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I don't know where I'm going but I'm on the way.”(- Carl Sandburg)
Only then to find

“Nothing is as simple as it seems” (- Albert Einstein)



Abstract

Abstract

Hepatocyte growth factor/ scatter factor (HGF/SF) is a glycoprotein that induces a variety
of cellular responses including proliferation, migration, the formation of branching
epithelial tubules and in the case of tumour cells, invasion and metastasis. HGF
transduces its activity through the HGF receptor (Met receptor) tyrosine kinase. The Met
receptor is coupled to a number of signal transduction molecules that transmit the HGF
signal through the cytoplasm to the nucleus. The different downstream signals transducers
participate in overlapping pathways to determine the cellular responses.

In this thesis, potential effects of HGF on cortactin, an Filamentous actin (F-actin)
binding protein, Crk, a 40-kDa adapter protein possessing Src homology-2 (SH2) and two
SH3 domains, and Eps8, a SH3-containing epidermal growth factor receptor (EGF-R)
substrate were investigated.

Cortactin, Crk and Eps8 became tyrosine phosphorylated in response to HGF in A431
human epidermoid carcinoma cells expressing the Met receptor. The Met receptor was
enriched in the detergent-insoluble fraction and was found to co-precipitate with cortactin
and Eps8, whereas Crk was enriched in the detergent-soluble fraction.

The small adapter protein Grb2, which is known to associate with Met, was also
associated with cortactin and Eps8. Transient transfection of A431 cells with dominant-
negative Grb2 constructs revealed that Grb2-C-SH3 domain possesses a central role in
coractin phosphorylation in response to HGF. Expression of Myc-cortactin in transfected
A431 revealed that cortactin with mutations at Tyr421, Tyr466, Tyr482 significantly
reduced cell migration. Cortactin phosphorylation was found to be uncoupled of
endogenous Src kinase activity, suggesting that cortactin is directly phosphorylated by the
Met receptor and may constitute a docking protein for Met—derived signals leading to cell
migration.

CrkII was found to associate with Met via its SH3 domain. Grb2 was also shown to co-
immunoprecipitate with CrkiIl in an HGF-dependent manner, suggesting that CrkII can
associate with Met indirectly through multi-protein complexes of Grb2-Sos-Gab1-CrkII.
CrkII-ASH3-C and -ASH2 were found to associate Grb2, implying that Grb2 may
contribute to the association of CrkIl to Met. Over expression of wild type Crkll
enhanced HGF-induced cell proliferation whereas CrkII-ASH2 failed to produce a similar
proliferative response to HGF.

These data suggest that cortactin and possibly Eps8 (previously shown to interact with the

cytoskeleton and F-actin binding proteins (Provenzano et al., 1998; Scita et al., 2001))
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contribute to HGF signalling to the cytoskeleton, and that cortactin has a role in cell

migration, whereas Crk contributes to HGF-induced DNA synthesis.
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1.1 Healing and repair

1.1.1 Regeneration

Living organisms in general respond to destruction or loss of tissues by reconstituting the
loss. This is seen in lower vertebrates such as the salamander, where an amputated limb is
replaced, or the earthworm, which can readily replace any lost body segments. It is not
just lower vertebrates that have a regenerative capacity, mammals also show regeneration,
although not to the same capacity. Certain cell types never regenerate such as brain cells,
but there are many others that do. For example, liver cells are highly differentiated and
have many specialised functions but are able to regenerate. On the other hand muscle

cells and kidney tubule cells are also highly specialised yet regenerate poorly.

1.1.2 Historical background

Liver regeneration has been appreciated since ancient times, dating back to ancient
Greece. The ancient god Zeus bound the titan Prometheus to a mountain peak with chains
and set two vultures to hover above him tearing his belly and eating his liver, after
Promethus stole the gift of fire and took it to the humans. For many centuries he lay there
with his liver re-growing. Since then numerous experiments performed on animals have

shown liver regeneration after repeated subtotal hepatectomy.

1.2 Theliver

1.2.1 Liver structure

The liver is the largest gland in the body, which is located below the diaphragm and
anterior to the stomach. The liver is supplied by two blood vessels, namely the hepatic
portal vein with dissolved food substances from the small intestine, and the hepatic artery,
with oxygenated blood from the lungs. Two ducts originate in the liver, and these unite to
form the common hepatic duct and in turn form the common bile duct after joining with
the outflow duct of the gall bladder, which lies delow the liver, and is the storage place
for bile. The common bile duct with the pancreatic duct opens in the hollow side of the

duodenum (the first section of the small intestine).

The liver consists of two wedge-shaped lobes (Figure 1.1), the right lobe being larger than

the left lobe. Each lobe is further divided into many small lobules, each being
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about the size of a pin-head, and consists of many liver cells, with bile channels and blood

channels between them. The entire liver structure is infused with a system of blood

capillaries, bile capillaries and lymph capillaries (Figure 1.2).

The liver cells secrete bile, which collects in the bile capillaries, that converge to form

bile ducts. These bile ducts unite to form the main hepatic duct.

1.2.2 Liver function

The liver has varied functions that work closely with the fundamental processes of the

body, in particular homeostasis. (Arias I, 1994)

il.

iil.

iv.

vi.

vil.

viii.

Regulation of blood sugar: The level of blood sugar stays constant, and excess
coming from the gut is stored as glycogen. Insulin — secreted by the pancreas —
causes the excess glucose to turn into glycogen.

Regulation of lipids: Lipids are extracted from the blood and changed to
carbohydrates, as required or sent to fat storage sites if not needed straight
away.

Regulation of amino acids: The amino acids in the blood are kept at a normal
level, any spare which has not been absorbed cannot be stored but is converted
into the waste products, called urea when at the liver, and is then sent to the
kidneys to be removed from the body as urine. The remainder of the amino
acid molecule is not wasted; it is changed into a carbohydrate

Production of heat: the liver is one of the hardest working regions of the body
and produces a lot of waste heat. This is carried round the body in the blood
and warms less active regions.

Forms bile: bile consists of bile salts and the excretory bile pigments. It is
important to speed up the digestion of lipids.

Forms cholesterol: A fatty substance that is used in the cells. Excess amounts
in the blood can cause the blood vessels to become blocked, leading to heart
attacks.

Removals of hormones, toxins, etc. The liver extracts many harmful materials
from the blood and kidney and excretes them into bile.

Formation of red blood cells in the young embryo while it is developing in the

womb.

17



2

*) &)

% <

C



iX. Makes heparin that prevents the blood from clotting

X. Removal of hemoglobin molecules: when red blood cells die, the hemoglobin
is converted into bile pigments and the iron atoms are saved for future use.

Xi. Storage of blood: the liver can swell to hold huge amounts of blood which can
be released into the circulation if the body suddenly needs more, e.g. if it is
wounded.

xii.  Forms plasma proteins: the plasma proteins are used in blood clotting and in
keeping the blood plasma constant. The main blood proteins include
fibrinogen, prothrombin, and globulins.

xiii.  Storage of vitamins such as vitamin A and D. Vitamin B12 is also stored in the

liver.

1.2.3 Liver regeneration

There is evidence of mitosis and selective cell death even in the normal liver as part of
normal homeostasis. Under surgical intervention where the liver is partially removed, or
after chemical or biological damage, rapid cell proliferation restores total liver mass
through an increase in liver cell division. Most of the mitotic activity takes place at the
periphery of the hepatic lobule, accompanied by migration of the new cells to the centre
of the lobule. There is preservation of architecture and the newly formed cells cannot be

distinguished by their microscopic structure from the pre-existing ones (Tindall, 1991).

Well-organised regeneration of the liver is very important, demonstrating the capacity in
highly developed organs of mammals to regenerate. However liver regeneration can
participate in liver pathology, for example liver cirrthosis where there is a massive
overgrowth of the fibrous stroma of the portal tracts, together with proliferation of the
bile ducts, coupled with liver cell death or dysfunction and large areas of liver cell
regeneration. These regenerative nodules lack normal functional capacity and
architecture. It is most likely that this sort of regeneration follows injury due to alcohol,
viruses or toxins. If the injurious stimulus persists the result is functional liver failure. It is
therefore essential to understand the mechanisms that can control liver cell (hepatocyte)

regeneration

19



1.2.4 Hepatocyte regeneration

Regeneration of the liver proceeds particularly fast compared to other organs in the body,
usually within 6-8 days after resection. All hepatocytes regenerate, but most of the studies
have been on the parenchymal hepatocytes, which comprises the largest portion of the
liver cell mass.

The main view is that liver regeneration is due to the mitotic activity of existing mature
hepatocytes. Hepatocytes are not generated through a stem cell stage, unlike cell
generation in the bone marrow, intestinal crypts, muscle, and brain. Stem cells do exist in
the liver; these cells have markers for both hepatocytes and bile duct cells and come into
play when DNA synthesis in hepatocytes is completely inhibited or when there is total
hepatocyte destruction such as in some forms of acute hepatic failure. In these
circumstances, stem cells in the liver become functional and create hepatocytes (Gerber et
al., 1983). They also contribute to the formation of hepatocellular carcinomas (Sell and
Dunsford, 1989).

1.3  Extracellular signalling of hepatocytes

1.3.1 Extracellular signals

Early studies have shown that during liver regeneration there are polypeptide factors in
the blood that stimulate DNA synthesis and investigators set out to define these key
factors. The majority of the investigations were carried out using primary hepatocyte

cultures and the factors that influence hepatocyte regeneration fell into three classes: -

i) Hepatocyte mitogens: these are substances that are able to stimulate
hepatocyte DNA synthesis and mitosis hepatocyte growth factor (HGF),
epidermal growth factor (EGF), transforming growth factor o (TGFc), heparin
binding growth factor 1 (HBGF-1), hepatic stimulatory substance (HSS).
(Arias I, 1994)

ii) growth triggers: these substances work in an indirect way by either
enhancing the actions of growth stimulators or decreasing the inhibitory effect
of the growth inhibitors. These have a potential to influence the balance
between stimulatory and inhibitory factors. Such factors include: -
norepinephrine, vasopressin (angiotensin II, angiotensin III), estrogens, insulin

and glucagon. (Arias I, 1994)
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iii) growth inhibitors: these factors inhibit hepatocyte DNA synthesis and
mitosis i.e. transforming growth factor B (TGFp), interleukin 1B, hepatocyte
proliferation inhibitor (HPI). (Arias I, 1994)

1.3.2 Hepatocytes

Hepatocytes isolated from human liver remain viable and functional in culture for only a
limited period of time, usually 1-2 weeks. It is therefore important to understand the
mechanisms that regulate hepatocyte proliferation and motility. Determination of this is
important to the design of therapeutic strategies for clinical conditions linked to impaired
liver regenerating capacity such as those in congential (Crigla-Najjar syndrome types I
and II, Gilberts, Wilsons, Heamochromatosis) and acquired (Alcohol liver disease,
Hepatitis C virus liver disease, Hepatitis B virus liver disease) disorders leading to acute

or chronic liver failure (ALF or CLF).

It is believed that the in vitro life of hepatocytes is short because the activity of key
molecules is down regulated. Culturing hepatocytes in vitro leads to de-differentiation
and cell detachment therefore it is difficult to study signal transduction pathways

activated by growth regulators such as HGF.

1.3.3 Hepatocyte growth factor

The first factor that was isolated from the circulation of hepatectomised animals that
stimulated hepatocyte proliferation/DNA synthesis was designated as hepatocyte growth
factor (HGF). (Arias I, 1994). '

HGEF is considered a mediator of liver regeneration in vivo (Michalopoulos, 1990).

Studies soon revealed that this molecule was also responsible for a variety of other
biological activities, with some cells responding to HGF with a change in cell motility or
shape, while others underwent proliferation, capable of dispersing certain epithelial and
endothelial cell colonies (Weidner et al., 1993) (Yarden and Schlessinger, 1987) (Wolf et
al., 1991b). Many investigators in the science community are exploring the factors that

determine specific cellular responses.
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HGF is also called scatter factor (SF) because of its morphological effects. The use of
immunological, biochemical, and biological and molecular cloning it was established that
HGF and SF were identical (Gherardi and Stoker, 1990). The HGF molecule has been
isolated from several sources, including placenta, liver, leukocytes and fibroblasts
(Nakamura et al., 1989) (Seki et al., 1990 {Rubin, 1991 #7) (Weidner et al., 1991) '

Hepatocyte growth factor has several effects on cells in culture: -

41t is a strong mitogen for primary hepatocytes (Nakamura et al., 1987),

(Zarnegar and Michalopoulos, 1989).

