin and talin showed that both of these focal adhesion components were more
prominent in the post-100,000 g pellet (Fig. 6.3.2). In contrast Lamin B, a component of

the nuclear envelope, was only found in a triton-insoluble fraction.

6.4 Distribution of FAK between nuclear and cytosolic compartments.

Nuclear and cytosolic compartments were prepared from primary cultures of
HUVECs using selective plasma membrane permeabilisation with 0.1% Digitonin as
described in Experimental Procedures. The distribution of FAK between these
compartments was investigated by western blotting of equal amounts of nuclear and
cytosolic protein fractions. As shown in Fig. 6.4.1 (upper panel), the COOH-terminal

FAK Jn both nuclear and

antibody detected significant amounts of immunoreactive p125
cytosolic fractions but also detected pSSC-FAK only in the cytosolic compartment. In
striking contrast, the NH,-terminal antibody detected pSON-FAK only in the nuclear
fraction, and this fragment was absent from the cytosol. In addition the NH;-terminal
antibody detected bands of Mr 125,000 120,000 and 90,000 in the nuclear compartment.

5FAK was

Consistent with the results obtained from triton-solubilisation, p12
predominantly in the cytosol, while the p120 band was present only in the nuclear
fraction. Immunoblotting of parallel nuclear and cytosolic extracts with antibodies to
two components of the nuclear envelope, Lamin B and nucleoporin, showed that they
were highly expressed in the nuclear fraction and absent or very weakly expressed in the
cytosol (Fig. 6.4.1 lower panel). In contrast to this finding, two markers of focal
adhesions, vinculin and paxillin, were strongly expressed in the cytosol but barely

detectable in the nucleus.

A monoclonal antibody directed against the NHj-terminal 423 amino acid
residues of FAK detected bands of almost identical apparent molecular weight to those
detected by the polyclonal NH,-terminal antibody (Fig. 6.4.2). These included a major
50 kDa band which was present only in the nuclear fraction and bands of Mr 120,000
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and 90,000 in the nuclear fraction and bands of Mr 125,000 and 90,000 in the cytosolic
fraction. Both polyclonal and monoclonal NH,-terminal-specific FAK antibodies

FAK

detected p125™"" predominantly in the cytosol, while an Mr 120,000 form was only
present in the nuclear compartment. Occasionally a ~68 kDa band was also detected by
both NH,-terminal-specific antibodies (Fig. 6.4.2). This species however was not

consistently observed and may represent a degradation product.
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Fig. 6.1 Characterisation of HUVECS in primary culture.

A. Confluent cultures of HUVECs were prepared as described in
experimental procedures and photographed using a Nikon Axiophot
camera attached to a light microscope.

B. Confluent cultures of HUVECS were immunostained with a mouse
monoclonal antibody to VE-Cadherin followed by staining with a goat
anti-mouse secondary antibody conjugated to TRITC and photographed
using a Nikon Axiophot camera.
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FAK 1033-1052 FAK2-18

FAK 354-533 FAK 2-18+ DAPI

Fig 6.2.1 Nuclear and focal adhesion staining with 3 distinct FAK
antibodies.

Confluent cultures of HUVECs were immunostained with an antibody
to the COOH-terminus of FAK (1033-1052), to the central catalytic
domain of FAK (354-533), and to the NH2-terminus of FAK (2-18).
Note focal adhesion and nuclear staining with the first two antibodies.
The NH2-terminus antibodies does not appear to stain focal adhesions
but co-localises with nuclei as counterstained with DAPI (blue).
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FAK 2-18 + VINCULIN

Fig. 6.2.2 Other markers of focal adhesions do not localise to the
nucleus.

Confluent cultures of HUVECS were immunostained with antibodies to
the focal adhesion components paxillin and vinculin (TRITC). Although
focal adhesion staining is clearly defined, nuclei are distinguished in
these cells by absence of staining. Vinculin-stained cells were also co-
immunostained with antibody to the NH2-terminus of FAK (FITC).
Yellow staining represents colocalisation of FAK and vinculin seen in
the cytosol and in some focal adhesions. FAK nuclear immunostaining,
in contrast, is very prominent.
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Fig 6.3.1 Differential distribution of pI25FAK and a 55 kOa
COOH-terminal fragment between Triton-insoluble and -soluble
fractions.

Confluent cultures of HUVECS were lysed with 1% Triton X-100 and
equal amounts of protein from the triton-soluble compartment (S) and
insoluble pellet (1) were adjusted to SDS-PAGE sample buffer and
immunoblotted with antibodies to the NH2-terminus of FAK (N-FAK)
and the COOH-terminus of FAK (C-FAK). Immunoblots of parallel
fractions with vinculin and paxillin are shown for comparison.
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Fig. 6.3.2 Differential distribution of pl2SFAK and FAK-related
fragments in triton-solubilised HUVECS.

Triton-insoluble fractions were prepared and the lysate was centrifuged at
100,000 g for 60 minutes. The pellet (SP) was solubilised and
immunoblotted in parallel with the Triton-insoluble fractions (I). Fractions
were immunoblotted with antibodies to the FAK NH2-terminus (N-FAK),
the FAK COOFI-terminus (C-FAK), and both antibodies simultaneously
(N-FAK + C-FAK). Immunoblots of parallel fractions with Lamin B,
vinculin and talin are shown for comparison.
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Fig 6.4.1 Differential compartmentalisation of FAK 50 kDa NH2-
terminal and 55 kDa COOH-terminal fragments between nuclear and
cytosolic fractions.

Nuclear (Nuc) and cytosolic (Cyt) fractions were prepared from confluent
cultures of HUVECS and immunoblotted with antibodies to the FAK NH2-
terminus (N-FAK), the FAK COOH-terminus (C-FAK), nucleoporin, Lamin
B. vinculin and paxillin. The positions of 50, 55, 90, 120 and 125 kDa FAK-
immunoreactive species are indicated. Two representative immunoblots
with NH2-terminal and COOH-terminal antibodies are shown. The results
are representative of 15 similar experiments.
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Fig 6.4.2 Differential compartmentalisation of FAK immunoreactive
species between nuclear and cytosolic fractions.

Nuclear (Nuc) and Cytosolic (Cyt) fractions of HUVECS were prepared
and immunoblotted with a monoclonal and polyclonal antibody to the
NH2-terminus of FAK. Note the identical pattern of immunoreactive
bands as recognised by the separate antibodies. A 50 kDa fragment is
exclusively localised to the nucleus as observed before.
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Summary

In this chapter the results demonstrated that, similar to the findings in VSMC,
FAK is expressed in the nucleus of endothelial cells. HUVECs appeared to express
FAK more noticeably in focal adhesions than VSMC as detected by immunofluorescent
staining. Marked perinuclear staining was also detected with an antibody to the COOH-

5FAK \was recovered

terminus of FAK. Following 1% Triton lysis of HUVECs, most p12
from a triton-soluble fraction but an intriguing result was the consistent finding of FAK
immunoreactive species in the triton-insoluble compartment which is mostly comprised
of nuclear and triton-insoluble cytoskeletal components. This finding was further
corroborated by specific fractionation of HUVECs into nuclear and cytosolic
compartments: again significant quantities of FAK immunoreactive species were found
in the nuclear fraction. In addition, a pSON-FAK fragment and a p120 FAK band were
also exclusively localised to the nucleus. Cross-contamination of nuclear and cytosolic

compartments was shown to be small by immunoblotting parallel samples with markers

of the nucleus and focal adhesions respectively.
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CHAPTER 7

Apoptotic regulation of Focal adhesion Kinase

Introduction

A growing body of evidence has indicated a critical role for FAK in transducing
survival signals in anchorage-dependent cells. Although FAK proteolytic cleavage
during apoptosis has already been described, the tyrosine phosphorylation sites
important for FAK-mediated anti-apoptotic signalling are presently unknown. In
addition the temporal relationships between FAK phosphorylation status, FAK cleavage
and intracellular redistribution of cleavage products have not been clearly defined. In
this chapter the regulation and intracellular compartmentalisation of FAK fragments and
FAK site-specific tyrosine phosphorylation were investigated during apoptosis in
HUVECs. Studies were also performed to identify signalling pathways which might be

important in mediating apoptotic regulation of FAK tyrosine phosphorylation.