¢ It is a motility and invasion inducing factor for epithelial and endothelial cells

(Stoker et al., 1987) (Gherardi et al., 1989)

¢ It is cyto-toxic to some cell lines while in others it can be cytostatic (Tajima et

al., 1991)

€1t is an inducer of epithelial tubulogenesis (Montesano et al.,, 1991a)

(Montesano et al., 1991b)

Thus in vivo HGF could play a role in tissue regeneration, tumour progression, wound
healing and embryological processes, which require cell motility and cell proliferation

(Weidner et al., 1993)

1.3.4 HGF Expression

HGEF is widely distributed throughout the body. Immunolocalisation studies of tissue from
humans, rats and rabbits have confirmed expression of HGF at the mRNA level and the
protein level in the liver, small intestine, salivary glands, pancreas, thyroid, brain
(Zarnegar et al., 1990), granulocytes and macrophages, renal tubules and collecting ducts,
and surface epithelia including prostatic and seminal vesicle, respiratory, gastrointestinal,

biliary and uterine epithelia (Wolf et al., 1991a), (Wolf et al., 1991b).

There is a general consensus that HGF is normally synthesised in the liver by non-
parenchymal cells (Kinoshita et al., 1989). In-situ hybridisation revealed the presence of
22



HGEF transcripts in the Kupfer cells and the endothelial cells (Noji et al., 1990). Northern
blot analysis revealed the Ito cells (the fat storing cells of the liver) to be responsible for
the expression of HGF (Schirmacher et al., 1992), (Ramadori et al., 1992).

Expression of HGF has been shown to alter by several exogenous agents. Phorbol esters
that activate protein kinase C (PKC) stimulate HGF expression, tumour promoters
(carbon tetrachloride, D-galactosamine) that induce hyperplasia and hepatotoxins all
cause HGF plasma concentrations to rise (Yanagita et al., 1992), (Zarnegar et al., 1991),
(Kinoshita et al., 1991). These findings were similar to those of patients with acute
hepatic failure (ALF) in that the expression of HGF in human serum in normal subjects

was less than the HGF in the serum of patients with ALF (Tsubouchi et al., 1991).

Partial hepatectomy or other profound liver damage elicit a substantial increase in HGF
expression as part of the repair process (Yanagita et al., 1992), (Zarnegar et al., 1991),
(Kinoshita et al., 1991). It was proposed that the production of HGF/NK2 (a competitive
antagonist of HGF (section 1.11)) following a wave of hepatocyte mitogenesis may be the
mechanism by which the growth stimulus effects are reduced as the process of liver
regeneration is accomplished (Zarnegar et al., 1991). There is also evidence reported for
presence of a humoral factor 'injurin', which induces expression of the hepatocyte growth
factor (HGF) gene in MRC-5 human embryonic lung fibroblasts. {Matsumoto, 1992
#240}.

1.3.5 HGF structure
HGF is an acid and heat-labile mitogenic, motogenic and morphogenic factor, that is

purified from platelets, plasma and serum as a disulphide-linked heterodimer consisting
of a 55-65 kDa heavy o subunit and a 32-36 kDa light 8 subunit (Zarmmegar and
Michalopoulos, 1989) (Weidner et al., 1990). Analysis of the HGF gene has revealed that
a single open reading frame (ORF) encodes both the HGF chains, and internal proteolytic
cleavage is required to generate the two chains. This ORF encodes a 728 amino acid
molecule containing a classical signal peptide sequence and four possible N-linked
glycosylation sites (two each in the heavy «, and the light B chains). The HGF subunits
are produced by the proteolytic cleavage of the monomeric 92 kDa protein (precursor to

the heterodimer), and cleavage is required for its biological activity (Naka et al., 1992)
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(Miyazawa et al., 1989) (Nakamura et al., 1989) (Tashiro et al.,, 1990). Both the
monomeric and heterodimeric polypetides comigrate in non-reducing SDS-PAGE at 92
kDa. The study of recombinant expressed HGF has revealed that it is intially secreted as
the monomeric 92 kDa form (Rubin et al., 1991) (Weidner et al., 1990).

HGF has four kringle domains (Figure 1.3), which are 80 amino acids in length
containing a characteristic set of three internal disulphide bonds. Kringle domains are
normally found in proteases and human plasminogen. Although HGF has not
demonstrated proteolytic activity, the cysteine residues in the proteinase-like domain are
conserved, suggesting that this part of the molecule does exhibit folding patterns similar

to that of functional serine proteinases.

Q32 is responsible for the blocked amino terminus of the monomeric HGF (Figure 1.3).
As a result of the removal of the signal peptide, Q32 becomes the amino terminus. Amino
acids P55 onwards are sufficient for the biologically active HGF polypeptide (Nakamura
et al., 1989). The amino acid segment FLPSS is missing in some isoforms of HGF, but

this does not affect the activity of these isoforms (Furlong et al., 1991).

At the internal cleavage site, the substitution of R494 with another amino acid inhibits the
activation of HGF by preventing proteolytic processing of the HGF heterodimer (Lokker
et al., 1992) (Naka et al., 1992). Substitutions of Q534 and Y673 differentiate the serine
proteinase activity from the lack of the proteolytic activity that HGF possesses.
Researchers have reported that site-directed mutagenesis of the corresponding codons to

these amino acids (Q534H, Y673S), leads to reduced HGF activity (Lokker et al., 1992).

1.3.6 HGF gene

The gene encoding HGF has been shown by in-situ hybridisation to be located on
chromosome 7q11.2-21 (Weidner et al., 1991). Gene analysis has revealed 6, 3, 2.2 and
1.3 kb mRNA transcripts for HGF (Rubin et al., 1991). Sequence analysis of the 6 and 3
kb forms has revealed an in frame deletion that results in the loss of a S-amino-acid

sequence in the first kringle domain (FLPSS) (Rubin et al., 1991).
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Figure 1.3. Schematic diagram of the HGF molecule (Rubin et al, 1993)

The primary sequence is depicted by the single unbroken line from the amino terminus
(NH2) to the carboxyl terminus (COOH). The characteristic arrangement of the
disulphide bonds demarcate the essential structure of the kringle domains (K1, K2, K3,
K4) by linking: - K2 and K3 shown as the dashed line

The heavy and the light chains shown as the S-S.

The amino acid residues that are indicated by an open circle are labelled according to the
position of that amino acid in the primary sequence
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The HGF gene spans approximately 70 kb, containing 18 exons separated by 17 introns
(Miyazawa et al., 1991), (Seki et al., 1991). The intial exon contains the 5’-untranslated
sequence and signal peptide region. The subsequent five pairs of exons correspond to the
amino terminal region and the four successive kringle domains, respectively. The region
that links the heavy and light chain is encoded by the twelfth exon. The serine-proteinase

domains are specified by the remaining six exons.

Exon 18 contains the codons for the last 58 amino acid residues of HGF, and the 3kb of
the 3’-untranslated sequence that is present in the 6kb HGF transcript is encoded by exon
18. 76 nucleotides upstream from the translation initiation site is the major transcription

initiation site (Miyazawa et al., 1991).

1.3.7 HGF/NK2

The multiple HGF transcripts are associated with the expression of smaller HGF
molecules with related chromatographic properties that are immunologically cross
reactive with the full length HGF (Chan et al., 1991). Nucleotide analysis of cDNA
clones related to the 1.3 kb transcript (isolated from a human fibroblast cDNA library)
revealed that they encode a protein extending from the signal peptide sequence of HGF to
the end of the second kringle domain followed by three additional amino acids, a
termination codon and a 3’-untranslated sequence. The protein was designated HGF/NK2
(Chan et al.,, 1991). It was shown that HGF/NK2 was expressed as a result of an
alternative splicing event in which a kringle 2 exon was joined to an exon producing an
in-frame termination signal instead of a portion of the kringle 3 sequence (Chan et al.,
1991).

Alternative splicing of transcripts from the HGF gene, generate the truncated molecule of
HGF (HGF/NK?2 and other splice variants) that lack mitogengic activity. Another splice
variant of the HGF, the NK1, comprises the N terminal and the first kringle domain
(Gherardi and Stoker, 1990) (Lietha et al., 2001). It has been suggested that these
transcripts create their own éompetitive antagonist. This explains the observations of
Chan et al, 1991 where the mitogenic activity was deficient in human mammary epithelial
cell, and the observations of Hartmann et al, 1992 who reported that the cells scattering

ability was drastically reduced to 3% of the full length HGF.
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The difference in the activity of these HGF variants is not due to the altered affinity for
the HGF cell surface receptor (HGF-R). Cross linking experiments using ['*’I] HGF/
NK2 have shown that both HGF and HGF/NK2 bind specifically to the same high affinity
cell surface receptor (Chan et al., 1991), (Hartmann et al., 1992). The lack of mitogenic
activity of the smaller HGF molecule may be due to the absence of cell surface receptor
oligomerisation, or the absence of a suitably directed tyrosine kinase activity, both of
which would reduce signal transduction by tyrosine kinase receptors (Ullrich and

Schlessinger, 1990).

Artifically truncating the second or the third kringles of HGF produced polypeptides with
diminished mitogenic activity, although their receptor binding remained the same.
(Lokker et al., 1992). It is only when the polypeptides from either the light chain or the
heavy chain alone are expressed that mitogenic activity is completely lost (Okigaki et al.,
1992), (Matsumoto et al., 1991). From the work of Okigaki et al, 1992 it is known that
one of the receptor binding sites is contained in the first kringle domain. More recently
researchers have produced another antagonist, called NK4 by elastase digestion of HGF
(Date et al., 1998), (Matsumoto et al., 1998). This variant comprises the N-terminal and
four kringle domains (K1-4). It has been shown to bind to but not activate the Met

receptor (Matsumoto et al., 1998), (Date et al., 1998).

HGF/NK?2 behaves mostly as an antagonist (Chan et al., 1991). All activities of HGF and
its variant forms are mediated through the receptor tyrosine kinase c-Met, resulting in the
activation of one of the most complex signaling networks attributable to a receptor

tyrosine kinase (Recio and Merlino, 2003).

1.4  Cell motility

1.4.1 Cell movement

Cell movement is an important process in tumour progression, wound healing, migration
and inflammatory responses. Cell scattering can be divided into three stages: -

i) Cell spreading

ii) Cell-cell dissociation

iii) Cell migration
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Scattering of adherent cells has been studied in a variety of cell types. Intercellular
junctions are tightly regulated and under certain physiological and pathological conditions
such as normal hepatic development, wound healing and tumour cell invasion / metastasis

these junctions can dissociate (Alberts).

Cell movement is a complex and co-ordinated process involving cytoskeletal and cell
membrane activity. Forward movement requires protrusive structures at the leading edge
of the cell. These structures contain dense actin filaments oriented in the direction of
movement. These protrusive structures are filopodia that contain a tight bundle of long
actin filaments, and lamellipodia, which are thin protrusive sheets. Lamellipodia can
detach from the substratum, leading to the characteristic ruffling appearance called

membrane ruffling (Alberts).

1.4.2 Cell-cell junctions

Cell-cell adhesion is important for cell morphology and function. These contacts are
maintained by adhesive structures connected to intermediate filaments (desmosomes), or
to actin filaments (adherens junctions and tight junctions). Integrins and cadherins are
transmembrane adhesion receptors that are necessary for cells to interact with either the
extracellular matrix (ECM) or adjacent cells respectively. Integrins and cadherins initiate
signaling pathways that modulate the activity of Rho family GTPases, which in turn
affect the cytoskeleton. Hence the association of these structures with the cytoskeletal

network is essential.

Cell-cell junctions serve two primary functions :-
i) form regulated barriers between the cells

i) act as boundaries within the plasma membrane

HGF is a potent stimulator of cell scattering and is able to induce dissociation and
motility of epithelial cells. HGF-induced scattering in MDCK epithelial cells can be
blocked by inhibiting the proteasome (Tsukamoto and Nigam, 1999). This inhibition does
not influence cell migration but scattering does not take place because proteins at the
intercellular junctions e.g. E-cadherins, tight junctions or desmosomal components are

stabilised. (Hammond et al., 2001). (Figure 1.4)
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Adherens junctions are Ca2+-dependent membrane spanning glycoproteins that form cell-
cell contact. These Tight junctions are the most apical complex that acts as a selective
permeable barrier to the paracellular space. Desmosomes provide strong adhesions that
anchor the intermediate filament cytoskeleton to the plasma membrane providing

mechanical strength to tissues (Alberts, 1994)

1.5 Growth factor signal transmission

Cellular responses can be percieved as two-step events:

i) An extracellular ligand (molecule) binding to a specific receptor on a target cell
converting an inactive receptor into an active state.

ii.) An intracellular biochemical pathway leading to a cellular response which may
involve progression through the cell cycle and changes in cellular gene
expression, cytoskeletal architecture, protein trafficking, adhesion, migration and

metabolism.

Growth factors mediate a variety of physiological responses in cells. These are
transmitted through surface receptors and signal transducers. HGF is the most potent
growth factor for primary hepatocytes and is of central importance during acute liver
failure or chronic liver failure. The HGF signals are transmitted via the activation of the
HGF receptor (also known as the Met receptor). HGF is a polypeptide that induces
motility and mitogenesis, and both are dependent on the activation of transmembrane

receptors.

Much of the data on biochemical, structural and genetic information has focused on
conserved modules that regulate signal transduction through their ability to mediate
protein-protein interactions. These conserved modules represent common regulatory
features of many distinct signalling pathways that are used to build up complex networks
of interacting proteins. One such module is mitogen activated protein kinase (MAPK).
Signals from receptor tyrosine kinases, cytokine receptors and transmembrane spanning
heterotrimeric G protein-coupled receptors result in the activation of a family of
intracellular serine/threonine kinases referrred to as the MAPKSs or extracellular signal

regulated kinases (ERKs) (Pelech and Sanghera, 1992).
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1.5.1 Tyrosine Kinase Receptors

A common mechanism by which growth factors regulate cellular proliferation and
differentiation is through transmembrane receptors with inducible protein tyrosine kinase
activity. Growth factors induce receptors to cluster, followed by intermolecular tyrosine
phosphorylation of the oligomerised receptors (Yarden and Schlessinger, 1987). The
biological activities of transforming tyrosine kinases like their normal counterparts are
generally dependent on their kinase activity. The activated tyrosine kinases phosphorylate
intracellular proteins that in turn regulate signalling pathways that control gene
expression, cell division, cytoskeletal architecture and cell metabolism. Identifying the
downstream targets of tyrosine kinases and defining the mechanism by which they
interact with tyrosine kinases and with one another is important for understanding the

regulation of signal transduction by growth factors.

1.6 The HGF Receptor (Met Receptor)

The Met oncogene encodes a transmembrane tyrosine kinase identified as the receptor for
HGF (Bottaro et al., 1991) (Naldini et al., 1991a) (Zarnegar and Michalopoulos, 1995). It
was known as an oncogene for its ablity to modulate cellular growth and motility in
embryonal malignant, and regenerative processes (Weidner et al., 1991). This receptor
referred to as the Met receptor controls critical biological functions such as cell growth,
motility, and invasion of extracellular matrices (Giordano et al., 1993) (Weidner et al,,
1993). Overexpression of Met occurs frequently in tumours such as gastrointestinal tract

carcinomas (Liu et al., 1992) and metastatic melanoma (Natali et al., 1993).

HGF tyrosine phosphorylated a 145kDa protein. Specificity of this phosphorylated
protein indicated autophosphorylation of a growth factor receptor kinase. The use of
antibodies specific for different tyrosine kinases revealed the 145 kDa phosphoprotein
was the [ subunit of the c-met proto-oncogene product (Bottaro et al., 1991). Cross-
linking experiments with ['>I] HGF/NK2 and ['®I] HGF/SF confirmed that the c-Met
protein was the HGF receptor (Bottaro et al., 1991), (Naldini et al., 1991b).
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1.6.1 Met Receptor structure

Comoglio et al, in 1984 identified a 145 kDa transmembrane glycoprotein that had a
phosphotyrosine residue. Analysis of which revealed a dimer, consisting a 50 kDa «
chain and a 145 kDa (3 chain disulfide linked in an o3 complex of 190 kDa (Figure 1.5).
Evidence that the pl90Met was the product of the Met oncogene was provided by
Giordano (Giordano et al.,, 1989b) (Giordano et al., 1989a). This showed that the
afsubunit structure was conserved in other human cell lines. Confirmation that p190M®
was the exclusive component of the Met receptor came about through the work Naldini
(Naldini et al., 1991b) in which insect cells were infected with a recombinant baculovirus

carrying the human Met cDNA.

The p190Met receptor is a glycoprotein, with sites for N-glycosylation in the o chain and
seven sites in the B-chain, which are essential for processing. This is seen by treatment
with tunicamycin which prevents the proper cleavage of the o and B chains (Giordano et
al., 1989a). The heavily glycosylated o subunit is extracellular and the B subunit (p145p3)
consists of an extracellular domain involved in ligand binding, a membrane-spanning
segment and a cytoplasmic portion containing a juxta-membrane region, the tyrosine
kinase domain and a C-terminal (Park et al., 1987). The o and 8 chains, both encoded by
the Met gene (Comoglio, 1993), originate from proteolytic cleavage of a common
precursor of 170 kDa (Giordano et al., 1989a). This 170-kDa precursor undergoes

modification of intrachain disulphide bonds.

Two C- terminally truncated Met proteins have been detected in studies with monoclonal
antibodies that react with the extracellular domain of the Met receptor: - a 140-kDa

(p140M*) transmembrane protein and a 130-kDa (p130M®

) soluble protein (Prat et al.,
1991). These are detectable in a carcinoma cell line overexpressing the Met gene as well
as those expressing normal Met (Comoglio, 1993). The truncated forms of Met have a
similar structure to that of p190™®. The o chain is indistinguishable from the o chain of
p190M although the B chain in the p140™® isoform is 85 kDa (p85”) and the p130M
isoform the B chain is about 75 kDa (p75B) (Figure 1.5). Both of these proteins are not
known to be detected by antibodies that are directed against the C-terminal peptide
sequence of the 3 chain, suggesting that both p85B and p75‘3 are truncated at their C-

terminus. Because of the truncation they lack the major phosphorylation site ie the

cytoplasmic tyrosine kinase domain (Tyrm’5 ) (Ferracini et al., 1991). The p75B and p856
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1.7 Intracellular signaling events

1.7.1 Met Receptor signaling

Molecules such as polypeptide hormones, cytokines, antigens and extracellular matrix
components bind membrane spanning receptors that signal through associated
cytoplasmic protein kinase (PTK) domains. The targets of these PTKs often contain
related sequences of 50-100 amino acids in length and similar specificity, even though the
biochemical and biological functions are different. These conserved sequences are
referred to as Src-homology- 2 (SH2), Src-homology-3 (SH3) and pleckstrin homology
(PH) domains (Sadowski et al., 1986) (Mayer et al., 1988) (Tyers et al., 1988), which can
fold into compact and functional modules independently of surrounding sequences. SH2
and SH3 domains each recognise short peptide motifs, in the case of SH2 peptide motifs
carrying phosphotyrosine (pTyr) or in the case of SH3 peptide motifs bearing one or more
proline residues (Mayer and Gupta, 1998). These conserved peptide motifs are embedded
in more variable sequences that are responsible for the high affinity and specificity with
which individual SH2 and SH3 domains bind (Mayer and Gupta, 1998). The binding
properties of PH domains, involves association with phospholipids or specific proteins
that promote the association of signalling proteins with membranes (Lemmon and
Ferguson, 2000). These PH domains consist of, seven (3-strands with intervening loops of
variable lengths (Philip et al., 2002). The functional roles of these PH domains may be as
diverse as their sequence (Philip et al., 2002)

The Met receptor cytoplasmic domain contains specific tyrosine phosphorylation sites
(Y'®*and Y'***) which positively regulate the kinase activity of the receptor (Ferracini et
al., 1991). Two additional phosphorylation sites (Y'*** and Y'**), located in the C-
terminal tail of the receptor, are part of a docking site which mediates high affinity
interactions with multiple Src-homology 2 (SH2)-containing signal transducers (Ponzetto
et al.,, 1991). HGF binding to the Met receptor induces cellular responses such as
mitogenesis, motogenesis and morphogenesis depending on the target (Weidner et al.,
1990). These responses are a result of the integration of several transductional pathways

activated by coupling the HGF receptor to cytoplasmic transducers.

Studies have shown that upon tyrosine phosphorylation the Met receptor associates via
the B chain (p14SBMe‘) in vitro with a number of SH2-containing transducers, such as

phosphatidylinositol-3 kinase (PI 3-Kinase), phospholipase C-y (PLC-y), RasGAP, Shc
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and Gabl (Grb2-associated binder) (Bardelli et al., 1992) (Ponzetto et al., 1994) (Pelicci
et al.,, 1995) (Gual et al., 2002) (Liu and Rohrschneider, 2002). In vivo upon HGF
stimulation, the Met receptor binds and activates a PI 3-kinase tyrosine phosphatase
(Graziani et al., 1991) (Ponzetto et al., 1993) such as SHP2 (Yu et al., 2002), and
activates Sos (a Ras-guanine nucleotide exchanger) (Graziani et al., 1993) (Ponzetto et

al., 1996) (Figure 1.6).

1.7.2  SH2 domains

Proteins with SH2 domains control biochemical pathways involving phospholipid
metabolism, tyrosine phosphorylation and dephosphorylation, activation of Ras-like
GTPases, gene expression, protein trafficking and cytoskeletal architecture. In vivo, SH2-
containing proteins bind pTyr-containing sites on activated receptors and cytoplasmic

phosphoproteins (Valius et al., 1993) (Anderson et al., 1990; Matsuda et al., 1990).

SH2 domains bind to phosphopeptides of optimal sequence with high affinity and to
phosphopetides of random sequence with a lower affinity (Piccione et al., 1993). They
generally have very low affinity for unphosphorylated peptides. The binding energy is
derived from pTyr recognition, although the amino acids surrounding the pTyr can
increase the affinity by three orders of magnitude (Piccione et al., 1993). A conserved
pocket lined by basic residues binds the pTyr, and contains the only invariant SH2
residue, an arginine which forms hydrogen bonds with two pTyr phosphate oxygens. The
other binding surface is more variable and allows specific recognition of the amino acids

immediately C-terminal to the pTyr (Songyang et al., 1993).

One group of SH2 domains typified by those of Src and Lck, make specific contacts with
three residues immediately following the pTyr (+1, +2 and +3 residues). Such SH2
domains prefer hydrophilic amino acids at the +1 and +2 postions, but have a small
hydrophobic pocket that accommodates a hydrophobic residue at the +3 position. The Src
SH2 domain thus selects the sequence pTyr-Glu-Glu-lle from a degenerate
phosphopeptide library (Lee and Lawrence, 2000). By contrast, the SH2 domain of
proteins such as the phosphatase i.e. SHP2 recognise at least five primarily hydrophobic
residues following the pTyr, which fit into an extended hydrophobic groove running

across the ligand binding plane (Burshtyn et al., 1997).
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This bipartite organisation of the SH2 ligand binding site allows tyrosine phosphorylation
to function as an all-or-none switch for SH2 binding, while enabling the sequence context
of the pTyr site to dictate which SH2 domain and therefore which SH2-signalling proteins
are bound. Binding to pTyr sites can affect SH2-containing proteins in multiple ways
including direct stimulation of enzymatic activity (Sugimoto et al., 1994), relocalisation
within the cell (Sabe et al., 1994), and enhanced tyrosine phosphorylation ( Robin et al.,
1992).

pTyr —binding domains (PTB) of about 200 residues bear a very tentative relationship to
SH2 sequences (Kavanaugh and Williams, 1994) (Blaike etal 1994). The PTB domain
recognises motifs with the consensus Asn-Pro-X-pTyr, and require residues N-terminal to
pTyr for binding. The PTB domains appear to be important for the interactions of Shc and

insulin receptor substrate (IRS-1) with activated receptors (Gustafson et al., 1995).