7.1 Characterisation of Apoptosis in HUVECs

Apoptosis was induced in HUVECs by either serum withdrawal or treatment
with 1 uM staurosporine, a broad-spectrum kinase inhibitor and potent apoptogenic
agent in a variety of cell types (Secrist et al., 1990; Hsu et al., 1997; Janicke et al, 1996;
Lazarovici et al., 1996). Treatment of cells with staurosporine led to rapid changes in
morphology with striking cell retraction and rounding within 10 minutes (Fig.
7.1.1A,B). Similar changes did not occur in serum-deprived HUVECs until after 6 to 8
hours and were less pronounced (Fig. 7.1.3). Within 4 hours of the addition of
staurosporine, cells had begun to detach from the culture dish, and by 8 hours following
treatment, large numbers of cells were detached (Fig. 7.1.1C). By this time there were
no morphologically normal looking HUVECs on the culture dish and those that
remained attached had lost all cell-cell connections and were fully rounded (Fig.

7.1.1D).
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As seen in Fig. 7.1.2, staurosporine-induced morphological abnormalities were
well advanced two hours following treatment and a marked increase in TUNEL-positive
staining was observed after 4 hours treatment. In contrast, TUNEL-positive staining was
not evident in serum-deprived HUVECs until after 12 hours of treatment (not shown).
In addition, whereas staurosporine had caused marked abnormalities in cell morphology
within 10 minutes, no changes were detectable in serum-deprived HUVECs even after 1
hour. Although these cells did begin to detach from the substrate after 4 hours, at 8

hours following serum-withdrawal relatively few cells had detached (Fig. 7.1.3).

7.2 Proteolytic cleavage of p125™¥ during endothelial cell apoptosis

FAK immunoreactivity was next determined in HUVECs induced to undergo
apoptosis by either staurosporine treatment or serum deprivation. Following treatments,
nuclear and cytosolic fractions of cells were prepared and immunoblotted with an
antibody to the NH,-terminus of FAK. Staurosporine increased FAK proteolysis to a
cytosolic 85 kDa fragment and increased expression of nuclear pSON-FAK after 4 to 8
hours (Fig. 7.2A). Expression of p125"* and the p120 FAK variant (see chapter 6)
concomitantly decreased in staurosporine-treated cells. After 16 hours with
staurosporine, p125™* and p120 FAK had completely disappeared and p50N-FAK in
the nuclear fraction was the only major detectable FAK-immunoreactive species (Fig.
7.3.2). Increased pSON-FAK and the pl120 FAK variant were only detected in the
nuclear compartment during apoptosis, while the 90 and 85 kDa fragments were
predominantly in the cytosolic fraction of the staurosporine-treated HUVECs (Fig. 7.2A
and 7.3.2). Western blotting of parallel extracts with antibody to COOH-terminal FAK
revealed a decrease in the level of p125FA K and showed that the p5S5C-FAK species
remained in the cytosolic fraction for up to 16 hours after addition of staurosporine (Fig.
7.3.2).

Compared with staurosporine, serum deprivation induced a much less marked

57K proteolysis and nuclear accumulation of p5ON-FAK (Fig. 7.2B).

increase in pl2
This was consistent with a slower onset of morphological changes, and subsequent cell

detachment in these cells (Fig. 7.1.3).
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7.3 FAK proteolysis during apoptosis is caspase-mediated

Previous studies have demonstrated proteolytic cleavage of FAK during
apoptosis to be caspase-mediated. Therefore the ability of a widely used cell-permeable
caspase inhibitor to inhibit apoptosis in endothelial cells was next examined. The broad-
specificity caspase inhibitor ZVAD-fmk was used for this purpose: cells were pre-
incubated with 100pM ZVAD-fmk for 45 minutes prior to staurosporine treatment. Pre-
incubation of HUVECs with ZVAD-fmk did not cause any detectable changes in cell
morphology (Fig. 7.3.1). In addition, ZVAD-fmk pre-treatment did not abrogate
staurosporine-induced changes in cell morphology nor the progression to cell
detachment in cells treated with staurosporine (Fig. 7.3.1).

ZV AD-fmk markedly inhibited the staurosporine-induced reduction in cytosolic
p12574F as determined by immunoblotting with the COOH-terminal and the NH,-
terminal antibodies (Fig. 7.3.2). Immunoblotting with the NH,-terminal antibody
showed that ZVAD-fmk blocked the increase in pSON-FAK and the decrease in p120
FAK in the nuclear fraction and completely blocked the increase in the cytosolic 85 kDa

proteolytic product without decreasing expression of the 90 kDa band.

74 A calpain-dependent pathway does not mediate apoptogenic FAK

proteolysis

Calpains are another class of proteases whose activity has been implicated in
programmed cell death. To investigate whether apoptogenic FAK proteolysis was in
part calpain-dependent in addition to the proven caspase-dependent pathway, the effects
of the calpain inhibitor PD150606 were examined. Cells were pre-incubated with this
compound for up to 1 hour prior to staurosporine treatment or at the time of serum-
withdrawal. Pre-treatment of HUVECs with PD150606 had no visible effect upon
subsequent apoptotic morphological changes in cells. In addition, there was little effect
on the decrease in p125™*F expression and the accumulation of 85 and 90 kDa
proteolytic fragments in the cytosol. Calpain inhibition also failed to prevent the nuclear
expression of pSON-FAK induced by either staurosporine treatment or serum

deprivation (Fig. 7.4).
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7.5 Site-specific tyrosine phosphorylation of p125 FAK in HUVECs

FAK tyrosine phosphorylation in nuclear and cytosolic compartments of
HUVECs was next examined using antibodies specific for individual FAK
phosphotyrosine residues. Whole cell extracts of confluent, serum-fed HUVECs were
prepared by lysing cells directly in 2X SDS-PAGE sample buffer. Thereafter extracts
were immunoblotted with antibodies to FAK phosphorylated at residues Y397, Y407,
Y576, Y577, Y861 and Y925. As shown in Fig. 7.5, these cells contained significant
amounts of immunoreactivity to anti-pY861, anti-pY407 and anti-pY397, although
immunoreactivity to other phospho-specific FAK antibodies was undetectable.
Antibodies to pY861 and Y397FAK detected major 125 kDa bands in both nuclear and
cytosolic fractions. In addition, anti-pY861FAK recognised a lower abundance band of
~ Mr 130,000 in the nuclear but not the cytosolic compartment. It was found that similar
levels of pY861FAK immunoreactivity were present in the nuclear and cytosolic
compartments, while pY397 and pY407FAK immunoreactivity was mainly in the

cytosol.

7.6 Regulation of FAK tyrosine phosphorylation at residues Y397, Y861 and
Y407

7.6.1 Regulation by staurosporine treatment.

Treatment of HUVECs with 1 uM staurosporine resulted in a rapid loss of
phosphorylation of FAK at Y861 and Y397 in nuclear and cytosolic compartments
which was almost maximal after 10 minutes and sustained thereafter (Fig. 7.6.1). The
decrease in tyrosine phosphorylation of FAK preceded any cell detachment or apoptosis
as judged by TUNEL staining (see Fig 7.1.2), but did occur concomitantly with marked
and rapid changes in HUVEC morphology characterised by cell retraction and loss of
intercellular adhesions (Fig. 7.1.1). FAK dephosphorylation induced by staurosporine
was not associated with any detectable shift in gel mobility of the major 125 kDa

immunoreactive FAK band.
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7.6.2 Remilalion by serum withdrawal.

Next the effects of serum withdrawal upon FAK tyrosine phosphorylation at
residues Y397. Y861 and Y407 were investigated in HUVECs. Longer periods of serum
deprivation caused a marked decrease in tyrosine phosphorylation at Y397, Y861 and
Y407 (Fig. 7.6.2) which was slower than that induced by staurosporine (Fig. 7.6.1) but
preceded a detectable decrease in pl25FAK and increase in FAK proteolysis (Fig.
7.2B). A salient feature of the effect of serum withdrawal upon HUVECs was that the
overall decrease in immunoreactivity to anti-pY861FAK was preceded at earlier times
by a marked shift in the gel mobility of the major anti-pY861FAK immunoreactive
band in the nuclear compartment from a band of Mr 125,000 to a more slowly migrating
form of ~ Mr 130.000 which was present constitutively at a lower level (Fig. 7.6.2 and
also Fig. 7.5). The mobility shift in the nuclear pY861 immunoreactive band was
detectable as early as 60 minutes, reached a maximum after 4 hours and was sustained
up to 8 hours. In contrast, little significant mobility shift occurred in the cytosolic
pY861 125 kDa FAK band, and the most striking change in cytosolic Y861
phosphorylation status was a marked decrease, while total phospho-Y861
immunoreactivity persisted at a higher level for up to 8 hours. No detectable mobility

shift in FAK was detected by antibodies to pY407FAK and pY397FAK (Fig 7.6.2).

7.7 Mechanism of staurosporine-induced FAK tyrosine dephosphorylation

Although it is well recognised that staurosporine is a broad-spectrum kinase
inhibitor, it has been established to exhibit greater potency for protein Kinase C (PKC)
than other kinases. Therefore the role of PKC inhibition in mediating staurosporine-
induced FAK dephosphorylation and proteolysis was examined using the selective PKC
inhibitor. GF109203X (Toullec et al. 1991). This compound strongly inhibited FAK
phosphorylation at Y861 with a very similar time dependence to that for staurosporine
determined in parallel cell cultures (Fig. 7.7.1). Similar to staurosporine, GF109203X
also induced an increase in expression of nuclear pSON-FAK, loss of pi25"*" and
increased generation of the cytosolic 85 kDa proteolytic cleavage product (Fig 7.7.1,

bottom panel). All of these changes were detectable after 4 hours and occurred after
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FAK dephosphorylation was complete. Interestingly, despite producing very similar
changes in FAK dephosphorylation and proteolysis, GF109203X did not induce marked
changes in morphology of HUVECs. Indeed the changes noted were very similar to
those described following serum withdrawal with morphological abnormalities not
evident until after several hours and reduced cell detachment as compared to
staurosporine-treated cells (Fig. 7.7.2).

The role of PKC was further examined using the structurally unrelated and
mechanistically distinct PKC inhibitor, calphostin C. A comparison of the effects of
staurosporine and the two PKC inhibitors was made wusing basal tyrosine
phosphorylation of Y861 in untreated HUVECs as a control. As shown in Fig. 7.7.3,
FAK is constitutively phosphorylated at Y861 in whole cell lysates. Following 1 hour of
serum deprivation, Y861 immunoreactivity underwent mobility shift to a doublet
comprising 130 and 125 kDa forms. This was consistent with earlier results (Fig. 7.6.2).
Calphostin C induced dephosphorylation of Y861 more slowly with inhibition evident
after 30 and 60 minutes. Like GF109203X, calphostin C did not cause significant
changes in cell morphology over the 1 hour time-course examined in contrast to rapid

induction of cell retraction by staurosporine over the same period.
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Fig. 7.1.1 Staurosporine induces rapid changes in cell morphology in
confluent primary culture of HUVECs.

Confluent cultures of HUVECs (A), were treated with 1[iM staurosporine
After 10 minutes, cell retraction and rounding were already detectable (B).
Cell detachment was visible within 4 hours of treatment and by s hours was
marked with >30% of the cell population floating. These cells appeared as
bright, rounded bodies on bright-field microscopy (C). At higher
magnification, no normal cells are visible at s hours, and no intercellular
connections are apparent (D).

Photographs were taken with a Nikon Axiophot camera using phase contrast
(A and B) or bright field microscopy (C and D).
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Fig. 7.1.2 Staurosporine-induced TUNEL staining in HUVECs.
HUVECS were treated with 1[iM staurosporine for the times indicated
and then subjected to TUNEL staining and co-immunostaining with
the fluorescent marker Propidium Iodide. Dysmorphic changes,
including marked cell retraction, are an early finding. Consistent with
the gross morphological changes seen in Fig. 7.1.1 at s hours
following staurosporine treatment, most of these cells are TUNEL
positive at this time.
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Fig. 7.1.3 Gradual loss of cell-cell contact and delayed cell
detachment in serum-deprived HUVECs.

No detectable changes in HUVEC morphology were noted as early as 1
hour following serum deprivation. However, after 8 hours cell retraction
and loss of cell-cell contact was noted along with detachment of small
numbers of cells (see arrow).

Photographs were taken with a Nikon Axiophot camera using phase
contrast (upper panels) or bright field microscopy (lower panel).
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Fig. 7.2 Protein expression of a FAK 50 kDa NH2-terminal fragment
increases in the nucleus during endothelial cell apoptosis.

HUVECS were either treated with IpM staurosporine (A) or incubated in
serum-free medium (B) for the times indicated in hours. Nuclear and
cytosolic extracts were then prepared and immunoblotted with antibody
to the FAK NH2-terminus. The result shown is representative of 4 similar
experiments.
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Fig. 7.3.1 Caspase inhibition does not abrogate staurosporine-induced
changes in cell morphology and the progression to cell detachment.

Fully confluent HUVECs were pre-incubated with the broad-spectrum caspase
inhibitor ZVAD-fmk for 45 minutes (upper panels). HUVECs pre-treated with
ZVAD-fmk were given IpM staurosporine and compared to cells treated with
IpM staurosporine alone (lower panels). Similar proportions of floating cells
were visible in HUVEC cultures incubated with ZVAD-fmk and staurosporine
together as compared with staurosporine treatment alone.

Photographs were taken with a Nikon Axiophot camera using phase contrast
(upper panels) or bright field microscopy (lower panels).
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Fig 7.3.2 Nuclear accumulation of a FAK 50 kDa NH2-terminal fragment is
reduced by a caspase inhibitor.

Cells were treated with 1 [aM staurosporine for the time indicated in hours in the
presence or absence of 100 pM ZVAD-fmk. Nuclear (N) and cytosolic (C)
extracts were then prepared and immunoblotted with antibodies to the FAK
COOH-terminus (C-FAK) or FAK NH2-terminus (N-FAK). The result shown is
representative of 3 similar experiments.
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Fig. 74 FAK proteolytic cleavage during apoptosis is not
calpain mediated.

Cells were incubated in serum-free medium or treated with 1 pM
staurosporine in the presence or absence of 50 pM PD 150606.
Cytosolic (A) and nuclear (B) extracts were then prepared and
immunoblotted with an antibody to the NH2-terminus of FAK (N-
FAK). The results shown are representative of 3 similar
experiments.
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Fig 7.5 Basal FAK tyrosine phosphorylation at Y397, Y861 and Y407
in HUVEC:s.

Nuclear (N) and cytosolic (C) extracts were prepared from confluent
unstimulated HUVECs and immunoblotted with antibodies to FAK
phosphorylated at Y397, Y861, Y407, Y576, Y577 and Y925. Whole cell
extracts were also prepared and immunoblotted with antibodies to FAK
phosphorylated at Y397 and Y861. The positions of 125 and 130 kDa
FAK-immunoreactive species are indicated. The results shown are
representative of 3 similar experiments. U oEctc
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Fig. 7.6.1 Staurosporine induces rapid dephosphorylation of FAK at Y861 and
Y397.

Cells were treated with IpM staurosporine for the times indicated in minutes.
Nuclear and cytosolic extracts were then prepared and immunoblotted with
antibodies to FAK phosphorylated at Y861 (A) and Y397 (B). The results shown
are representative of 3 similar experiments.
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FOLLOWING PAGE

Fig. 7.6.2 serum deprivation induces cytosolic dephosphorylation of FAK at
Y861, Y397 and Y407 and a mobility shift in pY861FAK.

HUVECS were incubated with serum-free medium for the time indicated in hours.
Nuclear and cytosolic extracts were then prepared and immunoblotted with
antibodies to FAK phosphorylated at Y397, Y407 or Y861. The positions of of
125 and 130 kDa FAK-immunoreactive species are indicated. The results shown
are representative of three similar experiments.
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Fig. 7.7.1 The PKC inhibitor GF109203X induces rapid dephosphorylation
of FAK at Y861 and nuclear accumulation of a 50 kDa NH2-terminal
fragment.

Cells were treated with 1 /iM staurosporine or 3 GF109203X for the times
indicated in hours. Nuclear and cytosolic extracts were then prepared and
immunoblotted with antibodies to FAK phosphorylated at Y861 or the FAK
NH2-terminus.
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Fig. 7.7.2 The PKC inhibitor GF109203X has similar effects on HUVEC
morphology as serum deprivation alone.

Despite marked effects of PKC inhibition on FAK tyrosine
dephosphorylation and proteolysis, there are no discernible differences on
HUVEC morphology between treatment with GF109203X and treatment
with serum deprivation alone.

Y861
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Fig 7.7.3 Staurosporine-induced dephosphorylation of FAK at pY861 is
PKC-mediated.

Cells were incubated in serum-ffee medium or treated with IpM
staurosporine (Stauro) or 3 JAM GF109203X or IpM calphostin-C (Cal-C)
for the times indicated in minutes. Cells were then directly extracted into
2XSDS sample buffer and immunoblotted with antibody to FAK
phosphorylated at Y861. The position of 125 kDa FAK-immunoreactive
species is shown.
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Summary

The results in this chapter have demonstrated FAK proteolysis in endothelial
cells undergoing apoptosis and compartmentalisation and apoptotic regulation of an
amino-terminal FAK fragment, p50N-FAK, previously described in chapter 6.
Apoptosis in HUVECs — induced by either chemical means or growth factor withdrawal
— 1s identified by characteristic changes in cell morphology and the development of
TUNEL-positive staining. These changes are accompanied by striking changes in
expression of p125FAK with evidence of proteolytic cleavage to 90 and 85 kDa
fragments taking place within 4 hours of staurosporine treatment and a corresponding
decrease in the expression of pl1257*, Whilst these changes occurred in the cytosolic
compartment, there was a concomitant increase in the expression of pSON-FAK in the
nuclear compartment. Serum withdrawal led to a similar pattern of proteolytic events
but at a slower rate and with less marked changes in expression levels of pl25FAK and

related species.