1.7.3 SH3 domains
SH3 domains are found in many tyrosine kinase associated signalling proteins,
cytoskeletal components and subunits of the neutrophil cytochrome oxidase (Drubin et

al., 1990) (Leto et al., 1990).

SH3 binding sites generally consist of proline-rich peptides of approximately 10 amino
acids (Leto et al., 1990) (Ren et al., 1993) which bind to isolated SH3 domains. Studies
have shown that peptides associated with SH3 domains adopt a left handed polyproline
type II helix (PPII), with three residues per turn. The peptide ligand has three spines, two
containing the SH3 domain, and one stabilising the PPII helix. The core ligand appears to
be a seven residue peptide containing the consensus X-P-p-X-P, where X is an aliphatic
residue and the two conserved prolines (P) are crucial for high affinity binding. The
intervening residue (p) tends to be a proline. Each X-P pair fits into a hydrophobic pocket
formed by conserved SH3 aromatic residue (sites 1 and 2), which provide the principal
binding energy. The third pocket (site 3) is more variable although frequently binding
arginine (Feng et al., 1994) (Lim et al., 1994) (Rickles et al., 1994). SH3-binding peptides

are pseudo-symmetrical and can potentially be in either orientation (Feng et al., 1994).

The immediate transducers interacting with the Met receptor are involved in the

development of a motile phentoype, include phosphatidylinositol-3 kinase (PI3-Kinase),
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the small GTP-binding protein Racl and Ras. It is known that the Met receptor recruits
SH2 containing transducers to interact with a multifunctional docking site located at its
C-terminus. SH3 containing transducers are not suppose to interact with the docking site
although the possibility of becoming phosphorylated by the Met receptor must not be
ruled out. SH3 containing molecules have been linked to the cytoskeleton and such
effectors include cortactin and Epidermal Growth Factor Substrate-8 (Eps8) (Fazioli et
al., 1993a; Scita et al., 1999).

Proteins containing SH2, SH3 and PH domains are capable of forming multiple protein
complexes. SH2 domains recognise pTyr-containing sites. Tyrosine phosphorylation
controls binding of the proteins and the residues at the C-terminus to the tyrosine provide
specificity. Src SH2 binds with high affinity to peptides with pTyr-Glu-Glu-Ile in their
sequence. These have a basic pTry-binding pocket and a hydrophobic pocket for the Ile.
The peptide pTyr-Ile-Ile-Pro-Leu-Pro-Asp binds the C-terminal PLC-yl SH2 domain,
which possesses an extended hydrophobic groove for the C-terminal residues. SH3

domains recognise proline-rich motifs

Signal transduction pathways are triggered by HGF through high affinity binding of
transducers containing SH2 domains, and are often involved in the development of more
than one phenotype. The cytoskeleton is one of the structures implicated in the HGF
induced functions (Nebe et al., 1998). The cytoskeletal networks are responsible for the
organisation and maintenance of cell morphology, particularly actin, which organises, and
support the cell membrane (Alberts, 1994). The immediate transducers interacting with
Met receptor that are involved in motility include the PI3-kinase (Taher et al., 2002), the
small GTP binding protein Rac 1 and functional Ras (Rodriguez-Viciana et al., 1997).

1.7.4 Cytoskeleton

Due to the HGF-Met signalling having a role in the pathogenesis of human cancers, both
endogenous and exogenous inhibitors of this signalling pathway have drawn interest,
especially due to their use as potential therapeutic agents in cancers. Met activity
contributes to both the metastatic and invasive phenotypes. The cytoskeletal networks are
responsible for the organisation and maintenance of cell morphology, particularly actin,

which organises, and supports the cell membrane. The stimulation of the cytoskeletal
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network underneath the plasma membrane and its role in HGF-induced motility and

migration is not fully understood.

The cytoskeleton is a network of cytoplasmic fibres that maintains cell structure, it is
required for cell motility, cell proliferation, cell structure, and cell division. In mammals
the cytoskeleton is made up of actin filaments, microtubules and intermediate filaments.
The actin microfilaments are structures that organise and support the cell membrane and
functions associated with the membrane, such as transporters and ion channels. Actin
exist in two forms: - Globular subunit (G-actin) and Filamentous polymer (F-actin). Both
forms of actin interact with many proteins in the cells. These proteins are known as actin

binding proteins (ABPs) of which there are 50 distinct classes (Kreis, 1993).

The actin cytoskeleton in cellular processes is highly dynamic and responds to
extracellular and cellular signals through ABPs. These ABPs are integral to cytoskeletal
association, including muscle contraction, cell pathogenesis, signal transduction, cell

shape and motility and intracellular trafficking.

Changes in the actin cytoskeleton that involve reorganisation and restructuring of the
filaments modify the cellular responses to external stimuli. Mechanisms controlling the
actin equilibrium and signalling cascades leading to the regulation of actin cytoskeleton
include: -
a) Activation of signal transduction pathways, from membrane receptor activation to
actin reorganisation involving small GTPases of the Rho and Rac families
b) Activation of protein kinases or phosphatases regulating phosphorylation of
specific cytoskeletal proteins
c) Activation by Ca*, PIP,, of specific actin binding proteins that regulate actin

polymerisation or organization

There are a whole host of proteins that interact with actin and its polymerisation. There
are other interactions between the filaments to various other parts of the cell. These
include non-receptor tyrosine kinase, PI 3-kinase, adapter proteins, Crk/CRKL,
cadherin/catenin complexes, cell surface integrins, focal adhesion proteins and GTP-

binding proteins. (Sattler et al., 2000) (Sattler and Salgia, 1998)
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1.8 Intracellular signalling molecules

1.8.1 Cortactin

Cortactin is a F-actin binding protein involved in the reorganisation of actin filaments. It
is possible for cortactin to operate as a potential linker between membrane located
receptors and the cytoskeleton. It is primarily localised within the peripheral structures i.e
lamelipodia, pseudopodia, membrane ruffles (Martin-Verdeaux et al., 2003). F-actin
reorganisation following growth factor stimuli is important for migration, and motility,
however little is known about the interactions between Met and F-actin and its partners to
date. It is thought the F-actin bound partners such as cortactin may mediate transmission
between the cell receptor and the cytoskeleton. Met induces cell motility in primary
hepatocytes (Yan and Rivkees, 2002), many epithelial cells and the cytoskeleton is the
primary structure implicated in this function. Most of the intracellular pathways usually
overlap and employ effectors with multiple functions and are frequently involved in the
development of more than one phenotype. Adapter proteins such as Grb2, Shc, Gabl,
Crk/CRKL and the signal tranduscers such as PI 3-kinase, Stat3, phospholipase C-y
(PLC- y), Ras guanine nucleotide exchange factor son-of-sevenless (Sos), Src kinase and
the SHP2 phosphatase are all involved in the tyrosine kinase activity of the Met receptor

and transduce the mitogenic and the scattering effect of the HGF.

Cortactin (Figure 1.7) was initially identified as a tyrosine phosphorylated protein in v-
Src infected chicken embryo (Kanner et al, 1990). Cortactin localises to the cell cortex
upon Src transformation, cortactin possesses an SH3 domain which is phosphorylated on
serine/threonine and tyrosine and has been know to associate with SH2-Src (Huang et al.,

1998).

Cortactin consists of an 90 amino-terminal region containing acidic residues referred to as
the amino terminal acidic domain (NTA) (Figure 1.7). Following the NTA region there
are six 37 amino acid tandem repeats and one incomplete segment 20 residues in length.
The tandem repeats are followed by a a-helical domain 50 amino acids in length, and is a
proline-rich region abundant in tyrosine, serine and threonine residues. There is a SH3
domain at the carboxyl terminal. All cortactins are structurally similar to each other with
the greatest differences seen in the proline rich domain across species. Cortactin is
expressed in the majority of mammalin tissues with the exception of haematopoietic cells

that express a related HS1 protein (Kitamura et al, 1989). HS1 differs only in that it has
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three tandem repeats and the helical and the proline-rich domains are inverted (Kitamura

et al, 1995).

1.8.2 Arp 2/3 complex

The actin related protein 2/3 (Arp 2/3) is a protein complex consisting of Arp2 and Arp3
and five unrelated polypeptides (ARPC1-5) (Borisy and Svitkina, 2000). Upon activation
of Arp2/3 by Wiskott-Aldrich Syndrome protein (WASp) family, Arp2/3 complex binds
to the side of actin filaments and nucleates new daughter filaments, forming a branch
from the mother filament (Borisy and Svitkina, 2000). This leads to the rapid induction of
actin polymerisation is required for cell migration and movement (Borisy and Svitkina,

2000) (Pollard and Borisy, 2003).

It has been documented that cortactin binds Arp 2/3 complexes in addition to the WASp
family proteins and stimulates actin nucleation (Weed et al., 2000) (Weaver et al., 2001).
Arp 2/3 binds to cortactin through a three amino acid motif in the NTA domain (-20
DDW) conserved in many Arp 2/3 activating proteins.

1.8.3 Ras

Members of the Ras superfamily of GTPases are involved in the regulation of cell
migration and cell proliferation. The Ras proteins exist in an inactive form bound to GDP
and an active form bound to GTP. Ras-guanine nucleotide exchange factors such as Sos

promote the release of Ras-bound GDP and the take up of GTP.

GTPase activating proteins (GAP) such as RasGAP increase the Ras GTPase activity
(Katz and McCormick, 1997). The activation of membrane-bound Ras by growth factors
such as HGF is achieved through the recruitment of Grb2-Sos complexes to the Met

receptor directly or via other adaptors such as Shc (Nakamura et al., 2002).

Ras has been shown to activate a protein kinase cascade from Raf to MAP kinase
(Cowley et al., 1994), which in turn stimulates new gene transcription. Alternatively the
ability of PI 3-kinase, which is another downstream effector of Ras, has been implicated

in membrane ruffling, cell survival and proliferation (Rodriguez-Viciana et al., 1997)
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1.8.4 Rac/Rho

Members of the Rho family of GTPases are implicated in the regulation of the actin
cytoskeleton, cell proliferation and stress responses (Scita et al., 1999) (Etienne-
Manneville and Hall, 2002) (Ridley, 2001). The orchestration of these Rho-GTPases
remains to be clarified. Although it is implied that Rac, which controls membrane ruffing
and lamellipodia, is a downstream event of Ras. These Rho-GTPases become activated
when bound GDP is exchanged for GTP.

Rac, Rho and Cdc42 have been shown to play a role in cell migration (Ridley, 2001). Rac
has been shown to be required for lamellipodia function, Rho has been associated with

stress fibres and the filopodia are regulated by Cdc42 (Ridley, 2001).

1.85 Grb2

Growth factor receptor-bound protein 2 (Grb2) is a small adaptor protein consisting of an
SH2 domain comprising 100 amino acids sandwiched between two SH3 domains of
approximately 60 amino acids each (Figure 1.8). This structure implies that Grb2 is
capable of binding phosphotyrosine proteins through its SH2 domain and through the
proline-rich motifs of the SH3 domain. Recently a number of tyrosine phosphorylated

proteins have been identified to bind to the SH2 domain of Grb2 e.g. SHP2.

The Grb2 protein is known to recruit Sos (Ras guanine nucleotide exchange factor son-of-
sevenless), to activate receptor tyrosine kinases (RTKs) and to induce Ras-MAPK
signalling (Schlessinger, 1993). The binding of a growth factor to its cell receptor causes
the receptor to dimerize and become phosphorylated on its C-terminal tyrosine residues.
This allows for the formation of the Grb2/Sos complex underneath the membrane in close
vicinity of the Ras protein. Sos the exchange factor for Ras, activates Ras which in turn

recruits Raf to activate the MAPK cascade.