Using a broad-spectrum caspase inhibitor, ZVAD-fmk, it was demonstrated that
FAK proteolytic cleavage during staurosporine-induced apoptosis was caspase-

FAK .
5FAK expression and

dependent. Caspase inhibition effectively inhibited loss of pl2
prevented the generation of proteolytic fragments as well as abrogating nuclear
accumulation of the pSON-FAK fragment. Interestingly, despite the protective effects of
caspase inhibition on FAK proteolysis, treatment with ZVAD-fmk did not prevent the
morphological changes associated with staurosporine treatment. FAK proteolysis during
apoptosis did not appear to be mediated by a calpain-dependent pathway as inhibition of
calpains by a broad-spectrum calpain inhibitor failed to prevent apoptotic cleavage of

FAK during either serum withdrawal or staurosporine treatment.

In the remainder of this chapter, results characterising apoptotic regulation of
FAK tyrosine phosphorylation were presented. The results demonstrated basal tyrosine
phosphorylation at residues Y397 and Y407 predominantly in the cytosolic fraction and

Y861 phosphorylation in both nuclear and cytosolic fractions of endothelial cells. The



151

effects on FAK phosphorylation of inducing apoptosis were then examined. Serum
withdrawal led to rapid dephosphorylation of FAK at residues Y407 and Y397 with
almost complete loss of signal by one hour. Changes in pY861 were more complex with
a gel mobility shift from 125 to 130 kDa forms in the nuclear compartment and a
decrease in p125 Y861FAK in the cytosol. Staurosporine treatment induced much more
rapid loss of tyrosine phosphorylation at residues Y861 and Y397 without any
accompanying changes in gel mobility. A striking feature of these data was that,
following either staurosporine treatment or serum withdrawal, tyrosine

dephosphorylation preceded detectable loss of p125F AK and FAK proteolysis.

Finally data were presented implicating a role for PKC in early regulation of
pY861FAK phosphorylation during endothelial cell apoptosis. Inhibition of PKC was
not only shown to cause tyrosine dephosphorylation at Y861, but also to cause

decreased expression of p125 ¥ and nuclear accumulation of p50N-FAK.
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CHAPTER 8

Discussion

Atherosclerosis and other vasculoproliferative disorders result in part from
changes in the two major cellular constituents of the vessel wall, VSMC and the
endothelium. It is thought that endothelial dysfunction may be a primary event or
process which initiates a chronic inflammatory response in turn leading to phenotypic
change in VSMC. Two consequences of this are excessive migration and proliferation
of VSMC, which lead to the formation of a neo-intima. This process is subsequently
maintained by ongoing endothelial dysfunction and VSMC migration/proliferation with
the involvement of other cells, particularly the monocyte/macrophage.

I
!

The molecular events underlying VSMC phenotypic change and loss of! p

endothelial function were still largely unknown at the outset of this thesis, although } } -

some aspects of these phenomena had previously been documented. Earlier work from

this laboratory had established that a non-receptor protein tyrosine kinase called FAK
)

-

primary cultures of rabbit VSMC and implicated activation of FAK in the VSMC
chemotactic response to PDGF-BB (Abedi et al., 1995). It had also been shown that
VEGF, a specific mitogen and survival factor for ECs, stimulates FAK and paxillin
tyrosine phosphorylation and increases FAK recruitment to focal adhesions in HUVECs
(Abedi and Zachary, 1997). Focal adhesions are thought to be important for mediating
signal transduction in cell migration and are closely linked to cell survival signalling,
particularly in anchorage dependent cells such as VSMC and HUVECs.

FAK has also emerged as a key player in a number of biological pathways
including cell migration and adhesion, cell survival and proliferation and in
development. The overall goal of this thesis was twofold. Firstly, to investigate the
regulation of FAK with respect to phenotypic modulation of VSMC using primary
rabbit aortic VSMC as a model system. Secondly, given that focal adhesion integrity is
thought to be a critical determinant of cell survival and signalling in ECs, it was

examined whether FAK played a role in the apoptotic response of HUVECs.
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The results presented in chapter three showed the expression of focal adhesion
components in early explant culture. The explant model of rabbit aortic medial VSMC
outgrowth provides a useful in vitro model in which the phenotypic modulation of
VSMC from a contractile to a synthetic phenotype (as seen in the lesions of neointimal
hyperplasia) is consistently reproduced. It has been established that VSMC derived
from this method are able to proliferate with a doubling time of ~ 36 hours and undergo
loss of expression of contractile proteins in culture (Fritz et al., 1970). This is in
contrast to the enzyme dispersal technique wherein VSMC proliferate much more
slowly (doubling time ~68 hours) and retain expression of contractile proteins through
several passages in culture (Kirschenlohr ef al., 1995). The explant model therefore
presents an opportunity to examine the molecular mechanisms underlying the
phenotypic transition of VSMC in primary culture. The initiation of outgrowth of
VSMC from rabbit aortic explants occurs after several days in culture and outgrowth
involving the majority of explants takes from 10 to 14 days. These findings are
consistent with the results of other workers using explant models (Campbell and
Campbell, 1993). The lag interval of several days preceding the appearance of VSMC
outside explants presumably reflects the inability of the differentiated VSMC to
migrate.

The results presented have shown for the first time that increased expression of
FAK and other signalling components of focal adhesions occurs during the early stages
of medial VSMC culture, preceding and overlapping with cell migration and outgrowth
from explants. Thus FAK, paxillin and p130“® proteins were upregulated in primary
VSMC cultures established by explant outgrowth as compared to fresh uncultured
medial tissue. The expression of these proteins increased after culture of fresh medial
explants in either serum or a combination of the defined growth factors PDGF-BB,
bFGF and IGF-1. Although these growth factors are well established mitogenic and/or
chemotactic agents in vascular cells, other than a study correlating PDGF-BB-induced
chemotaxis with FAK and paxillin tyrosine phosphorylation (Abedi et al., 1995), there
have been no reports of the effects of these molecules on regulation of focal adhesion

components in vascular cell migration.

5FAX initially declined

[t was noted on several occasions that expression of pl12
from a higher basal level in the early stages of explant culture prior to increasing again.

An initial upregulation may have arisen during the process of harvesting the explants:



154

rabbit aortic dissection involves subjecting the aorta to mechanical stretch, which is
known to stimulate FAK tyrosine phosphorylation in cardiomyocytes and ECs (Seko et
al., 1999; Naruse et al, 1998) and may also induce FAK expression. This is a
possibility which warrants further experimentation. The subsequent decrease in
expression may in turn reflect a return to an unstimulated basal level.

Increased protein expression of FAK and p130*

during early explant culture in
serum or in growth factor-supplemented medium was accompanied by a marked
increase in association of these components. Western blots of proteins derived from
either direct cell extracts or co-immunoprecipitation experiments showed
immunoreactive p130® bands migrating at approximately 130 and 125 kDa with the

0“* bands have been reported by other workers (Sakai

former predominant. Similar p13
et al, 1994a; Polte and Hanks, 1995) and may reflect modifications to p130Cas such as
different levels of tyrosine phosphofylation or serine/threonine phosphorylation.

Increased expression of the focal adhesion components FAK, paxillin and
p130Cas in early explant culture was accompanied by a striking concomitant decrease in
expression of VSMC-specific MHC and later by a decrease in expression of VSMC-
specific a-actin. Hence, upregulation of FAK, paxillin and p130Cas appears to be
associated with an early stage in the transition of VSMC from a contractile state to a
phenotype characterised by loss of components of the contractile machinery and
increased capacity for cell migration and proliferation. In the context of these findings it
is of interest to note that modulation of rat VSMC phenotype by fibronectin was
reported to be associated with increased FAK tyrosine phosphorylation and
phosphotyrosine staining of focal adhesions (Hedin et al., 1997).

It is tempting to speculate that the increased expression of FAK, paxillin and
p130“® are part of the molecular sequence necessary for the outgrowth of VSMC during
explant culture. Greater expression of FAK and other focal adhesion components could
play a role in ﬁleglie}ﬁné\the phenotypic modulation of VSMC during explant culture
from a contractile l-form to one that has the capacity to migrate/proliferate. Focal
adhesions play a key role in cell adhesion and locomotion and several lines of evidence
support a role for FAK in regulating the rate of cell migration. FAK-deficient mice
develop gross abnormalities in the development of mesenchymal tissue organisation,
and cells from the embryos of these mice have reduced rates of migration and a more

disorganised actin cytoskeleton (Ilic et al., 1996). Overexpression of wild-type FAK
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enhances cell migration (Cary et al., 1996, 1998) and overexpression of FRNK inhibits
FAK tyrosine phosphorylation and delays focal adhesion formation in fibroblasts
(Gilmore and Romer, 1996; Richardson and Parsons, 1996). FAK has been previously
reported to associate with p130“* in other cell types and co-expression of p130°® with
FAK enhanced the migratory response of cells compared with that induced by
expression of FAK alone (Cary ef al., 1998). An alternative explanation for the
upregulation of FAK in VSMC during early explant culture may be linked to its cell
survival functions. Although the role of FAK in survival signalling in VSMC was not
addressed in this thesis, a detailed consideration of FAK survival signalling in ECs
follows in the discussion of chapter 7 results.

An 1mportant caveat to the results in chapter 3 is that regulation of mRNA levels
was not examined and therefore it is unclear whether FAK is regulated at the level of
protein expression or mRNA expression. Further investigation to elucidate the
expression of FAK in explant culture should entail examination of mRNA expression of

FAK.

Given the results obtained for expression of focal adhesion components, it was
of further interest to examine changes in expression of other signalling molecules
implicated in signalling linked to cell migration. An increase in the expression of UPAR
was noted in early explant culture prior to the onset of detectable VSMC outgrowth.
The role for UPAR in such outgrowth is yet to be determined although evidence is
accumulating which suggests a role for UPAR in VSMC migration (Okada et al., 1996;
Kenagy et al., 1996; Dumler et al., 1998). It is possible therefore that the phenotypic
modulation of VSMC also involves changes in expression of UPAR which may serve to
mediate cell migration. This could be facilitated either through enhanced ECM
degrading capacity or by non-proteolysis-dependent signalling mechanisms. In the
context of the latter possibility, a recent report has implicated UPAR-associated
activation of the Jak/Stat signalling cascade in the regulation of migration of human
VSMC (Dumler et al., 1998).

Expression of the small GTP-binding protein Rho was greatly reduced in
extracts prepared from medial tissue as compared to extracts from fresh, whole aortic
tissue and deendothelialised aorta. In a 10 day explant culture time course Rho

expression was increased in uncultured medial tissue, declined to almost undetectable
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levels and thereafter increased markedly prior to the onset of VSMC outgrowth.
Considering Rho is thought to play a role in cell migration, which does not occur in
native aortic tissue in vivo, it is not clear why Rho expression should be detectable in
uncultured aortic tissue. However integrin signalling, which is implicated in the
transmission of mechanical stress (reviewed in Lehoux and Tedgui, 1998), is thought to
be regulated at least in part by Rho proteins. Thus given that the aorta is subject to a
variety of mechanical forces in the form of stretch (tensile stress), blood pressure, and
shear stress, one might expect high basal levels of expression of proteins involved in the
propagation of signals responsible for and arising from mechanical forces. Direct
evidence of a role for Rho proteins in mediating smooth muscle cell contractility came
from studies in permeabilised smooth muscle where introduction of activated Rho
greatly enhanced contractility at given calcium concentrations and lowered the calcium
requirement for contractility (Hirata et al., 1992). Rho is thought to stimulate muscle
contractility through inhibition of myosin light chain kinase (MLCK) phosphatase
resulting in enhanced phosphorylation of myosin light chain kinase (Noda et al., 1995)
MLCK regulates the interaction of myosin with actin (reviewed in Burridge and
Chrzanowska-Wodnicka, 1996).

Alternatively handling of the aorta during the dissection procedure may also
contribute to increased basal Rho expression. It might be postulated that the subsequent
decline in Rho expression simply reflects the absence of mechanical stress once the
explants are harvested and that the subsequent rise in Rho expression, enabling stress
fibre formation and focal adhesion formation, may be a prerequisite for VSMC

outgrowth.

The expression of signalling molecules involved in mitogenic signalling in early
explant culture was also examined in chapter 4. The results showed that PCNA
expression increased dramatically after three days in culture, prior to the onset of visible
explant outgrowth. This finding is consistent with re-entry of explant VSMC into the
G1 phase of the cell cycle and although it does not prove that those cells are
proliferating, studies from other workers have demonstrated proliferation of cells (using
[*H]thymidine incorporation into DNA) in explant models of VSMC culture (Fritz et
al., 1970; Rossi et al., 1973; Wight et al., 1977). It was therefore of interest to compare

and contrast the time-course of FAK expression with that of ERKs 1 and 2, which are
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thought to be centrally involved in mitogenic signalling pathways in VSMC and other
cell types.

In striking contrast to FAK, ERKs 1 and 2 showed a marked decrease in
expression during early explant culture either in serum or in the presence of PDGF-BB,
IGF-1 and bFGF, as judged by western blotting with antibodies to either activated or
total ERKs 1 and 2. The decrease in ERK expression was paralleled by a decrease in
expression of GRB-2, which links RTKs to ras-dependent activation of the ERK
cascade. These results are intriguing given the large body of evidence which
demonstrates the involvement of the ERK cascade in the proliferation of many cell
types. This finding suggests that in explant VSMCs, mitogenic pathways other than
those utilising ERKs may be involved in cell proliferation. In support of this, it was
reported that in human arterial VSMC that express the inducible form of
cyelooxygenase-2 (COX-2), activation of ERKs serves as a negative regulator of
proliferation (Bornfeldt et al, 1997). In addition, COX-2 expression is increased in rat
aortic VSMC stimulated to proliferate by serum or growth factors (Serhan et al., 1996;
Pritchard et al., 1994; Rimarachin et ai, 1994). It therefore seems plausible that explant
VSMC are also able to upregulate COX-2 and that negative regulation of COX-2
through inhibition of expression and activation of ERKs may be permissive for
phenotypic modulation and subsequent mitogenic signalling in these cells. Furthermore,
it is well established that activation of ERKs by distinct ligands in the same cell type
leads to different biological responses. In PC12 cells, for example, epidermal growth
factor-stimulated ERK activation may mediate mitogenesis whereas nerve growth
factor-stimulated ERK activation has been implicated in growth arrest and

differentiation (Traverse et al, 1992).

Although focal adhesions are thought to be the key sites of action of FAK, the
subcellular localisation of FAK in VSMC had not previously been addressed in detail.
In chapter 5, immunotluorescence studies of FAK in primary cultures of VSMC led to
the unexpected finding that FAK is at least partly localised to the nucleus in VSMC.
FAK immunostaining showed surprisingly weak FAK staining of focal adhesions, while
paxillin and vinculin focal adhesion immunostaining was abundant and vivid. In
contrast, nuclear FAK immunostaining was relatively strong, reproducible and was

obtained using several distinct antibodies. Furthermore FAK immunostaining of both
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the nucleus and focal adhesions was abolished by peptide competition of the primary
antibody. Western blotting of crude subcellular fractions prepared from Triton X-100 or
Nonidet-P40 lysates showed significant levels of plZSFAK in detergent-insoluble
compartments and a 55 kDa COOH-terminal FAK fragment (pS5C-FAK) solely in the
Triton-soluble compartment. Further evaluation of FAK intracellular distribution by
blotting purified nuclear and cytosolic extracts of VSMC also showed a significant
fraction of p125™* and most of a 50 kDa NH,-terminal domain FAK fragment were
present in the nuclear fraction, while the COOH-terminal fragment was found only in
the cytosol. Because the 50 kDa band (pSON-FAK) was recognised only by antibodies
directed to NH)-terminal residues of FAK, it is highly likely that this fragment
corresponds to the NHj-terminal non-catalytic domain of FAK. On the basis of its
apparent molecular weight it is predicted to contain amino acid residues 1 to 407 which
would make it identical or very similar to a previously reported NH,-terminal apoptotic
cleavage product in ECs (Levkau et al., 1998). P5SON-FAK is also constitutively
expressed in the nuclear fraction of HUVECsS (see chapter 6).