The relocalisation of the Grb2/Sos complex to the plasma membrane is thought to be
sufficient for Sos to catalyse the exchange of guanine nucleotides on Ras, which is
present at the membrane. The active Ras (Ras-GTP) triggers a signalling cascade starting
with Ras to Rac. The Sos forms a trimolecular complex with two other signalling
molecules Eps 8 (Fazioli et al., 1993a) and Abil (Biesova et al., 1997). This trimolecular
complex has Rac GEF activity (Scita et al., 1999)
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1.8.6 Gabl

Gab 1 (Grb2-associated binder 1) is known as scaffolding or docking proteins, because of
the presence of multifunctional motifs that mediate interactions with other signalling
molecules. Gabl undergoes tyrosine phosphorylation and binds Grb2, SHP-2 and PI3-
kinase in response to HGF (Holgado-Madruga et al., 1996) (Gual et al., 2000). Gabl
contains a pleckstrin homology (PH) at the NH, terminus which is responsible for
mediating protein interaction with cellular membranes (Lemmon and Ferguson, 2000).
Several tyrosine and proline rich sequences (PRS) serve as binding sites for other SH2

and SH3 contaning domains respectively.

1.8.7 Crk

Crk is a member of the family of adaptor proteins (Figure 1.9) and is the cellular
equivalent of an avian retroviral protein encoding the oncogene product v-Crk. There are
3 mammalian Crks: CrklIl, CrkI and CrkL. CrklI is a 40-kDa protein compromised of an
SH2 domain located at the N-terminus followed by two SH3 domains (Matsuda et al.,
1992).

CrklI is a 21-kDa protein lacking the second SH3 domain. Both CrkIlI and CrkI are
alternatively spliced forms of a single gene (Matsuda et al., 1992) (Reichman et al.,
1992).

CrkL is a 36-kDa proteins. Crk proteins do not contain catalytic domains. However
transformation by v-crk has been reported to increase cellular phosphorylation, probably
by modulating the kinase-phosphatase equilibrium in responsive cells (Hempstead et al.,
1994). Crk, via its SH3 domains, associates with Sos.

Crk complexes with these guanine nucleotide exchange proteins, lead to the activation of
c-Jun N-terminal kinase (JNK). Crk induces Rac activation which is believed to play an
important role in integrin mediated signal transduction (Tanaka et al., 1994) (Tanaka et
al., 1997).

CrkII has been shown to be an endogenous substrate for both the insulin-like growth
factor (IGF)-I and the epidermal growth factor (EGF) receptor tyrosine kinases, via its
SH2 domains (Hempstead et al., 1994) (Beitner-Johnson and LeRoith, 1995). In addition,

PI 3-kinase, CrkII and Cbl were reported to form a quaternary complex with Grb2, and to
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interact with the colony stimulating factor 1 receptor tyrosine kinase via the unoccupied
SH2 domain of Grb2 (Husson et al., 1997). These data support a role for Crk as an
adaptor protein contributing to the integration of signals from receptors to downstream

targets.

1.8.8 Eps8

Epidermal growth factor substrate-8 (Eps8) was first identified as a substrate of the
Epidermal Growth Factor (EGF) receptor involved in cell proliferation and malignant
transformation (Matoskova et al., 1995) (Maa et al., 2001). It is phosphorylated by both
receptor and non-receptor tyrosine kinase (Fazioli et al., 1993a), and has been shown to
assist the cytoskeleton and F-actin binding partners (Provenzano et al., 1998) (Scita et al.,
2001).

Eps8 is a 97-kDa signalling molecule protein that consists of phosphotyrosine binding
protein (PTB) domain, a SH3 domain and a sterile o-pointed (SAM-PNT) domain (Figure

1.10). The majority of the studies to date have been on the SH3 domain.

It has been shown that Eps8 can exist in both its monomeric and dimeric forms
(Mongiovi et al., 1999), with the suggestion that the dimer is the inactive form and that

the monomeric form is the active Eps8, allowing for protein-protein interaction to occur.

Unlike other SH3 domain containing proteins Eps8 was found to bind preferentially to
peptides containg a PXXDY sequence instead of the XPXXP consensus sequence
indicating the existence of a novel family of SH3-containing proteins with unusual
binding properties (section 1.7.3) (Mongiovi et al., 1999). Structural studies reveal that
amino acids 298-362 are the binding surface for the juxtamembrane region of the EGF
receptor (Castagnino et al., 1995). The C-terminal ‘effector region’ which includes amino
acid 648-821 mediates a weak interaction with Sos. This ‘effector region’ of Eps8 also
binds to F-actin and directs Eps8 to sites where actin polymerises ie. membrane ruffles
(Scita et al., 2001). It has been reported that Eps8 acts as a scaffolding protein in a

trimolecular complex of Sos-Abil-Eps8.

It has also been shown that Eps8 plays a role in receptor internalisation (Lanzetti et al.,

2000). RN-tre (a Rab5 GAP that has features of an integrator of endocytosis and
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actin cytoskeleton) effects are dependent on the presence of Eps8. The interaction of Eps8
with RN-tre through its SH3 domain suggests it has a role in directing RN-tre to the EGF

receptor for the process of internalisation (Lanzetti et al., 2000).

1.8.9 PI 3-kinase

PI3-kinases (Figure 1.11) are widely expressed enzymes involved in downstream
signalling from many receptor tyrosine kinases (Welch et al., 2003). Class 1A PI 3-
kinases, consist of a 110 kDa catalytic subunit and a regulatory subunit 85 kDa. The
regulatory subunit contains two SH2 domains that directly associate with tyrosine
phosphorylated proteins. Binding of the p85 subunit to RTK’s brings the PI 3-kinase
closer to the membrane where it is able to act as a lipid kinase generating PI(3,4,5)P;
(Innocenti et al., 2003). It has also been shown that the the p110 subunit of PI 3-kinase
binds Ras and has been implicated in mediating membrane ruffling and lamellipodium

formation (Rodriguez-Viciana et al., 1997)

1.8.10 MAPKs

These are several cytoplasmic protein kinases collectively known as mitogen-activated
protein kinases (MAPK), which can translocate into the nucleus after phosphorylation on
tyrosine and threonine residues. In the nucleus, MAPKs activate early transcription
factors that promote cell proliferation, differentiation and development (Seger and Krebs,

1995).
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1.9 Objectives of the thesis

HGF expression is upregulated in response to liver injury and is important for liver
regeneration. HGF has several effects on epithelial cells these include mitogenesis,
dissociation of epithelial sheets, stimulation of cell motility and invasion. Elucidating the
pathways that control these functions are of great interest. Understanding these pathways
will help elucidate and maintain cell cultures for potential use as an alternative to
transplant. In addition, determining the principal pathways will allow for intervention

during malignancies and metastic tumour development.

Previous studies have identified a number of molecules involvd in HGF-induced
migration or HGF-induced proliferation. Little is known about cortactin in mediating the
HGF signaling, although there are indications that F-actin partners mediate transmission
between the cell receptor and the cytoskeleton. Cortactin, Eps8 and CrkII are known to be
involved in proliferation and transformation. They are also known to regulate signaling to
the actin cytoskeleton. The aim of our study was to explore the possible interactions of
the Met receptor with cortactin and the involvement of Eps8 and Crk in transducing HGF

signals.

51



Chapter 2

Methods and materials
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2.1 Materials

2.1.1 Reagents

The following reagents were supplied by Sigma (Dorset, UK): -

Agarose, low melting point agarose, Dulbeccos modified Eagles Medium (DMEM), Fetal
calf serum (FCS), Hanks balanced salt solution, Cytochalasin D from Zygosporium
mansoni, Manganese chloride tetrahydrate, Brefeldin A from Penicillium brefeldianum,
Albumin bovine fraction V powder, Dimethyl sulfoxide, Sephadex, Ammonium
Persulphate (APS), Sodium chloride sigmaultra, 3-Maleimidobenzoic acid, Geneticin
disulfate, Phosphate buffered saline (PBS), Leupeptin, Aprotinin, Sodium orthovanadate
(Na3VOy), Phenylmethylsulfonyl fluoride (PMSF), Ethylenediamine tetraacetic acid
(EDTA). All other general reagents were supplied by Sigma (Dorset, UK) unless

otherwise specified.

The following were supplied by Amersham Pharmacia biotech (Little Chalfont, UK): -
ECL Western blotting Molecular weight marker, Hyperfilm ECL, ECL. Western blotting
detection system, Glutathione Sepharose 4B 10M, ESL protein assay kit, Protein
calibration marker (Boehringer Mannheim)

SuperSignal ultra chemiluminescent system was supplied by Pierce & Warriner (Chester,
U.K)

The following were supplied by Life Technologies (Paisley, UK): -

L-Glutamine 200mM, DMEM, 15mM HEPES N-[2-Hyroxyethyl]piperazine-N’-[2-

ethanesulfonic acid]

2.1.2 Antibodies

Antibody Company Antibody source

Crk Affiniti Research Products | Mouse monoclonal
Ltd (Exeter, UK):

Eps8 Affiniti Research Products | Mouse monoclonal
Ltd (Exeter, UK):

Grb2 Affiniti Research Products | Mouse monoclonal
Ltd (Exeter, UK):

h-HGF-R (c-met) R&D Systems Mouse monoclonal
(Oxon, UK)

h-Met (C-28) Autogenbioclear Rabbit polyclonal
(Calne, Wiltshire,UK)

Myc (9E10) Transduction Laboratories Mouse monoclonal
BD Biosciences
Pharmingen
(Heidelberg, Germany)

PI 3-kinase Gift from G. Panayotou | Mouse monoclonal
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Ludwig Institute for Cancer
Research (UCL, London,
U.K)

p-Tyr (PY99) Autogenbioclear Mouse monoclonal
(Calne, Wiltshire,UK)

Sos Transduction Laboratories Mouse monoclonal
BD Biosciences
Pharmingen
(Heidelberg, Germany)

Src Santa Cruz Mouse monoclonal
(San Francisco, CA, USA)

Table 2.1 A table to show the antibodies and their source

The anti-Crk antibodies raised against Crk-SH2, were obtained from Transduction
Laboratories (BD Biosciences Pharmingen, Heidelberg, Germany) or kindly provided by
Dr M. Matsuda (3A8).

The Peroxidase-labelled anti-mouse and anti-rabbit antibodies were supplied by Jackson

Immunoresearch Laboratories (West Grove, PA, U.S.A).

2.1.3 Other reagents

HGF/SF was a gift from Genentech (San Francisco, CA, U.S.A.)

The restriction enzymes were supplied by MBI Fermentas (Vilnius, Lithuania), DNA
ligase were supplied by Boehringer Mannheim (Germany)

Oneshot TP 10F’ competent cells were supplied by Invitrogen (Leek, Netherlands).

2.1.4 Plastics

Tissue culture dishes (100 mm diameter) were supplied by Helena Biosciences
(Sunderland, UK)

The following were supplied by Marathon Laboratory supplies (London, UK): -

Falcon Tissue culture vented flasks (75 cm?), Falcon individually wrapped pipettes

Falcon centrifuge tube polypropylene (15 ml & 50 ml)
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2.2 Methods

2.2.1 Culture of cells

2.2.1.1 Cell culture solutions
1 x Trypsin / EDTA solution:

0.05% w/v Trypsin (Boehringer Mannheim, Germany)
0.2% w/v EDTA
0.85% w/v Sodium chloride

Complete medium:

1 litre DMEM

0.5 ml Penicillin streptomycin solution (50 U/ml) (Invitrogen)

10% v/v FCS

Serum stravation medium:

1 litre DMEM

0.5 ml Penicillin streptomycin solution (50 U/ml) (Invitrogen)
0.5% v/v FCS

HGEF stimulating medium:
1 litre DMEM

0.5 ml Penicillin streptomycin solution (50 U/ml) (Invitrogen)
0.5% viv FCS
50 ng/ml HGF

2.2.1.2 Cell culture methods

A431 epidermoid carcinoma cells (kindly supplied by Imperial Cancer Research Fund
cell bank, London, UK) were grown in Dulbecco’s modified Eagles Medium (DMEM)
supplemented with 10% (v/v) fetal calf serum (FCS) in a 37°C, 5% CO,-humidified

atmosphere.