The less prominent immunostaining of focal adhesions in VSMC with
antibodies to FAK compared with antibodies to vinculin and paxillin was a surprising
feature and could possibly reflect masking of FAK antibody recognition epitopes in
focal adhesions. It is, however, somewhat implausible that epitopes at the COOH- and
NH;-termini, and in the middle portion of FAK, would be concealed from 3 separate
FAK antibodies. Alternatively, FAK may simply not be recruited to focal adhesions in
VSMC to the same extent as other focal adhesion components nor to the same extent as
noted in other cell types. Interestingly, diffuse cytosolic immunostaining of VSMC
which was not related to focal adhesions was noted with antibodies to FAK. When FAK
was first cloned in mouse, it was reported to immunolocalise to focal adhesions and in a
perinuclear distribution (Hanks ez al., 1992). Other studies have reported FAK
localisation to focal adhesions in rodent VSMCs , but used cells after multiple passages
(Wilson ef al., 1995; Zheng et al., 1998). A recent study of FAK proteolysis and focal
adhesion disassembly in human VSMC did not examine FAK immunolocalisation
(Carragher et al., 1999). It is possible that FAK association with focal adhesions may
increase with time and/or passage number in culture. Hence the cytosolic localisation of
FAK noted in primary cultures of explant VSMC may represent a cytoplasmic pool

from which FAK can be recruited to focal adhesions or perhaps other intracellular
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destinations. One line of evidence to support this came from data showing translocation
of FAK from a perinuclear distribution in attached, unstimulated cardiomyocytes to
focal adhesions, following VEGF stimulation (Takahashi e al., 1999).

Nuclear localisation of FAK is a novel finding in VSMC although it has been
noted in ECs previously (Abedi and Zachary, 1997, Levkau et al., 1998). It is of interest
that in a study detailing the cloning and characterisation of a novel FAK homologue
(Dfak56) in Drosophila, Dfak56 nuclear as well as focal adhesion immunostaining was
reported in a Drosophila neuronal cell line (Fujimoto et al., 1999). Other focal adhesion
and cytoskeletal-associated components, including the p130“®-related protein HEF1,
and Zyxin, have also been reported to be localised in part to the nucleus (Law et al.,
1996; Nix and Beckerle, 1997). Relatively small molecules (less than 60 kDa ) may be
able to diffuse through the nuclear pore; this is true of actin (Wada et al., 1998) and may
be the case for pSON-FAK. Larger molecules however have been shown to gain entry to
the nucleus either by virtue of nuclear localisation sequences (NLS) or by interactions
with NLS-containing partners (reviewed in Nigg, 1997). Although FAK does not
contain a classical nuclear localisation signal, nuclear targetting of several proteins can
also involve atypical localisation motifs (Nigg, 1997; Sachdev et al., 1998; Schmalz et
al., 1998).

Efficient mechanisms also exist in cells for translocating proteins from the
nucleus to the cytoplasm. Such mechanisms appear to be dependent upon nuclear export
signals (NESs) prototypical examples of which are found in HIV-1 Rev protein and in
the polypeptide inhibitor of cAMP-dependent protein kinase, PKI-a (Fisher ef al., 1995;
Wen et al., 1995)(see Fig. 8.1). A typical NES consists of a short hydrophobic sequence
(up to 12 amino acids), with a high leucine content (Nix and Beckerle, 1997). Inspection
of the FAK amino acid sequence revealed a previously unreported consensus nuclear
export signal between residues 166-176, IALKLGCLEI, which is conserved between
human, murine and chicken FAK and shares homology with other canonical export
signals (see Fig 8.1).

The role of this motif is unknown and its possible function warrants further
investigation. This may involve mutating the sequence to see if it can cause
mislocalisation of FAK which, if this is a functional NES, might be predicted to cause
excessive nuclear accumulation relative to the cytoplasm and focal adhesions.

Alternatively the motif could be added to a protein which is too large to exit the nucleus
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by diffusion, such as bovine serum albumin, and observing if nuclear export is

facilitated.

FAKi66-176 IALKLGCLEI
PKI-a3746 LALKLAGLDI
HIV-1 Rev738i LPPLERLTL
Zyxin319330 LTMKEVEELELL
Consensus HXI4HX23LXH

Fig. 8.1 A canonical nuclear export signal is localised

in the NHz-terminal domain of FAK.

H refers to the hydrophobic amino acid residues (leucine,
isoleucine or valine). The L residue is always conserved.

The p55C-FAK fragment was only recognised by the antibody to the COOH-
terminus of FAK (immunogenic epitope residues 1033-1052) and therefore is most
likely to be similar to p41/43 FRNK (Schaller et al, 1993). A COOH-terminal FAK
fragment of this size has not been previously reported although a smaller (35 kDa)
fragment was detected in apoptotic Jurkat cell extracts (Gervais et ai, 1998). Given that
p5S5C-FAK is constitutively expressed in VSMC, it may well arise from an alternative
mRNA transcript, in much the same way as FRNK, and function in the negative
regulation of FAK in VSMC. Although it may be small enough to enter the nucleus by
diffusion, the presence ofthe FAT domain is perhaps sufficient to ensure its constitutive
focal adhesion localisation.

The finding that FAK fragments corresponding to the NH:-terminal and COOH-

terminal domains are differentially compartmentalised is of particular note. The NHaz-
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terminal non-catalytic domain has been implicated in binding to the cytoplasmic
domains of B, and B; integrin subunits (Schaller et al., 1995). However the motifs in
this domain which are involved in integrin associations have not been defined and its
functions are otherwise unknown. Furthermore, recent findings indicate that the NH,-
terminal domain is dispensable for adhesion-dependent regulation of FAK and paxillin
tyrosine phosphorylation (Shen and Schaller, 1999). One possible role for pSON-FAK is
the regulation of p125"** functions. Lack of COOH-terminal FAT domain residues
prevent—: FAK from localising to focal adhesions (Hildebrand et al., 1993). In this
context it is of interest that a FAK mutant construct lacking the COOH-terminal 14
amino acid residues interferes with FAK function and inhibits cell cycle progression by
competing with endogenous FAK binding to Src and Fyn (Zhao et al., 1998). Hence it
is plausible that segregation of NH,-terminal fragments lacking a functional COOH-
terminal domain may be necessary to prevent interference with focal adhesion
associated functions of full-length p125¥¥. Alternatively NH,-terminal variants may
perform other, as yet unknown, functions. Regardless of the precise role of nuclear FAK
in VSMC, these findings indicate that cellular functions of FAK may not be determined
solely by its association with focal adhesions and suggest novel regulatory roles for

FAK and FAK fragments in these cells.

Given the unexpected nature of the findings presented in chapter 5, it was of
interest to examine whether nuclear localisation of FAK and the segregation of NH,-
and COOH-terminal domain fragments was a specific feature of VSMC or was also
observed in ECs. Accordingly, in chapter 6, the subcellular localisation of FAK in
HUVECs was investigated. Nuclear localisation of FAK was demonstrated by
immunostaining with different antibodies and immunoblotting of nuclear and cytosolic
cell fractions. The results showed that 3 different FAK antibodies produced
immunofluorescent staining of the nucleus as well as focal adhesions. Focal adhesion
staining with these antibodies was much more prominent in HUVECs than observed in
VSMC. The antibody to the COOH-terminal domain of FAK also produced very
pronounced perinuclear and cytoplasmic staining which was also seen with the antibody
to the catalytic region although less prominently. In addition NH,-terminal and COOH-
terminal antibodies detected some pl125™4F in the nuclear fraction of digitonin-

permeabilised HUVECs although most immunoreactive p125™% was in the cytosolic
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fraction. As noted in VSMC, there was a striking segregation of p50N-FAK, found only
in the nuclear compartment, and pSSC-FAK which was present only in the cytosolic
fraction of these cells. Furthermore a p120 band recognised solely by the NH,-terminal-
specific antibody was detected only in the nuclear fraction. Since this band was not
recognised by the COOH-terminal-specific antibody, it seems most likely to represent
an endogenous FAK species truncated at the COOH terminus. However the possibility
that this is a protein immunologically related to FAK cannot be excluded. Although
pS5C-FAK and pSON-FAK comprised only a small fraction of total FAK
immunoreactivity relative to p125FAK

HUVEC:s.
Differential compartmentalisation of p125™¥ relative to both p55C-FAK and

, they appeared to be present at similar levels in

pSON-FAK was suggested by Triton solubilisation. The findings that similar amounts of
p125"4% were associated with the Triton-insoluble compartment and with protein-
protein complexes resistant to Triton solubilisation, while pS5C-FAK and pSON-FAK
were highly enriched in the 100,000 g pellet relative to the Triton-insoluble fraction,
suggest that the FAK COOH- and NH,-terminal domains are more abundant than the
125 kDa form in multi-component aggregates resistant to Triton solubilisation. It may
also be tentatively inferred from these studies that a large proportion of p125™¥ is
Triton-soluble and likely to constitute a free cytosolic pool. Immunofluorescence data
from HUVECs showing copious perinuclear and cytoplasmic FAK immunostaining

support this interpretation.

The studies presented in chapter 7 examined the apoptotic regulation of FAK in
HUVECs. Staurosporine was shown to induce apoptosis rapidly compared to serum
deprivation of HUVECs, as determined both by TUNEL staining and cell detachment.
Proteolytic cleavage of FAK to 90 and 85 kDa fragments localised to the cytosol and
concomitant loss of p125™¥ and the 120 kDa FAK variant were also demonstrated. The
p55C-FAK species remained localised to the cytosolic compartment and its expression
was much reduced after 16 hours of staurosporine treatment. In contrast, expression of
the pSON-FAK fragment in the nuclear fraction increased with time in staurosporine-
treated cells. Serum-deprivation caused similar but less marked changes in protein
expression of FAK and FAK-related species to those noted with staurosporine.

Consistent with these findings, serum-deprived cells were slower to exhibit TUNEL-
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positive staining and did not detach as rapidly as staurosporine-treated HUVECs.
Although caspase inhibition with ZVAD-fmk was effective in limiting FAK proteolysis,
it did not prevent changes in cell morphology or the progression to cell detachment in
staurosporine-treated cells. Pre-treatment of cells with a calpain inhibitor failed to
prevent FAK proteolysis to 85 and 90 kDa fragments or the increase in nuclear
expression of pSON-FAK induced by either staurosporine or serum-deprivation.

The finding that pSON-FAK expression increased only in the nuclear fraction
during HUVEC apoptosis and could not be detected at significant levels in the cytosolic
fraction in non-apoptotic cells, suggests that this fragment is either generated in the
nuclear fraction or is rapidly sequestered to this compartment after proteolysis. It has
been previously suggested that caspase-dependent FAK cleavage products produced
during apoptosis may undergo translocation from the cytosol to the nucleus (Levkau et
al., 1998). Since pSON-FAK could not be detected in the cytosolic fraction of HUVECs,
and 90 and 85 kDa proteolytic cleavage products occurred predominantly in the cytosol,
the results presented here do not provide evidence in support of nuclear translocation
during apoptosis. The ability of the broad-specificity caspase inhibitor ZVAD-fmk to
reduce the staurosporine-induced increase in pSON-FAK while inhibiting cleavage of
p125"*% and the accumulation of the 90 kDa product, suggests that generation of pSON-
FAK is mediated in part by a caspase proteolytic pathway, as previously reported
(Levkau et al., 1998). The decrease in p5S5C-FAK in staurosporine-treated cells, was
also prevented by ZVAD-fmk pre-treatment, indicating that this protein is subject to
caspase-dependent proteolysis. Further supporting evidence for these findings is
provided by the identification of two consensus sites for caspase cleavage in the amino
acid sequence of FAK (Gervais et al., 1998). One of these sites, DQTD’” is
preferentially cleaved by caspase-3 and is conserved in human and chicken FAK. The
other site, VSWD’% is conserved in all animal FAK species so far cloned and cleaved
by caspase-6. The action of caspases at these sites was shown to generate FAK
fragments of 90 and 85 kDa (Gervais et al., 1998), similar to the fragments produced
during staurosporine-induced apoptosis in chapter 7 (Fig. 8.2). These fragments were
recognised by the antibody to the NH,-terminal domain of FAK. However, the 35 and
40 kDa FAK COOH-terminal cleavage products predicted to be generated by cleavage

5 FAK

at these sites were not detected. Cleavage of pl2 at the sites described would

additionally result in generation of COOH-terminal fragments which would be
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hypothesised to inhibit FAK phosphorylation (Gervais et ai, 1998). FAK proteolytic
cleavage is one mechanism underlying disruption of FAK function and concomitant
perturbation of focal adhesion structure and function. FAK cleavage would act in two
ways. Firstly, by decreasing the level of full-length pi25”*. Secondly by increasing the
level of small FAT-domain fragments which, similar to results obtained for FRNK

overexpression, might act in a dominant-negative fashion to inhibit pi25~” function.

Kinase
domain FAT domain
D704  A772
COOH
p40
FAK fragments — p%0 — — —— — p35
caspase-s caspase-3

VSWD™  DQTD””’
p55C-FAK

Proline-rich
region

Fig. 8.2 FAK fragments generated by caspase cleavage.
Both pi25™" and p55C-FAK can be cleaved at consensus cleavage
sites for caspases-3 and-¢ generating extreme COOH-terminus

FAK fragments containing the focal adhesion targetting (FAT) domain.
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However, as discussed below, the time-course of staurosporine- and serum
deprivation-induced FAK cleavage did not correlate with the rapid loss of FAK
phosphorylation found in subsequent experiments. Furthermore, staurosporine-induced
morphological changes and loss of focal adhesions occurred prior to, and were
temporally distinct from, FAK proteolysis. These results indicate that FAK cleavage is
likely to be a consequence of, rather than an early initiating event, in apoptosis.

The differences noted between staurosporine treatment and serum withdrawal
may reflect engagement of different apoptotic pathways or simply more efficient
harnessing of a single, common pathway by staurosporine. The effects of staurosporine
treatment upon cells are, however, unclear and this is well illustrated by the findings
with ZVAD-fmk pretreatment. Despite blocking staurosporine-induced caspase-
mediated cleavage of FAK efficiently, cell retraction and rounding followed by
detachment still occurred as rapidly as in cells treated with staurosporine alone.
Although the effects of staurosporine on focal adhesions and cytoskeletal integrity were
not examined, it seems likely that the early rounding of cells and detachment from the
substrate occur as a result of focal adhesion disassembly and loss of non-caspase-
mediated signal transduction pathways. In another study ZVAD-fmk was shown to
prevent apoptosis induced by the nephrotoxicant dichlorovinylcysteine (DCVC), but
was unable to prevent focal disassembly and dephosphorylation of FAK (van de Water
et al., 1999).

The results in chapter 7 did not provide any evidence to support a role for
calpain-mediated FAK proteolysis in HUVECs undergoing apoptosis. The findings do
not preclude a role for calpains which have already been demonstrated to participate in
apoptosis in HUVECs (Meredith et al., 1998). In addition, calpain-mediated proteolysis
of FAK has been demonstrated in platelets indicating that the relevant cleavage sites
exist in the FAK sequence (Cooray et al., 1996). It will be important to address the role

of calpains in EC apoptosis further.

The FAK tyrosine phosphorylation sites identified so far are residues Y397,
Y407, Y576, Y577, Y861, and Y925. In resting ECs FAK was phosphorylated at Y397,
Y407 and Y861 based on immunoreactivity to phospho-specific antibodies. Phospho-
Y861FAK appeared to be the major phosphorylated form in both the nuclear and
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cytosolic compartments in resting ECs, and little phospho-Y397 or -Y407FAK were
detected in the nuclear fraction. Dephosphorylation at Y861, Y407 and Y397 was
rapidly induced by staurosporine and serum deprivation, and preceded the decrease in
pi25*”, the onset of FAK proteolysis and detectable apoptosis. FAK tyrosine
dephosphorylation has also been shown to precede cleavage during chemically induced
apoptosis in renal epithelial cells (van de Water et al, 1999), though neither the
mechanism nor the phosphorylation sites involved were investigated. These findings
indicate that FAK dephosphorylation at specific tyrosine residues may be a primary
event in the initiation of EC apoptosis, and suggest that regulation of FAK tyrosine
phosphorylation status rather than proteolysis plays a critical role in maintaining focal
adhesion integrity and survival signalling in these cells.