The cells were passaged by trypsinising the cells in 1x trypsin / EDTA solution for 5

minutes and resuspending the detached cells in complete medium. The resuspended cells

were centrifuged at 1300rpm for 5 minutes at 4°C (Hearus, Megafuge 2.0R) and the pellet

resuspended again in complete medium. Cells were replated and grown until 80-90%

confluent.
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A431 cells were then washed with DMEM and incubated in starvation medium for 2
days. At the end of the 2 days the cells were washed in DMEM before being stimulated

where appropriate with HGF-stimulating medium for varying time points.

2.2.2 Purification of recombinant proteins and in vitro association assay

PXZ-122 encoding GST-cortactin fusion proteins; full length, N-cortactin, C-cortactin
were kindly supplied by X Zhan (Figure 2.1). The cortactin cDNA were subcloned into
the pGEX-2T vector (Figure 2.2 supplied by Invitrogen)

The Crk expression constructs cloned in the BamHI site of pET3a were kindly supplied
by B Mayer (Howard Hughes Medical Genetics, Harvard Medical School, Boston, MA
USA). The Crk ¢cDNA (full length, CrkII-ASH2, CrklII-ASH3-C, CrkII-ASH3-N) were
sub-cloned into the pGEX-2T vector and expressed as glutathione S transferase (GST)
fusion proteins in Escherichia coli and purified as previously described (Feller et al.,
1995).

The Grb2 cDNA (full length, Grb2-ASH2, Grb2-ASH3-N, Grb2-ASH3-C, Grb2-ASH3-
C,N) expression contructs cloned into the pGEX-2T were provided by H Meissner
(Program in Molecular Medicine and the Department of Biochemistry and Molecular

Biology, University of Massachusetts Medical School, Worcester, MA).

2.2.2.1 Sub-cloning of cDNA into pGEX-2T expression vector

2.2.2.1.1 Solutions
DNA sample buffer (made up in sterile ddH,0):

0.IM EDTA
50% Sucrose

0.1% Bromophenol blue
0.1% Xylene Cyanol.

2.2.2.1.2 Restriction digests

The cDNA was digested out of the host vector using restriction enzymes.
Iug c¢DNA in host vector

1l 10x appropriate restriction enzyme buffer

10U/ug of DNA  appropriate restriction enzyme
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The volume was made up to 10ul with sterile ddH,0 and the reaction was incubated at
37°C for 1 hour with BamHI. The reaction was then stopped by the addition of Sul of
DNA sample buffer.

In the case of the PXZ-122 encoding GST-cortactin contructs a further digest was carried
out. After the first digest with BamHI the reaction was stopped on ice and then the cDNA
was digested out with Ncol at 37°C for 1 hour with the appropriate second restriction
enzyme buffer. The reaction was then stopped by the addition of S5ul of DNA sample
buffer

The pGEX-2T vector was linerised, by digesting with the BamHI restriction enzymes as

above.

2.2.2.2 DNA gel electrophoresis

2.2.2.2.1 Solutions
50 x TAE buffer pH.8.0:

2M  Tris-HCI give final concentration
100ml EDTA pH.8.0 (0.5M)

57.1ml  Acetic Acid

Water added to 1litre

Equilibration buffer:
100mM NaCl

SmM EDTA

Made up in ddH;0

2.2.2.2.2 Agarose gel electrophoresis

The digests were electrophoresed in a 0.8% low melting point agarose gel (including
ethidium bromide (EtBr), 10pg/ml EtBr) in 1x TAE buffer. The Crk, cortactin and
pGEX-2T vector fragments were then excised from the low melting point gel (the pGEX-
2T vector fragment was 4.9 Kb, the excised Crk fragments were 1.6 Kb and the excised
cortactin fragments were 1.5 Kb), placed into equilibration buffer and allowed to
equilibrate at room temperature for 30 minutes. The equilibration buffer was removed and
the excised fragments heated to 68°C for 10 minutes and then transferred to a 37°C water

bath. Agarase was added at 2U/100ul of gel for 2 hours at 37°C or overnight.
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2.2.2.3 Phenol chloroform DNA extraction

The DNA (cDNA and the vector) was extracted with equal volumes of
phenol/chloroform/isoamylalcohol (25:24:1) once and then centrifuged at 16000g for 10
minutes at 4°C (Hearus Biofuge primo R). The aqueous phase was transferred to
chloroform/isoamylalcohol (1:1) for further extraction. The DNA fragments were
precipitated with 1:10 v/v of 3M sodium acetate pH 5.2 and 2.5 volumes of ethanol. The
fragments were allowed to precipitate out at -70°C for 20 minutes. After centrifugation at
16000g for 30 minutes at 4°C (Hearus Biofuge primo R) the pellets were washed with
75% ice-cold ethanol. The fragments were pelleted by centrifuging as before for 5
minutes and were air-dried. The DNA was diluted in sterile ddH,0. The concentrations of
DNA, was determined using UV spectrophotometry at 260 nm and an extinction
coefficient of 0.23 at 260 nm.

DNA concentration = 50 ng/ul x Absaeonm X dilution.

Example

Volume of DNA sample = 100 pl

Dilution = 10 pl of DNA sample + 490 pl dH»0 (1:50 dilution)

Measure absorbance of diluted sample in a 1ml cuvette

Az6onm = 0.23

When measured in water an Ajgonm value of 1 is equal to 50 ng/pl of DNA;

Therefore, concentration of orginal DNA sample = 50 X Azsonm X dilution factor
=50x0.23 x 50
= 575 pg/ml

Total yield = concentration x volume of sample (ml)

=575 pg/ml x 0.1ml
= 57.5 pg

The ratio between the measured absorbances at 260 nm and 280 nm (A260nm/A2800m)

provided an estimate of the purity of DNA. Pure DNA has an Ajs0/A2g0 ratio of 1.8 — 2.1

in 10 mM Tris-HCI, pH 7.5. Atypical value of 1.9 was obtained from our preparations.

2.2.2.4 Ligation reaction
The vector (pGEX-2T) and the Crk / Cortactin cDNA fragments were dephosphylated
with alkaline phosphatase. 50 pmol of DNA fragment was incubated with 1 unit of

alkaline phosphatase for 60 minutes at 37°C in alkaline phosphatase buffer (supplied with
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the the alkaline phosphatase; Boehringer Mannheim, Germany). The reaction assay was
then stopped by heating to 65°C for 10 minutes.

Ligation was carried using a molar ratio of vector DNA to insert DNA of 1:3. The vector
plus the insert was made up into a total volume of 10ul with 1 x DNA dilution buffer
(provided with the DNA ligase from Boehringer Mannheim: 50 mM Tris-HCI, 10 mM
dithioerythritol, 500 pg/ml bovine serum albumin, pH 7.6). T4 DNA ligase was then
added at lunit/ug of DNA used. The total ligation reaction was made up to 20 pl using

the T4 DNA ligation buffer. The reaction was carried out overnight at 4°C.

2.2.2.5 Transformation

Transformation was performed using the TOP10F’ One Shot™ kit (Invitrogen). One Shot
cells were thawed on ice (50 pl cells for each ligation/transformation). To each vial 2 pl
of 0.5M B-mercaptoethanol was added and mixed gently. 10 pl of the ligation reaction
was added directly into the competent cells and mixed gently. The vial was incubated on
ice for 30 minutes and then for exactly 30 seconds in a 42°C water bath before placing on
ice for 2 minutes. SOC medium (provided with the kit) was added to each transformation
(250 pl/transformation). These transformed cells were allowed to recover for one hour at
37°C, shaking at 225rpm in a gyratory shaker incubator. After the recover period 50 ul to
100 pl from each transformation was plated on LB agar plates containing 50 pg/ml
ampicillin, and incubated overnight at 37°C. The transformant colonies were picked and
grown overnight in LB medium containing 10 pg/ml ampicillin at 37°C. The overnight
culture was used to prepare pure plasmid using the Qiagen miniprep kit. The plasmid was
then digested with BamHI (section 2.2.2.1.2) to check for the insert. The appropriate
transformant colony was either used to produce GST fusion proteins (section 2.2.3), or

grown overnight in LB medium containing 10 pg/ml ampicillin for glycerol stocks.

2.2.2.6 Preparation of plasmid DNA

Glycerol stocks were used to inoculate fresh LB medium containing 10 pg/ml ampicillin
for the preparation of pure plasmid as instructed in the Qiagen midi/maxi protocol.

The constructs in table 2.3 (1-2ug of DNA) were first transformed into bacteria
(TOP10F’) as mentioned before (section 2.2.2.5) and grown in overnight cultures in the
appropriate selective antibiotic and used to prepare pure plasmid as described by the

Qiagen midi/maxi protocol.
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Construct Supplier

pGEX-2T GST-Grb2 H. Meissner
Grb2-ASH3-C
Grb2-ASH3-N
Grb2-ASH3-C,N
Grb2-ASH2

pMEXneo myc-cort X Zhan
MYC-COTtF421F466F482

pcDNA3 Crk B Mayer
Crk-ASH3-C
Crk-ASH3-N
Crk-ASH2

pcDNA3 Grb2 B Mayer
Grb2-ASH3-C
Grb2-ASH3-N
Grb2-ASH3-C,N
Grb2-ASH2

pcDNA3 Sos M Sakaue
ASos

Table 2.2. Table to show the constructs supplied as gifts

2.2.2.7 Transfection of A431 cells

Expression vectors were transfected into cells using calcium phosphate followed by
selection in G418 (500 pg/ml).

A431 cells were split into 10 cm tissue culture plates the day before transfection.
Adherent cells were split 1:15 from a confluent dish. A431 cells that were 80-90%
confluent, were fed with 9 ml DMEM supplemented with 10% FCS and penicillin

streptomycin, 2 to 4 hours prior to transfection.

DNA (10 pug/10cm plate) to be transfected was ethanol precipitated and resuspended in
450 wl sterile ddH,0, and 50 ul of 2.5M calcium chloride was added. 2x HEPES-buffered
saline (HeBS) (500 pl) was aliquoted into a sterile flask, the DNA/CaCl, solution was
added dropwise to the HeBS and immediately vortexed for S seconds. The precipitate was
allowed to sit for 20 minutes at room temperature. This precipitate was evenly spread
over the 10 cm plate of cells and gently agitated. The cells were incubated at 37°C, 5%
CO0, in a cell culture incubator overnight. The medium was removed and the cells were

washed with PBS before the cells were left to incubate with 10 ml complete medium
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(section 2.2.1.1). For transient analysis, the cells were harvested at times indicated in the
results sections. For stable transfection, the cells were allowed to double twice before
plating in medium containing 500 ug/ml G418 (Helena Biosciences) for two weeks.

Stable transformation expression was confirmed by western blotting.

Wild type or dominant negative Grb2 constructs were transiently expressed in A431 cells.
After transfection (as above) the cells were serum starved for 36 hours then stimulated
with 50 ng/ml HGF for 15 minutes prior to lysis in lysis buffer (LB) buffer (section
2.2.4.1). Protein expression of the transfected dominant-negative Grb2 was examined by

western blotting.

A431 cell lines expressing exogenous wild type or dominant-negative CrkII constructs
were generated by transfecting cells using the calcium phosphate method followed by
selection with 500 pg/ml G418.

A431 cells were jointly transfected with CrkII together with either full length mSOS or a
mutant mSOS1 lacking the guanine nucleotide exchange domain. Stable transfection were
isolated as described by Sakaue et al., 1995. Expression of exogenous CrkII and SOS was

then confirmed by western blotting.