Two separate and mechanistically distinct inhibitors of protein kinase C were
shown to induce dephosphorylation of FAK at pY861, although neither caused cell
retraction nor increased the rate of cell detachment above that caused by serum
deprivation alone. The ability of the selective PKC inhibitor GF109203X to induce
rapid pY861f'AK dephosphorylation followed by proteolysis suggests that the effects of
staurosporine are mediated at least in part via inhibition of PKC. Since Y861 and Y407
are phosphorylation sites for Src in vivo and in vitro (Calalb et al, 1995, 1996), and
staurosporine is known to inhibit protein tyrosine kinases (Secrist et al, 1990), it is
possible that this agent may inhibit FAK itself or another upstream kinase, such as Src,
required for maintaining FAK phosphorylation. PKC, a serine/threonine kinase, has not
been previously thought to play a major role in the regulation of FAK activity. However
FAK tyrosine phosphorylation is stimulated by phorbol esters and diacylglycerol
(Sinnett-Smith e/ o/., 1993) and GF109203X inhibited VEGF-induced FAK tyrosine
phosphorylation in HUVECs (Abedi and Zachary, 1997). Inhibition of PKC with
calphostin C resulted in slower dephosphorylation of pY861 FAK as compared to
GF109203X. Calphostin C was also reported to inhibit FAK serine phosphorylation and
induce loss of pl25'""*” in BALBc/3T3 cells (Mogi et al., 1995). Early cell retraction
and detachment were not a feature of PKC inhibition despite causing rapid FAK
dephosphorylation and proteolysis. This might indicate that effects of staurosporine on
apoptosis and cell morphology are also due to its ability to inhibit other kinases

important for maintaining survival functions in HUVECs.

mA
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These findings point towards an important role for PKC in the maintenance of
basal FAK tyrosine phosphorylation in ECs which may be critical for the propagation of
survival signals. Given that PKC is implicated in integrin signalling pathways and, in
some cell types, PKC inhibitors impair cell adhesion and spreading (Disatnik and
Rando, 1999; Clark and Brugge, 1995; Woods and Couchman, 1992), it is plausible that
integrin-dependent survival signalling is relayed to FAK via PKC. Furthermore, since
VEGF is an important survival factor for ECs and induces both PKC activation (Xia et
al., 1996) and GF109203X-sensitive FAK tyrosine phosphorylation (Abedi and
Zachary, 1997), these results suggest a role for PKC-mediated FAK tyrosine
phosphorylation in anti-apoptotic signalling by VEGF.

While only the 125 kDa form was detected by antibody to phospho-Y861FAK
in the cytosol, phospho-Y861FAK was present in the nuclear compartment in two forms
corresponding to p125°** and a more slowly migrating band of ~Mr 130,000. A
noteworthy feature of the results was the marked shift in phospho-Y861FAK mobility
to the more slowly migrating form specifically in the nuclear fraction during apoptosis
induced by serum withdrawal. The shift was detectable only in the nuclear fraction, was
evident after 60 minutes, had reached a maximum by 4 hours and was sustained for up
to 8 hours. Shifts in SDS-PAGE mobility of protein bands to more slowly migrating
forms are indicative of increased phosphorylation. In the case of phospho-Y861FAK,
gel retardation is likely to result from increased phosphorylation at additional sites.
Whether this is due to tyrosine or serine/threonine phosphorylation is unclear, but since
other phospho-specific antibodies could not detect any mobility shift in p125F4K, it is
perhaps most likely that the mobility shift is primarily due to serine/threonine
phosphorylation. The mobility shift in nuclear phospho-Y861FAK mobility was not
readily detected by the NH;- and COOH-terminal FAK antibodies indicating that only a
small fraction of total cellular FAK is affected by these changes. Increased serine
phosphorylation has been proposed to disrupt FAK complexes with p130Cas and
pp60°*" and maintain FAK in an inactive state until mitosis is complete (Yamakita et
al., 1999). Since mitosis and EC apoptosis involve similar marked changes in cell shape
and adhesiveness - involving cell retraction from ECM and loss of attachments - it is
intriguing to speculate that apoptosis-induced changes in phospho-Y861FAK mobility

may be analogous to the increased serine phosphorylation reported in mitotic cells.



168

Conclusions

The data presented in this thesis provide new insights into the regulation and
localisation of FAK in vascular cells. The finding that expression of FAK, paxillin and
p130“* are upregulated during explant culture of medial VSMC suggests that these
signalling molecules may play an important role in m/ediagi}lg phenotypic transition of
VSMC from a contractile to a synthetic phenotype. E;/iaé}llce demonstrating nuclear
expression of FAK and FAK-related species in both VSMC and HUVEC: also indicates
that FAK may play other novel regulatory roles in vascular cells and that its cellular
functions are not necessarily contingent upon its association with focal adhesions. The
finding of constitutively expressed NH,-terminal and COOH-terminal FAK fragments
which are targetted to different subcellular compartments and regulated during EC
apoptosis is intriguing. Presumably the COOH-terminal fragment (pS5C-FAK) is akin
to p41/43 FRNK and functions in a similar manner. However the role of the NH,-
terminal fragment (pSON-FAK) is unclear and its highly restricted nuclear localisation
suggests that it may perform a novel role in FAK-mediated regulation of EC function.
Finally the identification of PKC-dependent FAK tyrosine phosphorylation sites which
are subject to rapid regulation during EC apoptosis provides a potentially important

insight into the signalling mechanisms underlying FAK-dependent survival.

The fate of a cell, with particular regard to commitment to survival or
programmed cell death, appears to depend upon a complex interplay between apoptotic
signalling pathways and multiple cell survival signals which act to suppress apoptosis.
Anchorage-dependent cells, such as HUVECs, are exquisitely sensitive to loss of
survival signals generated by cell-substrate contact (resulting in anoikis) and in such
cells FAK appears to be critically important in anti-apoptotic signal transduction. The
data presented in this thesis forms the basis for proposing the following model for the
regulation of FAK tyrosine phosphorylation in HUVEC survival and apoptosis (Fig.
8.3). Survival signals arise from diverse sources: cell-ECM interactions, fluid shear
stress or from ligand engagement of growth factor receptors (e.g. VEGF binding to
KDR). In some cases, such as VEGF ligation of KDR, signal is then propagated to FAK
via PKC-dependent mechanisms. FAK activation, and in particular phosphorylation at

Y861, Y407 and Y397 in HUVECS, appears to be important for survival signalling and
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is able to suppress a p53-mediated apoptotic pathway (Ilic et al., 1998). FAK tyrosine
dephosphorylation, secondary to inhibition of PKC-mediated pathways or serum
deprivation, is followed by focal adhesion disassembly and cell retraction (early
apoptosis). These events are followed subsequently by caspase activation leading to
FAK proteolysis and cell detachment (late apoptosis). Such a model may also be

relevant for VSMC apoptosis, although this remains to be determined.

The challenges ahead will be to elucidate the role of PKC in regulation of FAK
phosphorylation and to determine the importance and functions of individual sites of
FAK tyrosine phosphorylation. Whether FAK serine/threonine phosphorylation has a
role to play in apoptosis should also be examined. Finally, much remains to be
discovered concerning the functions of the NHj-terminal FAK fragment although its
exclusive nuclear localisation suggests further exciting and novel functions for FAK-

related species.
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APPENDIX

Antibodies for Experimental Procedures

All antibodies used in the experiments reproduced in this thesis were affinity purified
products obtained from commercial sources.

Monoclonal antibodies from Transduction Laboratories Inc. (stock concentrations of
250 pg/ml), were used at the following dilutions: FAK (354-533) 1:1000 for western
blotting (WB) and 1:25 for immunofluorescence (IF). Paxillin 1:10000 WB, 1:100 IF.
P130°* 1:1000 WB, nucleoporin 1:1000 WB and GRB-2, 1:5000 WB. Monoclonal
antibodies to smooth muscle myosin heavy chain (1:100000 WB) and smooth muscle -
actin (1:100000 WB) and vinculin (1:50000 WB, 1:400 IF), were purified from mouse
ascites fluid and purchased from Sigma Chemical Co. Antibodies to the total and
activated (stock - 0.2mg/ml) forms of MAP kinase were from New England Biolabs Inc.
and used at WB dilution of 1:1000.

Polyclonal antibodies from Santa Cruz Inc. came in stock concentrations of 200 pg/ml
and were used at the following dilutions: FAK carboxy terminus, amino acid residues
1033-1052 (FAK-C), 1:1000 WB, 1:20 IF. FAK amino terminus, amino acid residues 1-
17 (FAK-A), 1:100 WB, 1:10 IF. The corresponding peptide immunogens to these
antibodies, were used at dilutions specified in experimental procedures. Monoclonal
antibodies to Rho and PCNA were also from Santa Cruz Inc. and used at dilutions of
1:1000 from stock concentrations of 200 pug/ml. Protein A/G+ agarose and normal
rabbit and mouse immunoglobulins came from Santa Cruz Inc. Antibody to human
urokinase receptor (No. 398) was purchased from American_Diagnostica Inc. and used
at 1 pg/ml following reconstitution. FAK phospho-specific antibodies: Y577 (450
mg/ml), Y861 (640 mg/ml), Y925, Y576, Y407 and Y397 v(all at 250 mg/ml) were from
Biosource and all used at 0.5ug/ml except for the Y861 product which was used at 1
ug/ml.

HRP-conjugated secondary antibodies to mouse and rabbit immunoglobulins from
Amersham International and fluorochrome-conjugated secondary antibodies from

DAKO Corp. were used at standard dilutions as recommended by the manufacturer.