2.2.3 Preparation of GST proteins

GST-Grb2, Crk and cortactin fusion proteins, were purified as previously described
(Meisner et al., 1995). .
Induction of fusion protein expression was performed from the appropriate transformant
colonies. The colony of interest was used to inoculate a 20 ml LB/ampicillin culture over
night. This culture was then diluted 1:10 in prewarmed LB/ampicillin media and left to
incubate at 37°C for 1-2 hours. 100mM isopropyl-1-thio--D-galactoside (IPTG) was
added to a final concentration of 0.lmM to induce the fusion protein. The protein
expression was induced by the promoter in the vector to increase RNA synthesis. After
incubation for a further 3-5 hours at 32°C the culture was centrifuged at 500g for 15
minutes (Heraeus Megafuge 2.0R). The pellet was resuspended in sterile ice cold PBS
and the cells lysed using a probe sonicator. Triton-X-100 was added to a final
concentration of 1% before centrifuging for 5 minutes at 10000 rpm at 4°C (Heraeus
Megafuge 2.0R). The supernatant was then added to 1 ml of Glutathione-agarose beads

(Pharmacia biotech) and mixed gently for at least 5 minutes at room temperature. The
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mixture was washed three times with 20 ml of ice cold PBS, the mix was centrifuged at
500g for 5 minutes (Heraeus Megafuge 2.0R). The beads were final resuspended in 500
ul of ice-cold PBS ready for the binding assays. If the beads were not immediately used

for binding they were stored at “20°C for use later.

2.2.4 Binding Assays
Cell lysates (1-1.5 mg protein) were incubated with GST-Grb2, GST-cortactin and GST-

Crk fusion proteins (500 pl) for 2 hours at 4°C. The beads were collected and washed
three times with 200 pl lysis buffer. After the final wash 5 pl of ddH,O was added and
bound species were released by heating in 5 pl of 4x Laemmli sample buffer for 7

minutes at 100°C, followed by SDS-PAGE and immunoblotting.

2.2.5 Preparation of cell lysates

2.2.5.1 Cell lysate solutions
Lysis buffer (made in ddH,0):

10 mM Tris-HCI, pH7.4

1% Triton X-100

0.5% Nonidet P-40

150 mM NaCl

0.2 mM Sodium orthovanadate
1 mM PMSF

40 pg/ml Leupeptin
45 ug/ml Aprotinin

Sample buffer (Laemmli) (4x SB made in ddH,0)

200 mM Tris-HC1 pH6.8

40% (v/v) glycerol

8% Sodium dodecyl sulphate (SDS)
0.4% Bromophenol blue

400 mM Dithiothreitol (DTT)
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2.2.5.2 Cell lysate preparation

Total cell lysates were harvested from 80-90 % confluent serum-starved A431 cells
grown on 10 cm diameter dishes. Lysates were prepared from either serum-starved cells
or cells serum-starved and stimulated with HGF. Cells were washed twice in ice-cold
PBS and lysed in lysis buffer.

Working on ice, the cell monolayer was washed twice with PBS. The cells were scraped
off the dish with a plastic angled scraper (rubber policeman) and transferred to an
eppendorf. The cells were then pelleted by centrifugation at 15000g for 2 minutes at 4°C
(Hearus Biofuge primo R). Cells were resuspended in 1ml of lysis buffer and incubated
for 10 minutes at 4°C, large aggregates were dispersed by passing the cells several times
through a 26-gauge needle. Lysates were clarified of nuclear debris by centrifugation
(15000g for 5 minutes at 4°C, Hearus Megafuge 2.0R) and the protein concentration was
determined. Samples (20 ul) were either heated with 5 pl of 4x Laemmli sample buffer
for 7 minutes at 100°C and immediately resolved by SDS-PAGE, or stored at -20°C for

future use.

2.2.6 Protein concentration determination

Protein concentrations were estimated using protein standards supplied with ESL protein
assay kit (Boehringer Mannheim). Total cell lysate (10 ul) was added to 40 ul of sterile
distilled H,O. The diluted cell lysate was mixed and incubated with 100 pl of reagent A
supplied in the ESL protein assay kit and left to incubate at room temperature for 5
minutes. After which 1 ml reagent B (also supplied in the ESL protein assay kit) was
added and mixed for 30 seconds. The absorbance at 485 nm was immediately measured
against a water reference. A standard curve was determined using the protein standard
(BSA) supplied with the kit and plotted onto a graph. The protein concentrations of the

lysates were then estimated from this standard curve.

2.2.7 Preparation of detergent-soluble and cytoskeletal fractions of

A431 cells

2.2.7.1 Solution
HEPES buffer (made in ddH,0):

25 mM HEPES, pH7.4
2mM MnCl,
1 mM PMSF
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0.2 mM Sodium orthovanadate
1% Triton X-100

40 pg/ml Leupeptin

45 ng/ml Aprotinin

2.2.7.2 Methods

Detergent-soluble and insoluble fractions were prepared by scraping the 80-90%
confluent A431 cells in 1 ml HEPES buffer. Cell lysates were transferred to microfuge
tubes, incubated on ice for 30 minutes and mixed by inverting the tubes at approximately
10 minutes intervals during the incubation. The cells were centrifuged at 13000rpm for 5
minutes at 4°C (Hearus Megofuge 2.0R), the supernatant was removed and defined as the
detergent-soluble fraction. The pellet was washed once with 0.5 ml of lysis buffer and
centrifuged at 13000rpm for S minutes at 4°C (Hearus Megofuge 2.0R), then resuspended
in lysis buffer (2.2.2.1) and defined as the detergent insoluble / cytoskeletal fraction. The
fractions were separated by SDS-PAGE.

2.2.8 Immunoprecipitation

Cells lysates (500 pg) made up in lysis buffer were supplemented with 3 pg of the
appropriate antibody and incubated rotating at 4°C for 2 hours and for a further 30
minutes with 50 pl of 10% protein-A-Sepharose. Complexes were washed three times
with ice-cold lysis buffer lacking protease inhibitors. The protein was then eluted by
heating in 10 pl of 4x Laemmli sample buffer for 7 minutes at 100°C and immediately

loaded on to SDS-Polyacrylamide gel.

2.2.9 Polyacrylamide gel preparation and electrophoresis
2.2.9.1 Solutions
Acrylamide gel stock solutions:

Made in ddH,0, filtered and stored at 4°C

Stock solution A: Stock solution A’:
30%  Acrylamide 30% Acrylamide
0.15% Bis-acrylamide 0.8% Bis-acrylamide
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Stock solution B: Stock solution C:

35mM Tris-HCI 9mM Tris-HCl

04% SDS 0.4% SDS

Adjust pH: 8.8 with HCI Adjust pH: 6.8

15 % Acrylamide separating gel: Acrylamide stacking gel:
Solution A 7.5ml Solution A’ 1ml
Solution B 3.75ml SolutionC ~ 1.9ml
APS (10%) 60ul APS (10%) 40wl
TEMED 30ul TEMED 20ul

4X Running buffer (made in ddH>0):
200mM Tris-HCI pH 8.8
660mM Glycine

14mM  SDS

Anode 1: Anode 2:

03M  Tris HCIpH 6.8 25mM Tris-HC1 Ph 6.8
20% MetOH 20% MetOH
Cathode:

25mM  Tris-HCl pH 6.8
40mM  e-Amino Caproic acid
20% MetOH

2.2.9.2 Methods

Gels were prepared on the day of use. The separating gel was prepared on ice and poured

into a Mighty-Small Hoefer gel caster (Hoefer Scientific Instruments, San Francisco,

U.S.A), isopropanol was layered on top and the gel was allowed to polymerise for 30

minutes at room temperature. The isopropanol layer was removed and the gel washed

with ddH;0. The stacking gel was then layered on top, a 10-well comb was inserted into

place and the gel was allowed to polymerise for 20 minutes. Once set the comb was
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carefully removed. The set gel was then transferred to the electrophoresis chamber and

the wells washed once with running buffer to remove the unpolymerised acrylamide.

Samples (20 pl) were heated with 5 pl 4x Laemmli sample buffer for 7 minutes at 100°C
and immediately resolved by SDS-PAGE. Protein molecular weight markers (Premixed
low (12.5-97 kDa) and high (39.2-212 kDa) range markers Boehringer Mannheim) (10
ul) and equal volumes of 4x SDS SB (10 pl) were loaded on to SDS-Polyacrylamide gels.
Samples were electrophoresed using a Bio-Rad power-pac at 120 V for 20 minutes until
the protein started entering the stacking gel. The voltage was then reduced to 80 V for a

further 1 or 2 hours or until the blue dye was less than 1 cm away from the gel bottom.

Protein samples were transferred on to PVDF membrane (Amersham Pharmacia) using a
semi dry transfer apparatus (Bio-Rad) at 40 mA (0.4-0.5 mA /sz) for 90 minutes. PVDF
membranes were firstly activated in 100% methanol for 2 minutes, rinsed for 2 minutes in
ddH,0, then immersed in anode 2 solution to equilibrate the membrane to the solution.
Whatman paper soaked in anode 2 solution was placed on top of Whatman paper
prewetted in anode 1 solution (Figure 2.4). The PVDF membrane was placed on top of
the Whatman paper and then the electrophoresed gel was placed on top of the PVDF
membrane. Finally cathode solution-soaked Whatman was placed ontop of the gel. The
transfer was run from cathode to anode. Once the transfer was complete the membrane

was sealed and stored at 4°C until ready for blotting.

2.2.10 Western blotting analysis
2.2.10.1 Solutions

Blocking Buffer: Washing buffer:
1x PBS 1x PBS
5% (w/v) Bovine serum albumin (BSA) 0.1% Tween-20

0.1% Tween-20

Stripping buffer:
62.5mM Tris-HCI pH 6.7
2% SDS

100mM B-mercaptoethanol
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2.2.10.2 Methods

The PVDF membrane was incubated in blocking buffer for 30 minutes to block non-
specific binding sites. The membrane was washed three times in washing buffer for 10
minutes per wash. The nitrocellulose membrane was then incubated in primary antibody
at the concentration recommended by the manufacturer (Table 2.2), diluted in the

blocking buffer, for one hour at room temperature.

Antibody Dilutions
Crk 1:5000
Eps8 1: 5000
Grb2 1:5000
h-HGF-R (c-met) 1:1000
h-Met (C-28) 1:5000
Myc (9E10) 1:3000
PI 3-kinase 1:2500
p-Tyr (PY99) 1:1000
Sos 1:1000
Src 1:1000

Table 2.3 The antibodies and their dilutions

The primary antibody was removed by washing the membrane three times as before. The
membrane was incubated in horseradish peroxidase (HRP) anti-mouse or anti-rabbit (as
appropriate) secondary antibody for 35 minutes at room temperature at a dilution of

1: 5000 in blocking buffer. The membrane was then washed three times as before.

Chemiluminescence was used to visualise the protein bands. This was carried out using
the Super Signal Ultra chemiluminescence system (Pierce & Warriner, Chester, UK)
according to the manufacturer’s instructions. Equal parts of the Super Signal enhancer
solution and Super Signal stable peroxide solution were mixed. The membrane was
incubated with this solution with at least 0.125 ml/cm?® for 5 minutes. The membrane was

then exposed to autoradiography film.

The density of the total protein bands was quantified using an LKB Ultrascan XL
densitometer. The blots were stripped with stripping buffer for 30 minutes at 50°C, and

then washed three times in washing buffer before being stored at 4°C.
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2.2.11 In vitro Kinase assays

2.2.11.1 Solutions

Kinase Buffer:

20 mM PIPES (Piperazine-N-N’-bis(2-ethanesulfonic acid) pH 7
10 mM MnCl,

0.1 mM Sodium orthovanadate

2.2.11.2 Methods

A431 cells treated with or without HGF for 15 minutes were lysed in lysis buffer (section
2.2.4) and 1lmg of total cell lysate was immunoprecipitated with 2 pg of anti-Met
antibody or 2 ug anti-Src antibody and incubated for 2 hours rotating at 4°C. The immune
complexes were collected with 50 pl of protein A-Sepharose for a further 30 minutes,
washed three times with lysis buffer and once with kinase buffer. The in vitro kinase
reactions were carried by resuspending the sepharose beads in 25 pl kinase buffer in the
presence of 10 pCi of [FfJfBZP]ATP (specific activity > 7 Ci/nmol from Amersham), for 10

minutes at 30°C.

Enolase (a c-Src kinase substrate, at 4 pug), and/or PP2 (a specific inhibitor of Src kinases
at 1 pM, 10 uM) were included in the reactions that were carried out to determine Src
Kinase activity. Phosphorylated species were released by heating at 100°C for 7 minutes
in 5 pl 4 x Laemmli buffer followed by SDS-PAGE. The gels were incubated in 1M
KOH at 45°C for 30 minutes to hydrolyse serine and threonine phosphorylated residues
(Rahimi et al., 1998). The gels were transferred to PDVF membranes and probed with the

appropriate antibodies (mentioned in the results sections).

2.2.12 Proliferation assay

A431 parental or Crkll-expressing cells at 2 x 10%/ml were plated in multi-well plates,
grown in monolayers and serum-starved for 48 hours. The monolayers were treated with
various concentrations of HGF (10-100 ng/ml) in DMEM supplemented with 2 uCi/well
of [3H]-thymidine (3H-TdR) (Amersham), incubated for 2 hours and then rinsed once
with ice cold PBS, once with ice cold 5% trichloroacetic acid and then with 95% ethanol,

using a harvester 96 Mach III M Tomtec harvester. The lysed cells were then counted for
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radioactivity using a Wallac 1450 Microbetacounter liquid scintillation and luminescence

counter.

2.2.13 Cell migration assay of A431 cells expressing cortactin mutants

A mammalian expression vector (pMEXe,) was used to express cortactin mutants with
Tyr*?!, Tyr*® and Tyr**? mutated to phenylalanine (gift from X.Zhan Figure 2.4).
Cortactin mutants tagged with the Myc epitope (Myc-Cortrs;1r466rss2; Huang et al 1998
(Huang et al., 1998)) were used to transfect A431 cells (section 2.2.2.7), subsequently
selected with G418. Myc-expressing clones were confirmed by immunoblotting A431
lysates with 9E10 Myc antibody. Cell migration in A431 clones expressing either Myc-
Cortraz1Fassras2 OT the vector alone, were estimated on the wounds of cultured cells
stimulated with HGF.

Parental A431 cells and Myc-Cortactin-expressing cells were plated until they reached
80-90% confluence. The cells were then serum-starved and stimulated with 50 ng/ml
HGF for up to 4 days. Wounds were created by a rubber policeman (angled plastic
scraper) and migration was determined at different points as previously described (Huang
et al., 1998). Briefly, cell migration was evaluated by counting the number of cells
migrating into the wound immediately (O days), 2 and 4 days after the generation of the

wound. Pictures were taken at each time point and the cells counted per microscope field.
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CHAPTER 3

The Involvement of Cortactin with the

Hepatocyte growth factor receptor
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3.1 Introduction

Cortactin strongly binds F-actin in vitro (Huang et al.,, 1997) and in vivo (Wu and
Parsons, 1993). The protein sequence is characterised by six and a half 37 amino acid
tandem repeats and an SH3 domain at the carboxyl terminus. Between the SH3 and the
repeat domains are o-helical structures and sequences rich in proline residues that can

bind to SH3 domains (Figure 1.7).

Cortactin re-localises to peripheral structures such as membrane ruffles, lamellipodia, and
pseudopodia in response to tyrosine phosphorylation in endothelial cells cultured on
extracellular matrix and in fibroblasts transformed by v-Src or ¢c-Src, or activated by EGF
(Maa et al., 1992) (Durieu-Trautmann et al., 1994) (Vuori and Ruoslahti, 1995). Cortactin
is a major substrate for the Src tyrosine kinase (Okamura and Resh, 1995) (Thomas et al
1995), and is known to associates with Src in fibroblast growth factor —1-activated
fibroblasts (Zhan et al., 1994). Cortactin can bind to a number of adaptor proteins that
link it to signal transduction for example Crk, Eps8 and Grb2 which have been discussed

in this study.

Grb2 is a small adapter protein that links tyrosine kinase receptors with Ras signalling by
forming a complex with the Ras guanine-nucleotide exchanger Sos and/or Shc through
one of the SH3 domains. Grb2-Sos binds Y'** within the YVNV motif of the C-terminal
Met docking site (Ponzetto et al., 1996). Grb2 (Figure 1.7) possesses a central SH2
domain recruited and tyrosine phosphorylated by p14SBMET. Grb2 is required to transduce
the HGF-induced proliferating, scattering and invasive signal to downstream effectors
and via its amino and/or carboxyl-SH3 domains may function as a bridge between the
beta-subunits of Met and cortactin (Ponzetto et al., 1994) (Ponzetto et al., 1996). Binding
of Grb2 with Sos or Shc takes place as a result of one of the SH3 domains, leaving the

other SH3 free possibly to bind the cortactin.

The following experiments were performed to explore the potential interactions of the

Met receptor beta-subunit with the cytoskeleton and cortactin (a F-actin binding partner).
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3.2 Results

3.2.1 Metis phosphorylated in response to HGF

The time course of Met phosphorylation in response to HGF was determined by
performing immune complex kinase assays. A431 cells treated with HGF at various time
points were immunoprecipitated with anti-Met antibody and the kinase activity was
assayed in the presence of [P*P]ATP (Figure 3.1a). Met was maximally phosphorylated
30-60 minutes after HGF was added. The immune complex kinase was immunoblotted
and probed with anti-Met antibody (Figure 3.1b), which shows that there was equal

loading of the protein.

3.2.2 Determination of the optimal HGF concentration

To establish the concentration of HGF required for the maximum phosphorylation of the
HGF receptor A431 cells were incubated with concentrations of HGF ranging from 5
ng/ml to 100 ng/ml. Lysates from these cells were prepared according to the methods and
materials in Chapter 2 and were immunoprecipitated with anti-hmet antibody and
resolved on to a 15% SDS PAGE. The blot was then immunoblotted with anti-
Phosphotyrosine (Figure 3.2). A 145-kDa band corresponding to the $-chain of Met was
observed at each of the concentrations. More Met was tyrosine phosphorylated at the

higher concentrations of HGF (50 ng/ml and 100 ng/ml).

3.2.3 HGTF receptor expression in various cell lines

The following cell line were tested: - Madin Darby canine kidney (MDCK), Chinese
hamster ovary (CHO), monkey kidney (COS-1), lung carcinoma cell (MvLu), mouse
embryo fibroblast (NIH3T3), Human lung alveolar epithelial carcinoma cells (A549) and
the human epithelial carcinoma cells (A431) for the expression of Met (Figure 3.3). The
best cell line to shown tyrosine phosphorylation of the hmet receptor was the A431 cell
line, with the best expression shown after the cells were stimulated with HGF (50 ng/ml)
10 minutes. NIH3T3 cells grown in culture were treated with 50 ng/ml of HGF for 3
minutes, 10 minutes, 30 minutes, 3 hours and 24 hours. No tyrosine phosphorylation of

hMet was detected in these NIH3T3 cells before 3 hours it is only after 3 hours oF HGF
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stimulation that a small amount of tyrosine phosphorylation of hMet is detected, as seen
by the intensity of the 145 kDa band at 3 hours. In the A549 cells a Met band of 145 kDa
was weakly detected, whereas in the A431 cells a strong band can be seen from 3 minutes
with the maximum intensity being at 30 minutes. No Met tyrosine phosphorylation was
detected in the MDCK, CHO, COS-1, MvLu cell lines (data not shown). This may have
been due the species differences of these cells line and the Met antibody use was a human

Met antibody.
3.2.4 HGF induces tyrosine phosphorylation of cortactin in A431 cells

A431 human epidermal carcinoma cells are known to respond to HGF mainly by
scattering and have high affinity HGF receptor sites (Tajima et al., 1992). Cortactin (p85)
was found to be expressed in high abundance in A431 cells. To determine whether HGF
could stimulate tyrosine phosphorylation of cortactin (p85), cortactin was

immunoprecipitated from cells serum-starved and HGF stimulated (Figure 3.4).

The cortactin immunoprecipitates showed a tyrosine phosphorylated species migrating at
85 kDa. Under these conditions, tyrosine phosphorylation of p85 increased with time,
reaching a maximum at 30 minutes post stimulation with HGF and returned to the control
levels within 3 to 6 hours.

Scanning densitometery of the peak areas (Figure 3.4a(ii)) showed that cortactin
phosphorylation was increased by approximately 3.5 fold, compared to control (0
minutes) 30 minutes after addition of HGF.

Another major phosphorylated protein was detected in cortactin immunoprecipitates,
migrating at approximately 145 kDa. After stripping and re-probing the blots with anti-
Met antibody it was revealed that this phosphorylated protein corresponded to the B-
subunit of the HGF receptor (p145BMe‘) (Figure 3.4c). Phosphorylation of Met followed
the same time pattern as that of cortactin, reaching maximal tyrosine phosphorylation
after 30 minutes of HGF stimulation. Maximum association of the Met -subunit with
cortactin was also observed between 10-30 minutes post-stimulation. To confirm equal
loading the blot in figure 3.4a(i) was immunoblotted with 4F11 (Figure 3.4b), which
shows similar amounts of cortactin.

A further experiment was carried out to confirm HGF-induced cortactin tyrosine
phosphorylation, by immunoblotting (HGF treated or untreated A431 cells) PY99
immunoprecipitates with 4F11 (Figure 3.5).
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Figure 3.4. HGF induces tyrosine phosphorylation of cortactin

A431 cells were serum-starved and then treated with HGF (50 ng/ml). A431 lystes
were immunoprecipitated with anti-cortactin (4F11) antibody, and immunoprecipitates
were resolved by 15% SDS-PAGE and immunoblotted

with anti phosphotyrosine (PY99) antibody (a (i)). The autoradiographs were scanned
with an LKB UltrascanXL densiotometer to quantify p85 reactive species (a (ii)). Bars
represent fold increase in cortactin tyrosine phosphorylation compared to unstimulated
controls (fig a (i) at O mins). These results are representative mean £ S.E.M of 3
identical experiments. The blots from figure a(i) were stripped and re-probed with
4F11 (b), and stripped and reprobed with anti Met antibody (c).
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Cortactin tyrosine phosphorylation was detected at lower concentrations of HGF down to

2 ng/ml (Figure 3.6a). Equal loading of cortactin was deteremined (Figure 3.6b).

To examine whether the increased tyrosine phosphorylation was due to increased
cortactin synthesis induced by HGF, lysates from serum starved A431 cells were
immunoblotted and probed with 4F11 (Figure 3.7). The addition of HGF did not alter the
levels of cortactin throughout the time points.

These results show that cortactin is tyrosine phosphorylated in response to HGF

stimulation.

3.2.5 Cortactin associates with the -subunit of the Met receptor

To confirm co-immunoprecipitation of cortactin with the B-subunit of the Met receptor,
Met immunoprecipitates were immunoblotted with PY99 and 4F11 antibodies (Figure
3.8a). Cortactin was detected in Met immunoprecipitates containing equal amounts of
Met (Figure 3.8b) and the levels of associated cortactin were increased approximately
three-fold compared to immunoprecipitates from unstimulated cells (Figure 3.8a). Two
migrating Met species were detected (Figure 3.8b). These are likely to be the result of a
mobility shift seen on the SDS PAGE of phosphorylated proteins. Phosphorylated Met

runs at a higher molecular weight than the non-phosphorylated form.

The total amount of Met species was first evaluated by immunoprecipitating Met, then
immunoblotted with anti-Met antiody (Figure 3.9). This shows total cellular Met in A431

cell lysates following 0 —180 minutes of HGF stimulation.

The capacity of GST-cortactin fusion proteins to associate in vitro with Met species was
investigated, to map the region of cortactin that associated with Met (Figure 3.10).
Lysates from A431 cells stimulated with HGF for various times were incubated with GST
fusion proteins: GST-cortactin (full length), GST-55-292 (N-cortactin) and GST-294-526
(C- cortactin). Met association with the full-length cortactin fusion protein was detected 3
minutes post-HGF stimulation. Full length GST-cortactin (Figure 3.10a) and N-terminal
cortactin (Figure 3.10b) associated with Met (-subunit, but C-cortactin was unable to

bind Met (Figure 3.10c).

These results show that cortactin does associate with Met in response to HGF, with Met

binding occurring through the amino terminal region of cortactin.
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